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Outcrop Analogue Studies -
Implications for Groundwater Flow and Contaminant Transport
~ in Heterogeneous Glaciofluvial Quaternary Deposits

RALF KLINGBEIL'

Abstract: Groundwater from gravel-filled valley aquifers is an important source for drinking water
supplies in many regions. At the same time these aquifers are endangered by different sources of
pollution from industrial and agricultural activities commonly located within these valleys. As
experience shows, the subsurface characterisation of such heterogeneous sand and gravel aquifers is
often insufficient for detailed reactive transport predictions. In particular, high resolution, hydraulic
and hydrogeochemical aquifer data is required for accurate groundwater risk assessments, clean-up
studies or the optimisation of investigation methods. However, these saturated aquifers are not directly
accessible. Thus one option to evaluate relevant parameters are aquifer or outcrop analogue studies of
accessible outcrops, which represent similar stratigraphy and lithology.

For this purpose sand and gravel outcrops were investigated in the Quaternary of SW Germany,
particularly in the area north and northwest of the Lake Constance. The outcrops were photographed
and the internal structures interpreted and mapped by digitising, based on a scheme of 23 lithofacies
adapted from the architectural element analysis and lithofacies classification commonly used in
sedimentology. The resulting high resolution 2D sedimentological data sets each covering an area of
approximately 25 m by 5 m were combined in a database. To provide hydrogeological parameters for
the different lithofacies various measurements were performed. Characteristic hydraulic conductivities
and porosities for the lithofacies types were derived from in situ and laboratory gas tracer and
pneumatic experiments, water permeameter tests and sieve analysis data. For the gas tracer and
pneumatic experiments a new technique was developed.

The sedimentological data sets were extended by the incorporation of the hydrogeological parameters.
Regrouping of the lithofacies types led to five relevant hydrofacies types (bimodal, open framework,
planar/trough/horizontal and massive gravels, and sands).

Consequences for the hydraulics of groundwater flow and for contaminant transport in such subsurface
heterogeneities, comprising of homogeneous hydrofacies elements, were discussed on the basis of one
example outcrop. It was found that in the environments investigated it is very unlikely that the local
high conductivity zones described by open framework gravels are connected regionally to preferential
flow paths. Furthermore the simulation of sorptive transport of a hydrocarbon contaminant
demonstrated the importance of incorporating kinetic sorption into the transport model. Under natural
flow conditions the contact time of contaminated water with the aquifer material is so short that only in
finer grained material, such as sand, can equilibrium sorption conditions be achieved. Hence, the
effective retardation of a contaminant front depends highly on the proportion of sands through which it
" passes. :

! Dissertation at the Geowissenschaftliche Fakultit, Universitét Tiibingen
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Kurzfassung: Grundwasser aus kieshaltigen Talaquiferen stellt in vielen Regionen eine
bedeutende Trinkwasserresource dar. Gleichzeitig sind diese Grundwasserleiter aber auch bedroht
durch verschiedene Verunreinigungsquellen von in den Télern angesiedelter industrieller und
landwirtschaftlicher Nutzung. Wie die Erfahrung zeigt, ist die Characterisierung des Untergrunds
dieser heterogenen Sand- und Kiesaquifere fiir detailierte Vorhersagen reaktiven Transports oft
unzureichend. Fiir eine genaue grundwasserbezogenen Risikoabschitzung, Sanierungsuntersuchungen
oder die Optimierung von Untersuchungsmethoden sind insbesondere hochaufgeltste hydraulische und
hydrogeochemische Aquiferdaten notwendig. Diese Grundwasserleiter sind jedoch nicht direkt
zuginglich, daher muB die Bestimmung relevanter Parameter durch die Nutzung von Aquifer-, bzw.
AufschluBanalogverfahren, die die Stratigraphie und Lithographie des Aquifers representieren,
erfolgen.

Zu diesem Zweck wurden Sand- und Kiesaufschliisse im Quartir SW Deutschlands, insbesondere in
der Region noérdlich und nordwestlich des Bodensees, untersucht. Die Aufschliisse wurden
photographiert und die internen Strukturen anhand einer Aufstellung von 23 Lithofazies, die aus den in
der Sedimentologie gebrduchlichen Architekturelementanalyse und Lithofazies Klassifizierungen
abgeleitet wurden, interpretiert und mittels Digitalisierung kartiert. Die erhaltenen hochaufgeldsten 2D
sedimentologischen Datensitze von jeweils ca. 25m mal 5m wurden in einer Datenbank
zusammengefaBt. Um hydrogeologische Parameter fiir die Lithofazies zur Verfligung zu stellen,
wurden verschiedene Messungen durchgefiihrt. Charakteristische hydraulische Durchléssigkeiten und
Porosititen fiir die Lithofazies Typen wurden von in situ und Labor-, Gastracer und -pneumatik
Versuchen, sowie Wasserpermeameter Experimenten und Siebanalysendaten ermittelt. Fir die
Gastracer- und -pneumatikversuche wurde ein neues Mef3verfahren entwickelt.

Die sedimentologischen Datensétze wurden unter Einbeziehung der hydrogeologischen Parameter
erweitert. Dabei konnten durch eine Neugruppierung der Lithofaziestypen fiinf relevante Hydrofazies
definiert werden (bimodale Kiese, Rollkiese, planare/trogformige/horizontale und massive Kiese,
sowie Sande).

Konsequenzen fiir die Hydraulik der Grundwasserstromung und fiir den Schadstofftransport in
derartigen, aus homogenen Hydrofazieselementen bestehenden Untergrundheterogenititen wurden auf
der Basis eines Beispielaufschlusses diskutiert. In den untersuchten Regionen ist es demnach sehr
unwahrscheinlich, da lokal hochdurchlissige Zonen, die durch Rollkieslagen beschrieben werden,
regional zu bevorzugten FlieBwegen verbunden sind. Auflerdem wurde durch die Simulation sorptiven
Schadstofftransports einer Kohlenwasserstoffverbindung die Wichtigkeit der Beriicksichtigung von
kinetischem  Sorptionsverhalten im  Transportmodell  demonstriert.  Unter  natiirlichen
GrundwasserflieBbedingungen ist die Kontaktzeit des kontaminierten Grundwassers mit dem
Aquifermaterial so gering, daf nur in feinkdrnigem Material, wie z.B. Sand, die Bedingungen fiir
Gleichgewichtssorption erreicht werden konnen. D.h. die effektive Retardation einer
Kontaminantionsfront hingt stark von den durchstrémten Sandanteilen ab.



Acknowledgements

This work is part of the special research programme SFB 275, project C3 "Quaternary Valley Fills:
Climatic History, Sediment Content and Hydrogeology" funded by the German Science Foundation
(DFG).

I would like to thank my advisor, Prof. Dr. Georg Teutsch, for his continuous support and examination
of this thesis.

Likewise I feel obliged to PD Dr. Martin Sauter and Dr. Rudi Liedl for many contributions in respect
to different applied, theoretical and computational aspects of this work. Particularly I am thankful for
the advice in sedimentological questions by Prof. Dr. Thomas Aigner.

My special thanks deserve my colleagues and friends for the many discussions of the sedimentology
(Ulrich Asprion and Sybille Kleineidam), the physical aspects of the gas flow, its description by
analytical solutions and the simulation of gas and groundwater flow and transport (Dr. Janet Whittaker
and Renate Jaritz), the support during the GIS application and all soft- and hardware problems
(Gerhard Lércher and Markus Siegl).

Furthermore, I am indebted to the following students or former students, Thomas Holz, Christoph
Danner, Jakob Sierig, Thomas Weifl and Mischa Hagmeier, without their help I would not have been
able to conduct the field work and who helped me a lot during the laboratory measurements and by the
digitisation of the outcrop photographs.

I appreciate very much the sedimentological and Quaternary discussions I had at various occasions in
the field with Dr. Peter Huggenberger from the University of Basel (formerly EAWAG Diibendorf),
Dr. Ellwanger and Christa Szenkler from the Geological Survey (GLA) of Baden-Wiirttemberg.

For all the practical help during the development of the field equipment and the field measurements I
would like to thank the workshop of the Geological Department, in particular Herrn Stumpp, Herrn
Kurz and Herrn Kiirner, the quarry companies in SteiBlingen, Bohringen, Birkenbiihl, Bittelschie8,
Tettnang and Hirschau, in particular Dr. Mohr, Herrn Hellstern and his conductors of the shovel
dredgers. '

Finally I thank Dr. Janet Whittaker for reading, commenting and correcting the manuscript and the
endless patience she - and many other friends - have shown.



Table of Contents

Table of Contents

1

Introduction

1.1 Objectives

1.2 Methodology and Approach
1.3 Review of Literature

Project Area
2.1 Quaternary Geology and Sedlmentology
2.2 Quaternary Stratigraphy in the Field Areas
2.2.1 Tettnang
2.2.2 Bittelschief

2.2.3 Friedingen, Steiflingen, Bohringen and Birkenbiihl (Singen Basin)

2.3 Architectural Elements
2.4 Sedimentological Classification - Lithofacies Types
2.5 Hydrogeology

Wt DO OO W

P—t ek

Flow and Transport of Water and Gas in Unconsolidated Porous Formations

(Theory)
3.1 Fluid Flow in Porous Formations
3.1.1 Flow of Water
3.1.2 Flow of Gas -
3.1.2.1 Turbulence
3.1.2.2 Slip Flow (Klinkenberg)
3.1.2.3 Compressibility
3.1.2.4 Saturation by Air/Water
3.2 Transport of Gas - Use of Gas as a Tracer
3.2.1 Advection and Dispersion
3.2.2 Diffusion
3.2.3 Analytical Solutions for Gas Tracer Breakthrough Curves
3.3 Parameters of Gas Tracers
3.4 Hydraulic Conductivity from Gas Measurements
3.4.1 Gas Pneumatic Tests
3.4.1.1 Laboratory Tests
3.4.1.2 In Situ Field Tests
3.4.2 Gas Tracer Tests
3.4.2.1 Laboratory Tests
3.4.2.2 In Situ Field Tests

Simulating Steady State Gas Flow and Transport
4.1 Modelling of 3D Gas Flow .

4.1.1 Modelling Compressible Gas Flow

4.1.2 Modelling Incompressible Gas Flow

15
15
15
16
18
18
19
20
20
20
21
21
22
22
22
22
23
23
23

25
26
26
26

4.1.3 Comparison of Compressible and Incompressible Modellmg and Analytical

Solutions
4.2 3D Modelling of Pathlines of Gas Particles

27
27

4.2,1 Comparison of Effective Permeabilities Derived from Particle Travel Times with

Harmonic Mean Permeabilities

Development of Field and Laboratory Equipment for Pneumatic Tests

5.1 Concept
5.2 Hardware
5.2.1 Measurement Devices
5.2.1.1 Source of Carrier and Tracer Gas
5.2.1.2 Mass Flow Controller
5.2.1.3 Overpressure Meter
5.2.1.4 Pressure Difference Controller

28

29
29
30
30
30
30
31
31




Table of Contents

5.2.1.5 Mass Flow Meter

5.2.1.6 Control Valve

5.2.1.7 Vacuum Pump

5.2.1.8 Infrared Detector for Tracer Gas
5.2.2 Field Equipment

5.2.2.1 Hollow Metal Rods

5.2.2.2 Pulling Equipment

5.2.2.3 Excavator

5.2.2.4 Hydraulic Hammer
5.2.3 Laboratory Equipment

© 5.3 Software

5.3.1 Program for Tracer Tests
5.3.2 Program for Pneumatic Tests

Hydraulic Parameters - Measurements and Results
6.1 In Situ Field Gas Tests :
6.1.1 Tracer Tests
6.1.2 Pneumatic Pumping Tests
6.1.3 Comparison between In Situ Tracer and Pneumatic Pumping Tests
6.2 Laboratory Gas Tests
6.2.1 Tracer Tests
6.2.2 Pneumatic Pumping Tests
6.2.3 Comparison between Laboratory Tracer and Pneumatic Pumping Tests
6.3 Laboratory Water Tests (Darcy Experiments)
6.3.1 Comparison between Laboratory Gas and Water Tests
6.4 Evaluation of Sieve Analysis Data
6.5 Porosity Measurements
6.6 Comparison of All Measurements
6.6.1 Data Measured During this Project
6.6.2 Data from Literature
6.7 Lithofacies to Hydrofacies Relationship

Digital-Photographic Approach for Sedlmentologlcal and Hydrogeological
Database (Regionalisation)
7.1 Digital-Photographic Approach
7.1.1 Camera
7.1.2 Slide Scanner
7.2 Sedimentological Database

© 7.3 Database to Grid Transfer

7.3.1 Transfer of Gridded ASCII Data for Geostatistical Analysis
7.3.2 Transfer of Gridded ASCII Data for Groundwater Flow and Transport Modelling

2D Groundwater Flow and Transport Modelling
8.1 The Example Data Set
8.1.1 Statistical Parameters
8.1.1.1 Histograms
8.1.1.2 Semi-Variograms
8.2 Groundwater Flow Modelling
8.2.1 Effective Hydraulic Conductivity

83 Transport Modelling

8.3.1 Advective Transport Only, Conservanve Tracer
8.3.2 Advective Transport with Equilibrium Sorption
8.3.2.1 Equilibrium Distribution Coefficients
8.3.2.2 Incorporating Equilibrium Sorption into the Model
8.3.3 Advective Transport with Kinetic Sorption
8.3.3.1 Kinetic Distribution Coefficients
8.3.3.2 Incorporating Kinetic Sorption into the Model
8.4 Comparison of Different Transport Mechanisms

31
31
31
31
31
31
32
33
33
33
34
34
35

36
36
37
39
39
39
39
40
40
40
40
41
41
41
41
42
43

44

44
45
45
45

47
47
47
48
48
48
49
49
49
51
51
51
51
51
52
52

ii



Table of Contents

9 Conclusions 56
References 58
Annex 1: Derivation of Analytical Solutions for Gas Flow 63
A 1.1 One Dimensional Differential Equation 63

A 1.1.1 Compressibility Assumption . 63

A 1.1.2 Incompressibility Assumption 64

A 1.1.3 Comparison 64

A 1.2 Two Dimensional Radially Symmetric Differential Equation 65

A 1.2.1 Compressibility Assumption 65

A 1.2.2 Incompressibility Assumption 66

A 1.2.3 Comparison 66

A 1.3 Three Dimensional Spherically Symmetric Differential Equation 66

A 1.3.1 Compressibility Assumption 67

A 1.3.2 Incompressibility Assumption 67

A 1.3.3 Comparison 68
Annex 2: Analytical Solutions for Gas Tracer Breakthrough Curve Evaluation 69
A 2.1 Dirac or Slug Input 70

A 2.1.1 One Dimensional Transport 70

A - 2.1.2 Two Dimensional Transport 70

A 2.1.3 Three Dimensional Transport 70

A 2.1.4 Convergent Radial Flow 70

A 2.2 Continuous Input 71

A 2.2.1 One Dimensional Transport 71

A 2.2.2 Two Dimensional Transport 71

A 2.2.3 Three Dimensional Transport 71

A 2.2.4 Convergent Radial Flow 71

A 2.3 Input over a Time Interval At 72

A 2.3.1 Hifner Solution (constant concentration) 72

A 2.3.2 Van Genuchten Solution (constant mass flux) 73

A 2.3.3 Program DTTRACER 73
Annex 3: Listing of Program DTTRACER 77
Annex 4: Listing of Input File for DTTRACER 79
Annex 5: Derivation of k., k;, ki’/k. Formulas for 1D and 3D Tracer Test Evaluation 80
A 5.1 Laboratory Tests (1D) 80

A 5.2 Field Tests (3D) ‘ 81
Annex 6: Analogy between Groundwater and Gas Flow Modelling 82
Annex 7: Measurement Data 83
A 7.1 In Situ Gas Tracer Data 83

A 7.2 In Situ Gas Pneumatic Data 85

A 7.3 Laboratory Gas Tracer Data 87

A 7.4 Laboratory Gas Pneumatic Data 87
Annex 8: Collection of 2D Sedimentological Outcrop Studies 89
Annex 9: Listing of Program ARCTOGS 106
Annex 10: Listing of Program PREMFLOW 107
Annex 11: Listing of Program RETARD 110

jii



List of Figures

List of Figures
Fig.2.1:  Location map of field area in southwest Germany E
_Fig.2.2:  Extent of the last glaciation (Wiirm) in the area of the Alps (Ehlers, 1994)

Fig.2.3:  Location of field sites in the Quaternary environment north and northwest of Lake
Constance, Baden-Wiirttemberg. The outermost extent of different ice ages are shown
(We: Wiirm, Re: Rif; based on a map from Villinger, 1989)

Fig. 2.4:  Detailed map of location of field sites in the Quaternary environment of the Singen
basin, small arrows indicating the direction of meltwater streams at the end of the last
(Wiirm) glaciation (based on a map from Schreiner, 1992)

Fig. 2.5: Three-dimensional sketch of extent of the Wiirm iceage in the Singen basin
(Schreiner, 1992) ‘

Fig.2.6: Three-dimensional sketch of today's landscape and subsurface geology in the Singen
basin (Schreiner, 1992) .

Fig.2.7:  Different types of architectural elements, the “"eight basic architectural elements” in
fluvial deposits (Miall, 1985)

Fig.2.8: Models illustrating the composition of different architectural elements in a river's
depositional environment, a: gravel-bed braided river showing dissected lobes of
sediment-gravity-flow deposits (SG), b: gravel-bed river dominated by traction-
current deposits (GB), c: deep, gravel-bed braided river with well-defined
topographic levels (models 1, 2, 3 from Miall, 1985, 1996)

Fig.2.9:  Model of depositional environment for glaciofluvial deposits, glacial series
(Schreiner, 1992, originally from Penck and Briickner, 1909)

Fig. 2.10: Conceptual hydrogeological model for actual water budget in the Singen basin,
values in 10° m3/y if not stated otherwise (Koziorowski, 1986)

Fig.3.1:  Conversion factors for gas conductivity, K;, hydraulic conductivity, Ky, and intrinsic
permeability, k, for a temperature of 10 °C

Fig. 3.2: Pressure gradient (Druckgradient [Pa/m]) versus velocity (Q/A, Volumenstromdichte
[m>/m®/a]) for different uniform sands (Ruiz-Rodriguez, 1994; Kretzer, 1989)

Fig.3.3:  Validity of Darcy's law: Permeability (Permeabilitat [m?]) depending on Reynolds
number, Re = Rey, for various effective grain sizes, dig (Ruiz-Rodriguez, 1994;
Kretzer, 1989)

Fig.34:  Reciprocal mean pressure, 1/p, versus apparent permeability, K.y, "Klinkenberg plot”
(after Klinkenberg, 1942)

Fig.3.5:  Deviation of apparent permeability, k,,,, from intrinsic permeability, k, caused by not
correcting for slip flow (adapted from Jaritz, 1998)

Fig.3.6:  Differences of three-dimensional pressure distribution (incompressible to
compressible) for various pressure differences and radii applied in the field

Fig.3.7:  Differences of three-dimensional pressure gradient distribution (incompressible to
compressible) for various pressure differences and radii applied in the field

Fig.3.8:  Dependence of the specific permeability, k, from saturation for gas, kg, (COy) and
water, k), (Carman, 1956, original from Wyckoff and Botset, 1936)

Fig.3.9:  Comparison of calculations of intrinsic permeability, considering compressible (k),
assuming incompressible (k;) gas flow for different pressure differences Ap from one-

. dimensional tracer breakthrough curves in the laboratory

Fig. 3.10: Comp‘fmso.n of calculations of intrinsic permeability, considering compressible (ko),
assuming incompressible (k;) gas flow for different pressure differences Ap from
three-dimensional tracer breakthrough curves in the field (r; = 0.01 m, Tsp = 1 m)

Fig.4.1:  Comparison of steady state gas flow modelling considering compressibility - AIR

(Lin and Kinzelbach, 1991), or assuming incompressibility - MODFLOW (McDonald
and Harburgh, 1984) with the respective analytical solutions: abstraction flow rate
Qouwe = 0.564 Us, permeability k = 8.0-10'? m?, representing a pressure difference
(drop) from atmospheric pressure of Ap = 100 HPa

=)

10
11

13

16

17

17

18

18

19

19

20

23

24

25

iv



List of Figures -

Fig.4.2:  Vertical section through schematic model of 2D geological structure of two different
hydraulic conductivities for models of high permeability unit (k;) in low permeable
environment (k;) and vice versa 26

Fig.4.3:  Gridded vertical profile of 2D heterogeneous geological structures (cell width
0.05 m), representing a section of a gravel outcrop, hydraulic conductivities based on
Jussel (1992), isolines of modelled 3D pressure distribution (interval of 5 Pa) due to.
abstraction of 4 I/s from the centre, example of particle pathline 27

Fig.5.1:  General concept for field and laboratory pneumatic and tracer tests: controlled
injection concentration,-controlled flow and pressure difference, measured extraction

concentration 29
Fig.5.2:  Detailed measurement concept, here for the field pneumatic and tracer tests 30
Fig.5.3:  Field setup 30 .
Fig.5.4:  Field setup: interior of the van, foreground: vacuum pump, flow and pressure control

unit, PC with input and output boards, background: compressor 30

Fig.5.5:  Photograph of tip (top) and end (centre) of inner and outer hollow metal rods with
outlet openings and connection for tubing after use in the field, withdrawal tools

(bottom) 32
Fig.5.6:  Technical drawing of inner and outer hollow metal rods with dimensions in mm, a
overview, b: detailed tip and end of inner rod with dimensions in mm 32
Fig.5.7:  Photograph of pulling equipment to withdraw hollow metal rods in the field 33
Fig.5.8:  Detailed photograph of pulling equipment to withdraw hollow metal rods in the field 33
Fig. 5.9:  Technical drawing of different parts of pulling equipment with dimensions in mm 33
Fig. 5.10: Photograph of small excavator, driving hollow metal rods into outcrop wall 33
Fig. 5.11:  Photograph of hammer, inserting hollow metal rods into outcrop wall 33
Fig. 5.12: Photograph of measurement equipment in the laboratory 34
Fig. 5.13: Front panel of GAS TRACER CONTROL PROGRAM, developed under LabVIEW®,
! allowing the online control of measurement data in the field and laboratory 34

Fig.6.1:  Correction chart for pressure drop, Api,, due to injection of flow rate, Q,, through

metal rod and tubing, as a function of tube length : 36
Fig. 6.2: Correction chart for pressure drop, Apou, due to extraction of flow rate, Qqy, through
metal rod and tubing, as a function of tube length 36

Fig. 6.3: Correction of measured arrival times: time, tmes, versus relative concentration,
c(t)/cmax, Of breakthrough curves with the tubing only for different pressure

differences compared to direct measurement of the injection pulse 37
Fig. 6.4:  In situ gas tracer tests in Gepo in an outcrop at Friedingen, SW Germany; tubing and
hollow metal rods in the outcrop 38

Fig. 6.5: Examples of results from in situ gas tracer tests in Gepo in an outcrop at Fnedmgen,
SW Germany, with corresponding abstraction and injection flow rates, dotted:

measured breakthrough curves, continuous line: fitted analytical solutions 38
Fig. 6.6:  In situ gas tracer tests in Sh in an outcrop at Bohringen, SW Germany, tubing and
hollow metal rods in the outcrop 38 .

Fig. 6.7:  Examples of results from in situ gas tracer tests in Sh in an outcrop at Bohringen, SW
Germany, with corresponding abstraction and injection flow rates, dotted: measured

breakthrough curves, continuous line: fitted analytical solutions 38
Fig.6.8:  Comparison of results from all field gas tracer and pneumatic tests 39
Fig. 6.9:  Results from laboratory gas pneumatic tests 40
Fig. 6.10: Comparison of results from all laboratory gas tracer and pneumatic tests 40
Fig. 6.11:  Grain size distribution curves for different lithofacies (here combined to hydrofacies,

: s. Ch. 7) 41
Fig. 6.12: Comparison of results from laboratory gas pneumatic tests and sieve analysis data 41
Fig. 6.13: Comparison of hydraulic conductivities for all lithofacies categories with model

parameters used by Jussel (1992) 43
Fig. 6.14: Relationship between lithofacies and hydrofacies, based on the companson of all
measurement results, P/T/H: planar, trough and horizontal gravel 43




List of Figures

Fig. 6.15¢

Fig. 7.1:

Fig. 8.1:
Fig. 8.2:
Fig. 8.3:
Fig. 8.4:
Fig. 8.5:
Fig. 8.6:

Fig. 8.7:
Fig. 8.8:

Fig. 8.9:

Fig. 8.10:

Fig. 8.11:
Fig. 8.12:
Fig. 8.13:
Fig. 8.14:

Fig. 8.15:

Fig. 8.16:

Fig. AL1:

Fig. AL1.2:

Comparison of horizontal and vertical hydraulic conductivities for all hydrofacies
categories with the model parameters used by Jussel (1992) '

Outcrop analysis: lithofacies interpreted from a wide angle phgtograph, hydrofacies
and horizontal hydraulic conductivities based on the field and laboratory
measurements, here: ST2 from Steiflingen, SW Germany

The example data set: lithofacies in outcrop ST2 from SteiBlingen, SW Germany,
gridded with a cell size of 0.025 m, resulting in a grid of 890 x 178 cells 1
The example data set: gridded hydraulic conductivity distribution, Kn(m/s), displayed
as natural logarithm, InKj

Histogram of the number of cells (percentage) in each of the 23 lithofacies classes of
the example data set

Histogram of the number of cells (percentage) in each of the 5 hydrofacies classes in
the example data set

Semi-variogram of hydraulic conductivities (InK;, and InK,) in x direction in the
example data set :

Semi-variogram of hydraulic conductivities (InKs and InK,) in z direction in the
example data set -

Pathlines of 25 particles tracked through the example data set on the groundwater
head distribution from chapter 8.2, initial distribution of particles flux dependent on
left hand side '
Cumulative particle arrival times (breakthrough curves) from 400 particles,
representing advective transport only, advective transport with kinetic sorption and
advective transport with equilibrium sorption ' )
Histogram plot of log of particle arrival times of 400 particles from advective
transport only ' :

43

46

47

47

48

48

48

438

50

50

50

Grain size distribution curves for samples from the outcrop ST2 in Steilingen, SW

Germany (thin lines) on which the input data for the intra-particle diffusion model
(thick lines) is based _

Distribution coefficients, Ky [I/kg], versus contact time t [s] calculated with an intra-
particle diffusion model (Jiger, 1996) '

Histograms of contact times of particles in the different hydrofacies types after

kinetic retardation :

Histogram of contact pathlength of particles in the different hydrofacies types

Path lengths per particle, divided up into parts of contributions by the different
hydrofacies, particles numbered according to their spatial position so that particle
number 1 is that nearest the top of the aquifer and 400 that nearest the base

Arrival times per particle as sum of contact times per cell along the flow path of each
particle, divided up into different parts representing the contributions of the different
hydrofacies, particles numbered according to their spatial position so that particle no.
1 is that nearest the top of the aquifer and 400 that nearest the base. Different
transport scenarios: a - advection only, b - advection and equilibrium sorption, c -
advection and kinetic sorption

Aurrival times per particle as sum of contact times per cell along the flow path of each
particle, divided up into different parts representing the contributions of the different
hydrofacies, vertical order of particles sorted according to total arrival times,
normalised to mean arrival time. Different transport scenarios: a - advection only, b -
advection and equilibrium sorption, ¢ - advection and kinetic sorption

Pressure, p, and pressure gradient, p'., distribution over a one dimensional column of
1m 'length with a total pressure drop of 100-10°Pa from analytical solution,
considering compressible steady state gas flow ' :
Pressure, p;, and pressure gradient, p';, distribution over a one dimensional column of

1m le.ngtl.l with a total pressure drop of 10010 Pa from the analytical solution,
assuming incompressible steady state gas flow

52
52

53
53

54

54

54

64

64

vi



List of Figures

Fig. A1.3:
Fig. {&1.4_:
Fig. Al1.5:
Fig. A1.6:
Fig. A1.7:
Fig. A1.8:

Fig. A1.9:
Fig. A2.1:

Fig. A2.2:
Fig. A2.3:
Fig. A2.4:
Fig. A2.5:

Fig. A2.6:

Error of pressure, p, and pressure gradient, p’, distribution over a one dimensional
column of 1 m length with a total pressure drop of 100-10°Pa relative to the
analytical solution considering compressible steady state gas flow

Pressure, p., and pressure gradient, p’, distribution over a two dimensional radial
flow field of 1 m radius with total pressure drop of 100-10* Pa from the analytical
solution, considering compressible steady state gas flow

Pressure, p;, and pressure gradient, p’, distribution over a two dimensional radial flow
field of 1 m radius with total pressure drop of 100-10* Pa from the analytical solution,
assuming incompressible steady state gas flow

Error of pressure, p, and pressure gradient, p’, distribution over a two dimensional
radial flow field of 1 m radius with a total pressure drop of 100-10* Pa relative to the
analytical solution considering compressible steady state gas flow

Pressure, p., and pressure gradient, p’., distribution over a three dimensional radial
flow field of 1 m radius with a total pressure drop of 100-10? Pa from the analytical
solution, considering compressible steady state gas flow

Pressure, p;, and pressure gradient, pj, distribution over a three dimensional radial
flow field of 1 m radius with a total pressure drop of 100-107 Pa from the analytical
solution, assuming incompressible steady state gas flow

Error of pressure, p, and pressure gradient, p’, distribution over a three dimensional
radial flow field of 1 m radius with a total pressure drop of 100-10? Pa relative to the
analytical solution considering compressible steady state gas flow

Analytical solutions, after Hifner et al. (1992) and van Genuchten (1981), for
breakthrough curves calculated by DTTRACER with input parameters: distance
x = 0.5 m, injection time interval At = 10 s, tracer velocity v, = 0.02 m/s, dispersivity
o = 0.005 m, diffusion coefficient Diff = 1.69-10™ m%s, retardation factor R = 1
Analytical solutions after Hifner et al. (1992) for breakthrough curves calculated by
DTTRACER with different injection time intervals At = t;,. Other parameters similar to
those in Fig. A 2.1 .

Analytical solutions after Hafner et al. (1992) for breakthrough curves calculated by
DTTRACER with different tracer velocities v,. Other parameters similar to those in Fig.
A2l '

Analytical solutions after Hifner et al. (1992) for breakthrough curves calculated by
DTTRACER with different dispersivities o.. Other parameters similar to those in Fig. A
2.1

Analytical solutions after Hifner et al. (1992) for breakthrough curves calculated by
DTTRACER with different coefficients of molecular diffusion Dy, Other parameters
similar to those in Fig. A 2.1 .

Analytical solutions after Hafner et al. (1992) for breakthrough curves calculated by
DTTRACER with different retardation factors R. Other parameters similar to those in
Fig. A 2.1 '

64
65
65
66
67
67

68

75
75
75
75
76

76

vii



List of Tables
List of Tables
Tab.2.1: Simplified Quaternary stratigraphy of northwest Europe and the Alps, italic:
interglacials (after Ehlers, 1994; Murawski, 1983) 6
Tab.2.2: Architectural elements in fluvial deposits (after Miall, 1985, 1996) 10
Tab.2.3: Lithofacies codes (after Miall, 1977, 1978, 1996) 12
Tab.2.4: Major and minor classification for lithofacies codes (after Keller, 1996) 12
Tab.2.5: Lithofacies code used in this project _ 13
Tab.2.6: 23 sedimentologically reasonable lithofacies types, as a combination of lithofacies
codes from Tab. 2.5 13
Tab. 2.7: Hydraulic conductivities and porosities for Pleistocene Rhine gravels from (Jussel,
1992) 14
Tab.3.1: Analytical solutions for one-, two-, three-dimensional (radial) steady state gas flow
considering compressibility or assuming incompressibility - 19
Tab. 3.2:  Linear approximations of the non-linear general flow equation for gas, depending on
assumptions for the total pressure difference Ap =p,-p;, Po represents the initial
(gas) pressure, mostly atmospheric (after Massmann, 1989) 19
Tab. 3.3: Diffusion coefficients of CO, in air, calculated from equation 3.26 21
Tab. 3.4: Parameters for different potential tracer gases and air (Perry and Green, 1984, *
Olschewski et al., 1995) 21
Tab. 4.1: Comparison between particle tracking effective permeabilities, Kkyod, and cell
averaged permeabilities, k., -: pathlines do not represent straight lines ’ 28
Tab. 6.1:. Averaged horizontal and vertical hydraulic conductivities measured with gas tracer
tests in the field for various lithofacies 38
Tab. 6.2: Averaged horizontal and vertical hydraulic conductivities measured with gas
pneumatic tests in the field for various lithofacies 39
Tab. 6.3:  Averaged hydraulic conductivities measured with gas tracer and pneumatic tests in
the laboratory for different lithofacies 40
Tab. 6.4:  Averaged hydraulic conductivities measured with water (permeameter experiments)
in the laboratory, Ky, and calculated on the basis of sieve analysis data (after
Beyer, 1964) for different lithofacies, Kgieve 40
Tab. 6.5:  Porosities, n, for different lithofacies 41
Tab. 6.6: Comparison of all measured and assigned data (in situ and laboratory) for all
lithofacies types, bold: measured, standard: assigned 42
Tab.6.7:  Final parameter table for all lithofacies and corresponding hydrofacies categories,
based on the comparison of values in Tab. 6.6, parameters will be used in the outcrop
analysis studies (Ch. 7) and in the modelling (Ch. 8) 42
Tab.8.1: Comparison of different averages for the horizontal and vertical hydraulic
conductivities of the example data set 49
Tab.8.2:  Typical equilibrium distribution coefficients, Ky, for hydrofacies for 100 ug/l
phenanthrene in a pulverised sample 51
Tab. A7.1: Listiqg of all measured in situ gas tracer data, Bohringen, SW Germany, bold: data
used in further evaluation : 83
Tab. A7.2: Listir}g of all measured in situ gas tracer data, Friedingen, SW Germany, bold: data
used in further evaluation : 84
Tab. A7.3: Listing of‘ all measured in situ gas pneumatic data, Bohringen, SW Germany, bold:
data used in further evaluation 85
Tab. A7.4: Listing of' all measured in situ gas pneumatic data, Friedingen, SW Germany, bold:
data used in further evaluation 86
Tab. A7.5:

Listing of all measured laboratory gas tracer data, samples from Friedingen and
Bohringen, SW Germany

87

viii



List of Tables

Tab. A7.6: Listing of all measured laboratory gas pneumatic data, based on gas tracer

measurements, samples from Friedingen and Béhringen, SW Germany 87
Tab. A7.7: Listing of all measured laboratory gas pneumatic data, based on gas pneumatic
measurements, samples from Friedingen and Bshringen, SW Germany 88

ix



List of Abbreviations

List of Abbreviations

ARRAEELEE TS

TR

[m]

[

[m%s?]

[Pa's = kg/m:s]
[1.307-10° Pa-s]
[1.794-10” Pa-s]
[m%/s]
[1.45-105 m?%s]
(-1

(-]

(kg/m]

[999.7 kg/m?]
[1.23 kg/m’]

[-]

[m?]

[1/Pa]

[mg/1 or Vol.%]
[mg/l or Vol.%]
[Vol.%]
[Vol.%]

[m]

[m]

[m*/s]

[m?*/s]

[m?/s]

[m?/s]

[m2/s]

[-1

[m/s?]

[m]

[m’]

[m?]

[m?]

[m’]

[m?]

[-]

{m/s]

(I/kgl

[n/s]

[mol]
[Pa = 10 mbar]
[1 atm =~ 10° Pa]

dispersivity

Forchheimer turbulence factor

fluid potential, energy per unit mass

dynamic viscosity

dynamic viscosity of water

dynamic viscosity of gas

kinematic viscosity

kinematic viscosity of gas

pi

angular coordinate

density

density of water

density of gas

atomic diffusion volume for gas i

cross section area

Klinkenberg constant

concentration of a substance in water or air, respectively
initial concentration of a substance in water or air, respectively
maximal concentration

measured absolute concentration

effective grain size, 10 % of grain size distribution curve
60 % of grain size distribution curve

dispersion coefficient

longitudinal dispersion coefficient

transversal dispersion coefficient -

coefficient of molecular diffusion

coefficient of molecular diffusion of gas in air
Freundlich coefficient

gravitational acceleration

hydraulic head

intrinsic permeability of porous material

apparent intrinsic permeability, not Klinkenberg corrected

intrinsic permeability from tracer tests, considering compressibility

effective permeability, not saturation corrected

intrinsic permeability from tracer tests, assuming incompressibility

specific permeability with respect to saturation
fluid conductivity

sorption distribution coefficient

hydraulic conductivity

.air/gas conductivity

horizontal hydraulic conductivity
vertical hydraulic conductivity

height/length of cylinder, distance between extraction and injection,

length of tubing

mass

mass of gas

molecular weight of substance i

‘porosity

air filled porosity

no of moles

pressure

atmospheric pressure




List of Abbreviations

Ap
Apin

[Pa = 10 mbar)
[Pa = 10 mbar]

APumess [Pa = 10 mbar]

Apout
Pe
qs

Qg

Q
Qin
Qout
r

rcyl
Lsph
R

Rg
Re
Recrit
S

t

tos
tapp

tmeas

At

< cmh-]

[Pa = 10" mbar]
[-] -
[1/s]

[1/s]
[m%/s]
[m®/s] .
[m®/s]
[m]

[m]

[m]

(-]
[8.3145 J/mol-K]
[-1

(-]
[mg/kg]
[s]

[s]

[s]

[s]

[s]

X1

[-1

[m/s]
[m/s]
{m®]
(kg-m%/s?]
[kg-m%/s?]
[kg-m?/s*]
{kg-m?¥/s%)
[m]

[m]

[m]

pressure difference

pressure drop due to injection flow

measured pressure difference

pressure drop due to extraction flow

Peclet number -

flow rate of water per cell volume

flow rate of gas per cell volume

flow rate

injection flow rate

outflow flow rate

distance (1D), radial distance (2D, 3D)

radius of cylinder

radius of sphere of convergent flow field
retardation factor '

molar or general gas constant

Reynolds number

critical Reynolds number

concentration of a substance sorbed in or on the aquifer matrix
time

mean arrival time

lag time caused by apparatus, tubing and hollow metal rods
measured time (t + t;pp)

injection time interval for tracer injection (= t;,)
absolute temperature

unconformity coefficient, dgo/dio

Darcy velocity

tracer velocity (= v/n)

volume

total energy

potential energy

kinetic energy

elastic energy

distance in x direction, directional index
distance in y direction, directional index
distance in z direction, directional index, elevation

xi



Introduction

1 Introduction

The complex nature of sedimentational and
erosional processes has resulted in an often highly
heterogeneous distribution of hydrogeological
parameters in aquifers. These heterogeneities of
hydraulic conductivities, porosities and other
hydrogeologically relevant parameters have long
been seen as a major hurdle in the determination
of actual flow paths. Subsurface investigations,
~e.g. pumping tests, are only able to deliver
effective parameters at a scale much larger than
the typical length of structures in a heterogeneous
aquifer. However, the detailed information is
necessary for accurate predictions of flow paths
and local contaminant transport.

Results from many different field sites (e.g.
Borden (Sudicky, 1986), Cape Cod (Hess, 1990;
Hess et al., 1991), Twin Lake (Moltyaner and
Killey, 1988), Horkheim (Ptak and Teutsch,
1994)) show that the required spatial resolution
for predicting transport parameters cannot be
achieved by standard subsurface investigation
techniques such as pumping tests, flowmeter or
core analysis. Although in the vertical direction
flowmeter and core analysis data give enough
details to characterise the heterogeneities, in the
horizontal direction boreholes often have larger
spacings so that they are not able to provide
information on correlation at small scales. Thus
the continuity of structures, especially in the
horizontal direction, is often not known, Based on
this experience more detailed information is
needed, particularly on the small scale structure
and distribution of heterogeneous parameters in
aquifers. Anderson (1989) explains the specific
need for investigations at a finer resolution:

"Additional basic research is required to measure
hydraulic conductivity variation within
representative hydrogeologic facies and to develop
statistical descriptions to represent the variations.
Such detailed descriptions of hydraulic conductivity
may be necessary to describe ground-water flow at a
local scale for analysis of contaminant transport."
(Anderson, 1989)

Throughout this work the term facies will be used
for a homogeneous sedimentological or a
homogeneous but not necessarily isotropic
hydrogeological unit (Anderson, 1989), formed
under characteristic conditions which lead to
characteristic hydraulic properties.

The problems associated with the necessary
transfer from basic geological field information
into hydrologically interpretable data depend on
the direction from which the task is approached
. by the geologist or hydrologist. Whereas the

primary goal of a geologist is to describe an
ancient depositional environment with observable
patterns by formulating descriptions of the spatial
patterns of sedimentological properties (so called
"facies models"), the goal of the hydrologist is the
opposite: to infer patterns of properties on the
basis of some knowledge of the depositional
environment (Scheibe and Freyberg, 1990). These
fundamentally different goals may be a reason for
the difficulties sometimes encountered in
communication between geologists, hydrologists
and hydrogeologists. :

To describe the heterogeneities in sedimentary
deposits three major approaches have been
distinguished (Koltermann and Gorelick, 1992,
1996): structure-imitating, process-imitating and
descriptive methods.

Structure-imitating models are aimed at the
reproduction of geometric relations of
sedimentary deposits. For example sequence
stratigraphy is one kind of a structure-imitating
approach as empirical relations between rates of
sea level change, subsidence and sedimentation
result in characteristic structures or forms of
deposits. Another class relies on spatial statistics,
correlated random fields and probabilistic rules to
generate geometric patterns, ‘sometimes with
deterministic (process-based) constraints
developed from facies relations. Those models

‘which do not consider the sedimentological

processes provide little understanding of
geological environments and may lead to
geologically impossible interpretations.

Process-imitating includes aquifer model
calibration methods and geological process
models. They comprise physical mechanisms
which are formulated in- terms of governing
partial differential equations. This approach
represents interactions of geological processes
operating over spatial and temporal scales.

The descriptive approach classifies depositional
environments, facies relations and sedimentary
basins. It divides an aquifer into zones of
characteristic hydraulic properties based on the
connection from geological observations to facies
relations. Descriptive models cannot be used to
quantitatively test hypotheses regarding detailed
geological history.

Generally real aquifers are not accessible for
investigation to  derive  hydrogeological
parameters at the scale required. An outcrop
composed of similar stratigraphy and lithologies

1
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as the aquifer may be viewed as analogue of this
aquifer ("aquifer/outcrop analogue™) representing
an accessible formation for the examination of
spatial geometries and for in sifu measurements
of hydrogeological parameters at smaller scale.

This project concentrates on fluvial Quaternary
deposits such as braided river deposits, delta
sediments and bed load systems. For the project
‘area most of the sediments were deposited by the
latest glaciation period north and northwest of
Lake Constance in  Baden-Wiirttemberg,
Southwest Germany. '

The braided river systems are of special interest
as (a) in Central Europe they are particularly
endangered by pollution as many industrial sites
and the major infrastructure (roads and railways)
are situated on such valley fills, (b) four major
hydrogeological investigations, including tracer
tests (Borden (Sudicky, 1986), Cape:Cod (Hess,
1990), Twin Lake (Moltyaner and Killey, 1988),
Horkheim (Ptak and Teutsch, 1994)) were
performed in glaciofluvial sediments made up of
mainly braided stream deposits, (¢) connected
highly permeable units allowing the formation of
preferential flow paths for contaminants in
groundwater may be present in braided channel
fill sequences, (d) distinct facies and elements
have been mapped and interpreted for current and
past braided stream environments, and (€) a large
volume of sedimentological research exists in this
area.

1.1 Objectives

Following the state of hydrogeological science in
heterogeneous environments as described above,
this work concentrates on basic data collection
and evaluation. The objectives of this project are

to use accessible glaciofluvial Quaternary
deposits of gravel pits in Southwest Germany
as an aquifer or outcrop analogue,

to use in situ and laboratory gas measurements for
the evaluation of permeabilities/hydraulic
conductivities and other transport parameters
for the specific sedimentological units under
consideration in the outcrops,

to gain high resolution two dimensional spatial
distributions (data sets) of sedimentology and
hydrogeological properties, i.e. lithological
facies distributions, hydraulic conductivity
and other transport parameter distributions
from outcrop analysis, and

to examine by modelling the consequences of

heterogeneous  distributions

of hydraulic

conductivities, porosities and retardation
coefficients in these 2D data sets for
groundwater flow and transport, especially
with regard to effective parameter estimation
at a scale larger than the heterogeneities
present.

‘1.2 Methodology and Approach

As detailed mapping of hydrogeological
parameters by subsurface groundwater testing
methods is not possible, the intention is to
measure, instead of in the saturated zone of a real
aquifer, in an analogue of a real aquifer. The .
aquifer analogue shows similar distribution of
hydrogeological ~parameters but is easier
accessible for detailed facies mapping and
measurements within the outcrops of the
unsaturated zone.

Firstly a method has to be developed to measure
hydraulic conductivities, porosities and other
relevant hydrogeological parameters in sifu in
Quaternary outcrops of gravel pits. This method
should be a tool, quick and easy to handle, to
determine the parameters in question in the field.
Techniques of hydraulic characterisation of
sandstone environments by measuring the flow of
gas through a probe into the potential reservoir
rock (mini permeameters, Eijpe and Weber, 1971,
Goggin et al., 1988) are widely used in the fields
of sedimentology and petrology. In the
Quaternary environments rocks are
unconsolidated, therefore the general principles
of mini permeameters are not applicable. The
technique used in this work can be described as
small scale pneumatic pumping tests and gas
tracer tests. Two metal rods are driven into the.
outcrop walls by a small excavator and a
hydraulic hammer. Control software measures
and controls in- and outflow of gas and pressure
drops through the tubing and the metal rods
(chapter 5). This newly developed technique
offers a unique possibility for detailed
quantification of permeabilities of specific
structures in situ, in unconsolidated outcrops. In
the past this could only be achieved by taking
mostly disturbed samples in the field and

F:onducting tests, e.g. permeameter measurements
in the laboratory. '

The development of this method required
.fundamental knowledge of gas flow and transport
In porous material and in particular ' of the
relationship between gas and water flow, as the
permeabilities measured were converted into
hydraulic conductivities for further use in
hydrogeological ~ evaluation  (chapter  3).
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Furthermore, for numerical assessment prior to
the in situ measurements, gas flow for specific
homogeneous and heterogeneous cases was
modelled with two different three dimensional
finite difference programs: AIR (Lin and
Kinzelbach, 1991) and MODFLOW (McDonald
and Harburgh, 1984). Whereas AIR- allows to
model compressible and incompressible gas flow,
MODFLOW  is  normally  restricted to
incompressible groundwater flow; advective
transport may be calculated for the flow fields
using MODPATH (Pollock, 1989). In this project it
was adapted for the modelling of gas flow,
assuming incompressibility. Advantages and
disadvantages are discussed in chapter 4.

- Beside the development of this new investigation

technique, field measurements were conducted to
measure the parameters of characteristic
structures within the outcrops. To verify these
measurements samples were taken and evaluated
in the laboratory. For specific sedimentological
structures data was collected and compared from
in situ gas tracer tests, in situ gas pneumatic
(pumping) tests, laboratory gas tracer tests,
laboratory gas pneumatic (pumping) tests and - as
a well known standard method - from sieve
analysis data (chapter 6). The comparison led to
mean characteristic parameters (e.g. hydraulic
conductivities, porosities), which were viewed as
the most plausible parameters for the specific
structure.  Incorporating the results from
(Kleineidam, 1998) the data was extended to
include hydrogeochemical parameters such as
retardation factors (chapter 8). ’

Furthermore, a database was built up including

.photographic images of Quaternary oufcrop
walls, their sedimentological and their
hydrogeological interpretations. The

sedimentological facies analysis (e.g. Miall, 1978,
1996; Keller, 1996) was the basis for the
lithological facies distribution of the outcrops
evaluated (chapter 2) and led to interpreted
sedimentological cross sections of photographed
outcrop walls of around 25 by 5 m. The database
was built up in the style of a GIS (Geographical
Information System) format and allowed the input

of further information, such as hydrogeological

parameters (chapter 7).

The data of the database is accessible for further
use such as geostatistical analysis or two
dimensional groundwater -flow and transport
modelling. One outcrop was used for
geostatistical characterisation and modelling of
groundwater flow and conservative as well as
sorptive transport to determine the importance of
such  sedimentological heterogeneities for

effective  hydrogeological parameters (e.g.
hydraulic conductivity) over distances of up to
30 m (chapter 8).

1.3 Review of Literature

The review of literature is restricted to the two
most important areas relevant to this project: the
outcrop analysis studies of deposits of braided
river, delta or bed load systems and the use of gas
flow and transport for hydrogeological
characterisation.

Literature on outcrop analysis studies

Literature on outcrop analysis studies can be
subdivided into three main groups: fundamental
sedimentological articles, Quaternary sedimen-
tological papers and articles on the combination
of hydrogeology and sedimentology.

The fundamental articles on sedimentology of
braided river, delta and bed load systems
comprise many field studies of ancient or present
river systems, some overview articles and papers
related to the general classification of these
sediments. Most of the field studies describe the
sediments present in a specific case or area, either
in ancient or today’s depositional environments.
Often detailed cross sections are drawn (e.g.
Bluck, 1979; Leopold and Wolman, 1957;
Williams and Rust, 1969). Explanations about the
processes leading to such fluvial deposits are
given by Ashmore (1991), Best (1988), Carling
and Glaister (1987) and Mosley (1976). These
authors explain specifically the genesis of scour
pools within channel confluences or the
development of well-sorted bimodal structures
during rapid sand and gravel deposition at a down
gradient step along river flow directions. A good
overview on the sedimentological science with
respect to braided river environments is given by
the article collection of Best and Bristow (1993).
It shows how braided rivers are examined for a
wide spectrum of purposes, such as understanding
of sedimentological processes, a determination of
the boundaries between architectural elements by
ground penetrating radar, and aerial remote
sensing methods. For the general classification of
fluvial sediments at different scales the
contributions of two particular authors are
notable. Miall has described many different
scenarios of fluvial depositional environments
(Miall, 1977, 1978, 1980, 1981, 1985, 1996).
Looking at an outcrop or sediment of fluvial
deposits generally two distinctions can be made:
the architectural element analysis and the
lithofacies distribution. The architectural element
analysis is mainly the splitting up of the whole
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complex deposit into units of similar depositional
systems on the basis of their erosional faces and
sometimes their differences in stratification, i.e.
whether it has been deposited in a cross stratified
braided river or massive bed load system. Within
a single architectural element different lithologies
may be present. So a second classification code is
necessary for the distribution of lithofacies over
the whole profile or cross section. Whereas the
first distinction (architectural element analysis) is
often more important for the sedimentologists, the
applied geologist or the hydrogeologist is often
more interested in the composition of different
lithologies, since they are directly connected to
hydraulic properties such as permeabilities and
porosities. In the German speaking region Keller
(1996) has adapted the architectural element
analysis of Miall to the Swiss Molasse Basin and
the lithofacies codes to glaciofluvial sediments
(Keller, 1992, 1996).

The connection to Quaternary sedimentology is
often realised by adapting the general
classifications after Miall (1985) to the specific
Quaternary environment with glaciofluvial (pre-
and postglacial) or glacial specifications. The
fluvial lithofacies codes are expanded for gravel,
sand, silt, mud and till structures (Eyles et al.,
1983; Fraser and Bleuer, 1987; Fraser and Cobb,
1982). At some distance from the glacial source
areas some authors are able to relate the grain size
distribution in fluvial deposits to the Quaternary
climate (Vittori and Ventura, 1995). However,
Quaternary geology is more often related to
stratigraphical and morphological terminology
than to genetic classifications of glacial or
glaciofluvial deposits (Goldthwait, 1988; Jurgaitis
and Juozapavicius, 1988). In combination' with
shallow geophysical prospection with high
resolution ground penetrating radar (GPR)
sedimentological units can be mapped either in
two dimensional sections or by connecting many
sections in three dimensional blocks (Beres and
Haeni, 1991; Huggenberger, 1993; Huggenberger
et al., 1994; Asprion and Aigner, 1997; Asprion,
1998). Although the detailed lithofacies
distribution may not be evaluated directly, this
method allows the detection in three dimensions
of architectural elements which comprise specific
lithologies. In combination with two dimensional
outcrop mapping the lithofacies can be identified,
described and transferred into the third
dimension. By describing the sedimentology and
measuring the hydraulic parameters it is possible
to connect the geophysical measurements to
hydrogeological studies (Huggenberger et al.,
1988; Huggenberger, 1994).

al.  (1994),

Hydrogeology and sedimentology are the basis of
various studies related to groundwater flow and
transport in heterogeneous aquifers. Related to
the work of Huggenberger et al. (1988) are the
statistical descriptions and stochastic numerical
tracer experiments of Jussel (1992) and Jussel et
which took place in highly
heterogeneous glaciofluvial deposits of the Rhine
glacier at the border between Switzerland and
Germany. As the sediments are genetically
similar to those under consideration in this
project, the data from his work is cited frequently
within this work. Jussel combines laboratory
measurements of hydraulic parameters from
mainly disturbed and some undisturbed (nitrogen-
frozen) samples with statistical-sedimentological
outcrop analysis. The results are used to model
groundwater flow and transport in lenticular
shaped sedimentological structures. Based on
fluvial deposits of the Wabash River, USA,
Scheibe (1992) developed a numerical aquifer of
scroll bars, trough sets and mud drapes which was
then also used for flow and transport modelling
(Scheibe and Freyberg, 1990; Scheibe, 1992).
Another attempt by Webb (1992) was based on
the deterministic modelling of sedimentological
genesis of a braided river deposit and led to a
three dimensional hydraulic conductivity field for
which the preferential flow paths for
contaminants in groundwater flow were simulated
(Webb, 1992, 1994; Webb and Anderson, 1996).
Architectural  element apalysis and the
interconnectedness of sedimentological units are
discussed by Fogg (1990), Fogg et al. (1997),
Carle and Fogg (1996). There the concept of a
transition probability matrix in combination with
indicator geostatistics is developed to describe the
connection from one sedimentological unit to
another: a way of overcoming the problems
associated with geostatistics, as it enables the
generation of sequences based on the order of
their geological succession (e.g. couplets of x and
y) instead of only descriptions of correlation
length and variability of single structures.
Statistical analysis of sedimentological or
hydrogeological_ parameters by horizontal and
vertical variograms are used by Davis et al.
(1992, 1993). An approach to interpret
hydrostratigraphy with indicator geostatistics is
use'd by Johnson and Dreiss (1989). More basic
estimations of permeabilities and porosities with
respect to the lithofacies present in fluvial
deposits are performed by Pryor (1973) and
Weber (1982). For the general background of the
Importance of sedimentary heterogeneities to
groundwater flow and transport Anderson (1989),

4



Introduction

Koltermann and Gorelick (1992, 1996) are"

recommended.
Literature on gas flow and transport

The literature on gas flow and transport related to
this work can be grouped into three categories:
the fundamental literature on gas flow, advective
(and dispersive) transport and diffusion in porous
media; the field and laboratory experiments in
different scales for various purposes and the
articles on the modelling of gas flow.

The fundamental articles on gas flow may be
subdivided into those restricted to diffusional
processes and others dealing with advection and
dispersion. The diffusion of gas in porous media
with special emphasis to carbon disulphide (CS5)
is described in an early paper by Penman (1940).
Diffusion and diffusion coefficients for gases in
porous materials are derived in the diploma theses
of Klein (1992) and Weif (1992). Fundamental
information on gas diffusion can be found in
Atkins (1986), Lyman et al. (1990), Perry and
Green (1984) and Sallam et al. (1984). A
dissertation dealing with in situ measurements of
the characteristics of gas diffusion in unsaturated
porous media is given by Kreamer (1982). The
more fundamental work on advection, dispersion

and diffusion of gas in porous media often deals.

with the questions of Darcy- or non-Darcy-flow
with respect to turbulence, compressibility. and
~slip flow problems (Carman, 1956; Dake, 1978;
Dullien, 1992; Dranchuk and Flores, 1975;
Firoozabadi and Katz, 1979; Houpeurt, 1959;
Kidder, 1957; Klinkenberg, 1942). Examples of
parameter evaluation (permeabilities in different
rocks: low permeability sandstones or high
permeability unconsolidated sands and gravels)
with the help of gas flow and transport
measurements are given by Abu-El-Sha’r and
Abriola (1997), Diirbaum et al. (1969), Garbesi et
al. (1996), Voigt et al. (1973), Kretzer (1989) and
Pusch et al. (1986).

The papers related to field and laboratory
measurements are often based on a specific
application such as’ permeability and porosity

parameterisation of reservoir rocks with mini

permeameters or the design and monitoring of
vapour extraction systems for groundwater and
soil remediation. Mini permeameters and their
use in mainly consolidated rock are discussed in
Eijpe and Weber (1971) and Goggin et al. (1988).
The specific questions related to the optimal
design of vapour extraction systems, i.e. the
evaluation of local unsaturated soil properties and
of the radius of influence for such extraction
systems are described either on the basis of in situ

gas tracer tests at the scale of the extraction
system under consideration or by modelling three
dimensional gas pressure distribution, sometimes
in combination with transport modelling.
References for particular case studies, the use of
tracer gases such as He, Rn, SFs or CO and
practical advice for the design of extraction
systems are given by Fierz et al. (1993), Johnson
et al. (1990), Olschewski et al. (1995),
Richardson et al. (1996) and Schmidt (1994). A
more general article on the validity of Darcy's law
in relation to soil venting operations is presented
by Ruiz-Rodriguez (1994) which is based on the
work of Kretzer (1989). Literature on modelling
of gas flow and transport is often connected to the
optimal design of vapour extraction systems. A
fundamental reference is given by Massmann
(1989), in which the opportunities of modelling
gas flow with standard groundwater flow models
is justified for specific boundary conditions.
Others have developed models for the flow of
gas, assuming compressibility or
incompressibility, in either two dimensions
(Mohr and Merz, 1995) or three dimensions
(Marley, 1991; Marley et al., 1990, 1992; Lin and
Kinzelbach, 1991; Borho, 1995). In this project
one approach uses the model AIR (Lin and
Kinzelbach, 1991) with a larger number of cells,
needed to describe more complex heterogeneous
three dimensional structures. The other approach
presented is based on the groundwater flow
model MODFLOW (McDonald and Harburgh,
1984).
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2 Project Area

2.1 Quaternary Geology and .
Sedimentology

Quaternary sand and gravel deposits are found in
different regions of Europe. The most important
glaciations took place in northern Europe. The ice
cover in the Alps during the ice ages was much
smaller in comparison to the north European
glaciers. The glacial periods in the Quaternary of
Germany can therefore be divided geographically
into those resulting from the Scandinavien and
those from the Alpine glaciation. Two minor
areas were covered by ice in the Black Forest and
the Harz mountains. The ice cover led to glacial
deposits such as till in the form of different
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streams dl.scharglr'lg into near-ice-margin lakes 2600000 Eburon Biber
(glaciofluvial-glaciolacustrine deposits; Menzies, Gauss Tertiary

1995).

The Quaternary sediments investigated in this
project are sitnated in southwest Germany, north
and northwest of Lake Constance (Bodensee) in
the federal state of Baden-Wiirttemberg (Fig.
2.1). They were deposited by meltwaters of the
Rhine glacier, which was resting at the site of
today's Lake Constance during and after the last
two Alpine glaciation periods (Riff and Wiirm).

The Quaternary stratigraphy varies for the two
main regions of Quaternary deposits (NW Europe
and the Alps). Although it is possible to correlate
the different regional names during the later
periods (Late Pleistocene), the corresponding
interglacial and glacial stages in the earlier
periods (Middle and Early Pleistocene) are much
disputed within the field of Quaternary science.
In table 2.1 a general overview is given, relating
the periods to a starting age and to the general
magneto-stratigraphy.

Tab. 2.1: Simplified Quaternary stratigraphy of northwest Europe
and the Alps, italic: interglacials (after Ehlers, 1994;
Murawski, 1983)

It can be expected that the depositional
environment resulting from the alpine glaciations
was similar anywhere in the surroundings of the
Alps. Results from this work, therefore, can
probably be transferred to other areas, even south
of the Alps (Fig. 2.2).

The deposits found in the direct (proximal)
Quaternary environment are similar in terms of
their heterogeneity to those in periglacial areas of
e.g. river valleys further away (distal) from the
former glacially covered areas. However, the
composition of sands and gravels in the valleys
may differ from those in the glaciofluvial
environment. The results, particularly from the
Qermeability measurements  of  specific
lithological components within this project, and
the digital photographic approach may thus be
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Fig. 2.2: Extent of the last glaciation (Wiirm) in the area of the Alps
(Ehlers, 1994)

transferred to  hydrogeological  parameter
evaluation in the periglacial valley regions.

After various visits in the region north and
northwest of Lake Constance for reasons of
accessibility of outcrops three areas were defined
for further investigation: the first area is situated
5 to 10 km north of the main part of the lake in
the vicinity of Tettnang in the former valley of
the Alprhine (Alpenrhein), today the valley of the
river Schussen. A second area, 5 km south of the
river Danube (Donau), is referred to as
BittelschieB3, after the best conserved outcrop
location. The largest and for this work most
important area is the Singen basin, 5km
northwest of the western end of the lake. The
locations here are Friedingen, Steiflingen,
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Fig. 2.3: Location of field sites in the Quaternary environment north and
northwest of Lake Constance, Baden-Wiirttemberg. The
outermost extent of different ice ages are shown (We: Wiirm, Re:
Rif; based on a map from Villinger, 1989)

Bohringen and Birkenbithl. All six field locations

are given in figure 2.3 with respect to their

position in the Quaternary depositional

environment (see also Ch. 2.2).

A more detailed map of the location of field sites
in the Singen basin is given in figure 2.4 in
connection with the different stages of the latest
glaciation period and specific depositional
directions of glaciofluvial meltwater streams.
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2.2 Quaternary Stratigraphy in the
Field Areas

2.2.1 Tettnang

The Tettnang area (Fig. 2.3) today is
characterised by the river Schussen discharging
from the north into Lake Constance. At the times
of the last ice ages the glacial outwash was
flowing from the glacier situated at Lake
Constance to the north, discharging into the
Danube. In this way the river was a continuation
of the Alprhine (Alpenrhein; Schreiner, 1978;
Villinger, 1989).

The outcrops found in the gravel pits around
Tettnang comprise mainly delta sediments with
large, steep sloping foresets. Their origin is
related to the deposition of coarse gravels and
sands into a near-ice-margin lake, especially
during the later stages of the last glaciation
(Wiirm).

In the Tettnang area no suitable outcrops for in
situ measurements or two-dimensional wide angle
photographs were found. However, Asprion
(1998) was able to detect the top- and foresets of
the steep dipping delta structures with ground
penetrating radar (GPR).

2.2.2 Bittelschie

Bittelschie3 (Fig. 2.3) is located at the confluence
of the Kehlbach and Andelsbach valleys, two
discharge areas at various stages of the RiB
glaciation. During the Rif} glaciation this region
was more than once covered by glaciers, resulting
in sediments related to prograding and
downmelting glaciers (Ellwanger, 1990, 1994;
Schmidt, 1994; Villinger, 1985, 1989).

The outcrop of BittelschieB itself can be divided
into different parts: the youngest, uppermost part
comprises gravels and sands of glaciofluvial
origin of the outwash of later stages of the Rif3
glaciation, interbedded with some - possibly till-
like - structures, whose origin is still under
discussion. In the lower parts of the outcrop very
corapact mud is found locally, possibly as a result
of glaciolacustrine lake deposits at the margin of
a glacier. In the lowest part highly heterogeneous

deposits, resulting mainly from braided river but -

also from debris flow, are found. These originated

from the melting of an earlier stage of the RiB
glaciation.

The lowest part of the outcrop shows primarily
deposits of a braided river environment. The
channel deposits have only small lateral (up to 3
to 4m) and vertical extent (up to 1 m),

representing an often changing glaciofluvial
environment. This part of the outcrop is used in
this work to map the heterogeneous lithological
facies composition by digital-photographic means
(see Ch. 7). The outcrop is not suitable for in situ
permeability measurements since it is inaccessible
for the equipment.

2.2.3 Friedingen, Steifllingen, Bohringen
and Birkenbiihl (Singen Basin)

The field sites in Friedingen, Steifllingen,
Bohringen and Birkenbiihl are part of the Singen
basin, deposited mainly by meltwaters of the
downmelting Wiirm glacier in the western part of
Lake Constance (Fig. 2.3). During the different
stages of the Wiirm glaciation the ice cover
extended as far northwest as indicated by the
terminal moraines (AuBere Jungendmorine, Fig.
2.4), leaving uncovered most of the tertiary
volcanoes (to the northwest), Schiener Berg,
Hartberg, Galgenberg (to the south), the
Kirchberg and Homburg (to the northeast), and
the Bodanriick (to the east of the Singen basin).
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s e T A e e

—~ e, _WtThon
> s AN
— e IEEEN et Nolenturg ™ -

S —-; " A F
ffise q. e WK e 7
s e N —Q/@m«e

N
 Hohonstoffaln S, Iy -

& . % X Hohankribe
1 ’E&"-““\‘ '__:-@E\ /
) Y LE g Hohdifel °
"y ¢ B N of

Fig.2.6: Three-dimensional sketch of -today's landscape and
subsurface geology in the Singen basin (Schreiner, 1992)




Project Area

A three-dimensional sketch of the location of the
glacier in the Singen basin at the time of the
Wiirm ice age is shown in figure 2.5. The view
from the southwest represents an intermediate
stage of the Wiirm glaciation
(retreating/downmelting stage) with a coverage of
the glacier of up to 200 m in the central Singen
basin. The profile in northwest - southeast
direction shows the general dipping of the
geological subsurface towards the southeast. In
some of the ice covered valleys glacial or
glaciofluvial deposits of prograding or melting
glaciers of earlier Wiirm stages or even from the
Ri} glaciation are found. These formed the base
of today's Quaternary valley fills (Schreiner,
1989, 1992; Ellwanger et al.,, 1997; Szenkler et
al., 1997).

Today (Fig. 2.6) the former glacier has retreated
to the upper Rhine valley in Switzerland. The
basin is filled with glaciofluvial sediments. Some
Holocene deposits develop along the stream
Aach, which discharges into the western Lake
Constance (Zeller See).

The deposits in the Singen basin itself are
composed of mainly braided river, debris flow
and delta sediments. The cross-bedded. troughs of
the braided river sediments are larger than those
discovered in Bittelschiefl (up to 7 m horizontally
and 3 m vertically) but still smaller than the
braided river deposits in Hiintwangen,
Switzerland  (Huggenberger, 1993, 1994,
Huggenberger et al., 1994; Jussel, 1992; Jussel et
al., 1994). They originate from ‘gravel-bed rivers
discharging from the _glaciers. The delta
sediments, deposited by short but steep gravel-
bed streams from the glaciers into near-ice-
margin lakes, are often found in the same location
as the braided river deposits. The main difference
between the planar- (delta) and trough-like
(braided) dipping structures, which can be
observed in outcrops, is often hidden by scree at
the bottom of the structure. The delta structures,
deposited in the former flow direction, are
normally of longer lateral extent than the braided
river deposits, where the former flow direction
was perpendicular to the trough-like structures.
The debris flow sediments are given by mixed
gravel and sand sheets of sometimes very long
lateral extent (tens to hundreds of m) and up to
2 min height.

2.3 Architectural Elements

For the classification of fluvial sediments Miall
(1985) proposed a concept of hierarchical
building stones, out of which the fluvial
environment is constructed. This concept is
directly connected to the concept of size
hierarchy (Keller, 1992) in which
sedimentological heterogeneities are described
depending on the scale of observation:

giga scale: formation (> tens m),

mega scale: outcrop (m to hundreds m),

intermediate scale: architectural element
(m to tens m),

‘macro scale: sample (tenths m to m),

micro scale: pores and grains (< tenths m).

An architectural element may be defined as a
component of a depositional system equivalent in
size to, or smaller than a channel fill, and larger
than an individual facies unit. It is characterised
by a distinctive facies assemblage, internal
geometry and external form. Units belonging to
the same architectural element are enclosed by
bounding/erosional surfaces.
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Fig. 2.7: Different types of architectural elements, the "eight basic

architectural elements" in fluvial deposits (Miall, 1985)
The eight basic architectural elements, of which a
fluvial depositional environment can be build up
(Miall, 1981, 1985), are described in figure 2.7.
Subsequent work added a ninth element (Tab.
2.2, after Miall, 1996). Often not all elements
may be found at one field site, since it depends on
the sedimentological setting present e.g. whether
channel fills (CH) or overbank fines (FF) are
deposited.
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Geometry and
Lithofacies Relationship

Element  Symbel Principal

Channels CH any finger, lens or sheet;
combination concave-up erosional base;
scale and shape highly
variable; internal concave-
up, 3rd order erosion
surfaces common

Gravel bars GB Gm, Gp, Gt lens, blanket; usually

and bedforms tabular bodies; commonly
interbedded with SB

Sandy SB St, Sp, Sh, Sl, lens, sheet, blanket,

bedforms Sr, Se, Ss wedge; occurs as channel

fills, crevasses splays,
minor bars

Downstream- DA St, Sp, Sh, Sl, lens resting on flat or

accretion Sr, Se, Ss channelled base, convex-

macroform up 3rd order internal
erosion surfaces and upper
4th order bounding surface

Lateral- LA St, Sp, Sh, S1, wedge, sheet, lobe;

accretion Se, Ss,less  characterised by internal
macroforms commonly  lateral accretion 3rd order
Gm, Gt, Gp  surfaces

Scour hollow HO Gh, Gt, St, S scoop-shaped hollow with

asymmetric fill
Sediment SG Gmm, Gmg, lobe, sheet; typically
gravity flows Gei, Gem interbedded with GB

Laminated LS Sh, SI, minor sheet, blanket

sand sheet Sp, Sr
Overbank FF Fm, Fl thin to thick blankets;
fines commonly interbedded

with SB; may fill
abandoned channels

Tab, 2.2: Aichitectura\ elements in fluvial deposit.s (after Miall,
1985, 1996)

In the case of Quaternary gravel and sand

deposits from glacial outwash the combinations
of architectural elements given by Miall (1985,
1996) can be limited to three different models.
Although Miall (1985) emphasises that the
models given there do "not represent an attempt
to provide a comprehensive suite of fluvial
models" and warns of "force-fitting ... field
examples into any of these models". The
glaciofluvial deposits found at the different field
sites can generally be seen as a gradation between
the first three of the twelve models from Miall
(1985, 1996).

Those three models of gravel-dominated rivers
(Fig. 2.8) are characterised by low sinuosity, high
(to intermediate) braiding parameters, a main
sediment type of gravel (minor sand) and
characteristic architectural elements of the types
gravel bars and bedforms (GB), sandy bedforms
(SB) and downstream-accretion macroforms
(DA). Model a (model 1 of Miall, 1985, Fig.
2.8a) represents a braided gravel river of proximal
alluvial fans with sediment gravity flow lobes,
model b (model 2 of Miall, 1985, Fig. 2.8b) a
shallow braided gravel river of proximal alluvial
fan or outwash braidplain and model ¢ (model 3
of Miall, 1985, Fig. 2.8¢) shows a deep braided

gravel river of low sinuosity with well defined
topographic levels.

This concept of architectural element analysis of
fluvial deposits has been widely used in the
sedimentological research (Best and Bristow,
1993; Bridge, 1993; Huggenberger et al., 1988;
Keller, 1992; Menzies, 1995; Ori, 1982). For
example Keller (1992) uses it to characterise the
hydrogeological parameters of the Swiss Molasse
basin (Tertiary), whereas the hydrogeological
work from Jaritz (1998) is based on the
sedimentological description by architectural
element analysis of parts of the Keuper (Late
Triassic) sandstones in southwest Germany.

Fig.2.8: Models illustrating the' composition of different
architectural elements in a river's depositional
environment,” a: gravel-bed braided river showing
dissccted lobes of sediment-gravity-flow deposits (SG),
b: gravel-bed river dominated by traction-current deposits
(GB), c: deep, gravel-bed braided river with well-defined
tlogpgosgraphic levels (models 1, 2, 3 from Miall, 1985,

)

For glaciofluvial Quaternary deposits the
architectural element analysis may better follow
the concept of the glacial series (Fig. 2.9,
originally from Penck and Briickner, 1909),
which is discussed by Ehlers (1994) and in more
detail by Schreiner (1992). The term "glacial
series” is used for the common appearance and
the combination of different glacial, glaciofluvial
or glaciolacustrine deposits of a glacial period.
The prograding glacier builds a reservoir, in
which glaciolacustrine sediments (gs1) are
deposited and later overridden by the further
prograding glacier. After filling-up of the

10
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reservoir, meltwater deposits sands and gravels
into earlier developed valleys, which are also
overridden by the glacier (VS). Different glacial
thrusts result in terminal (E) and basal (Gm)
moraines. During the equilibrium stage of the
glacier (accumulation equals ablation) the outer
terminal moraine (here of the Wiirm glaciation) is
built up (Eml). At the same time meltwater
creates the sander and the sand and gravel
deposits (Sf1). While the glacier melts (retreats)
the basal moraine will be partly covered by near-
ice-margin meltwater sediments (eS). A newly
prograding glacier results in new glaciolacustrine
sediments (gs2) and the cycle of sedimentation
and erosion repeats. '

With the help of the glacial series the existing
gravel and sand deposits (braided river, delta and
debris flow sediments) in the outcrops of the field
areas can be explained. The braided river deposits
result from multi-channel gravely river beds in
the sander or sand/gravel regions (VS, Sfl1) and
lead to often trough-like sediment structures in
the outcrops, perpendicular to the former flow
direction. The delta sediments, often of planar
structure in the outcrops, aligned with the former
flow direction, are the remains of the deposits of
gravely rivers into near-ice-margin lakes (VS,
esl). The debris flow sediments, with sheet-like,
" massive appearance in the outcrops, originate
from special high flood events.

2.4 Sedimentological Classification
- Lithofacies Types

In addition to the architectural element
classification it is often more important, not only
for hydrogeological investigations, to know the
exact lithological composition within one
architectural  element.  This  lithological
description of sediment features such as rock
type, layering, texture or fabric is referred to as
lithological facies (lithofacies) classification.
Normally the elements are seen as a specific
sedimentological unit, which results from a
particular depositional process. However, this
does not describe different energy regimes at the
time of deposition, which may lead to more sandy
or gravely lithologies, according to low or high
flow conditions. Similar architectural elements,
e.g. scour hollows, may have the same layering
but different properties of sandy or gravely facies

types. '

The first comprehensive collection of lithological
facies types is given by Miall (1977). Later it was
improved and adapted following subsequent
research (Miall, 1978, 1980, 1996). The 21 codes
represent a general lithological classification for a
fluvial  environment  solely from  the
sedimentological point of view (Tab. 2.3).

Keller (1996) recognised that for the particular
application to glacial deposits a more detailed
minor classification is needed. This "Quaternary"
lithofacies code is a letter combination of the
major and minor classifications from table 2.4.

]
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Fig. 2.9:
1909)

Model of depositional environment for glaciofluvial deposits, glacial series (Schreiner, 1992, originally from Penck and Briickner,
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Facies Lithofacies Sedimentary Interpretation
Code Structures
Gmm  matrix supported,  weak grading plastic debris flow
massive gravel (high strength, viscous)
Gmg  matrix-supported  inverse tonormal pseudoplastic debris
gravel grading flow (low strength,

viscous)

hydrogeological flow and transport evaluations a
differentiation is necessary. The expected
differences in their hydraulic conductivities and
chemical composition will result in variations of
flow lines and different retardation to possible
contaminants (s. Ch. 8). A similar separation has
already been approved by different authors
(Huggenberger et al., 1988, 1994; Huggenberger,
1993; Jussel, 1992; Jussel et al., 1994).

Minor Classification

Major Classification

Facies Lithofacies Grain Size (Gravel/Scree)
Code
SC  grain-supported scree g gravel (2 - 60 mm)
Gc  grain-supported gravel ¢ cobbles (60 - 200 mm)
Gm  matrix-supported gravel b boulders (> 200 mm)

Dc  grain-supported diamictite Texture

Dm matrix-supported diamictite m matrix-supported

SSC scree with sand matrix ¢ clast-supported

GS  gravel-sand Structure/Layering
sand faminated (< 1 cm)
heterolithic bedding bedded (> I cm)
fines massive
peat planar crossbeds

" carbonate mud drapes

graded

deformed

ripples

trough cross-

stratification

Miscellaneous

drop stones

organic

pedogenised

freshwater molluscs
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Gei clast-supported inverse grading  clast-rich debris flow

gravel (high strength) or
pseudoplastic debris
flow (low strength)

Gem  clast-supported, pseudoplastic debris
massive gravel flow (inertial bedload,

turbulent flow)

Gh clast-supported, horizontal bedding, longitudinal bedforms,
crudely bedded imbrication lag deposits, sieve
gravel depasits

Gt gravel, stratified trough crossbeds  minor channel fills

Gp gravel, stratified planar crossbeds  transverse bedforms,

deltaic growths from
older bar remnants

St sand, fine to very  solitary or grouped sinuous-crested and
coarse, may be trough crossbeds  linguoid (3D) dunes

_pebbly

Sp sand, fineto very  solitary or grouped transverse and linguoid
coarse, may be planar crossbeds  bedforms (2D dunes)
pebbly

Sr sand, very fine to ripple cross ripples (lower flow
coarse lamination regime)

Sh sand, very fineto  horizontal plane bed flow (critical
coarse, may be lamination, parting flow)
pebbly or streaming

lineation

S1 sand, very fine to low angle (< 15°) scour fills, humpback
coarse, may be crossbeds or washed-out dunes,
pebbly antidunes

Se erosional scours with crude crossbedding scour fills
intraclasts

Ss sand, fineto very  broad, shallow scour fills
coarse, may be scours
pebbly

Sm sand, fine to coarse  massive or faint  sediment-gravity flow

lamination deposits

13 sand, silt, mud fine lamination,  overbank, abandoned

very small ripples  channel or waning
- flood deposits
Fsm  silt, mud massive backswamp or
abandoned channel
deposits
Fm mud, silt massive, overbank, abandoned
desiccation cracks channel or drape
deposits

Fr - silt, mud massive, roots, root bed, incipient soil

bioturbation

C carbonaceous mud, plant, mud films  vegetated swamp
coal deposits

P paleosol carbonate  pedogenic soil with chemical
(calcite, siderite) features: nodules, precipetation

filaments

Tab. 2.3: Lithofacies codes (after Miall, 1977, 1978, 1996)

For the hydrogeological objectives of this project
(this work; Asprion, 1998; Kleineidam, 1998)
even a combination of both lithofacies
classification (Tab. 2.3 and 2.4) had to be
extended to include in particular the trough,
planar or horizontal gravel units, which can often
be subdivided into bimodal sand-gravel units
changing into open framework gravels. Although
the structures might be seen as one unit from the
perspective of their depositional origin, for

Tab. 2.4: Major and minor classification for lithofacies codes (after
Keller, 1996)

The bimodal gravels show a distinct grain size
distribution with fine to coarse sands and fine to
coarse gravels. Some of the middle fractions of
sand or gravel are not present, resulting in the
bimodal shape of the grain size distribution curve.
The open framework gravel is of fine to coarse
gravel units, normally without much variability
and totally lacking fine (sand) particles.

Incorporating the bimodal and open framework
structures in the present classification system of
Miall and Keller results in the table of lithofacies
codes used in this project (Tab, 2.5). Again the
specific code for a lithofacies results from a
combination of letters, répresenting the gravel or
sand in question. The 23 sedimentologically
reasonable combinations are given in table 2.6.
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Gravel G Sand $ 2.5 Hydrogeology

Layering Layering ]
p  planar p  planar For the field sites of this project detailed
t trough ¢ trough hydrogeological studies were only available for
h  horizontal h  horizontal the Si basi
m  massive m massive € s1ngen basin.
g__graded g graded The Singen basin is an important source for the
Texture . .y .
m matrix supported regional drinking water supply and, at the same
¢ component supported time, the .major resource for sand and gravel
Miscellaneous quarrying in the area. In the past this has often
b bimodal caused a conflict of interests.
o open framework .
: The most comprehensive study of the
Tab. 2.5: Lithofacies code used in this project hydrogeology of the Singen basin is presented by
Gravel, planar crossbedded __Gravel, trough crossbedded Koziorowski (1986). Although the local details in
Gmp matrix supported Gmt  matrix supported the outcrops are not taken into account, it was a
Gmpb ot sl“PP"“edv Gmtb atrix Sl“PP°“edv very valuable data source for the planning of the
1moda 1moda .
Gep  component supported Get  component supported reglonal vs{ate_r Supply' The work separates the
Gepb  component supported,  Getb  component supported, whole basin into two gravel layers (upper and
bimodal bimodal lower) with an intermediate, sometimes
Gepo  component supported, Geto  component supported, int d 1 bl Ch . .
open framework open framework interrupted low permeable zone. ?ractenstlc
Gravel, horizontal Gravel, massive hydraulic conductivity values are given from
Gmh matrix supported Gmm  matrix supported sieve analysis and pumping test data. For the
Gmhb "}ﬂlﬁz fiupported, Gem  component supported upper gravel layer (sieve analysis data) four
bimoda facies are observed: open framework gravel with
Gech  component supported Sand . .. 1
Gehb  component supported, Sp planar crossbedded a mean hydr4auhc conductivity of 1.5-10" m/s,
bimodal , s b crossbedd gravel 5.0-10 m/s (varies from 1.9-107 to 1.5-10°
Gcho component supported, t  trough crossbedded . .
opce ramowors Eh e ' m/s), sand from 9.0-10°° to 4.0-10* my/s and silt
Gravel, graded Sh  horizontal from 2.4-10'9 to 2.0-10'6 m/s. The intermediate
Gg con}plonent Sl;pported,k Sm  massive "impermeable" layer composes mud, silt and till
mainly open framework, _6 .10
but of different grain , ‘ of 1910° to 5310 m/s (permeameter
size measurements). By different pumping tests the
Sg__ graded upper and lower gravel layers were examined,
Tab. 2.6: 23 sedimentologically reasonable lithofacies types, as a  leading to hydraulic conductivities for the upper
combination of lithofacies codes from Tab. 2.5 - gravel in the range of 6.2-10" to 7.0-10° m/s and

the lower gravel 3.0-10* to 4.2-10 m/s.
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Fig. 2.10: Conceptual hydrogeological model for actial water budget in the Singen basin, values in 10° m®/y if not stated otherwise
(Koziorowski, 1986) _
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Of particular interest is the water balance:
Koziorowski (1986) concludes that in the western
part of the Singen basin groundwater abstraction
has reached its limits already, whereas in the
eastern part possible further development of
aquifers can be achieved up to a total of 300 I/s or
9.47:10° m*/y (Fig. 2.10).

The new interpretation of the Quaternary
depositional processes results in a more
complicated structure of various basins of
different depth and interconnections within the
Singen basin (Szenkler et al., 1997). This concept
will in the near future lead to a revised conceptual
model and water balance of the whole basin. As
the base of some of the connections between the
basins is probably not as deep as was assumed in
the past, the inflow through these connections is
significantly reduced, in comparison to former
assumptions, which will lead to less groundwater
being available for abstraction than was
previously predicted.

No data has been published for this region in the
detail provided by this project and with the
intention of understanding the importance of the
locally heterogeneous conductivity compositions.
Only the results of the work in the neighbouring
region in Switzerland (Hiintwangen, about 50 km
west of the Singen basin) can be compared to this
project (Huggenberger et al., 1988; Jussel, 1992;
Jussel et al.,, 1994). There, outcrops have been
analysed for textural types and their hydraulic
conductivities and porosities have been estimated
mainly by laboratory measurements. The
condensed results of their measurements with
respect to their textural classification are given in
table 2.7. A comparison with the results of this
work will follow in chapter 6.4.

Textural type Kr (m/s) oixe 0 ()
Grey gravel (GG) 1510° 05 020
Brown gravel (BG) 2010° 0.6 0.14
Alternation (GG/BG) 8010° 08 017
Open framework gravel (OW) 1.010" 0.35
Open framework/bimodal couplets (OW/BM) 1.0 10* 0.30
Sand (SA) 2610° 04 043
Silt (SI) 5.010° 040

Tab. 2.7: Hydraulic conductivities and porosities for Pleistocene
Rhine gravels from (Jussel, 1992)
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3 Flow and Transport of Water and Gas in Unconsolldated

Porous Formations (Theory)

For the hydrogeology of heterogeneous gravel
and sand deposits the quantification of hydraulic
conductivities is most important, as they are
responsible for local changes in the flow regime
and may lead to preferential flow paths for
contaminants. Often the hydraulic parameterisa-
tion of specific architectural elements and units of
similar lithofacies reaches its limits, where the
local resolution of the subsurface investigation
methods cannot resolve . the hydraulically
important small scale differences in lithology, e.g.
regionalised parameters from pumping tests or
surface geophysical measurements.

A way of overcoming these problems is the
procedure of measuring porosities and
permeabilities in reservoir analogues used in
petroleum geology. Transferred to hydrogeology
this means the detailed description of hydraulic
parameters of lithofacies or architectural elements
in the (unsaturated) outcrops of gravel/sand
deposits, which reflect the characteristics of a real
but saturated aquifer (i.e. the concept of an
aquifer analogue). While the fluid of interest is
groundwater, it is not feasible to saturate the
whole outcrop to measure  hydraulic
conductivities directly. However, it is possible to
measure conductivities for air/gas flow, K, [m/s],
in the unsaturated outcrops or at samples in the
laboratory and to transfer these via intrinsic
permeabilities, k [m?), to hydraulic conductivities,
K [m/s]. In this chapter the physical basis is
described for this transfer and the measurements
with gas instead of water.

3.1 Fluid Flow in Porous
Formations

The basic equation describing single-phase fluid

flow through a porous medium is given by
Darcy’s law.

v=-X. graaw = -L.vo 3.1
g g

The fluid potential ® (the mechanical energy per
unit mass) is defined on the basis of the sum of
potential, kinetic and elastic energy W (Bernoulli
equation)

W= Wpot + Wi + Wy 32

p
W=m-g-z+%-m-v2+m-jg—12 33
Po

2
=gz + +pdp 3'4
2

oV
m Po 0] ‘

Natural flow conditions for water or gas are such
that the flow velocities are extremely low, i.e. the
second term (kinetic energy) can be neglected,

resulting in the general fluid potential equation

®=g.z+ [P 35
Po
The fluid conductivity tensor K (Eq. 3.1) can be
expressed in terms of the intrinsic permeability
tensor k and the fluid dependent parameters
density and dynamic viscosity as well as the
gravitational constant

=28 % 3.6

o
3.1.1 Flow of Water
In the case of water, which may be assumed to be
an incompressible fluid, equation 3.5 reduces to

o=g- z+p pPo 3.7

and by expressing p; as atmospheric pressure
equal to zero and the fluid potential in terms of
hydraulic head h (e.g. Freeze and Cherry, 1979)
this becomes

(I):g.z+§=g.h 3.8

Introducing the fluid potential and conductivity
with respect to water (index f) in equation 3.1
leads to Darcy’s law for water

v:—Kf-Vh=—B_f—.—g—.E.V(z+ p ) . 3.9
W Pe-g

or, in terms of pressure, to

- k
V=——0-(Vp+ps-g-Vz)
W

3.10

The hydraulic conductivity tensor K can be
written as

K= E.f_'.g..]z
U
3.1.2 Flow of Gas

Preconditions for using Darcy’s law in the general
form given by equation 3.1 for the flow of gas/air
in porous media and the fluid potential in the
form of equation 3.5 are that processes .such as
turbulence (Ch. 3.1.2.1) or slip flow (drift flow,
Ch. 3.1.2.2) do not occur or can be neglected for
the conditions of low flow velocities in
unconsolidated gravels and sands. As long as the

3.11
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compressibility of gas can be neglected for low
pressure differences (Ch. 3.1.2.3), Darcy’s law in
terms of pressure for gas (index g, analogous to
equation 3.10) is valid

v=-K . (Vp+pg-g-V2) 3.12
Mg

Generally the flow due to potential energy
(elevation z) is small compared to the flow due to
pressure differences

pgcg'Vz<<Vp 3.13

resulting in a simpler form of equation 3.12

S 3.14

hydraulic conductivity (Eq. 3.11), although not
often used, can be given by

R, =228 3.15

intrinsic

permeability

.8.9615.102 hydraulic
conductivity | * &> | conductivity
K, [m/s] 1.1159.10° K [m/s]

Fig.3.1: Conversion factors for gas conductivity, K;, hydraulic
conductivity, Ky, and intrinsic permeability, k, for a
temperature of 10 °C

Further details on the derivation of gas and water
flow equations can be found in Freeze and Cherry
(1979), Kretzer (1989) and Borho (1995). For
comparison and easier conversion from gas
conductivities to intrinsic permeabilities and
hydraulic conductivities a simplified diagram of
conversion factors for a temperature of 10 °C is
given in figure 3.1.

3.1.2.1 Turbulence

The Darcy equation is only valid for laminar flow
conditions. This restricts its application to fluid
flow at low velocities. Up to which velocity the
linear expression is valid depends on the critical

Reynolds number, Re.i, which describes the
transition point from laminar to turbulent flow.

For higher velocities, ie. higher Reynolds
numbers, the flow rate is no longer proportional
to the pressure difference. Forchheimer (1901)
proposes the extension of the Darcy equation with
a squared velocity term. For one-dimensional
measurements along a column this is given by

_.g%—_-ﬁ_g..vq}.ﬁ.pg.vz 3.16
where { is a turbulence factor.

The Reynolds number, Re, can either be
calculated for specific flow conditions of flow
through pipes or, more importantly in this case,
for flow through porous media. Two formulas are
given for the calculation of Reynolds numbers in
porous media (de Marsily, 1986): the first
depending on the intrinsic permeability, k, of the
porous formation

_Yardk _Va-pgik 3.17

v

Re

g Keg

and a second, following from the first, depending
on the effective grain size, often used as 10 % of
grain size distribution, d;q,

Re< Yo dio _Va'Pg-dio 3.18
Ve Mg

However, in the literature a wide range of critical
Reynolds numbers is given (Kister, 1994). Re
varies for laminar flow from < 0.1 to < 75 and for
turbulent flow from > 10 to > 600. Others explain
that the validity of the Darcy expression depends
not only on the Reynolds number but also on the
effective grain size (Ruiz-Rodriguez, 1994;
Kretzer, 1989): based on measurements with
sands of only one grain size, Re.; for fine to
middle sand is given as 1 and for coarse sand to
fine gravel as 10 (Fig. 3.2).

For poorly-sorted sands and gravels the critical
Reynolds number cannot be given by tables. In
this case it is advisable to measure the flow
through samples in column experiments and plot
the measured flow rate, Q, or velocity, v = Q/A,
versus the pressure difference, Ap, applied along
the column. As long as a linear relationship is
found, the validity of the Darcy equation can be
assumed. Ruiz-Rodriguez (1994) shows results of
laboratory measurements with sands of only one
grain size. The plots for different grain sizes
deviate from the straight-line relationship the

higher the pressure gradient and the velocity (Fig
3.3).
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Fig.3.3: Validity of Darcy's law: Permeability (Permeabilitit [m?]) depending on Reynolds number, Re = Re,, for various effective grain
sizes, d.o (Ruiz-Rodriguez, 1994; Kretzer, 1989)
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Fig.3.2: Pressure gradient (Druckgradient [Pa/m]) versus velocity (Q/A, Volumenstromdichte [m*m?/a]) for different uniform sands (Ruiz-
Rodriguez, 1994; Kretzer, 1989)

The linearity of the Ap-Q or Ap-v relation of the pressure differences within this work. In

measurements in this work is shown in chapter
6.2.2, results of pneumatic pumping tests. It
clearly justifies the use of Darcy’s equation for
the flow of gas under the conditions of low

comparison with Ruiz-Rodriguez (1994) and
Kretzer (1989) the pneumatic tests of this work
plot only in the low pressure gradient/low

velocity region of figure 3.3.
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3.1.2.2 Slip Flow (Klinkenberg)

One factor causing differences between measured
hydraulic and gas conductivities is the slip flow.
Slip flow can be interpreted as the bouncing of
the gas molecules on the (grain) wall at low
velocities when the mean free path of -the
molecules becomes the same order of magnitude
as the pore diameter (see e.g. Jaritz, 1998).
Klinkenberg (1942) demonstrated that the slip
effect (Fig. 3.4) can be taken into account as
follows: The apparent permeabilities, Kypp, Of the
measurements can be transferred to intrinsic
permeabilities, k, by extrapolating the straight-
line relationship 1/p versus Kqpp '

Kapp =k-(l+%) 3.19

(p represents mean pressure) to an infinite mean
pressure.
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Fig.3.4: Reciprocal mean pressure, 1/p, versus apparent
permeability, Ky, "Klinkenberg plot" (after Klinkenberg,
1942)

The Klinkenberg constant, b, multiplied by k
determines the slope of the straight-line relation
in equation 3.19 and depends on the gas used.
The comparison of different gases, such as
hydrogen, nitrogen and carbon dioxide, shows
that the latter results in the lowest slope, i.e. in the
smallest differences between ki, and k values.

Experiments (Jaritz, 1998) show that laboratory
measurements for sandstone samples result in
permeabilities depending on the mean pressures.
Thus, a permeability correction by incorporating
the slip flow effect is necessary for low-
permeability materials. However, the slip or drift
flow (Dullien, 1992) can be neglected for grain
sizes > 10® mm, ie. Darcy’s law represents a
good approximation for gas flow in sands and
gravels (Massmann, 1989).

Thus, for the particular measurements performed
in this work, slip flow is not important as the
sediments under consideration range mainly from

sands to gravels. Comparing the deviation caused
by not correcting the apparent permeability to the
real, intrinsic permeability (Fig. 3.5, after Jaritz,
1998) shows that for the expected permeabilities
of > 10 my/s the difference becomes very small.
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Fig.3.5: Deviation of apparent permeability, ki, from intrinsic
permeability, k, caused by not correcting for slip flow
(adapted from Jaritz, 1998)

3.1.23 Compressibility

The compressibility of gas means that the density,
P, is a function of the pressure, p. In terms of the
description of gas flow it results in a non-linear

form of the general flow equation (e.g.
Massmann, 1989)

k %P 3.20
V| —pVp|{=n— . .
[ugp P) nat'*Poq .
or, for steady state flow without sources or sinks,
Hg

For the specific case of equation 3.21 the detailed
derivations of analytical solutions for 1D, 2D, 3D
(radial) conditions are given in annex 1. Table 3.1
summarises the results in terms of pressure and
pressure gradient distributions for compressible
and incompressible conditions.

Furthermore, in annex 1 the errors of assuming an
incompressible pressure and pressure gradient
distribution instead of the compressible analytical
solutions for the particular case of a distance of
Im and a total pressure drop of 100-10° Pa,
similar to field conditions (Ch. 6) are calculated:
generally they are very small (maximal difference

of pressure distribution 0.14 %, pressure gradient
distribution + 5 %).
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Compressible Incompressible
1D 2_ 2 _P2-p
p(r): P2 Rl ‘(l'—l‘l)"'p% p(l')- - (l‘ r1)+p|
N n-n
() __ pi-»nf () _p2-1
o 2:(rp-1)-p(r) o n-n
P2~ P r
P20ty
P(") 2 n o Pt
n
9p(r) _p2-pi
o rin2

_ (P% -sz)~f1 2]
o 2r%(ra=n)-p(r)

Tab. 3.1: Analytical solutions for one-, two-, three-dimensional
(radial) steady state gas flow considering compressibility
or assuming incompressibility

difference in the field or laboratory (see Ch. 5.2)
is much higher (at about 1% of 100-10? Pa).
Similarly the differences of the three-dimensional
pressure gradient distribution (incompressible to
compressible) for various pressure differences
applied in the field decrease with decreasing
pressure as expected (Fig. 3.7). ’

On the basis of this comparison of the
compressible and incompressible analytical
solutions the effects of compressibility can be
neglected for the pressure differences applied in
this work.

Returning to the general flow equations,
Massmann (1989) describes methods of
overcoming the problem of non-linearity of Eq.
3.20 or 3.21 by linearising the flow equations

: based on assumptions about the total pressures
1E400 . "
) \“‘W involved (Tab. 3.2). These are useful for gas flow
£ 1e01 3 (03 %ot )| modelling under different pressure boundary
) e
AN conditions (Ch. 4).
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Fig. 3.6: Differences of three-dimensional pressure distribution
(incompressible to compressible) for various pressure
differences and radii applied in the field
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Fig.3.7: Differences of three-dimensional pressure gradient
distribution (incompressible to compressible) for various
pressure differences and radii applied in the field

Examining the differences’ of the three-
dimensional pressure distribution (between
incompressible and compressible conditions) for
~various pressure differences applied in the field
(Fig. 3.6) these are even smaller for lower
pressure gradients. In particular the measurement
error of the membrane to measure the pressure

lin. approx.of % __(k
gen. ﬂI:)lzv eq. w. nst"v{_lr Po 'VP) “Pod
source/sink
lin. approx. of p_k p° kK o2
gen.floweq. wio ot v.(-’;- po'Vp) " V{“'Vp )
source/sink
steady state lin,
approx. w.
source/sink
steady state lin,
approx. w/o
source/sink

W (k. o2
"3 —V-(u Vp°l-po-q

K
0=v[=.vp]-
(ko)
k
0=v|<.v,
(k%)

Tab, 3.2: Linear approximations of the non-linear general flow
equation for gas, depending on assumptions for the total
pressure difference Ap =p,; - p2, po represents the initial
(gas) pressure, mostly atmospheric (after Massmann,
1989)

3.1.2.4 Saturation by Air/Water

The permeability measured by gas or water
depends on the saturation of the pore space with
the respective fluid (Carman, 1956). For the
combination of CO, (as gas) and water the
dependence on the saturations of both fluids of
the specific permeability, k,, of a fluid was
examined in detail for four sands (Wyckoff and
Botset, 1936, Fig. 3.8).

Within the range of sand grain sizes used it
resulted in a relation between the intrinsic
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permeability, k, and the measured, effective
permeability, ke,

Kegr = kg k 322
Carman (1956) pointed out that since CO,
occupies the larger pores its permeability is not
much influenced as long as less than 15 % of the
pore space is taken up by water. This differs
remarkably from the case when water is displaced
by a small amount of gas, which results in a
strong decrease of water permeability (Fig. 3.8).
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Fig. 3.8: Dependence of the specific permeability, k, from
saturation for gas, k;, (CO;) and water, k;, (Carman, .1956,
original from Wyckoff and Botset, 1936)

In most field cases of gas tracer tests or vapour
extraction systems the water saturation in the
vadose zone of sands or gravels can be assumed
to be smaller than 15 % of the pore space (10 %,
Borho, 1995). Therefore, the effective
permeability, ke, can be regarded as the intrinsic
permeability, k.

3.2 Trans‘port of Gas - Use of Gas
as a Tracer

Analogous to transport in water, the transport of a
specific gas (concentration) in soil air follows the
same advection-dispersion-equation as long as the
flow field can be assumed to follow Darcy’s law
(Ch. 3.1). However, one important difference to
water is the higher molecular diffusion of a gas in
comparison to its mechanical dispersion in
mixing processes.

3.2.1 Advection and Dispersion
The general advection-dispersion equation

R-%:V.(D-Vc)— vy Ve 3.23

is assumed to be valid for the case of gas tracers

within unconsolidated and mainly air saturated
porous formations.

For the purpose of this work the hydrodynamic
dispersion, D, is seen as a combination of
mechanical dispersion (dispersivity, o, multiplied
with tracer velocity, v,) and the coefficient of
molecular diffusion, Dy, .

D=a-v, +Dy, 3.24
3.2.2 Diffusion

For gas transport, diffusion cannot generally be
neglected as it is often the case for transport in
water,

The coefficient of molecular diffusion, D, in a
porous media can be expressed in terms of
diffusion of the specific gas in air, Dy,
(Millington and Quirk, 1961; Klein, 1992) by

D, =D Bg_f_ 3.25,

n

where the air filled porosity, ng, is smaller or
equal to the total porosity, n.

Assuming similar values for n,; and n, where n is
<043 for all lithological facies types, the
quotient of porosities results to <0.33. Le. the
diffusion coefficient is a factor of approximately
0.33 less than the diffusion coefficient in air
alone. For smaller air filled porosities the factor
would decrease further. Therefore, the maximal
diffusion, Dy, is always smaller than a third of the
diffusion in air, D",

The diffusion of gas in air can be estimated by

0.5

1073 ., 175 ‘(—1—-+ —1—-]
Dir = M M, 3.26

p[(Zv)f'33+(Zv)g'33]l
(Perry and Green, 1984; Lyman et al., 1990),
where M, ; are the molecular weights of the two
substances, here CO, and air (44.01 and 28.97,
respectively), p is the absolute pressure in
atmospheres [atm] and (Zv),, the atomic

diffusion volumes (26.9 and 20.1, respectively).

For CO, the diffusion coefficients in air,
calculated on the basis of equation 3.26, are given
in table 3.3 for different absolute temperatures
and pressures.
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T, [K] 273 283 293
platm] 1.1  122.10°m%s 1.30-10°m%s  1.38:10° m¥s

1.52-10° m¥s
1.69-10° m¥s
3.04-10° m¥s

1.43-10° m%s
1.59:10"° m%s
2.89:10°° m%s

1.0 1.3410° m¥s
0.9 1.49.10° m¥/s
0.5  2.69.10° m¥/s

Tab. 3.3: Diffusion coefficients of CO, in air, calculated from
equation 3.26

For the evaluation of the measurements in this
work the diffusion coefficient of CO; in the air of
a porous media is assumed to be as high as the
diffusion coefficient of CO, in air alone, for a
temperature of 293 K, approximately. 20 °C, and
an absolute pressure of 0.9 atm, approximately
900 mbar = 900-10* Pa. This results in a
diffusion, Dy, equal to 1.69:10° m?s. This
overestimation is, comparing to the effective
dispersion encountered in the measurements, still

small enough to be neglected. However, in the '

evaliation of the tracer measurements in the
laboratory and field the diffusion is taken into
account in the calculations of the analytical
solutions (Ch. 6, Annex 2).

3.2.3 Analytical Selutions for Gas Tracer
Breakthrough Curves '

Analytical solutions for the advection-dispersion
equation in the form of equation 3.23 are given in
annex 2 for different boundary conditions. A
conservative, non-reactive tracer is assumed (with
a retardation factor of R =1) simplifying the
equations substantially.

For this project the solutions for one-dimensional
(and radial convergent) transport for tracer
injections over a specific time interval are
required as most field and laboratory situations
can be represented only in this way. With respect
to the boundary conditions given in annex 2 the
solution by Hifner et al. (1992) is applied:

co-f(x, O<ts At 3.27
o(xt)= {co .[f(x,(:)—(f(;.)t—m)] for = o

3.28

VT Vo T

TR +ex|{v“'x)-ert’ R

‘/4-13,_-% D "4-1),_%

The program DTTRACER is developed to calculate
the breakthrough curves for the specific
parameters in the laboratory or field. As a result
from the manual curve fitting procedure
parameters such as tracer velocity, v, and
longitudinal dispersion, Dy, are given. Together
with the other geometric dimensions of the
experiment (Ch. 3.4) this results in conductivities
for gas, K,, intrinsic permeabilities, k, or directly
in hydraulic conductivities, Kf.

f(x,7) = % erfi

- 3.3

Parameters of Gas Tracers

The choice of gas used as tracer in the low
pressure gradient flow fields of air in the
laboratory and field measurements of this work is
determined mainly by its physical parameters.

One of the early references (Penman, 1940) uses
CS; to determine diffusion values for gas. Later
publications, concerning the design and
monitoring of vapour extraction systems, prefer
various other gases such as CH; (Marley et al.,
1992), SFs (Marley et al., 1992; Olschewski et al.,
1995), He (Marley et al., 1992; Fierz et al., 1993),
Rn (Fierz et al., 1993) or CO (Richardson et al.,
1996; Schmidt, 1994). A comparison of some
physical parameters of gases is given in table 3.4.

Gas CO CO, CHy He SFs N, air
M; 280 440 160 40 1461 280 286
[g/mole]
Mg 175 146 . 1.09 1.95 1.77 181
(10° Pa:s]
at 20 °C, 1 bar
solubility  0.028 1.688 0.047
{10° g/m*atm]) at
at20 °C 15°C
Henry const. 4.88 3.5 3.76 125 132° 804 6.64
[10% Pa} Coat
at20 °C 15°C
[ 125 198 072 018 65 125 129
[kg/m’]
at0°C
D, 1.90 153 646 091 194
[10°° m¥/s]
at 20 °C
detection  electro IR electr.
method chem. <5 capt,
<2 Vol%,
ppm
local price 506 36 55 561 28 40
[DM/101) 10 kg,
4-6 m’

Tab. 3.4: Parameters for different potential tracer gases and air
(Perry and Green, 1984, * Olschewski et al., 1995)

Probably the best tracer gas for field conditions
would be SFg (Olschewski et al., 1995) since it is
not easily soluble in water (high partitioning
coefficient, Henry constant). However, its density
and price are disadvantageous. Especially the
high price reduces the feasibility for application
of larger volumes. Another gas, CO, used by
Richardson et al. (1996) and Schmidt (1994), has,
beside that it is expensive, the disadvantage of
being explosive and is therefore not suitable for
transport to field measurement sites.

For this project the best compromise was found
with the use of CO, as tracer gas. It is easily
detectable with an infrared detector even under
field conditions. Its main disadvantage, the high
solubility in water, did not pose problems since
the duration of the measurement (Ch. 6) was short
(less than 1 minute) compared to the contact time
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with the pore water, CO, needs to be dissolved.
Furthermore, the costs for the volumes needed for
various measurements in the field and laboratory
were acceptable.

3.4 Hydraulic Conductivity from
Gas Measurements

The field and laboratory gas measurements in this
work result in relationships between the pressure
difference and the volumetric flow rate (Ap-Q,
pneumatic tests) and tracer breakthrough curves
(tracer tests), from which intrinsic permeabilities
and hydraulic conductivities may be derived
(Ch. 3.1, Fig. 3.1). The major difference between
the laboratory and field measurement is the flow
field, which is one-dimensional in the case of a
column experiment in the laboratory and three-
dimensional, radial in the case of field
experiments with a convergent flow field due to
the extraction of soil air. Here the assumption of
an incompressible gas is made, since, for the
pressure differences applied in the measurements,
the error in neglecting compressibility is small
(An. 1). The description of the tracer
breakthrough curves in both, the one- and three-
dimensional (radial) cases is performed with the
same analytical solution, as the convergent tracer
tests can, under these conditions, be
approximated by the one-dimensional solution
(An. 2). -

The results of the measurements, based on the
formulas listed below, are presented in chapter 6.

3.4.1 Gas Pneumatic Tests

The proportionality of flow and pressure
difference, represented by Darcy’s law (Eq. 3.14),
is valid under one- and three-dimensional
conditions, such that

=2 __k_.(éa) 3.29,

where r is the distance (1D) or radial distance
(3D) and A the cross section area of flow: circle
(1D) and surface of a sphere (3D).

Thus the intrinsic permeability is given by

co b Q 3.30

In this way the following estimations of k on the
basis of the Ap-Q relation can be compared to the
well-known  Dupuit-Thiem formula (Ah-Q

relation) for steady state pumping test evaluation
in hydrogeology

by~ by 3.31

dr
However, the groundwater situation is only
similar to the two-dimensional case of the
incompressible assumption of the gas pressure
distribution (Tab. 3.1), here the laboratory and
field represent the one- and three-dimensional
situations, respectively.

34.1.1 Laboratory Tests

Under one-dimensional laboratory conditions of
controlled flow and pressure difference over a
specific column the area, A, in equation 3.30 can
be written as the cross section area of the cylinder

A=medy 3.32

Under the assumption of incompressibility (s.
Tab. 3.1) the pressure gradient dp/dr can be
expressed as

9p(r) _p2-p1 _Ap 333

o n-n 1
Knowing the column geometry (radius, rey,
length, 1), the intrinsic permeability is
proportional to the gradient of the Ap-Q relation

k=__*is;_‘._Q_ . 334
‘It'l‘cy]

3.4.1.2 In Situ Field Tests

For the field conditions of an assumed mainly
three-dimensional convergent flow field from an
outer injection point to the inner extraction point,
which creates the convergent flow field, the
cross-section area, A, is given by the surface of
the outer sphere

A=d.mrdy 3.35

Assuming incompressibility leads to an
expression for dp/dr in the form of

®()_ _p-p . Ap

or r2 '(1'2 —I‘l) Sk rszph '(rsph —rl) ' 'rsph 3.36
With the knowledge of the experimental
geometry, i.e. known distance between injection
and extraction points, Tsph, inner radius of the
extraction rod, r;, and under consideration of the
dipole character of extraction and injection, i.e.
the superposition of the convergent flow field,
created by Qo and the small contribution of the
injection field Q;, (Q= Qom+Qm) the intrinsic
permeability is given by

k=_.‘fg_‘(’s_r’£il._0_ 3.37

4—1t'rsph-r1 Ap
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3.4.2 Gas Tracer Tests

The tracer velocity, v, estimated by fitting
analytical solutions to the measured breakthrough
curves (Annex 2), is given by

=27h 3.38
Y tos
The mean arrival time may be expressed as
Iy . . L}
t05=f—1dr=fﬂdr=_n l’-g.‘[___l_dr 3.39
n Va n v k n El:_)
dr
leading to an expression for the intrinsic
permeability in the form of
_MePgtVe B 3.40

k= r
R-n g (@
dr

In the following sections this general equation is
solved by inserting the appropriate analytical
solution for the pressure gradient distribution
(Tab. 3.1), considering compressible or assuming
incompressible conditions and one- or three-
dimensional flow, and solving the integral. Again

the differences by considering compressible or

assuming  incompressible  conditions are .
compared for the calculated intrinsic
permeabilities. ‘ '

34.2.1 Laboratory Tests

The  one-dimensional  analytical  solution

considering compressibility results in an intrinsic
permeability

2.n- . 1 /.2_.2

L= Y
P2-P1 o 1

where r is the one-dimensional distance along the

column and 1 the total length of the column.

341,

Assuming  incompressibility, the intrinsic
permeability is given by
k= bgVarl 3.42
1- Ap
The quotient ki/k,
3.43

ﬂ___g{ (o1 +P2)2 ]
ke 4 1{(m '*'Pz)2 ~P1'P2
can be plotted for different pressure differences,
Ap, from atmospheric pressure, p; (Fig.3.9). A
detailed derivation of k., k; and ky/k. is given in
annex 5.

1 0
0.9995
0.959 -0.001
0.9985
-0.002,.,
T 0.998 =
2 g
0.9975
: -0.003°
0.997
0.9965 C e e emor 0,004
0.995 : :
0.9955 -0.005
0 50 100 150 200

pressure differencs Ap {10 Pa)

Fig.3.9: Comparison of- calculations of intrinsic permeability,
considering compressible (k.), assuming incompressible
(ki) gas flow for different pressure differences Ap from
one-dimensional tracer breakthrough curves in the
laboratory

The differences for an applied pressure difference
of up to 50-10°Pa are small (<0.05 %).
Therefore, the evaluation of the laboratory

measurements (Ch. 6) with the incompressibility
assumption (Eq. 3.42) is reasonable.

3.4.2.2 In Situ Field Tests

The three-dimensional analytical - solution
considering compressibility results in an intrinsic
permeability

2npg v, rsJ;_m 2 IP% "P% l‘sph(l"ﬂ—)'*Pf dr 3.44,
(P% "P% sphTl 1 VrSPh ~h r

where r is the radial distance in between
extraction and injection point, 1, =TI the total
radial distance and 1 the difference between total
radial distance and inner radius of extraction rod.

ke =—

Assuming  incompressibility, the intrinsic
permeability is given by
3 _3
ki=-"'”g'va'(‘sp“"‘) 3.45

3:Ap gy

The quotient ki/k. can be plotted for different
pressure differences, Ap, from atmospheric
pressure, py. Figure 3.10 shows the differences for
a radius of the sphere rgn=1m and an inner
radius of the extraction rod, r; =0.01m,
representing the field conditions described in
chapter 6. A detailed derivation for k., k; and ki/k.
is given in annex 5.
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Fig. 3.10: .Comparison of calculations of intrinsic permeability,
considering compressible (k;), assuming incompressible

(ki) gas flow for different pressure differences Ap from
three-dimensional tracer breakthrough curves in the field

=001 m,rp=1m)

Even in the three-dimensional case the
differences for an applied pressure difference of
up to 50-10% Pa are small (< 2.5 %). Therefore,
the evaluation of the field measurements (Ch. 6)
with the incompressibility assumption (Eq. 3.45)
is reasonable.
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4 Simulating Steady State Gas Flow and Transport

The gas tracer tests may be applied in the field
according to two objectives: (a) to provide
characteristic hydraulic parameters for a single
lithofacies unit, or (b) to define effective
hydraulic parameters representing a region
comprising more than one lithofacies unit. In
approach (a) the measured the pressure
differences, flow rate and breakthrough curves of
gas flows may be analysed and interpreted using
analytical solutions of flow and transport. For
-approach (b) the resulting effective values may be

assessed by the use of numerical models

incorporating heterogeneous 3D lithofacies units
defined by 2D outcrop analysis (see Ch. 7),
information in the third dimension being supplied
by ground penetrating radar (GPR). This chapter
details the gas flow and transport modelling tools
that may be used for assessing the parameters
derived in such heterogeneous environments;
examples for simple scenarios (single lenses of
different permeability) and a complex
heterogeneous block (taken from 2D outcrop
data) are given. Future acquisition of ground

penetrating radar data will allow the
incorporation of variation in the third dimension.

In this project the field measurements have been
conducted mainly following approach (a), i.e.
within single homogeneous units to estimate
parameters for individual lithofacies types.

Modelling of steady state gas flow was initially
conducted by comparing the model results from
two programs, AIR (Lin and Kinzelbach, 1991)
and MODFLOW (McDonald and Harburgh, 1984),
with the analytical solutions for the three-
dimensional pressure distribution due to
abstraction from a homogeneous geological
structure. AIR may be used for compressible and
incompressible calculations, whereas MODFLOW
is restricted to incompressible conditions.

For the pressure differences applied in the field it
was found that it is sufficient to approximate the
gas flow by an incompressible gas flow. model
(see chapter 3 and Massmann, 1989). Thus the
pressure distribution and particle flow paths for
different geologically heterogeneous cases at the

radial distance r [m]
000 0.15 030 045 060 075 090 105 120 135 1.50

0.0 TR AT AT T
10.0

g

& 200

i

& 300 g

2 ool

= 40.0
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'® 50.0 Analyt. Solution, Consid. Compr.

8 - — = Analyt. Solution, Assum. Incompr.

g 600 [ o AIR 30x30x30

B 0o o AR 60x60x60

5 i A AIR 90x90x90 ;

@ 80.0 . = MODFLOW 30x30x30 |
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Fig.4.1:

Comparison of steady state gas flow modelling considering compressibility - AIR (Lin and Kinzelbach, 1991), or assuming

incompressibility - MODFLOW (McDonald and Harburgh, 1984) with the respective analytical solutions: abstraction flow rate Q,
= 0.564 1/s, permeability k = 8.0-10"'2 m?, representing a pressure difference (drop) from atmospheric pressure of Ap = 100 HPa
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end of this chapter were calculated only with the
programs MODFLOW/MODPATH (McDonald and
Harburgh, 1984; Pollock, 1989). The
permeabilities resulting from estimated tracer
velocities on the basis of the particle arrival times
are compared with the means of the
permeabilities in the model.

4.1 Modelling of 3D Gas Flow

For the pressure distribution in a gas flow field
due to abstraction, under the field conditions
similar to those encountered in this work, the gas
flow can be approximated by an incompressible
fluid flow (Ch. 3, Massmann, 1989). To support
the theoretical results the analytical solutions
(compressible and  incompressible)  were
compared with model calculations for a
homogeneous case, conducted with two different
programs: AIR, allowing compressible and
incompressible gas flow modelling, and
MODFLOW, allowing only incompressible fluid
flow modelling.

4.1.1 Modelling Compressible Gas Flow

The program used to model the gas flow under
consideration of its compressibility is AIR (AIR
INDUCED REMEDIATION MODEL, Lin and
Kinzelbach, 1991). This software package
includes a preprocessing program, the program
AIRSIM to calculate the pressure distributions, the
program AIRPATH to calculate pathlines and
postprocessing programs. The central finite
difference program to calculate the 3D flow field
{pressure distribution) is based on the mass flow
equation

k.| m k
v{pg._.vp] zv,{,__w&.__.,m.vpl = mg g, 4.1.
B g Ry Ty py

Steady state laminar single phase gas flow is
assumed. The free groundwater surface is an
impervious boundary for gas and its location may
change depending on the air pressure field.
Within the node-centred, rectangular cells the air
balance equations are established on the basis of
Darcy’s law, yielding a system of equations,
which is solved for the unknown pressures.
Pathlines are computed by means of particle
tracking in the velocity field.

To be able to calculate the gas flow in a more
complex, heterogeneous environment with a
higher resolution and in order to compare the
resulting pressure distributions from AIR with
those from MODFLOW the original program
(FORTRAN 77 source code AIRSIM.F) was adapted
to allow modelling with up to 90 x 90 x 90 cells.

The air pressure distribution due to abstraction by
pumping (100 HPa pressure drop: 0.564 s in a
homogeneous permeability field of 810" m?)
from the centre of a 3x3x3m’ unit was
calculated for different grids with cubic grid cells
(30 cells in each direction: 0.1 m cell size,
60 cells in each direction: 0.05m cell size,
90 cells in each direction: 0.033 m cell size). The
boundary conditions are given by a constant head
(atmospheric pressure) at the top and horizontal
sides and a no-flow boundary (groundwater
surface) at the bottom. The results are compared
with the analytical solutions (based on Ch. 3) and
the results from gas flow modelling assuming
incompressibility (Fig. 4.1).

3900
225
y Im] 150 k,
078 k2
OGUCO 075 150 2235 300
% im]

Fig. 4.2: Vertical section through schematic model of 2D
geological  structure  of two  differemt hydraulic
conductivities for models of high permeability unit (k,) in
low permeable environment (X,) and vice versa

4.1.2 Modelling Incompressible Gas Flow

The computation time for calculations by AIR
were unsatisfactory long due to the repeated
solving of the system of equations for the large
number of cells used. Thus the gas flow
modelling assuming incompressibility was carried
out using MODFLOW (McDonald and Harburgh,
1984), since the gas flow equation is analogous to
the equation for confined groundwater flow.

To use the groundwater flow model MODFLOW
for the gas flow calculations the hydraulic
conductivity, K;, the flow rate, g, and the
groundwater head, h, used normally by the
model, have to be redefined for the purpose of
mod‘elling gas flow. The hydraulic conductivity,
Ky, is exchanged with k/i, and the flow rate, gy,
with the gas flow rate, q,. As a result the
groundwater head distribution, h, can be

interpreted as the pressure distribution, p (see
annex 6).
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The air pressure distribution is calculated for
constant  head (i.e. atmospheric  pressure)
boundary conditions at all sides of the model and
the same abstraction rate as for the compressible
case calculations (Ch. 4.1.1). The results are
shown in figure 4.1,

4.1.3 Comparison of Compressible and
Incompressible Modelling and

Analytical Solutions

Both model calculations - AIR (Ch.4.1.1) and
MODFLOW (Ch.4.1.2) - led to similar results
(Fig. 4.1). With an increasing number of cells
tthus decreasing cell size) the deviations from the
analytical solutions became smaller. Under the
specified conditions the differences between the
analytical solutions (considering compressibility
and assuming incompressibility) are negligible.

The pressure drop due to abstraction is small
enough to use the incompressibility assumption
for gas flow under the field conditions
encountered during this project (Ch. 3). However,
the modelling with AIR was not only much
slower than that with MODFLOW, but also

represents the bottom boundary by a no-flow
boundary (groundwater table), which is not
appropriate for the outcrop.

4.2 3D Modelling of Pathlines of
yas Particles

The simulated pressure distributions wtn 2D
geological structures with MODFLOW were used

as the basis for particle tracking (pathline
calculationsy with  MODPATH (Pollock, 1989)

within these flow fields. The particle tracking
allows the estimation ol conservative tracer
velocities, The velocities can be used to derive
effective permeabilities for the particular path.
These can be compared with the means of the
permeabilities in the cells along the pathlines.
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Three different cases were studied:

a high permeability unit (k; = 1.0-10°* m®) within
a low permeability geological matenial (k; =
8.0-10"° m*, Fig. 4.2),

a low permeability unit (k, = 8.0-10" m%) within
a high permeability (k; = 1.0-10° m’, Fig. 4.2)
and

a heterogeneous model taken from an
interpretation of a gravel and sand outcrop,
composed of a variety of permeabilities
ranging from 1.0-10 m* to 1.1-10°® m? for the
different lithofacies encountered (Fig. 4.3).

For each case 12 different injection/abstraction
options have been considered for flow within a
single lithofacies type or crossing the boundaries
of different lithofacies units. The abstraction and
injection coordinates and flow rates are listed in
table 4.1.

4.2.1 Comparison of Effective
Permeabilities Derived from
Particle Travel Times with
Harmonic Mean Permeabilities

For all 36 model setups (Tab.4.1) pathlines of
particles injected in the centre and at the sides of
the injection cell were calculated. Figure 4.3
shows an example for the heterogeneous outcrop
maodel.

For the comparison with the field cases, in which
the particle pathline coordinates were assumed to
connect the injection and abstraction ports with a
straight line, reasonable estimations of the
effective permeabilities of the area between both
points were only obtained from pathlines which
closely approximated a straight line.

The straight line of a particle path from the
injection to the abstraction point and the particle
travel time in  combination with the
injected/abstracted flow rate per cell size led to a
modelled particle, i.e. tracer, velocity and hence
to an effective permeability, Ky.q. The harmonic
mean of the permeabilities of the cells along the
nearly straight line connection (flow path) led to a
calculated permeability, k..

The comparison of modelled and calculated
permeabilities (Tab, 4.1) shows that in most cases
the modelling led to similar permeability values.
Thus the combination of modelling tools of
MODFLOW and MODPATH, with parameters
interpreted for gas flow (annex 6) confirmed the
validity of the effective permeabilities gained
from simulations of flow and transport in 3D

heterogeneous environments such s gravel and

sand outcrops.

Neo. x¥ coordinate [m] inj (4l abst 0 b Koyse
point 1 point2  QIUs] Q] m fm']

i 1225, 1475 1725, 1475 40 YGRS e 9 ) e %
2 1.225,1475 17251475 40 +2 0 : -
3012251475 17151475 49 #3801 ATe UR ) e
4 12250975 1.725,0975 490 RO 2 8Se 12 RO
S L225,08975  L725.0975 0 49 +243 .
6 12250975 17250975 440 +48 Gale 12 BiKke §2
7 1.475,09758 1475, 1475 -4 43 +H10
8 14750975 14751475 40 +2.0 :
9 14750975 1475 1475 4.0 440 I3ert poUe-tt
10 14750975 14751478 -240 4.4}
it 14750975 1.475,1475 6.0 w443 - -
12 14750975 14751975 440 +40  1Me 1] 1601
13 12251475 17251478 40 0 218e-12 B2
14 12251475 17251475 40 +2.0 - .
15 12251475 1.725,1473 A0 #4800 233012 Bime-12
16 1.2250975 1.725,0975 4.4 +0.4 48909 1 0e-08
17 1225,0975  1.725.0975 440 +2.0 - -
18 12250975 1.725,0975 40 +4.0 L1908 1.00e-08
19 14750975 14751475 40 +3.0

20 14750975 14751475 40 +24 - -

21 14750875 14751475 490 +480 2.17e-11 Lobe-b}
22 147504975 14751475 240 +4.4} -

23 14750975 14751475 0.0 +4 4}

24 14750975 14751975 40 +4.0 -

25 1.325,1475 17251325 40 08 97e 09 1108
26 13251475 17251325 40 +4.0) - :

2T 13251475 1725, 1.328 0.0 400 Pile08 1 1e-08
28 13251475 17251325 +44 4.0 s e 08
29 12251725 2.025.1.47% 4.0 HEY i

300 12251725 20251475 40 +4 4}

36 1225.1725  2.025,1475 (.0 4.4}

320 L2258, 1725 20251475 440 -4}

33 43251075 17251875 4.4 0.4

34 1.325.1.075 1.725.1.875 4.0 +4.0

35 13251075 17251878 0.0 -4 1}

36 13251075 17251873  +40 -4.0

Tab. 4.1: Comparison  between particle tracking  effective

permeabilities. keog, and cell averaged permeabilities,
Keao ~ pathlines do not represent sirmght lines

During this project field gas measurements were
only conducted within a single lithological facies.
which was assumed to extend into the outcrop for
some distance, allowing it to be seen as an
internally  homogeneous  unit.  Under these
conditions  the  estimation  of  effective
permeabilities and hydraulic conductivities from
field measurements can be achieved by applying
andlytical  solutions  for the gas  tracer
breakthrough curves.
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5 Development of Field and Laboratory Equipment for

Pneumatic Tests

In the past, most simulations of groundwater flow
and transport in heterogeneous gravel and sand
depostts  were  carried out on  averaged or
generated permeability fields. These
permeabilities were often based on field or
laboratory data such as pumping tests, tracer tests,
flowmeter measurements, column experiments, or
steve analysis data. The pumping and tracer tests
in the groundwater saturated subsurface result in
an integration over usually larger volumes than
the volume of a single hydraulically uniform
(lithofacies) structure. Thus, they average over a
scale larger than that of the heterogeneity and
cannot resolve the complexity in the subsurface.
Furthermore. flowmeter measurements, although
very detailed in the vertical direction, are unable
to resolve any lateral changes at a short distance
from the well. The experiments in laboratory flow
cells are often conducted on disturbed samples,
which might have different permeabilities than
undisturbed, layered samples.

Beside the need for better vertical and horizontal
resolution of subsurface structures based on
sedimentologically interpreted two- and three-
dimensional outerop data (Ch. 7) this section of
the work describes a method to measure the
hydraulic conductivities of specific hithofacies
components in the outcrops indirectly by gas flow
and tracer expenments in situ (undisturbed
samples) and in laboratory columns (disturbed
samples).

5.1 Concept

The overall concepts for the field and laboratory
measurements are essentially the same. For the
pneumatic  tests  (Ap-Q relation) a  stepwise
increase of air flow, Q, is compared with its
corresponding change in pressure difterence, Ap.
For the tracer tests a gas tracer, COa, 18 injected
so that the total flow of air, Qawk plus Qeoz.
remains constant, resulting in a pulse input of
CO: at the injection point in the sample or
outcrop (Fig. 5.1). The flow, Q, and pressure
difference, Ap, over the sample or outcrop is kept
constant for the time of a single experiment. At
the extraction point of the sample or outcrop the
concentration of CO, in the air, ¢eoa, 18 measured,
leading to breakthrough curves, which can be
analysed as described in chapter 3.

QCO2

AP

COUT

Fig. 5.1:  General concept for field and laboratory pneumatic and

tracer tests: controlled injection concentration, controlled
flow and pressure difference. measured  extraction
concentration

In detail, the equipment comprises injection.
extraction and control units in combination with
the hardware to make measurements in the
sample column or in a particular section of an
outcrop.

The extraction is realised through suction by a
vacuum pump. The volume extracted is much
larger than the small volume of air and CO,
injected. On the injection side a CO, gas-
container, an air compressor and two mass flow
controllers build a mixing cell. The overpressure,
pressure over atmospheric, is measured by a
pressure meter. The pressure difference between
injection and extraction is measured with a
pressure difference meter either over two separate
connections to the column in the laboratory
experiment or before injection (after extraction)
into (from) the outcrop in the field experiments.
The latter needs a correction of measured
pressure differences as the pressure drop due to
flow through the tubing and injection/extraction
rods has to be considered (Ch. 6). The measured
pressure  difference controls a valve on the
extraction side. The extracted mass flow of air is
monitored by a mass flow meter. At the outlet of
the vacuum pump the CO; concentration in the
extracted air is detected online with an infrared
detector. All measured data (injection mass flows
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of CO, and air. overpressure, pressure difference,
extraction mass flow and concentration of COz) is
collected. controlled and saved on disk with
LabVIEW" based control software (Fig. 5.2).
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Fig. 8.2:  Detaled  measurement

pocutiatic and tracer fests

concept. here for the  fickd

In figures 5.3 and 5.4 the field setup is shown.
The measurement cquipment easily fits into a
transit van.

Fig. 5.3:

Field setup

5.2 Hardware
5.2.1

A short description of the measurement devices
used in the ficld or laboratory experiments i3
given in the following subsections. More detailed
information on the measurement principles of the
different sensors can be found in Holz (1997 or
in the corresponding supplier's information.

Measurement Devices

Fig. S.4:  Field setup: interior of the san, foreground: vacunm
pump. flow and pressure controd unit. PC with wmput and
autput boards. background: compressor

5.2.1.1 Source of Carrier and Tracer Gas

The carrier gas used for the pneumatic and tracer
tests is compressed air. generated by an air
COMPressor.

The tracer gas, CO., is taken from a 10 kg
standard gas container. which is  easily
transportable to field sites.

5.2.1.2 Mass Flow Controller

The mass flow controllers (Bronkhorst F-201AC-
FA-33-V, Bronkhorst F-201AC-FA-33-E) used to
control the injected mass of air and CO..
respectively, measure and compare the flow
through the devices with the specified values
given via the software and respond by opening or
closing the connected valves to achieve the
desired flow rate. In the flow sensors the flow is
divided into a bypass and a laminar flow unit.
The flow conditions in the laminar flow unit are
proportional to the flow in the bypass unit. The
bypass is heated: temperatures at the heginning
and end of the bypass are controlled. The
difference in temperature over the bypass I8
directly proportional (o the mass flow as it
depends on the number of molecules in the gas
flow. It 1s amplified to an analogue output signal.
Flow rates can be measured up to 30 standard
I/min. The typical measurement accuracy is
< 0.5 % of the maximal flow. For the CO; sensor
a specific calibration is used. The integrated valve
is a currentless closed proportional valve. The
flow rates are recorded continuously. Data input
and output to and from the computer occur via
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S S SR |
aivipogue-digiim

. (A} and  digital-analogue
(M Ay converter boards, respectively.

5.2.13 Overpressure Meter

The overpressure meter (Bronkhorst P-20-8400-
270-004) measures the difference in pressure
between the applied pressure and atmospheric
pressure up to 600-10° Pa above atmospheric
pressure. The measurement accuracy is 0.25 % of
the maximal pressure. The sensor uses the
piezoresistive effect, i.e. the characteristic of
some materials to change its resistivity in
response to a mechanical pressure. It can only be
measured with an applied external voltage. Thus,
the applied overpressure results in an analogue
signal which is than transferred to the computer’s
A/D board.

5.2.1.4 Pressure Difference Controller

The pressure difference controller comprises a
pressure difference meter directly connected to a
control valve.

Similar to the overpressure meter, the pressure
difference meter (Bronkhorst P-506C-FA-33-E)
records the difference between two applied
pressures up to a total pressure difference of
1000-10* Pa. The measurement accuracy is 0.5 %
of the maximal pressure difference. The resulting
analogue signal is transferred to the computer’s
A/D board and directly compared with the
specified pressure value given via the computer’s
D/A board. Differences between measured and
specified pressure differences result in an opening
or closing of the extraction control valve to
increase or lower the suction from the vacuum

pump.
5.2.1.5 Mass Flow Meter

The mass flow meter (Hastings HFM-201) on the
extraction side also measures the mass flow of air
through the sensor. Flow rates can be measured
up to 100 standard Vmin. The typical
measurement accuracy is 1 % of the maximal
flow. The flow rate measured is continuously
recorded via the computer’s A/D board.

5.2.1.6 Control Valve

The control valve (Bronkhorst F-004AC-LU-33-
E) as part of the pressure difference controller
changes the pressure difference between injection
and extraction points by reducing or increasing
the suction from the vacuum  pump,
corresponding to the analogue signal given by the
comparison of specified and measured pressure
differences in the pressure difference meter. Itis a

proportional  electromagnetic valve with a

maximal flow rate of 60 standard Vmin.
5.2.1.7 Vacuum Pump

The vacuum pump (Leybold Sogevac SV16) is a
one-stage oil-sealed rotary slide pump. It can be
used to evacuate up to 0.5-10% Pa. The maximal
pumping rate is 145m’h =44Vs. In the
experiments the pump’s suction, which creates the
pumping rate, is reduced by the control valve, the
mass flow meter and the extraction rod plus
tubing.

5.2.1.8 Infrared Detector for Tracer Gas

The CO, concentrations in the extracted air are
detected using an infrared detector (Dréger
Multiwarn IR KAT CO,-Ex). This mobile
detector allows a simple and reliable online
detection of the absolute concentrations of COs.
The gas is extracted with an internal pump
{(pumping rate of about 4.4 to 5 ml/s) from the
outlet of the vacuum pump into the measurement
chamber. There the infrared absorption due to the
number of CO, molecules present in the chamber
results in a difference from a reference signal and
thus in an analogue output voltage of 0 to 1 V,
corresponding linearly to 0 to 5 Vol% CO,. The
signal is transferred to the computer's A/D board.
Attempts to use the detector directly after the
extraction rod and the tubing were not successful,
since the pressure drop due to suction from the
vacuum pump through the extraction system and
the detector was too large to create a convergent
flow field in the outcrop. For the evaluation of the
measurements (Ch. 6) only the concentration of
CO; relative to its maximum is used.

5.2.2 Field Equipment

Special equipment has been developed for the use
in the field measurements.

Firstly, hollow metal rods were developed.
having a rigidity and stiffness able of being
driven horizontally into the target zones in the
often highly compacted outcrop walls. The rods
are driven and hammered using a small excavator
and hydraulic hammer.

After the pneumatic or tracer experiment the rods
have to be withdrawn from the outcrop without
being damaged, for which purpose pulling
equipment has been specially developed.

5.2.2.1 Hollow Metal Rods

The rods to inject air into and extract air from the
outcrop comprise inner and outer hollow metal
rods, which are only loosely connected (Fig. 5.5).
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Fig. 5.8

Photogruph of tp (lopy and end teentre) of ianer wnd
outer hollow  metal rods with outlet opemngs and
contection for tubing after use tn the field. withdrawul
touls thottorny

The outer hollow metal rod is driven into the
wall, carrying with it the nner rod. To open the
tip of the rod at the desired position the inner rod
is pushed or hammered about 2 cm further into
the wall, so that the tip of the rod is pushed out to
expose the outlet openings. The connection for
the tubing is then screwed into the inner rod and
the testing for leaks or blocked openings can start.
Similar to the development of a well, the
openings of the rod have to be cleared with high
air pressure and suction, so that the pressure drop
over the rod and wbing reaches a minimum.

To prevent air leakage through the ring between
the inner and outer rods, three well greased
sealing rings of rubber are positioned on the
outside of the inner rod.

After the measurements have been conducted the
connection for the tubing has to be removed and
the pulling equipment can be connected to the
end of the rod. After withdrawal of the rods the
openings and often the whole inner rod have to be
cleaned and greased again to be prepared {or the
next injection.

The rods are made of standard. not specially
hardened steel. In figure 5.6 a technical drawing
with dimensions s given.

5.2.2.2 Pulling Equipment

While the insertion of the rods is not too difficult
as long as the rods are stff enough, the
withdrawal ts more complicated. A tool has been
developed so that the hydraulic hammer in
combination with the excavator i$ used to
hammer the rods out of the wall.
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Fig. 8.6:  Technal drawing of imoer amd ouier hollow metal rods
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To achieve this a small plate is connected on one
side with an adapter and two split pins to the
inner rod and on the other side to two metal slats.
The slats again are connected with two split pins
to a second stronger plate. which is mounted onto
the hydraulic hammer (Fig. 5.7 and 5.8).

While the hydraulic hammer, driven by the
excavator, is hammering in the reverse direction,
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ey ved o diiven out of the ouerop wall, 5.2.2.3  Esxcavator

suthing the outer rod with 1 . : : .
Ev - In the ficld a small excavator (O&K Orenstein &

Koppel AG. RH1.15) is used in combination with
the hydraulic hammer to drive i (withdraw) the
rods into {out ofy the outcrop (Fig. 5.10).

Before driving the rods mto the wall the grading
blade can be used to level out the working
platform for the movement of the excavator and
the backhoe collects the rubble at the foot of the

outcrop.

Fig. 3.7: Phowgruph of pulling cqupment o withdiow  hollow
metal rods w the tield

;&m& P W

Fig. 5.10: Photograph of small excavator, driving holow metal rods
e outerap wal

5.2.2.4 Hydraulic Hammer

Fig. 8.8:  Dennled photograph of pulling cquipment 1o withdraw
hedow mwial rods i the Teld

The hydraulic hammer (Krupp HM 45) 15 used to

8t la26 5 600 0101040 306 B 622187 N insert  or withdraw the rods. The specially

" : s S hardened steel of the hammer tool has been hored

Y . < “ 1 open at the tip to fit in the end of the inner rod

_ " W spit pin during insertion and the split pin of the larger
D plate during withdrawal (Fig. 5.11).
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Gw » v a0 Fig. 8.11: Photograph of hammer. mserting hollow metal rods into
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5.2.3 Laboratory Equipment
85 94 475 35 475 g4 56

For the measurements in the laboratory a large
cylindrical column was used. The nner diameter
of the column is 0.19 m and its length 15 0.76 m,
A technical drawing with dimensions is given in reqylting in a total volume of 0.0215m’
figure 5.9. (Fig. 5.12).

Fig, 5.9 Techmeal drawing of different parts of pulling equipment
with dimensions in mm
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Two separate connections are used to allow direct
measurements of the pressure drop over the
column.

Fig, 5420 Photopraph of mewsurement cquipment in the laboragory

5.3 Software

Software has been developed under LabVIEW”
(National Instruments) to measure, control and
save the data collected during the field and
laboratory measurements. The different programs
attow the data acquisition and display on the
screen online during the experiments. All relevant
parameters for the measurements can be changed
by on-screen switches and control pancels. At the
same time all measured data s saved on disc in
ASCH files for analysis {e.g. estimaling tracer
velocities and dispersivities trom tracer tests with
the program DTTRACER, ploting Ap-Q diagrams).

A short description of two programs s given in
the following sections. Furthermore, automatic
routines  have  been  written o allow  easy
repetition of single messurements with different
pressure differences. More details on the program
structure and the basies of programming under
LabVIEW  are given by Miinch (1995) and Hélz
(19973 or the LabVIEW ™ manuals from National
Instruments.

5.3.1 Program for Tracer Tests

The GAS TRACER CONTROL PROGRAM has been
developed for the tracer tests in the field and
faboratory  (Haélz, 19973, The front panel
{Fig. 5,13y visual for the user on the screen after
start-up. allows to control all relevant parameters
tor the measurements.

At the swart the source code of the program is
compiled and the program is set to run-mode. To
start @ particular  measurement  the  program
control panel has 10 be set 0 starr, which
mitialises the internal clock and starts collecting
daty  corresponding  to  the other sctting
parameters. At any mnstant 1t is possible to stop a

running measurement with the sfop bution. w hich
closes all open valves before leis g the run-
mode. Initially in the injection panct a decision
has to be made as to whether the tracer mjection
should be a continuous injection or slug mjection
over a specific fime interval, which be spectited.
With the control panel it is possible o define the
injected total flow rate (ml/s, compressed wir and
CO-). which is kept constant during the tme of
the measurement, and the CO. flevy rare (mil/s) for
the time interval given in the mjection panel.
Furthermore. the overall pressure  difference
{mbar) has to be defined, with which the program
should control the flow field. The last field i the
data storage pancl, instructs the program (o star!
or stop saving the data of the running
measurement to disk under a specified path and
filename.

During a measurement the control data is send to
the measurement and control devices (mass flow
controllers and pressure difference controller) via
the computers digital-analogue-converter board as
an analogue voltage of 0 to 10V (or 0 to 5V,
depending on the device). The comparison of the
specified and measured values and the change of
control voltage to open or close the respective
valves oceur in the electronic control units of
each device.
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Fig, 8.13: trom panch of Gas TRACTR CoNROL PROGEAM,
developed under LabVIEW  allowing the onbine contiat
of measurerment dati w the Held snd Liboraton

The actual measurements are the response to the
current parameter setting due to the control pancl
parameters. They are collected as  analogue
signals and converted via the analogue-digital-
converter board to digital signals. These are
displayed and up-dated every second on the basis
of an average of the daa sampled at a 50 Hz
sampling rate.

The display (Fig. 5.13) allows the online visual
Cfl)lll!’()i of all measurements. On the right hand
side the injection mass flows, Qqx(t) and Qeoa(1),
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(top) and the extraction mass flow, Qpur(t),
(bottom) are shown. The bottom left diagram
displays the pressure difference, Ap(t), and the
overpressure, p(t)-pe. In the remaining top left
corner the current CO, breakthrough curve,
ceon(t), is given.

5.3.2 Program for Pneumatic Tests

Similarly a program has been written (Holz,
1997) to measure the flow rate Q and the
corresponding  pressure difference Ap for the
laboratory pneumatic tests. The flow rate is
increased stepwise and the changing pressure
differences are observed.

Before the start of the pneumatic measurements
the two mass flow controllers on the injection
side are both connected so that each measures a
partial flow (one half) of the compressed air
injected into the column. The addition of both
mass flow readings results in the flow rate Q. The
pressure difference Ap is measured with two
separate connections to the column. The outlet of
the column is left open to allow the direct outflow
of air. Different Ap-Q data pairs are collected for
ecach sample and saved to disc. They can be
plotted to test the validity of Darcy's law and to
evaluate the permeability of the sample (Ch. 6).

For the field measurements each Ap-Q pair is
taken from the gas tracer data. After manual
correction for the pressure drop due to rods and
tubing, the corrected values are used to calculate
the permeabilities for each measurement (Ch. 6).
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6 Hydraulic Parameters - Measurements and Results

The hydraulic parameters for the different
lithofacies types defined in chapter2 were
determined by various measurement methods in
the field and in the laboratory. All measurement
results are documented in the tables in annex 7.
For those lithofacies, which could not be accessed
with the equipment or sampled in the outcrops,
the hydraulic parameters were taken to be equal
to those of sedimentologically similar lithofacies,
which could be measured (see Ch. 6.7).

The in situ (i.e from undisturbed samples)

hydraulic conductivities for flow in horizontal
and vertical directions were transferred from gas
conductivities derived from field gas tracer and
pneumatic  tests. Similarly the hydraulic
conductivities of disturbed samples were
determined in the laboratory with gas tracer and
pneumatic tests. For comparison the hydraulic
conductivity of selected samples was measured in
the laboratory directly with water (Darcy
experiments) or by evaluating their grain size
distribution curves. Furthermore the porosities of
some disturbed samples were measured in the
laboratory by weighing of specified volumes.

As a result of all measurements the 23 lithofacies
types could be rearranged into 5 hydrofacies
types, representing homogeneous, but - not
necessarily isotropic, hydraulic categories of
different  sedimentological  origin.  These
hydrofacies units are characterised by horizontal
and vertical hydraulic conductivities
porosities.

6.1 In Situ Field Gas Tests

In the field only gas tracer tests were conducted.
For the gas pneumatic test evaluation the steady
state data of the tracer tests is used.

The data collected in the field with the
measurement equipment described in chapter 5
requires corrections of pressure differences,
arrival times and concentrations.

Correction of Pressure Differences

The pressure difference is measured between two
points situated before and after the measurement
equipment. Thus it is a composition of the
pressure differences resulting from the friction
due to the injection flow through the tubing and
one metal rod, the resistance of the outcrop
material and the extraction flow through the other
tubing and metal 10d (Apue now depends on Q, 1),
To determine the exact pressure difference over

and

the outcrop material only, the two other pressure
differences have to be quantified for various flow
rates, Q, and length of tubing, 1, such that

Ap = Ap meas — BPin (Qin ’l) — Apoyt (Qout vl) 6.1.
For both, injection and extraction, simple
correction charts were determined in the

laboratory. The pressure differences, Ap, were
measured versus flow rates, Q, depending on the
length of tubing, which varied from 1.0 to 5.0 m
(Injection: Fig. 6.1, Extraction: Fig. 6.2).
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Fig.6.1: Correction chart for pressure drop, Apin, due to injection
of flow rate, Q;, through metal rod and tubing, as a
function of tube length
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Fig.6.2: Correction chart for pressure drop, Apey, due to
extraction of flow rate, Quu, through metal rod and

tubing, as a function of tube length
For the field measurements the tubing had a
length of 3.0m, resulting in the following
correction equations for Ap;, and Apgy, in terms of
flow rates, Q;, and Qqye:

Apjn =0.0002- Q% +0.0416-Q;, 6.2
Apour = 00005 Q3 +0.0027 - Quy 6.3.

Equation 6.2 and 6.3 are used in equation 6.1 to

determine the exact pressure difference in the
field measurements.

‘For some measurements the correction led to
X - .

negative" pressure differences, probably due to
an overestimation of the pressure drop along the
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tubing. In these cases instead of the "negative"
pressure  differences a minimal pressure
difference of 0.1-10> Pa was assumed, leading to
a lower boundary value (minimum value) for the
permeabilities k and hence for the hydraulic
conductivities K¢ (s. Eq. 3.37 and 3.45).

Correction of Arrival Times

The measured travel times, tge., of the tracer
concentration, c(t), are the sum of the travel times
of the tracer through the injection (from the mass
flow controllers to the tip of the injection rod),
the geological medium and the extraction (from
the tip of the extraction rod to the infrared
detector). Thus, the actual time the tracer spends
in the geological medium, t, is the measured time
between injection through the mass flow
controller and the detection in the infrared
detector, tmes, reduced by the time lag created by
the apparatus, tapp,

t=tpeas — tapp 6.4.

To determine the lag time, t,,, measurements
without the geological medium (i.e. only
apparatus, 2-3m tubing, hollow 'metal rods
directly connected to each other) were conducted.
For the applied measured pressure differences the
nearly rectangular shape of the injection pulse is
represented by a slightly shifted, still nearly
rectangular breakthrough curve (Fig. 6.3). The
average shift of t,,, =7s was used for the
correction of all measured arrival times.
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Correction of measured arrival times: time, tnes, Versus
relative concentration, c(t)/Cma, Of breakthrough curves
with the tubing only for different pressure differences
compared to direct measurement of the injection pulse

Comparing the shape of the breakthrough curves
with the shape of the curve of the injection pulse
(Fig. 6.3) the dispersion caused by the possibly
turbulent flow through the apparatus, the tubing
or the rods is minimal, i.e. it could be neglected.

Correction of Concentrations

The measured concentrations of CO, are the
result of the superposition of a background level
(0.03 Vol.% in the atmosphere, approximately
0.13Vol.% in the gravels and sands at the
beginning of the measurements, slightly
increasing with time) and the concentration
change caused by the tracer. Therefore, the -
concentrations are firstly corrected by the
background level at the beginning of each
measurement, leading to the absolute measured
concentration Crueas(t).

For comparison with the calculated relative
concentrations, the absolute concentrations are
dividled by the maximum concentration
encountered during the specific measurement,
leading to relative measured concentrations,

Cmeas(t)/cmax-
6.1.1 Tracer Tests

After the injection of the hollow metal rods,
connecting up of tubing and apparatus, clean
pumping of the rods (Ch.5) the field
measurements were conducted. In total 171 in situ
tracer tests at 25 different locations in the
outcrops of Friedingen and Bohringen were
conducted. As described above the measured
pressure differences and times were corrected to
the pressure differences and time intervals over
the geological media. The concentrations are
converted into relative concentrations for
comparison with the analytical solutions.

From the measured and fitted parameters the
permeabilities (and hence the hydraulic
conductivities) were calculated with
equation 3.45.

An example of a measurement setup in a
component-supported, planar, open framework
gravel (Gcpo) is given in figure 6.4. Some of the
corresponding measurement results are given as
dotted (symbols) in figure 6.5. The best fit
analytical solutions are shown as continuous
lines.

A good fit with the analytical solutions could be
achieved. The measurement and fitting
parameters as well as the resulting hydraulic
conductivities for the displayed three
measurements are listed in tables A7.1 and A7.2
in annex 7. The hydraulic conductivities for these
tracer measurements range from 3.26-107 to
4.07-10" m/s.
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Fig. 6.4:  fn sim gay uucer tess in Gepo inoan owicrop at
Fricdingen. SW Germany: tubing and hollow mtal rods
1 the outcrop
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Fig. 6.5:  Examples of results from i sine gas tacer tests in Gepo
outerap av Fricdingen, SW o Germany,  with
corresponding  abstraction  and  injection flow  rates,
dotted: measured breakibrough cunves. continuous tie:
fitted anulyticsd solutions

nooun

Another example of a measurement setup in a
horizontal sand (Sh) is given in figure 6.6. Some
of the corresponding measurement results are
shown as dotted symbols in figure 6.7. The best
{it analytical solutions - here only for the start of
the breakthrough - are shown as continuous lines.

Here, the corrected pressure differences range
from 28.70-10° to 45.38-10° Pa. The fitting of the
tailing of the measured breakthrough curves is
poor. This is believed to be due to the deviation
of the tracer flow configuration from the assumed
one-dimensional situation in the homogeneous
sand. For almost all breakthrough curves the
increase of the tracer concentration (tracer front)
is well represented by the fitted analytical
solutions.  As a consequence the calculated
permeabilities and hence hydraulic conductivities
from the tracer tests. where only the start of the
breakthrough curves could be fitted, represent an
upper boundary value (maximum value). The
measurement and fitting parameters as well as the
resulting maximum hydraulic conductivities for
the displayed three measurements are listed in
tables A7.1 and A7.2 in annex 7. The hydraulic

conductivities  for 1hese  racer  measuiomcniy

range from 7.74-107 w0 14410 " /s

Fig. b.6:

In sitg gas tracer wsts m Shon an outcrop .t Bohiringen,
SW Germany, tubing and hellow moral rods i the
DuLTOp

retative concentration
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Fig. 6.7:  Examples of results from m oy gas tracer tosts 1 Sh s

an outerep at Bohopgen,  SWo Gormany,  wub
correspunding abstruction and mgecnon flow rates
dotted: measured breakthrough curves, connnuous b
fited analytical solutions

Overall horizontal hydraulic conductivities were
cstimated  for  nine  different  lithofacies
encountered in the field. Vertical hydraulic
conductivities were only estimated for three
lithofacies types as the layers in the field were

often 1o thin for two rods to be inserted
{Tab. 6.1).
lithofacies Ky, {rafs] K, {m/s]
Graph IBIBIN
Gepo 2E20
Gmh o607 GO} 1y
Gmbb 350400
Geh EYSRON
Geho 21971007 DTN
Gmm 537 10°
Gem 251y Tay o’
Sh IRUALN

Tab. 6.3: Aseraged horizontal wid vertival by drauhic conducuvitivs
mwasured with gas tracer tests in the field for various
ithotacies
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6.1.2 Pneumatic Pumping Tests

The pneumatic measurements in the field are
generally an offshoot of the tracer measurements.
From the data files of the tracer measurements the
pressure differences were corrected as described
above and in combination with the abstraction
and injection flow rates, Q, and Q. the
permeabilities  (and  hence the hydraulic
conductivities) were calculated with
equation 3.37.

The measurement parameters and results for all
measurements are listed in tables A7.3 and A7.4
in annex 7. The averaged horizontal and vertical
hydraulic conductivities for some lithofacies
types are listed in table 6.2.

lithofacies K, [m/s] K, [ovs]
Gmpb 385107
Gepo 2.9610°
Gmh 1.62-10° 2.86-10°
Gmhb 2.2710%
Geh 2.6330°
Geho 307107 282107
Gmm 100107
Gem 2.2310° 35410
Sh 1.04.10°

Tab, 6.2: Averaged horizontal and vertical hydraulic conductivities
measured with gas pneumatic tests in the field for various
tithofacies

6.1.3 Comparison between In Situ Tracer

and Pneumatic Pumping Tests

To compare both sets of results, the hydraulic
conductivities based on tracer and pneumatic tests
of all measurements are plotted on a log-log scale
(Fig. 6.8).
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Fig.6.8: Comparison of results from il field gas tracer and
preumatic tests

The comparison of the measured values with the

expected perfect correlation shows that only the

general trend of low and high conductivities

could be recognised in both sets of results -
values deviate sometimes by more than an order
of magnitude.

The deviation can be best explained by the
problems encountered with the pressure
difference measurements, ie. its correction and
impact on the calculation of the permeabilities,
which, for the corrected measurements, results in
calculated minimum values for the hydraulic
conductivity (Kpneumaic, Fig. 6.8). Furthermore the
deviation of parts of the flow field from the
assumed one-dimensional tracer flow conditions
may be responsible for some of the differences, as
it results in calculated maximum values for the
hydraulic conductivities (Kyqcer. Fig. 6.8).

6.2 Laboratory Gas Tests

In the case of the laboratory measurements the
pressure differences were measured with a
separate connection to the measurement column.
Therefore the correction due to a pressure drop
along the flow line (tubing) was not necessary in
the laboratory.

In the same way the correction for the measured
times could be omitted. The time, t,,, the tracer
spends in the apparatus and in the tubing can be
neglected in comparison to the time in the column
filled with sample material.

The measured concentrations were again divided
by the maximum concentration to yield relative
concentrations which can be compared with the
relative concentrations calculated with the
analytical solution.

The column experiments were conducted as
described in chapter 5.2.3 with the exception of a
different column for the measurements of the
open framework gravel. Only in a column with an
inner diameter of 0.1 m and a length of 2.09m
(total volume of 0.0164 m’) could pressure
differences be measured for the highly conductive
materials.

The samples used originated from the same
outcrops in Friedingen and Bohringen, as those in
which the in situ measurements took place.

6.2.1 Tracer Tests

With the measured and fitted parameters of the
laboratory tracer tests the permeabilities (and
hence the hydraulic conductivities) were
calculated using equation 3.42.

Hydraulic conductivities were estimated as an
average of measurements with varying pressure
differences for five lithofacies (Tab. 6.3).
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lithofacies Kicaeer [m/s] Kpeumatte [M/S]
Gmpb 5.13-10" 53610
Gepo 2.92:10" 2.55.10"

Gmt 9.68:10° 4.64-10°
Sp 9.57-10% . 1.11:10%
St 3.14.10* 4.85.10"

Tab. 6.3: Averaged hydraulic conductivities measured with gas
tracer and pneumatic tests in the laboratory for different
lithofacies ’

6.2.2 Pneumatic Pumping Tests

The pneumatic tests were conducted for the
samples used in the tracer measurements with the
software described in chapter 5.3.2. For a
stepwise increasing flow rate, Q, the pressure
difference was monitored and - after a steady
state was reached - saved in the data file. Plotting
the measured flow rate versus the pressure
differences (Q-Ap plot, Fig. 6.9) led to a straight
line relation ship, whose gradient was used in the
determination of the permeabilities (and hence the
hydraulic conductivities) in equation 3.34.
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Fig. 6.9: Results from laboratory gas pneumatic tests

The linearity of the plots shows - in contrast to
the measurements of Ruiz-Rodriguez (1994) and
Kretzer (1989) - that Darcy’s equation is valid and
turbulence does not need to be taken into account
for these measurements (s. Ch. 3.1.2.1). In this
way it was possible to estimate the hydraulic
conductivities for five different lithofacies
(Tab. 6.3).

6.2.3 Comparison between Laboratory
Tracer and Pnenmatic Pumping
Tests

To compare both sets of results, the hydraulic
conductivities based on the single tracer and
pneumatic tests are plotted on log-log scale
(Fig. 6.10). Only minor differences between
pneumatic and tracer measurements can be
observed. In comparison to the field
measurements (Fig. 6.8) the laboratory results are
more reliable, due to the more accurate technique

for the measurement of the pressure differences in
the laboratory and the simplicity of the flow field.
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Fig. 6.10: Comparison of results from all laboratory gas tracer and
pneumatic tests

6.3 Laboratory Water Tests (Darcy
Experiments)

For three of the samples used in the gas tracer and .
pneumatic measurements, tests with water in a
flow cell, ie. constant head permeameter
experiments, were conducted. The technique used
for this laboratory water tests is described in
Kleineidam (1998). The averaged results from

various repeated measurements are listed in
table 6.4.

lithofacies Kovater [m/s] Kiieve [m/s]
Gmpb 1.15.10* 5.47-10*
Gepo 9.77.10* 2.14-10"
Gmt 6.29-10*
Getb 2.12.10°
Geto 9,78-10?
Gmm 3.93-10%

Sp 6.14-10* 1.47.10°
St 4.82:10"
Sm 1.44.10°

Tab. 6.4: Averaged hydraulic conductivities measured with water
(permeameter experiments) in the laboratory, Kyyer 2nd
calculated on the basis of sieve analysis data (after Beyer,
1964) for different lithofacies, Keve

Comparison between Laboratory
Gas and Water Tests

Generally the values from laboratory water tests
are smaller than those from the gas tests. The
factor between water and gas hydraulic
conductivities varies from 4.66 for Gmpb to 2.99
for Gepo and 1.81 for Sp (s. Tab. 6.3 and 6.4).
Al.though only three samples could be compared
this is a good agreement taking into account the
different measurement setups: the different
columns, the repacking of the samples and the

6.3.1
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different techniques for the measurement of the
pressure differences (digital pressure difference
meter and manual constant head permeameter,
respectively) with their  corresponding
measurement errors.

6.4 Evaluation of Sieve Analysis
Data

The grain size distribution of most of the samples
used in the laboratory was estimated by sieving in
accordance  with the German standard
(DIN 4188). The resulting grain size distribution
curves are plotted in figure 6.11.

100

N @ ©
(-] o o

-]
o

cumulative percentage [weight-%]
N (4] F-3 (]
S & & o

B

-
-
=)
8

0.001 0,01 0.1
N grain size [mm])

Fig. 6.11: Grain size distribution curves for different lithofacies
(here combined to hydrofacies, s. Ch. 7)
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Fig. 6.12: Comparison of results from laboratory gas pneumatic
tests and sieve analysis data

The hydraulic conductivities were estimated for
each sample after the method of Beyer (1964).
This is based on the rule of Hazen (1893) with an
adjustment  for  different  unconformity
coefficients, U. It is strictly only valid for an
effective grain size, dip<0.6mm, and an
unconformity coefficient, U = dgg/d;o < 20.

The results, listed in table 6.4, show generally a
good agreement with the results of the laboratory

gas tracer and pneumatic tests on the same
samples (Tab. 6.3). In figure 6.12 the generally
good correlation with the laboratory pneumatic
measurements is shown. Even for the open
framework gravels, which do not lie in the range
of grain sizes for which Beyer’s rule is approved,
the data is in good agreement.

6.5 Porosity Measurements

For some of the disturbed samples in the
laboratory,  porosity  measurements  were
performed by measuring the weight of a specified
volume of the sample and calculating the porosity
with the assumption of a constant grain density of
2.7 kg/m® (Tab. 6.5).

lithofacies

n [-]

Gmpb 0.30
Gcepo 0.36
Gmt 0.27

Sp 0.42

St 0.45

Tab. 6.5: Porosities, n, for different lithofacies

6.6 Comparison of All
Measurements

6.6.1 Data Measured During this Project

Combining all measurement results from in situ
and laboratory measurements for hydraulic
conductivities and porosities (Tab. 6.6) it can be
seen that measured hydraulic parameters are only
available for a few lithofacies types. This is
mainly due to the inaccessibility of the other
lithofacies in the outcrops visited during this
project. For none of the measurement techniques
a full data set could be collected. On the basis of
the sedimentological field interpretations during
the project (i.e. the similarity of the depositional
process of different lithofacies types and their
grain sizes) and the above described hydraulic
parameter estimations, hydraulic conductivity and
porosity values were assigned to those lithofacies
which could not be measured directly. In table 6.6
the bold values represent directly measured
parameters, whereas the other values are assigned
parameters. '
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field laboratory water sieve porosity
tracer prneumatic tracer pneumatic
lithofacies XKum/s] K,[m/s]  Ki[m/s] K, [m/s] K [m/s) K [m/s] K[m/sl‘ K[m/s_o‘ n[]
Gmp 30610°  6.6110°  1.6210%  2.8610%  9.6810° 464107  6.29-10 1.15-10 0.27
Gmpb  11610% L1610%  38510% 38510% 51310% 536107 13310 11510 0.30
Gep 30610° 661107  L.6210%  2.8610%  9.68.10°  4.6410°  62910™ 11510 0.27
Gepb 1L1610%  L1610*  3.8510%  3.8510%  51310%  53610% 133107  1.1510% 0.30
Gepo 252107 252107 296107 296107 292107 255107 8.93.10°  977.10°® 0.36
Gmt 39610%  6.61.10%  1.6210% 28610 9.6810%°  4.6410" 62910  1.15.10® 0.27
Gmtb L1610%  1.1610%  3.8510%  3.8510% 51310 53610  133.10% 11510 0.30
Get 3.96-10°  6.61.10%  1.62:10% ~ 2.8610%  9.68-10"  4.64-10"  629.10%  1.15-10™ 0.27
Getb L1610%  1.1610%  3.8510%  3.8510%  513.10% 53610% 13310 11510 0.30
Geto 25210" 25210  29610%  29610%  29210% 25510”89310  9.77.10% 0.36
Gmh 39610  6.6110%  1.6210% 28610% 96810  4.6410° 62010  1.15.10" 0.27
Gmhb  3.50.10%  3.50-10%  227-10%* 227.10%  5.1310® 53610  133.10°  1.15-10™ 0.30
Gch 4.61.10°%  6.61-10% 26310  2.8610"  9.6810" 46410  629.10%  1.1510* 0.27
Gchb 3.50-10%  3.50.10%  227.10%  227.10%  513.10% 53610 13310  1.1510% 0.30
Gcho 29710  1.39-10%  3.07.100%  2.82.10% 29210  2.5510"  893.10"  9.77-10% 0.36
Gmm 537.10%  537.10%  1.00.10%  1.00-10™  9.68.10°  4.6410° 62910  1.15.10™ 0.27
Gem 218102 29910 22310 35410  9.6810™ 46410  629.10*  1.15.10 0.27
Gg 2.52.10™  2.52:10% 296107 29610  2.92.10"  2.5510" 89310  9.77-10 0.36
Sp 1.1010°  110:10®  1.0410™  1.0410™  957.10% 11110%  56110% 61410 0.42
St 1.10.10®  110.10"  1.0410%  1.0410™ 3.1410% 4.8510* 56110  6.14.10™ 0.45
Sh 1.10:10®  1.1010" 10410  1.04.10®  9.57.10®  1.11.10®  561.10%  6.14.10* 0.42
Sm 110107 L1010  1.0410™ 10410 95710  L11.10%°  561.10%  6.14.10™ 0.42
Sg 11010  L10-10%®  1.0410™  1.04-10%  9.57.10®  11110"  561.10*  6.14.10 0.42
Tab. 6.6: Comparison of all measured and assigned data (in situ and laboratory) for all lithofacies types, bold: measured, standard: assigned
. ' . — translating lithofacies into hydrofacies it was
hthgf:cles hy(:)l;;i/'xli{cles f;é"fff} ;{5{ 1 OS! gg; necessary to define unique values for each
-Gm;)b BM L1I610°  L1610% 0.30 hydrofacies type. Therefore the hydraulic
Gep PTH  39610°  661.10° 027 conductivities of some lithofacies types (Gmhb,
Gepb BM 1.16-10*: 1.16-10": 0.30 Gch, Gehb, Geho and Gem) were assigned the
Gepo ow 252100 13910 0.36 measured values of Gmpb, Gmh b, Gepo
Gmt PIT/H  39610°  66110° 027 p tivel PO, » Gmpb, Gepo,
Gmtb BM 116104  L1610* 030 mm, respectively.
.3 <5 R R
g;t, P}/;T;IH ?‘?2'13.4 ?‘fé’i&, g'gg This data is used as a standard data set for all
Geto ow 252107 139.10" 0.36 lithofacies types encountered in any of the
Gmh PITH 396107  661.10° 027 outcrop . analysis studies (Ch.7) and for the
Gmhb BM 1.16-10“; 1.15-10“; 030 simulation of groundwater flow and transport
gccl:‘b PI%IH i"?g‘ ig ) ?’?2‘184 ' 8-2(7) (Ch. 8). Thus, it forms the fundamental parameter
Geho ow 25210 139.10" 0.36 set for further application.
Gmm M 5.37-10* 99.10° 0.2 :
o M ol 233134 0 2; 6.6.2 Data from Literature
-1 -1 .
Csig 0:" ﬁg'ig" iigligﬁ g-ig The fundamental data set from table 6.7 is
St S 11010°  1.10-10° 042 compared with hydraulic conductivities estimated
Sh S 11010° 110107 0.42 in a similar sedimentary environment at
Sm S 1.10-10'2 1.10-10% 0.42 Hiintwangen, Switzerland (Tab. 2.7, Jussel, 1992)
Sg S 1.10-10°  1,10-107 0.42 by transferring the classifications used there to
Tab.6.7: Final parameter table for all lithofacies and tNOSE used in this project, leading to figure 6.13.

corresponding hydrofacies categories, based on the
comparison of values in Tab. 6.6, parameters will be used

in the outcrop analysis studies (Ch. 7) and in the
modelling (Ch. 8)

From table 6.6 the data judged to be the most
reliable has been chosen for horizontal and
vertical hydraulic conductivities and porosities
(Tab. 6.7). Most of the field pneumatic test data
was discarded in favour of the hydraulic
conductivities derived from the field gas tracer
tests, since the latter mostly compare well with
the laboratory gas tracer and pneumatic tests and
the sieve analysis data. In the process of

Generally the trend is similar. However, since
during this project it was possible to measure the
permeabilities in different directions, specific
differences can be seen. Often the horizonal
hydraulic conductivity is larger than the vertical

(Tab. 6.7) as a result of the layering found in the
sediments.
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hydraulic conductivities K {m/s]
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Fig. 6.13: Comparison of hydraulic conductivities for all lithofacies
categories with model parameters used by Jussel (1992)

6.7 Lithofacies to Hydrofacies
Relationship

The analysis of all measurements led to the
conclusion that for the hydrogeological purposes
of this project the wide variety of lithofacies used
in the sedimentology can be adequately
represented by five different facies of
hydrogeological significance. These hydrofacies
(bimodal, open framework, massive,
planar/trough/horizontal gravels and sands) may
be characterised by uniform hydrogeological
parameters within each single facies type. A
hydrofacies may comprise different lithofacies,
and a specific lithofacies type can only belong to
one hydrofacies (Fig. 6.14).

In table 6.7 the specific hydraulic parameters for
the hydrofacies types were listed. Returning to
the comparison with literature data a diagram
plotting the horizontal and vertical hydraulic
conductivities compared with the model
parameters used by Jussel (1992) in Hiintwangen,
Switzerland shows the simplification from the
numerous sedimentological structures to the few
hydrogeological facies (Fig. 6.15). The general
trends for the different categories agree.
However, the horizontal hydraulic conductivity of
the P/T/H gravel and the horizontal and vertical
hydraulic conductivities of the massive gravel are
found to be larger than those from Hiintwangen.
Furthermore, the horizontal and vertical hydraulic
conductivities for the planar, trough and
horizontal (P/T/H) gravels vary over more one
order of magnitude (Fig. 6.15). This is due to the
distinct layering in these facies which creates
such a strong anisotropy in comparison to within
the other facies.

Gmp
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Gep
Gcepb
Gepo
Gmt
Gmtb
Get
Getb

Bimodat Gravel

Open Framework Gravel
P/T/H Gravel

Massive Gravel

Sand

Gcto
Gmh
Gmhb
Gch
Gcehb
Gcho

Lithofacies
s319eJ0IpAH

Gmm
Gem
Gg
Spf
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Sg

Fig. 6.14: Relationship between lithofacies and hydrofacies, based
on the comparison of all measurement results, P/T/H:
planar, trough and horizontal gravel
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Fig. 6.15: Comparison of horizontal and vertical hydraulic
conductivities for all hydrofacies categories with the
‘model parameters used by Jussel (1992)
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7 Digital-Photographic Approach for Sedimentological and
Hydrogeological Database (Regionalisation)

In the past outcrops  were  often
sedimentologically mapped by field studies and
hand drawings (Bluck, 1979; Pryor, 1973), by

tracing from outcrop photographs (Jussel, 1992;

Jussel et al.,, 1994; Steel and Thompson, 1983;
Fraser and Cobb, 1982; Ori, 1982) or by drawing
from lacquer films (Basumallick, 1966). Recently
ground penetrating radar (GPR) sections in gravel
pits were interpreted with the help of outcrop
photographs (Huggenberger et al., 1994; Asprion
and Aigner, 1997; Asprion, 1998). In the GPR
sections it is often possible to detect the erosional
faces, separating different architectural elements,
as these faces often represent strict boundaries for

the physical properties detected by the GPR

(Asprion, 1998). Unfortunately the resolution in
the GPR sections is still not high enough to detect
all changes in lithofacies types, which would lead
to detailed three dimensional data sets of
lithofacies units. Thus, within this project only
two dimensional sections were interpreted.

A combination of an outcrop based
sedimentological interpretation and directly or
indirectly measured hydrogeological parameters
is rarely found (Pryor, 1973; Jussel, 1992).

However, the methods used during this project
allow a faster and more detailed mapping of
outcrops than the techniques used in the past.
Furthermore, the sedimentological data is
collected and saved in a database. It is combined
with the actual hydrogeological parameters
measured in the outcrops and at samples from the
same outcrops (Ch.6) and will be used in
geostatistical analysis and simulations of
groundwater flow and transport (Ch. 8).

7.1 Digital-Photographic Approach

In the mapping procedure the following steps are
taken: firstly a photograph (colour slide) is taken
of the outcrop in the format 6 x 17 cm. This slide
is scanned to obtain a high resolution coloured
TIFF file. The TIFF file is imported as the screen
background of the GIS software used and the
boundaries of the different lithofacies types are
digitised. The digitised boundaries are converted
into  polygons, which are classified
sedimentologically.  Any  other  database
information can easily be related to the
sedimentological classification of lithofacies.

7.1.1 Camera

The camera used to take the wide angle
photographs of . the outcrops is a Linhof
Technorama 617 S in combination with a tripod
and a Schneider centre filter. The colour slides
taken by the camera are in the format 6 x 17 cm,
therefore appropriately proportioned for the wide
and thin outcrops. The centre filter is used to
compensate the brightness differential between
the (lighter) centre and the (darker) margins of the
images.

Experience showed that generally the best
weather to take outcrop photographs is a cloud
covered-sky. Any direct sunlight can easily hide
some structures in the dark shadows. However, in
some locations sunlight was found to be helpful
as the contrast between lighter and darker
components is enhanced.

The films used during this project had a lower
sensitivity to light, i.e. finer grained/higher
resolution films (Kodak Ektachrome 100 and
Kodachrome 64 120 films).

7.1.2 Slide Scanner

The colour slides were scanned with the scanner
Agfa Duoscan and the software Agfa Fototune
and Adope Photoshop, allowing a non-
interpolated resolution in horizontal and vertical
direction of 1000 dpi. The RGB coloured or b/w
images were saved as TIFF files.

7.2 Sedimentological Database

The digitisation and building:up of the database
was carried out using the software ARCINFO. For
the various field sites workspaces are defined, in

which each outcrop interpretation is stored in a
separate coverage.

The different subprograms of ARCINFO allow the
fast on-screen digitisation as arcs of erosional or
bounding faces between different architectural
elements and lithofacies types from the high
resolution coloured TIFF images. Following this
procedure the topology is built by the connection
of single bounding faces to polygons. Polygons
are labelled with IDs according to their lithofacies

- types. The created polygon attribute tables are

saved in files (*.pat, ARCEDIT). The coordinates

of each coverage are transformed to real world
coordinates. '
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Tables (*.def) similar to table 6.6 for each
coverage are build up (INFO).

By linking (joining) the INFO tables to the
polygon attribute tables the database for a
coverage is completed.

The visual output of the coverage data can be
achieved by plotting the TIFF image in
combination with a polygon coverage or grid
with a specified parameter on the screen or to any
other output device (ARCPLOT).

An output example of the coverage st2 from the
field site Steiflingen is shown in figure 7.1. Here
the black and white image is described by two
polygon coverages with the lithofacies types
present and the horizontal  hydraulic
conductivities as defined in table 6.7.

A collection of sedimentological interpretations
of all the outcrops analysed during this project -
from Bittelschiefl and SteiBlingen and an example
from Hiintwangen, Switzerlend - can be found in
annex 8.

7.3 Database to Grid Transfer

The polygon based coverages can easily be
transferred into a grid with specified cell sizes of
the whole or parts of the coverage. The grids
themselves can be exported to ASCII data files.

These include also the grid information such as
number of cells and cell size in horizontal and
vertical direction, as well as any specified

information from the database, e.g. lithofacies
codes, hydraulic conductivities. In this work grids
were written with a numbers (1-23)
corresponding to the lithofacies codes in the order
of table 6.6 or 6.7. Special care has to be taken
for grid regions which are not filled with data
values, as these might lead to errors in other
applications.

7.3.1 Transfer of Gridded ASCII Data
for Geostatistical Analysis

For the geostatistical analysis (Ch. 8) of the two-
dimensional outcrop information using GSLIB
(Deutsch and Journel, 1992), the data needs to be
converted into the software input format. The
program transferring the ASCII data exported
from ARCINFO to the input files used for GSLIB
is called ARCTOGS. The Fortran 77 code is found
in annex 9.

7.3.2 Transfer of Gridded ASCII Data
for Groundwater Flow and
Transport Modelling

The groundwater flow and transport modelling in
chapter 8 is conducted with the software
MODFLOW (McDonald and Harburgh, 1984) and
MODPATH (Pollock, 1989). It requires various
input files with grid information and information
on the flow parameters. All input files are written
with the program PREMFLOW. The FORTRAN 77
code of this preprocessing package is found in
annex 10. More details of the preprocessing will
be given in chapter 8.
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8 2D Groundwater Flow and Transport Modelling

he detaled sedimentological interpretations of
outcrops oller the opportunity (0 evaluate the
effect of  small scale  hydrogeological
heterogeneities on the flow of groundwater and
the transport of contaminants. Effective hydraulic
conductivities  and  porosities  for  ditferent
hydrofacies can be estimated in a heterogeneous
structure of  the  size  of the outcrops
tapproximately 25 m x 5 m).

The modeiling of confined groundwater flow and
reactive  transport  in such  heterogeneous
environments  leads to  effective hydraulic
conductivities, K", for the 2D outerop data sets.
Incorporating the dependence of distribution
coefficients, Ky on the hydrofacies present and
the contact time of the particle in a given cell, the
following advective and sorptive transport
calculations allow the estimation of effective
parameters for porosities. n", and retardation
factors, R™", for specific contaminants.

In the following sections this is described at an
example data set which represents well the

8.1 The Example Data Set

As an example data set, the outcrop ST2 from
SteiBlingen. SW Germany, was chosen (Fig. 7.1).
It includes mainly braided river and debris flow
sediments. The initial polygon-based lithofacies
interpretation was gridded for the use with the
finite  difference  groundwater flow model
MoDpFLOW (McDonald and Harburgh, 1984) into
cell sizes of 0.01 m, 0.025 m and 0.05 m resulting
in different grids of 2227 x 446, 890 x 178 and
446 x 89 cells, respectively. The outcrop ST2,
gridded with 0.025 m cell size, is shown in
figure 8.1. The hydraulic conductivity
distribution of the assigned lithofacies is shown
as natural logarithm, InK, in figure 8.2. The
hydraulic conductivides and porosities used for
the different hydrofacies are based on the
laboratory and field measurements carried out
during this work (Tab. 6.7).

8.1.1

For comparison a statistical summaury of the data

Statistical Parameters

heterogeneous  structures encountered in  the  set ST2, gridded with a cell size of 0.025 m. is
outcrops. given in terms of histograms and semi-
variograms.
EREN mEm P ]
gravel gravel grave gravel sand
bimodal open planar, trough, massive
framework  horizontal

wend of 890 ¢ 178 cells

Fig. 8.1:  The example data set hthotacies i outerop ST2 from Steitlingen. SW Germany. gridded with a celt size of 0.025 m. vesulting in

inK

- o’
TR N S

Fig. 8.2:  The exumple data set: gridded hydraulic conductivity distribution, Ky(m/s). displayed as natursl logarithm, inK,
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8.1.1.1 Histograms

The histogram of the number of cells per
lithofacies type is shown in figure 8.3. The total
of 57.5% of massive gravels (55908 + 35157
cells) indicates a high proportion of debris flow.
It underlines the classification of the deposits as
braided river and debris flow sediments.
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lithofacles

Fig. 8.3: Histogram of the number of cells (percentage) in each of
the 23 lithofacies classes of the example data set

The histogram of hydrofacies types (Fig. 8.4) can
be compared with the proportions in the sections
of Hiintwangen, Switzerland, evaluated by Jussel
et al. (1994). The fraction of 7.7%
(5.8% +19 %) open framework - bimodal
couplets in Hiintwangen is only slightly higher
than the 5.4 % in the section of SteiBlingen.
However, the Hiintwangen outcrop comprises
more horizontal gravels and less sands than the
data set ST2 from SteiBlingen.

40000
91065 24
35000
30000 20._
&
525000 82
I 8
8 20000 e E
: 12 E
2 15000 g
g 8
10000 &
5000 [-—I 4
0 L I )
bimodal open planarirough/ massive sand
framework horizontal gravel
gravol
hydrofacles
Fig. 8.4: Histogram of the number of cells (percentage) in each of

the 5 hydrofacies classes in the example data set

8.1.1.2 Semi-Variograms

Semi-variograms, which were calculated using
the software GSLIB (Deutsch and Journel, 1992),
give an indication of the variances of the
hydraulic conductivity fields and effective

correlation lengths in horizontal (x) and vertical
(z) directions.

As long as statistical stationarity applies, the
variance of the natural logarithm of the horizontal
hydraulic conductivities, InKy (1.55, Tab. 8.1),
should be similar to the sill of the semi-variogram
of InK, in the x direction (1.8, Fig.8.5). The
effective correlation length, defined as 1/3 of the
range (Akin and Siemes, 1988) of K; and K,
structures in x direction results in 1.1 m.

25

seml-variogram y(x)
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E=) 143 o

e
@
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0.0
0.0 20 4.0 6.0 8.0 10.0 12.0
horlzontal distance x [m]

Fig.8.5: Semi-variogram of hydraulic conductivities (InKy and
InK,) in x direction in the example data set

Similarly the variance of the vertical hydraulic
conductivities InK, (1.66, Tab. 8.1) should equal
the sill of the semi-variogram of InK, in the z
direction (1.9, Fig. 8.6). From the semi-variogram
the effective correlation length of structures in z
direction may be approximated as 0.1 m.
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Fig.8.6: Semi-variogram of hydraulic conductivities (InK; and

InK,) in z direction in the example data set

8.2 Groundwater Flow Modelling

On all three different grids (c.f. Ch.8.1) 2D
confined horizontal groundwater flow was
simulated using MODFLOW (McDonald and
Harburgh, 1984). The applied head gradients
differ from 0.001 to 0.002, representing a
minimum and a typical head gradient within
fluvial valley aquifers. The steeper gradient
(0.002) and a gridded section with 0.025 m cell

sizes were chosen for the following flow
evaluation.
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8.2.1 Effective Hydraulic Conductivity

From the flow budget calculations and the

geometry of the model an effective hydraulic

conductivity, Kfeff, can be calculated:

Keff = _Q 8% 8.1
f A Ah
with
A=y .z=445m? .82

__total flow _ 3571-1073m’
time interval 300s
Ah (10044 - 100)m

— e = -1980-107 8.4
Ax  (22.25-0025)m )

resulting in

3
=1190-105 2 83
S

K = 135-10‘312‘- 8.5
This effective hydraulic conductivity, K%, is - as
expected - nearer to the geometric mean than to
the arithmetic mean of the horizontal hydraulic
conductivities (Tab. 8.1). The positive skewness
(Tab. 8.1) of the hydraulic conductivities
represents a distribution such that the arithmetic
mean is higher than the median. The means are
calculated by the pre-processing with PREMFLOW
(sece Annex 10, also used in Whittaker and
Teutsch, 1996, 1998). :

mean horizontal vertical
(x) direction (2) direction

eff, K¢ [m/s] from budget analysis 1.35.10° -

geometric mean of K¢ [m/s) 1.07-10° 2.67-10™

arithmetic mean of K [m/s] 7.26:10° 3.53.10°7
variance 1.42:10° 4,34.10%
skew 6.34 6.34

neg, arithmetic mean of In(Kp) 6.84 8.23
variance 1.55 1.66
skew -1.97 -2.47

Tab. 8.1: Comparison of different averages for the horizontal and
vertical hydraulic conductivities of the example data set

8.3 Transport Modelling

Transport of solutes in groundwater is often not
restricted to pure advection. Many solutes show
some kind of interaction with the aquifer material.
‘In this thesis only the effect of sorption,
particularly the sorption of a potential
hydrocarbon contaminant, will be examined.

The sorptive process may occur fast compared to
the flow velocity then it can be described by an
equilibrium sorption isotherm: the solute
concentration in the water is related to the amount
sorbed onto the solid (linear, Freundlich or
Langmuir isotherm). Or if the sorption is slow
compared to the flow velocity, i.e. the solute
comes not to an equilibrium with the sorbed

phase, a kinetic sorption model is needed (Fetter,
1993).

Neglecting the effect of sorption, a contaminant
transported by advection only leads to an early
breakthrough of a contaminant front. Under
conditions of equilibrium sorption the arrival time

‘of a concentration front is retarded. Often the

contact time of water with the aquifer is not long
enough to allow equilibrium sorption of a
hydrocarbon contaminant to be reached. Thus the
arrival time of a concentration front is earlier than

- that arrival time given by a prediction based on

the assumption of equilibrium sorption.

In the concept applied in this thesis particles were
used (path lines and travel times) instead of
concentrations. Local dispersion was ignored and
only the arrival of a concentration front was
examined. The tracking of particles was
performed with MODPATH (Pollock, 1989) using
the cell by cell fluxes calculated by MODFLOW
(McDonald and Harburgh, 1984). The cumulative
arrival times of the particle tracking by MODPATH
were calculated by a specific post-processing
program RETARD (see Annex 11), which accounts
for the different sorption options described above:
kinetic, equilibrium or none.

In the process applied to simulate kinetic
sorption, generally the contact time of a single
particle in a given cell - and thus the
corresponding kinetic distribution coefficient for
this particular cell and particle - depends on the
flow velocity, i.e. the head gradient, the hydraulic
conductivity and the cell size (discretisation).

It was found that by increasing the number of
particles and/or by increasing the head gradient
over the whole section the cumulative arrival
times, interpreted as breakthrough curves, became
more stable: For 400 or more particles and a head
gradient of 0.002 or more the breakthrough
curves were independent of the different grid
sizes used. Therefore, for the following
simulations 400 particles and a head gradient of
0.002 were used, corresponding to a typical
groundwater head gradient often found in fluvial
valley aquifers. '

8.3.1 Advective Transport Only,
Conservative Tracer

The transport simulation starts with the
distribution of particles along the inflow
boundary. The distribution of particles was based
on the total inflow per cell along the inflow
boundary, i.e. the flux between each pair of flow
lines is the same.
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Fig. 8.7: Pathlines of 25 particles tracked through the example data set on the groundwater head distribution from chapter 8.2, initial

distribution of particles flux dependent on left hand side

The result of the particle tracking from the
advective transport modelling of a conservative
tracer in terms of particle pathlines is presented in
figure 8.7. For clarity the pathlines of only 25 out
of 400 particle pathlines are shown. The high
hydraulic conductivity units (i.e. open framework
gravels) can clearly be identified as they "focus"
the flow lines.
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Fig. 8.8: Cumulative particle arrival times (breakthrough curves)
from 400 particles, representing advective transport only,
advective transport with kinetic sorption and advective
transport with equilibrium sorption
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Fig. 8.9: Histogram plot of log of particle arrival times of 400
particles from advective transport only
To calculate the arrival times for each particle
two methods were applied. Firstly a particular
output file from MODPATH (ENDPOINT) was used,
in which the times for each particle have been
written out. Alternatively the contact times of
each particle within the different cells along the
pathline were calculated from another output file
(PATHLINE) and added up. Both methods were

implemented in the post-processing software
RETARD (see Annex 11).

The cumulative particle arrival times are
displayed in figure 8.8, which (due to the flux
distribution of particles) resemble a concentration
breakthrough curve. In figure 8.9 the arrival time
distribution is displayed ‘in the form of a
histogram.

With the mean arrival time, tso, obtained from the

cumulative arrival time curve (Fig.8.8) an

effective porosity, n°", for the modelled section
- was calculated:

ncff = 8.6
v8
-5
o Q tos _ 1190-10 % 17691055 87
A x 445m>  (2225-0025)m
n°f = 0213 8.8

In the same way, taking the upper and lower
quartiles, togs and tp;s9, from figure 8.8, an
effective dispersion, D*, was calculated (Fetter,
1993).

2
DEFf = [va - (tosn ~touso)] 8.9
8-tos
2
1075 ™. (3442 — 1332)10°
L =l:1.257 10 2. (3442 -1332)10%] £.10
8-1769-10%s

2
D =4972.105 8.11

S

From the effective dispersion an effective

dispersivity, o™, can be followed

2
N 49721075 B 8.12
o = = ‘
Vao o 1257.1075 0
S
o = 39560m 8.13

As advective transport only, i.e. a conservative
behaviour of a contaminant, is not often
encountered in the field it is necessary to
incorporate sorption into the model. In the
following sections equilibrium sorption and
kinetic sorption were applied and their respective
arrival time distributions were compared.
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8.3.2 Advective Transport with
Equilibrium Sorption

8.3.2.1 Equilibrium Distribution Coefficients

The process of sorption of a hydrophobic,
polycyclic aromatic hydrocarbons (PAH), in this
work represented by phenanthrene as an example
of a PAH, can be described as absorption into the
porous aquifer material by the process of
diffusion into the grains and subsequent sorption
onto interior surfaces (intra-particle diffusion;
Grathwohl, 1998). Thus the time until
equilibrium sorption is reached depends mainly
on the grain sizes of the aquifer material present.
However, the absolute value of equilibrium
depends highly on the organic carbon fraction of
the aquifer material. The arrival times of
advective transport modelling with equilibrium
sorption are retarded compared with the
concentration front resulting from advective
transport only.

Assuming that the sorption of a mass of solute
(phenanthrene) onto and into the aquifer material
is at equilibrium with the concentration in the
groundwater and the relation between the sorbed
concentration, s, and the concentration in the

water, ¢, may be described by the Freundlich.

isotherm model (Grathwohl and Kleineidam,
1995)

S=K3q -Cl/f 8~149

where f is the Freundlich coefficient. The
equilibrium distribution coefficients, Kq*, were
determined from pulverised samples (to
accelerate the process of reaching equilibrium
state) of the different litho-/hydrofacies types
used in batch experiments in the laboratory
(Kleineidam, 1998). Two hydrofacies types
(planar, trough, horizontal and massive gravels)
were regrouped into one single hydrochemical
group. Typical Ky values for the hydrofacies
present are listed in table 8.2.

hydrofacies distribution coefficient K4 {Vkg]
bimodal (BM) 140
open framework (OW) 136
gravel (P/T/H &M) 87
sand (S) 19.9

Tab. 8.2: Typical equilibrium distribution coefficients, K4, for
hydrofacies for 100 pg/l phenanthrene in a pulverised
sample

8.3.2.2 Incorporating Equilibrium Sorption

into the Model

The process of sorption can simply b.e
incorporated into the particle tracking modgl if
the isotherms can be approximated by linear

. (kinetic) distribution

isotherms, i.e. the Freundlich coefficient, f, of
equation 8.14 is equal to 1.

In the post-processing of the MODPATH data
(RETARD, Annex 11) equilibrium retardation
factors, R*, were calculated from the distribution
coefficients of each hydrofacies

R¥ = [+p K% A=n 8.15,
n

where p represents an average rock density of
2.7 glem’®,

For each of the advectively transported particles
the contact time per cell and the cell type
(hydrofacies type) were determined from the
MODPATH output file PATHLINE. The cell type
corresponds to a specific equilibrium retardation
factor, which is multiplied with the contact time
in the particular cell to provide a new, corrected
(retarded) contact time. The sum of all retarded
contact times along one pathline results in the
arrival time of the particle due to advection and
equilibrium sorption. The cumulative distribution
of these arrival times is shown in figure 8.8.

Taking the mean arrival time of the equilibrium
sorption breakthrough curve, ty5*%, and comparing
it with the mean arrival time of the advection only
breakthrough curve, tys, an effective equilibrium
retardation factor, R°*, was estimated:

— 105 _ 1024-10°s

8.16
tos  1769-10%s
Re¢f = 57899 8.17

8.3.3 Advective Tfansport with Kinetic
Sorption

The contact times of water with contaminants
under field conditions are often too short to allow

‘equilibrium sorption to be assumed (Grathwohl

and Kleineidam, 1995). Therefore the distribution
coefficients, Ky, depend on the contact times,
concentrations of contaminant and organic carbon
fractions and grain sizes in the hydrofacies types.
In this case the advective contact time of a
particular concentration of a contaminant in a
cell, comparable to the volume used in the
laboratory batch experiments, have to be used to
calculate a specific time, concentration and
hydrofacies dependent kinetic  distribution
coefficient, K¢&"(t, c, hydrofacies).

8.3.3.1 Kinetic Distribution Coefficients

The concentration and contact time dependent
coefficients can be
calculated with an intra-particle diffusion model
(Jsger, 1996). It solves the equation for diffusion
of the PAH into the grains of the aquifer material
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for the different hydrofacies. The information
required for this model is the fraction of different
grain sizes and lithological components, with
particular respect to the carbon content of the
hydrofacies type. Furthermore, the boundary
conditions for the initial contaminant
concentration in the water has to be defined. If
the initial concentration decreases with time it is a
closed system, if it is kept constant over time it is
an open system.

The typical grain size fractions used within the
model for the different hydrofacies are based on
the grain size distributions from samples taken
from the outcrop ST2 in Steifllingen, SW
Germany (Fig. 8.10).
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Fig. 8.10: Grain size distribution curves for samples from the
outcrop ST2 in SteiBlingen, SW Germany (thin lines) on
which the input data for the intra-particle diffusion model

(thick lines) is based
1.0E+02 -
. g g
& 105401 'Q'J i-."“‘“e‘ i ]
) L lfl" it i
: i .erﬁvﬁ-:‘H'ﬁ'~ il
K] d [ i et it [
$ ot -l UG |
o Kozalbimadal) = 140 Ukg L33
5 1{ Kaalopenwork) = 136 Ug |
“g‘ . Kaolgravel) =87 kg | 1|1
E 1“0?;1‘ _}, e, 4 Kaza(sand) = 19.9 kg
5 LUR it E s ] L 1
e B § o e o |
W Cifeite JETE I R i PR R LI S
| S DN | A i W lv'- I
A ;t1h°“"{~ 1-'1d“y.,-'xw-¢!§)l=-~ tyear |l 1 ! n
opmmeon ¢ 70 47 g g T I
1.0E+02 1.0E+04 1.0E+08 1.0E4+08 1.0E+10
contact time [s]

Fig. 8.11: Distribution coefficients, K4 [I/kg], versus contact time t
{s] calculated with an intra-particle diffusion model
(Véger, 1996) for phenanthrene (PAH)

For this modelling exercise the concentration of

phenanthrene in the water is assumed to be

constant over time at 100 ug/l in all cells of the

section, comparable to an "infinite bath" or open
system,

The resulting functions for the distribution
coefficients Kj(t, hydrofacies) are shown in
figure 8.11. The longer the actual contact times,
the closer the distribution coefficients come to the

equilibrium values. However, only sand has a
distribution coefficients which approaches its
equilibrium value: after a contact time of
approximately 10 to 20 days equilibrium is
achieved. In all other hydrofacies, equilibrium is
only reached after contact times of more than
1000 years.

8.3.3.2 Incorporating Kinetic Sorption into
the Model

Similar to the incorporation of equilibrium
distribution coefficients into the particle tracking
approach, linear isotherms have to be assumed
(Ch.8.3.2.2). In the post-processing of the
MODPATH data (RETARD, Annex 11) kinetic
retardation factors, R“", were calculated for each
particle with respect to its contact time in a
particular cell as given in equation 8.15 and
depending on its hydrofacies type of the
particular cell, using the calculated functions of
the kinetic distribution coefficients (Fig. 8.11).

For each of the particles, transported by advection
only, the contact time per cell and the cell type
(hydrofacies type) were determined from the
MODPATH output file PATHLINE. The cell type
and contact time result in a kinetic retardation
factor, which is multiplied with the contact time
in the particular cell to yield a new, corrected
(kinetically retarded) contact time. The sum of all
kinetically retarded contact times along one
pathline results to the total arrival time of the
particle (advection and kinetic sorption). The
cumulative distribution of these arrival times is
shown in figure 8.8.

Taking the mean arrival time of the kinetic
sorption  breakthrough  curve, tos", and
comparing it with the mean of the advection only
breakthrough curve, tys, an effective retardation
factor, R“™ can be estimated:

RYin-eff _ 10y _ 596210% 8.18
tos 1769:10%s
RKin-eff _ 34 8.19

8.4 Comparison of Different
Transport Mechanisms

The large overestimation (factor 171.8) of
contaminant arrival times (breakthrough curves)
under the assumption of equilibrium sorption
becomes obvious when one compares the
effective equilibrium and Kkinetic retardation
factors, R*"*" (578.99) and RN™ (3,37). This
effect is mainly due to the high equilibrium
d%stribution coefficients, Ky, in the gravels,
bimodal and open framework gravels, which are
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not reached under the flow conditions simulated.
This is demonstrated by histograms and "particle
dependent" plots of the contributions of the
different hydrofacies to the total path lengths and
travel times.

Summing up the advective cell contact times per
particle in each of the hydrofacies (bimodal, open
framework, gravel, sand) leads to different
histograms for each hydrofacies (Fig.8.12).
Although not all particles have "seen" all
hydrofacies, distinct differences in the means and
width of the distributions can be found.

Particularly the large sums per particle of the
contact times for gravels and sands show that the
particles spend most of their time in gravels,
followed by sands. In the advective case the
gravels contribute most to the total arrival times,
which is reasonable as the example data set
comprises 57.5 % gravels (Fig. 8.3). The times
are shorter, which are spend by the particles in
the bimodal gravels and open framework gravels.

In the same way the sums of the path lengths per
particle within a particular hydrofacies can be
displayed as histograms (Fig. 8.13).

The longest path lengths are found in the gravels,
followed by shorter path lengths in the sands and

open framework gravels. Interesting are the
shorter sums of path lengths in the bimodal
gravels compared to those in the open framework
gravels. Both normally appear only in bimodal -
open framework couplets and are therefore
similar in size. Whereas the sums of contact times
the particles spend in both hydrofacies (bimodal
and open framework) are similar (Fig. 8.12), the
sums of the path lengths are about one order of
magnitude different (Fig. 8.13).

Although the summarising histograms of
figure 8.12 and 8.13 may give a good overview
about the contributions of the different
hydrofacies to the overall arrival times (here only
for the advective case) much of the information
contained in the "transport history" of each
particle is not displayed. To overcome this
problem a bar charts diagram of the path lengths,
the advective, equilibrium and kinetic sorption
contact times per particle was used.
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Fig. 8.12: Histograms of contact times of particles in the different
hydrofacies types after kinetic retardation

Fig. 8.13: Histogram of contact pathlength of particles in the
different hydrofacies types
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Tig. 8.14: Bar chart of path lengths per particle, divided up into
parts of contributions by the different hydrofacies,
particles numbered according to their spatial position so
that particle number 1 is that nearest to the top of the
aquifer and 400 that nearest to the base

In this way all four histograms of the sums of
path lengths (Fig. 8.13) are combined in one bar
chart (Fig. 8.14). Here the total path lengths per
particle are shown as the sum of the contributions
by the four different hydrofacies. Most of the
total path lengths are only slightly longer than the
total horizontal length of the section (22.225 m,
Fig. 8.14).

Furthermore, the method of plotting the originally
(in the section) flux dependent distributed
particles in equal distance separation, numbered
according to their spatial position so that particle
number 1 is that nearest to the top of the aquifer

and 400 that nearest to the base, takes into
account the different hydraulic conductivities of
the four hydrofacies. Thus, the mass of
contaminant is better represented, as it is moved
through the section (mass remains constant
between two particle flow lines).

Similar to the path lengths, the sums of the
advective only contact times (histogram displayed
in figure 8.12), the sums of the contact times due
to advection and equilibrium sorption and those
due to advection and kinetic sorption can be
presented for each particle, numbered according
to their spatial position in the section (Fig. 8.15 a,
b, ¢, respectively). These plots still represent the
ordering according to their vertical positions. The
arrival time is shown on the horizontal axis.

By resorting the particles according to their total
arrival times and normalising to the mean of the
arrival times it is possible to directly compare the
three different transport scenarios (advection
only, advection and equilibrium sorption, and
advection and kinetic sorption, Fig.8.16 a, b, ¢,
respectively).

Comparing the transport scenarios a and b
(Fig. 8.15 and 8.16) the effect of assuming
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Fig. 8.15: B:ar chart of arrival times per particle as sum of contact
times per cell along the flow path of each particle,
divided up into different parts representing  the

contributions of the different hydrofacies, particles -

nurqbered according to their spatial position so that
particle no. 1 is that nearest the top of the aquifer and 400
that nearest the base. Different transport scenarios: a -
advection only, b - advection and equilibrium sorption, ¢
- advection and kinetic sorption

Fig. 8.16: Bar chart of arrival times per particle as sum of contact
times per cell along the flow path of each particle,
divided up into different parts representing the
contributions of the different hydrofacies, vertical order
of particles sorted according to total arrival times,
norma!ised to mean arrival time. Different transport
scenartos: a - advection only, b - advection and
equilibrium sorption, ¢ - advection and kinetic sorption
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equilibrium sorption conditions in the cells can be
observed. The total contact times particles spend
in the gravels, bimodal and open framework
gravels are much longer than the total contact
times spend in the sand, as the equilibrium
distribution coefficient for sand is much lower
(Tab. 8.2, Fig. 8.11).

Taking into account the distribution coefficients,
K, corresponding to the contact time a particle
spends in a cell of a particular hydrofacies results
in the third transport scenario c: "advection and
kinetic sorption". Comparing this to the other
scenarios underlines the importance of the sands
for the retardation of the example PAH
contaminant phenanthrene under realistic flow
conditions. The sands reach their equilibrium
sorption conditions much earlier than the other
hydrofacies.

Furthermore, the bar charts of the particle’s arrival
times sorted according to their total arrival times
(Fig. 8.16) may be -used to explain which
hydrofacies’ retardation is represented in each
part of the different breakthrough curves. In the
case of advective transport only the contribution
of the sands to the arrival times is nearly equally
distributed over all particles (only the. latest
arrivals are due to particles which have not passed
through sands). Under conditions of equilibrium
sorption the retardation in the sands is lower than
in the other hydrofacies, represented not only by
an overall shorter length of the bars in the plot but
also by the clustering of sand contributions at the
fastest arrival times. For kinetic sorption the sand
is the only hydrofacies for which the sorption
reaches equilibrium conditions. Thus the latest
arrivals are mainly due to the sorption in the
sands, whereas the fastest arrival times are
represented by particles not passing through
sands.
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9 Conclusions

For the accurate determination of flow paths and
contaminant transport in heterogeneous sand and

gravel aquifers such as valley fills an approach

was used which combines the sedimentological
information outcrop/aquifer analogues (outcrops
of similar composition than the aquifer in
question) with the hydrogeological properties of
the sedimentological units mapped.

A sedimentological classification was developed
for the lithological facies (lithofacies)
encountered in the glaciofluvial Quaternary
outcrops in the field areas of this project (in co-
operation with Asprion, 1998 and Kleineidam,
1998). This classification is mainly adapted from
the sedimentological work of Miall (1985, 1996)
and Keller (1992, 1996). Beside the information
about the main components (gravel or sand), the
layering (planar, trough, horizontal, massive or
graded) and the texture (matrix or component
supported) the lithofacies types include also

information on the characteristics of the grain size -

distribution curves (bimodal or open framework
gravels) which are important for their hydraulic
behaviour. : '

Typical hydrogeological parameters such as
horizontal and vertical hydraulic conductivities,
porosities and kinetic sorptive distribution
coefficients were determined for the lithofacies
types using various measurement techniques in
the field and laboratory. On the basis of these
estimated hydrogeological parameters the 23
lithofacies types were reduced to five relevant
hydrofacies types (bimodal, open framework,
massive and planar/trough/horizontal gravels and
sands). From these five groups the massive and
the planar/trough/horizontal gravels of each field
site showed ‘similar behaviour with respect to
hydrocarbon contaminant sorption therefore both

hydrofacies were assigned identical sorption
characteristics.

The hydraulic conductivities were derived as a
single, characteristic value for each hydrofacies
type from water permeameter, sieve analysis, gas
tracer and pneumatic measurements in sifu and in
the laboratory. Only the open framework gravels
(2.52:10" m/s horizontally and 1.39-10"! m/s
vertically) showed a significant difference by two
to three orders of magnitude to the other
hydrofacies. The in situ measured differences
between horizontal and vertical hydraulic
conductivities were larger for massive gravels
(5.37-10*m/s horizontally and 2.99-10% m/s
vertically) and planar/through/horizontal gravels

(3.96.10% m/s horizontally and 6.61-10° m/s
vertically). No anisotropy was detected for the
sands and bimodal gravels (1.10-10° m/s and

1.16:10* m/s, respectively).

The porosities measured in the laboratory resulted
to 0.42 for sand, 0.36 for open framework
gravels, 0.30 for bimodal gravels and 0.27 for
planar/trough/horizontal and massive gravels.

The hydraulic conductivities were mainly
determined using a newly developed gas tracer
and pneumatic technique. The technique was
applied both in the field (for direction dependent
permeabilities of undisturbed outcrop material)
and in the laboratory (column experiments on
disturbed material). The field application proved
to be successful for most hydrofacies types
although the technical equipment is expensive
and the measurement of pressure differences is
difficult. As the difference between horizontal
and vertical - conductivities is often not large,
future measurements should be based on a few in
situ tests combined with further measurements in
the laboratory. There the gas measurements allow
a generally faster testing than using the water
permeameter. However, often higher sample
volumes are needed to achieve measurable
pressure differences over the columns used.

To obtain a spatial distribution  of
hydrogeological parameters for a given outcrop
analogue the lithofacies of the outcrop were
identified and mapped digitising photographic
images. Hydrogeological parameters were
assigned to the lithofacies on the basis of their
classification into hydrofacies and stored in a
database. A gridded outcrop section was
produced from the polygon-based database for
the purpose of geostatistical analysis of hydraulic
conductivities as well as groundwater flow and
transport modelling,

From the modelling of confined groundwater
flow and contaminant transport for a particular

example data set a few general implications can
be inferred.

Considering only the hydraulics of a
heterogeneous gravel and sand aquifer the
possibility of the existence of preferential flow
paths for the advective transport of contaminants,
created by the connection of different high
conductivity structures, depends mainly on the
frequency and individual length or width of open
framework gravels. At any location where open
framework gravels are interrupted by material of
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two to three orders of magnitude lower
conductivity, the local effective conductivity is a
result of the geometric mean of both
conductivities so that it is dominated by the low
conductive material. For the. two-dimensional
outcrop sections evaluated during this work none
showed such a high proportion of open
framework gravels that preferential flow paths
could exist (neither in horizontal nor in vertical
direction). The individual length of open
framework gravels - rarely exceeded 2 m, the
height was often less than 0.3 m and the fraction
amounted to less than 8 % of the whole section.
Even in three dimensions it is very unlikely that
in such a glaciofluvial depositional environment
any preferential flow paths may exist over longer
distances. Preferential flow paths can probably
only be expected in environments where open
framework gravels represent a higher percentage
of the total sections than that found in the area
investigated during this project. Furthermore, the
deposition of open framework gravels is
sedimentologically coupled to the deposition of
lower conductive bimodal gravels (bimodal -
open framework gravel couplets), hence the
probability of finding open framework gravels
not interrupted by bimodal gravels is' very low.
Thus, in the absence of preferential flow paths
over longer distances, the effective hydraulic
conductivities in such environments may be
estimated by the geometric mean of the
conductivities of the single components.

For the transport of e.g.
contaminants in heterogeneous environments the
effects of the hydrofacies are somewhat different.
The movement of a concentration front of a
contaminant is often retarded by sorption,
depending on the different sorption characteristics
of the hydrofacies. In particular the absorption
into the grains of the aquifer material by intra-
particle diffusion plays an important role in
determining the arrival times of a contamination
front. The proportion of a solute sorbed to the
aquifer material is described by the distribution
coefficient. The equilibrium  distribution
coefficients of the different hydrofacies depend
on the fraction of organic carbon present. Thus
the sands, which are mainly composed of quartz,
have the lowest equilibrium distribution
coefficients. However, this equilibrium state is
rarely reached under natural flow conditions. In
general due to the short contact times between the
contaminated water and the aquifer material,
sorption cannot be expected to reach its
equilibrium. For a hydrophobic organic
compound like the PAH phenanthrene, contact

hydrocarbon

times of more than 1000 years are needed for
larger grain sizes. Only the sands may allow to
reach equilibrium conditions after only 10 to
20 days. This means that in the modelling case
study presented here the effective retardation of
the breakthrough of a contaminant front mostly
depends on the proportion of sands encountered
in the sections. In the example data set a
proportion of approximately 12 % of sand led to
an effective retardation factor of 3.4 (as compared
to a retardation factor of 579 for equilibrium
sorption).

Hence the statistical description of the
sedimentology, i.e. lithofacies composition in
outcrop analogues combined with in situ and
laboratory measurements of hydrogeological
parameters can be used to gain substantial
information about the flow of groundwater and
the transport of contaminants in heterogeneous
environments. On the basis of a typical outcrop
data set representing a proportion of an aquifer
and with the help of some groundwater flow and
contaminant transport simulations, effective
hydraulic conductivities and effective retardation
factors for specific contaminants were estimated.
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Annex 1: Derivation of Analytical Solutions for Gas Flow

Annex 1: Derivation of Analytical Solutions for Gas Flow

Analytical solutions for the flow of gas in porous media are general solutions of the differential
equations for the pressure distribution in one, two or three dimensions (radial symmetric). For the
purpose of this study the differential equations are derived assuming mass continuity and steady state
flow conditions. The individual functions of pressure distribution for the compressible or
incompressible condition are then given respectively. The figures in this annex show cases, typical for
the field conditions encountered, i.e. the pressure drop in the field rarely exceeds 10* Pa (= 100-10% Pa
= 100 HPa = 100 mbar) and the distance r between extraction (r = 0 m) and injection points (r > 0 m) is
not larger than 1 m.

A 1.1 One Dimensional Differential Equation

Steady state flow and continuity of the mass flux in one dimension are represented by

9 0 d k-A ap(r))] _ . 1.
g(pg(r)-Q) = E(pg(r)' V(r)‘A) = g[pg(r)‘[‘—ﬁ:'—ar—]] =0 L ALl
A1l.1 can be rewritten using the general state equation for gases,
p(r)'v=ng'Rg'Tg Al.2
o el Al3,
Palr)= ngRg Ty
af kA mg 9p(r) - Al
® E[ Mg ngRy T p(r) or 0

As all parameters (apart from the pressure) are assumed to be constant over r, for the one dimensional
case of flow through a column the general differential equation is given by

g;[p(r).ag_gf)] -0 ALS.

A 1.1.1 Compressibility Assumption -

Considering the compressibility of gas, density is a function of the actual pressure present in the
sample,

o(r)= p(p(r)) # const Al.6,
leading to a general solution for Al.5 in thé form
)=z ETE) ’ AL7
where A and B are constants. '

Applying the boundary conditions

(), =P and p(),, =P2 AlS8
results in a pressure distribution of
2 2 -
_ |P2=P1 (. 2 AL9
p(r)= - (-1 )+pf
() __vi-pt | AL.10.

with the derivative given by o 2(r-1)p0)

Figure A1.1 shows the distribution of pressure and pressure gradient2 for compressible steady state gas
flow in a column of 1 m length due to a total pressure drop of 100-10° Pa.
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Fig. A1.1: Pressure, p., and pressure gradient, p', distribution over a
one dimensional column of 1m length with a total
pressure drop of 100-10°Pa from analytical solution,
considering compressible steady state gas flow

Fig. A1.2: Pressure, p;, and pressure gradient, p’, distribution over a
one dimensional column of 1m length with a total
pressure drop of 100-10% Pa from the analytical solution,
assuming incompressible steady state gas flow

A 1.1.2 Incompressibility Assumption

Assuming incompressibility of the gas, density is not a function of the pressure present in the sample,

p(r)=p = const Al.ll,
leading to a general solution of ALS in the form of
p(r)=A-r+B Al.12,
where A and B are constants.
Applying the houndary conditions of A1.8 leads to
) =B2RL )1, AL13
L-n
with the derivative %) _pa-pr Al.14.
" or -1

Figure A1.2 shows the distribution of the pressure and pressure gradient for incompressible steady state
gas flow in a column of 1 m length due to a total pressure drop of 100-10° Pa.

A 113 Comparison
Comparing both pressure distributions (Fig. Al.1

0.0014 y 0.06
and Fig. Al1.2), the resulting errors in assuming Co ! ‘.
incompressible flow are minimal with respect to | § noote |- RN l ' 0.04
the analytically calculated compressible pressure % 00010 ~} ; ',p(r)
and pressure gradient. o / i : 002 5%
- £ F0.0008 i \\ | =
In Figure Al3 the errors in the pressure and ﬁ% ! Lotf. 0w EF
pressure gradient distribution, resulting from the | 53°%® s RR 5E
assumption of incompressible gas flow, are plotted | & oot AN oo 58
versus distance and relative to the analytical | & | } . 5
solution of compressible steady state gas flow. The el VA | SRR e
comparison of pressure distributions shows a 00000 ‘ l ' 008
maximum error of only 0.14 %, whereas the error 02 04 06 08 "
of the pressure gradient distributions ranges  detmreerim

linearly over distanc
atr=1m. ‘

e from 5% at r=0m to -5 % Fig. AL3: Error of pressure, p, and pressure gradient, p, distribution

over 2 one dimensional column of 1 m length with a total
press.ure drop of 100:10%Pa relative to the analytical
solution considering compressible steady state gas flow
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A 1.2 Two Dimensional Radial Symmetric Differential Equation

Steady state radial flow and continuity of the mass flux in two dimensions can again be represented by
Al.1. Using the general state equation for gases (A1.2, A1.3) leads again to A1.4.

The flow passes through a cylindrical surface A. This cross-sectional area A does not remain constant
over r, since .

A=2.m-l-r _ ' Al.15.
This leads to a differential equation of the form
A 2wk mg 30 Al.16.
ar( Bg Mg Ry T, - p(r) arJ_O

All other parameters (apart from the pressure) are assumed to be constant over 1, so that the general
differential equation in the two dimensional case is given by

%(r.p(r). a;(rr)) =0 Al.17.

A 1.2.1 Compressibility Assumption

Considering the compressibility of gas, density is a function of the pressure present in the sample
(AL.6), leading to a general solution for A1.17 in the form

p(r)=1/2'(A-ln(r)+B) "A1.18,

Applying the boundary conditions of A1.8 this results in

where A and B are constants.

Al.19

with the derivative () __ pi-pi A1.20.
2~r-ln£g—-p(r) '
h

Figure A1.4 shows the distribution of pressure and pressure gradient for compressible steady state gas
flow in a two dimensional radial flow field over a radial distance of 1 m length due to a total pressure

drop of 100-10° Pa.
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Pressure, p;, and pressure gradient, p’, distribution over a
two dimensional radial flow field of 1 m radius with total
pressure drop of 100-107 Pa from the analytical solution,
assuming incompressible steady state gas flow

Fig. A1.4: Pressure, p., and pressure gradient, p%, distribution over a Fig. ALS:
two dimensional radial flow field of 1 m radius with total
pressure drop of 100-10° Pa from the analytical solution,
considering compressiblé steady state gas flow
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A 1.2.2 Incompressibility Assumption

Assuming incompressibility of gas, the density is not a function of the pressure present in the sample
(A1.11), leading to a general solution of A1.18 in the form

p(r): A-ln(r)+B Al.2l,
where A and B are constants.

Applying the boundary conditions of A1.8 this results in

In-2 f
I
with the derivative - 9() _pa-py A1.23,
or rp
r-ln—=

Figure A1.5 shows the distribution of the pressure and pressure gradient for incompressible steady state
gas flow in a two dimensional radial flow field over a radius of 1 m due to a total pressure drop of
100-10° Pa.

A 1.2.3 Comparison

Comparing both pressure distributions (Fig. Al.4 0014 l 0.08
and Fig. Al.5), the resulting errors in assuming \ ; E 1

incompressible flow are minimal with respect to | " : i 004
the analytically calculated compressible pressure or | 2 o000 ; : P C -
pressure gradient. _ -2%0.0008 | : o0z '%
In Figure Al.6 the errors in the pressure and % A o) ow £
pressure gradient distribution, resulting from the ‘5%0'0006 s;‘_:‘
assumption of incompressible gas flow, are plotted | § o4 S ! 002 58
versus distance and relative to the analytical | £ LTSN 5
solution of compressible steady state gas flow. The o000 ' f e o
comparison of pressure distributions shows a 0.0000 : ' i BN
maximum error of only 0.14 %, whereas the error ° 02 o 08 0s

of the pressure gradient distribution ranges over e

distance from 5 % atr=0mto-5% atr=1 m. Fig. AL.6: Error of pressure, p, and pressure gradient, p’, distribution

over a two dimensional radial flow field of 1 m radius
with a total pressure drop of 100-10°Pa relative to the

analytical solution considering compressible steady state
gas flow

A 1.3 Three Dimensional Spherically Symmetric Differential Equation

Steady state radial flow and continuity of the mass flux in three dimensions can again be represented
by Al.1. With the general state equation for gases (A1.2, A1.3) this results in A1.4.

The ﬂovy passes through a spherical surface A. This cross-sectional area A does not remain constant
over r, since '

. A=4.q.¢? | ' Al.24,
This leads to a differential equation of the form :

L —'_.—'_“[_—.""rz'l’(r)'%}:() Al1.25.

All other parameters (apart from pressure) are assumed to be constant over T,

. . S t eneral
differential equation in the three dimensional case is given by so that the g

a%[rZ . p(r).%(;r)] -0  AL.26.
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A 1.3.1 Compressibility Assumption

Considering compressibility of gas, density is a function of the pressure pfesent in the sample (A1.6),
leading to a general solution for A1.26 in the form

p()=y-2A+28. - AL27,
where A and B are constants.

Applying the boundary conditions froxh A1.8 this results in

2_ 2 : ,
o(r)= \/%le:lL"Z .(1_%) +p? A1.28
2_.2 e,
with the derivative Ip(r) _ (p 27P ‘) T A1.29.

. o  2.r%.(ry~n)-p(r)
Figure A1.7 shows the distribution of the pressure and pressure gradient for compressible steady state
gas flow in a three dimensional radial flow field over a radius of 1 m due to a total pressure drop of
100-10° Pa.
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Fig. A1.7: Pressure, p., and pressure gradient, p’, distribution overa  Fig. AL8: Pressure, p;, and pressure gradient, p}, distribution over a

three dimensionai radial flow field of 1 m radius with a three dimensional radial flow field of 1 m radius with a
total pressure drop of 100-10?Pa from the analytical total pressure drop of 1()0-102 Pa from the analytical
solution, considering compressible steady state gas flow solution, assuming incompressible steady state gas flow

A 1.3.2 . Incompressibility Assumption

Assuming incompressibility of the gas, density is not a function of the pressure present in the sample
(A1.11), leading to a general solution for A1.26 in the form :

A .
()= -24 A1.30,

where A and B are constants.

Applying the boundary conditions from A1.8 this results in

_P2a-p _ [{_L Al.31
p(r) = P [1 r)“'Pl
with the derivative M: _P2TPL g, - ‘ Al32.

or 1‘2 . (rz - I'])
Figure A1.8 shows the distribution of pressure and pressure gradient for incompressible steady state‘
gas flow in a three dimensional radial flow field over a radius of 1 m due to a total pressure drop of
100-10 Pa. |
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Annex 1: Derivation of Analytical Solutions for Gas Flow

A 1.3.3 Comparison

Comparing both pressure distributions (Fig. Al.7
and Fig. A1.8), the resulting errors in assuming
incompressible flow are minimal with respect to
the analytically calculated compressible pressure or
pressure gradient.

In Figure A1.9 the errors of the pressure and
pressure gradient distribution, resulting from the
assumption of incompressible gas flow, are plotted
versus distance and relative to the analytical
solution of compressible steady state gas flow. The
comparison of pressure distributions shows a
maximum error of only 0.14 %, whereas the error
of the pressure gradient distributions ranges over
distance from 5 % atr=0mto -5 % atr=1m.
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Annex 2: Analytical Solutions for Gas Tracer Breakthrdugh
Curve Evaluation

The analytical solutions for the transport of gas or water in porous material are derived from the
advection-dispersion-equation (ADE) under specific flow conditions (one-, two-, three-dimensional or
radial situation). In this annex a broad overview is given to the different forms of ADEs and their
analytical solutions. However, for the purpose of this project only analytical solutions for one-
dimensional flow fields need to be considered, as the convergent radial flow fields can be
approximated by one-dimensional flow fields as long as the ratio of advection to dispersion is large
enough, i.e. > 3. This ratio is described by the dimensionless Peclet number, Pe, (Sauty, 1980)

pe = Yad A2.1
D
where d is a characteristic length of the porous media (e.g. mean diameter of the grains or the pores).

The basic advection-dispersion-equation, which can be used to develop specific ADEs for the different
flow conditions, is given by

R-%=V(D-Vc)—va-Vc ' A22

(Jackson, 1980; Sauty, 1980), where D is the tensor of the dispersion coefficient.

To describe the flow of a tracer in porous media along a stream line in x direction under steady state
flow situations the following ADEs are used:

1D (Sauty, 1980) R.%§=DL.§:_§_VE X A23,
2D (Sauty, 1980) r&Ep, 'gj—f“’T '-g-;—;-vﬂ X | A24,
3D (Jackson, 1980) r-Eop, .Z_:;+Dy -j—}wz-%}—v_a X A25,
2D-radial (Sauty, 1980) R~g—f= D, .%:.224,_1:71:_:;_% 2 A2.6.

In the case of a conservative tracer the retardation factor is unity, R = 1, simplifying these equations
further.

The different one-, two-, three-dimensional or radial flow conditions are discussed here with respect to
the three different initial and boundary conditions for the tracer input:

Dirac or slug input,
continuous injection,
injection over time interval At.

Various authors have applied these boundary conditions and developed the analytical solutions (Hafner
et al., 1992; Jackson, 1980; Lenda and Zuber, 1970; Fried, 1975; Moench, 1989; Ogata, 1958; Ogata,
1970; Sauty, 1977; Sauty, 1978; Sauty, 1980; Van Genuchten and Wierenga, 1976; Van Genuchten,
1981). In the following sections the analytical solutions for the specific cases are given for reference.
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A 2.1 Dirac or Slug Input
A 2.1.1 One Dimensional Transport

Initial and boundary conditions:
c(x,0)=0 for x>0
c(0,t) = %-S(t) with 8(t)=0 for t#0, §(t)=co for t=0

Eme(xt)=0 : A2.7

X—300

Analytical solution (Lenda and Zuber, 1970):

| Gl
c(x t)=—¥---_—h——-.ex N RJ A2.8
" Q JamDyt 4DL'{{_

A 2.1.2 Two Dimensional Transport
Initial and boundary conditions:
c(x,3,0)=0 for x>0, y>0
c(0,0,t)=%~8(t) with 8(t)=0 for t#0, 8(t)=ce for t=0

lim c(x,%,t)=0 A29

Xoy—r00

Analytical solution (Jackson, 1980):

' (X—Va’t)z
M 2
c(x,y,t)=———-——————.£.ex - R _— y A2.10
4-1E-n-"DL'DT t 4'DL",E 4'DT’-‘—

A 2.1.3 Three Dimensional Transport
Initial and boundary conditions:
c(x,y,z.0)=0 for x>0, y>0, z>0
¢(0,0,0,t)= %-G(t) with 8(t)=0 for t#0, 8(t)=co for t=0

lim c(xy.zt)=0 A2.11

XYz

Analytical solution (Freeze and Cherry, 1979):

(X_L\__t_)z
2
c(x,y,z,t)=8 ) M -exp| — Rt —y - 2 A2.12
(m-n)**. /D, D, D, 4Dy 4'Dy~—é— 4'Dz"it€

A 2.1.4 Convergent Radial Flow

The transport @n diverging and converging radial flow can be approximated by the analytical solution
f)f one-dimensional transport .(Sauty, 1977; Sauty, 1978; Sauty, 1980) as long as the Peclet number, Pe,
is larger than 1 and 3, respectively. This leads to the following initial and boundary conditions:

¢(r,0)=0 for r>0
M '
c(O,t)=—é--8(t) with 8(t)=0 for t#0, §(t)=co for t=0

lime(r,t)=0 A2.13

I—o0

Analytical solution (Sauty, 1977; Sauty, 1978; Sauty, 1980):
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=— | (r Va.t) ' | A2.14
_M, Va . R .
c(r,t) Q Jan. — ex 4: L_t

R

A 2.2 Continuous Input
A 22,1 One Dimensional Transport

Initial and boundary conditions:

¢(x,0)=0 for x>0
c(0,t)=cq for t>0
lim c(x,t)=0 . ' A2.15

X=o0

Analytical solution (Ogata, 1958; Ogata, 1970):

Vot

- X+
c(x,t)=-c—°—- erfe] =B +exp(v°'x}.erf _—R A2.16
2 ‘f4-D L PL 4.D ~
L R L R
using the complementary error function, erfc, which is defined as -
erfo(y) = —‘/2;.- };exp(—ﬁz)' du A2.17.

When transport is strongly dominated by advection (Peclet number Pe > 10) equation A2.16 can be
approximated (Sauty, 1980) by

x—
c(x,t)=£9—-erf —R A2.18.
2 4.D, .~
LR
A 2.22 Two Dimensional Transport
Initial and boundary conditions:
c(x,y,0)=0 for x>0, y>0
c(0,0,t)=cy for t>0
lim c(x.y.t)=0 A2.19
Xyy—yeo
Analytical solution (Fried, 1975; Sauty, 1980):
: 2
o Va'X).w 2 'R'DT,a] | A2.20
c(x’y’t)—4-n-n-ﬁL-DT exp(Z'DL [ vZ.t
ve |X2, ¥ A221
where a=—2- —D_%:-*‘DL‘DT .
2
el
and W[u,8]= | v dy A2.22
u

W is the well-known Hantush function for the drawdown around a well in a leaky aquifer.

A 2.2.3 Three Dimensional Transport
No analytical solutions have been found.

A 2.2.4 . Convergent Radial Flow

The transport in diverging and converging radial flow can be approximated by the analytical solution
of one-dimensional transport (Sauty, 1977; Sauty, 1978; Sauty, }9.8.0) as lpng as the Pecl,e} pumber, Pe,
is larger than 10 and 3, respectively. This leads to the following initial and boundary conditions:
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c(r,0)=0 for r>0
c(0,t)=cp for t>0
lime(rt)=0 A2.23

=00

Analytical solution after (Ogata, 1958; Ogata, 1970):

r_Va't H_Va't
c(r,t)=—c—°—' erf R |+exp 2l erf R A2.24
2 ‘/4 Dy Do J4 D, -~
Dy — Dy —
R R

A 2.3 Input over a Time Interval At

In cases where the interval of the injection time is long in comparison to the time until breakthrough
occurs, both aforementioned conditions (slug and continuous input) are not appropriate. It is then
necessary to use one of the following analytical solutions. Both solve the equation by assuming a
superposition of two continuous injections. The first injection with the concentration ¢y and the second
with a delay of At (the injection time interval) and a concentration -co. The resulting analytical
solutions are used in a FORTRAN 77 code to fit the measured data values from field and laboratory
measurements. The difference of both analytical solutions lies only in the different boundary
conditions assumed.

The following descriptions are restricted to the case of one dimensional transport with the variable x.
The method is, however, applicable for transport in a radial flow field (see above).

A 2.3.1 Hifner Solution (constant concentration)
Initial and boundary conditions:

¢(x,0)=0 for x20

O<tg
c(0,t) = {c(;) for :: AtAt

lime(x,t)=0 for t20 A2.25

x—3o0

The boundary condition is given by a concentration step function representing a sudden change in
concentration at the times t =0 s and t = At.

Analytical solution (Fried, 1975):

XV, | t—At!
e o A2.26
ClX,t)= . L .
27 x—{n.{ exp( J dn
Equation A2.26 can be written in a non-integral form (Héfner et al., 1992):
- co -£(x,t) 0<t<Af
(1) {co e, t)- £(x, - At)] for = At A227
c_Ya'?T VT
f(x7)=L | orfd R +exp[va'XJ.erf X A2.28
2 J4.D X Dy 4.0 T
L'R Dy
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A 2.3.2 Van Genuchten Solution (constant mass flux)
Initial and boundary conditions:
¢(x,0)=0 for x20

. Dy 9 Co O<t<At
fim | ox, )~ 2. L cx, )| =
x'—TO[C(X ) t)] {o or s

lime(x,t)=0 for t>0 A2.29
X—y00

The boundary condition is given as a mass flux boundary representing a reservoir supplying a mass
flux into the medium/aquifer. '

Analytical solution (Van Genuchten, 1981; Van Genuchten and Wierenga, 1976):

_ co - g(x.t) o<tsa
c(x, t) - {co .[g(x. t)— g(x, t—- At)] for t>At A2.30

v
X ~

a'T

. 2- . x+
g(x,-‘t)=l-erf R _|.L 12y Yot e Ya X ) o] R

2 2 D R:D D :
4'DL‘£‘ L L L ’4'DL‘1
R R

‘ (x_va"c)z .
I T R

. ;ex -—
yn-R-Dp 4Dy~
R

A2.31

+V,

A 23.3 Program DTTRACER

The numerical simulation of both analytical solutions (Ch. A 2.3.1 and A 2.3.2) is not straight forward,
since the FORTRAN 77 coding of the expressions for the complementary error function and the
multiplicative combination of a complementary error function and an exponential function required the
use of more complex series expansions. Otherwise numerical overflow results.

After Hifner et al. (1992) the complementary error function, erfc (Eq. A2.17), can be approximated by
a series expansion in the form of ' :

erfe(y)=A- exp(-yz) for y=0 A2.32
etfe(~y) = 2-erfe(y) for y<0 v A2.33
where A is a series expansion _ '
A=P1'Z"sz‘Zz""Pa'ZS+P4'Z4+P4'Z4+Ps'zs A2.34
2= — A2.35
1+poy
and the coefficients . po= 0.327591000

p1= 0.254829592
pa= -0.284496736

ps= 1421413741 |
ps= -1.453152027 :

ps= 1.061405429 A2.36

The multiplicative combination of a complementary error function and an exponential function can be
approximated similarly: |

erc(y;,y2) = exp(y1)- erfe(y,) A2.37,
erc(yp,y2)= A" °XP(Y1 - Y%) A2.38,
! A2.39.

where z=
1+po-y2

A as in equation A2.34 and the coefficients as in equation A2.36.

Furthermore it was necessary to rewrite the van Genuchten (1981) solution (Ch. A2.}32) in a form more
suitable for program coding. The last two terms of equation A2.31 can thus be combined
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2
Vol
Va'T : X ——s
2 x+~—2 I [ R )
—-—1--[1+V“'x+ v"‘t)-exp(v“'x]-erf R_|+vy- T ex
2

n-R-D D .
\[;DL'% | L 4-DL-

' 2
¥yt
(x R 1 VytX vg-'c T A2.40
=exp —~——— e e A LA by,
T 2 Dy R:Dp n-R-Dp
4-DL-E )

resulting in a new form of equation A2.31

2
Vo T (X_Va"r)
x—-
R _ R

+ex
J4.DL.% ‘ 4'DL‘

2
2(x,7) = = erf Jolfjpvaex, ),y [ = A241
2 2 Dy R:Dy n-R-Dg

The resulting FORTRAN 77 program DTTRACER allows the calculation of breakthrough curves either

after the solution of Hafner et al. (1992) or van Genuchten (1981) with respect to different input
parameters:

X
R

distance x [m],

injection time interval At [s],

duration of tracer test ty, [s],

tracer velocity v, {m/s],

dispersivity o [m],

coefficient of molecular diffusion D,, [m%/s] and
retardation factor R [-],

which are specified in a separate file called INPUT.DAT. A program listing of DTTRACER.F and a listing
of an example input file INPUT.DAT are given in the annexes A 3 and A 4, respectively.

To display the fitting results on the screen the program UNIGRAPH 2000 was used. To simplify the
process of manual iteration the graphics program was run in a batch mode, which allows the execution
of a series of different commands. Another, more automatic iterative procedure (based on regression
analysis) to fit the measured data with calculated data is described in Holz (1997).

In figure A 2.1 the differences of the two analytical solutions after Hafner et al. (1992) and van
Genuchten (1981) are displayed for an example case similar to the breakthrough curves resulting from
field tracer tests. It is obvious that the differences in these cases are very small. In some cases the
numerical evaluation of the van Genuchten (1981) solution gives numerical errors, i.e. the numerical

evaluation of the solution after Hafner et al. (1992) is more stable under extreme input parameters such
as very small velocities or dispersion coefficients.
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Fig, A2.1: Analytical solutions, after Hifner et al. (1992) and van Fig. A2.2: Analytical solutions after H#fner et al, (1992) for

Genuchten (1981), for breakthrough curves calculated by breakthrough curves calculated by DTTRACER with
DTTRACER with input parameters: distance x=0.5m, different injection time intervals At=t; Other
injection time interval At=10s, tracer velocity parameters similar to those in Fig. A 2.1

v, =0.02m/s, dispersivity o=0.005m, diffusion

coefficient Diff = 1.69-10°° m%s, retardation factor R = 1
To compare the effect of different injection time intervals At=t;, with respect to the length of
measurement it can be shown (Fig. A 2.2) that not only the widths of the breakthrough curves are
change relative to the duration of injection but also the time of maximum concentration decreases with
shorter injection intervals.

Different tracer velocities v, change only the position of the breakthrough curve along the time axis
(Fig. A 2.3), whereas a change in dispersivity o (Fig. A 2.3) affects only the width of the curve
(without change of position; maximum concentration remains nearly at the same time).

1.0 ‘ 1.0 ; T T
| |
09 : /e 0.9 l
08 j— - vam00t18mis] g, 08 (- 2=0001] |
; | 1 f— « 8=0,003
= j— - va=0.019rnlol I" 307 =0,
g 07 fmvn = 0,02 s 5% —a= g.gg:' ‘ |
e aw wa=gzd
S 0.6 ! va =0.021 m/s S 08 T i ‘
% (eme = yax0.022 M/s I,' N g a-O-OOS! . ;
: ! N o “
505 ; N 5 05 '
= =] '
.% 0.4 % 0.4
£ 03
508 g
0.2 02
0.1 ' 0.1
0.0 00 AN
0 10 20 30 40 50
° 10 time t [s]
time t [s]

Fig. A2.3: Analytical solutions after Hifner et al. (1992) for  Fig. A2.4: Analytical solutions after Hifner et al. (1992) for

breakthrough curves calculated by DTIRACER with bfeakthrough curves calculated by DTTRACER with
different tracer velocities v, Other parameters similar to different dispersivities ¢ Other parameters similar to
those in Fig, A 2.1 those in Fig. A 2.1

Figure A.2.5 shows the effect of differing coefficients of molecular diffusion Dp. Fox: values of less
than that for diffusion of CO, in air (1.69-10° m%s) - diffusion of CO, in a porous media should result
in even smaller values (Ch. 3.4) - there are only minor differences to be observed.

Finally in figure A 2.6 the sensitivity to retardation factors R is shown. The shift of the whole curve to
later times with increasing retardation factors can be observed.

75



| 1.0 - -
A ARPY AN
| L
o 0.8 . \l
1 /
: 08 !
. AR
o %07 .
’ ’ .
i Eos | - diff =169 E3mss|| ¢ l \\L
| =, U 1 N N
§i g e s ditf =169 Edm2s}| \
; £ 0.5 [mmmmdiff = 1.69 E-5 m2/s —F
E § " -« diff =169 E-6 m2lsi | * [ “
804 = —diit=1.69 £7 mare |/ \ X
: g 03 A ( AVAR
: g 5 I \ N,
! 02 7 /' \\\ g
041 - N

o
=

\\
‘\
(;

o
-
o

20 30 40 50
time t{s)

l Annex 2: Analytical Solutions for Gas Tracer Breakthrough Curve Evaluation

1.0 - .
[}

0.9 l !

0.8 —_— R=1
= f= v R=1.05
E 0.7 frmmmR = 1.1 0
] j=*-R=115 'l
%o.s j— =Ra12 !
g 0.5 }
g 0.4 i
€03 ;
8 ,

0.2 '

01 i

00 :

o
-
(=]

time t [s)

Fig. A2.5: Analytical solutions after Hafner et al. (1992) for
breakthrough curves calculated by DTTRACER with
different coefficients of molecular diffusion Dy, Other
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Fig. A2.6: Analytical solutions after Hafner et al. (1992) for
. breakthrough curves calculated by DTTRACER with
different retardation factors R. Other parameters similar

to those in Fig. A 2.1
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Annex 3: Listing of Program DTTRACER

PROGRAM DTTRACER

Author: Ralf Klingbeil, Janet J, Whittaker
Version: 3
Date: 18.04.97
Language: Fortran 77
Files: will be read/created by the program
INPUT.DAT contains all input data
CONC.DAT  time (s), relative concentration {-)
Arraﬁs: C (NTIME) DP rel. conc. for each time step

T (NTIME) DP actual time (a)

Subroutines: at the end of program
HAESUB calculates Haefner solution
VANSUB calculates van Genuchten solution

Functions: at the end of program
ERC calculatea EXP(X)*ERFC(Y)
ERFC  calculates ERFC(X}
HAEFCT calculates ERFC+EXP*ERFC
VANFCT calculates ERFC-EXP*ERFC+SQRT*EXP

Variables: ALPHA DP {dynamic) dispersivity (m)

CMAX  DP max. conc. of calculated concentrations C

DIFF  DP molecular diffusion (m2/s)

DISP DF (dynamic) dispersion {m2/s)

or DP interval between time steps (s)

Gl DP C{T}=Gl(T) for T<TIN

G2 DP C{T)=G1{T)~G2(T) for T>TIN

NIDENT I 0 van Genuchten, 1 Haefner solution
NTIME I No. time steps

PI DP 3,14...

R DP retardation factor (-)

TIN DP time interval of const. tracer inj. (s}

TMAX  DP max. time of observation (s)

VA DP tracer velocity (g/n)
\'21 DP variable

v2 DP variable

v3 DP variable

v4 DP variable

v5 DP variable

vé DP variable

X DP distance (m}

nnnonnnnnnnnonnnnnnnnnnnnnnnnnnnonnonnnnnnoonnnnnnn

this program calculates the tracer breakthrough curves ‘C(T)/CMAX'
for any tracer for an input over any kind of time interval ‘TIN’
teking a retardation coefficient ‘R’ into account as VAN GENUCHTEN

or HAEFNER solution

INTEGER imax,nident,ntime

PARAMETER (ntime=1000)

DOUBLE PRECISION alpha,diff,disp,dt,.pi.r,tin, tmax,va,x
DOUBLE PRECISION c{ntime),t{ntime)

»>>>> DATA INPUT

OPEN (3,FILE='input.dat‘)
REWIND (3}

READ (3,*) x
READ (3,*) tin
READ {3,*) tmax
READ (3,*) dt
READ (3,*) va
READ (3,+) alpha
READ {3,+*) diff

r
READ (3,*) nident
CLOSE {3}

dispwealpha*va+di £
pix4.0*ATAN().0)

C
g >>>> TIME STEPS

t{l}=dt

imax=1

DO 10 I=2,ntime
e{I)=t{I-1}+dt
IF {t(I) .GT. tmax) GOTO 15

imaxeimax+l
10  CONTINUE
15 - CONTINUE

c
g >>>> INITIALIZING CONCENTRATIONS

¢

17

DO 17 Jel,ntime
¢{J)=0.0
CONTINUE

g >>>> CALCULATIONS

Coam
>>>> DATA OUTPUT

4
c

80

IF (nident .EQ. 0) CALL vansub (i_max,c,tin,x,va.disp.yi,c',r)
IF (nident .EQ. 1) CALL haesub {imax,t,tin,x,va.disp,pi,c.x)

IF {(nident .NE, 0) .AND. (nident .NE. 1)} THEN
ENDWRITE {*,*} 'Error in INPUT.DAT file'
IF

OPEN {3, FILE='conc.dat‘}
REWIND (3)

DO 90 J=1,imax
WRITE (3,800} t(J}, c(J}
CONTINUE

CLOSE (3)

¢ .
C >>>> FORMATS
[

T
[ O S S LAt TR TA LR TR b b bbbl

g >>>> SUBROUTINES

c

900 FORMAT{2F9.4)

STOP
END

VAN GENUCHTEN SOLUTION:

c
SUBROUTINE vansub (imax,t,tin,x,va,disp,pi,c,r)
DQUBLE PRECISION x,tin,va,disp,pi,r "
DOUBLE PRECISION t{*},c(*)
DOUBLE PRECISION cmax,gl,¢2,vanfct
INTEGER imax
DO 10 I=1,imax
IF {r(X) .LE. tin) THEN
gl=vanfet (t{1),x,va,.disp,pi, r)
g2=0.0
ELSE
glsvanfct(t(I),x,va,disp.pl,r)
g2=vanfct(t(X)-tin,x,va,disp,pi,x)
ENDIF
c(I}=gl-g2
16 CONTINUE
cmax=0,0
DO 20 I=1,imax
IF {c(X) .GT, cmax) cmax=c(I)
20  CONTINUE
DO 30 I=1,imax
c{I)=c(I)/cmax
30 CONTINUE
RETURN
END
C
[ HAEFNER SOLUTION:
o

P R A

<

annonanonancan

SUBROUTINE haesub (imax,t,tin,x,va,disp,pi.c.r)
DOUBLE PRECISION x,tin,va,disp,pi,xr

DOUBLE PRECISION ti*),c{*)

DOUBLE PRECISION c¢max,gl,q2,haefct

INTEGER imax

DO 10 I=1,imax
IF {t{I} .LE. tin) THEN
gl=haefct{t(1),x,va,disp,pl,x}
g2=0.0
ELSE
glshaefet(t(I},x,va,disp,pi,x)
g2=haefct (t{I}-tin,x,va,disp,pi,r}

ENDIF
¢(1)=gl-g2
10 CONTINUE
cmax=0.0 -
DO 20 I=l,imax '

IF (c(I) .GT. cmax) cmax=c{I)
20  CONTINUE
DO 30 I=1,imax
c{I)=c(I)/cmax
30 CONTINUE

RETURN
END

>>»>> FUNCTIONS

FUNCTION vanfet(t,x,va,d,pi,r}

DOUBLE PRECISION vanfct,t,x,va,disp,pi,vl,v2,v3,vd,v5, vé,ertc,
+exe,r

wix(x-va*t/r}/sqrt(4,0*disprt/r)

v2=x*va/disp

v3=0,5%({1,.0+v2+vatvart/disp)

vds{x+vast/x) /sqre{d.0*disp*t/r)

v5=t/ {pi*disp) .

vb={x-va*t) * {x-va*t)/(-4.0*aisp*t)

vanfct=0,5%erfc (vl)-vi*erc(v2,v4}+va*sqrt (v5) *exp(v6}
RETURN

END
thig vanfct creates numerical errors for small disp values

Q

FUNCTION vanfct(t,x,va,disp,pi,r]
DOUBLE PRECISION vanfct,t,x,va,disp,pl,vl,v2,v3,v4,v5,v6,erfc,x
DOUBLE PRECISION coeff,a,aa
vis{x-va*t/r}/sqrt{d.0*diap*t/r)
v2=x*va/disp
v3s0,5%{1,0+v2+vatvart/disp)
va={x+vatt/r)/sqrt{4,0*disprt/r)

vS=t/ (pl*disp)

v6={x-va*t)* (x-vart)/(~4.0*disp*t)
aa=a{vd} .
coeff=-vitaa+va*sqre(v5)
vanfet=0.5%erfc(vl)+coeffrexp({ve)
RETURN

END

FUNCTION a(y} .

DOUBLE PRECISION a,y,z.p0.pl,p2.p3,p4.05

a valid only for y positive

pOx0.327591000

plx0.254829592

p2=-0,284496736

p3w1.421413741

p4=-1,453152027

p5e1,061405429

z-l./(1i+p0;y%) -

IF Lt 3.
g((((pS‘zfpd)'upa)'zﬁpZ)'z&pl)'z

Lsa-.5641896l(y+0.5/ (y+1./ (y+1.5/(y+2./{y+2.5/{y+1.)}1))))

ENDIF
RETURN
END

haefct(t,X,va,disp,pi, )}
Eougg:éognecrsron haefct, t,x,va,disp,pi,vl,v2,v4,erfc,exc,
vis{x-va*t/r)/sqrt{s.0*disp*t/x)
v2=x*va/disp
vdx(x+vart/r) /sqrt{d.0*diap*t/x)
haefcta0.5* (erfe (vl +erc{vz, vd))

END

FUNCTION erfc(x)
DOUBLE PRECISION erfc,x,expmax,Xa,t
PARAMETER (expmax=87.5)
xa=ABS (x)
p0=0,327591000
pl=0,254829592
. p2=-0.28B4496736
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a

p3x1.421413741

+

pd=-1.453152027

P5=1.061405429

IF (xa .LT. 3.) THEN
tel./(1.40.3275911%xa)
t=l./(1.+p0*xa)

erfo={{({p5*t+pd) *t+p3) *t+p2) *t+pl) *t*exp(-min{x**2, expmax))
SE

erfc=,5641896/ (xa+0.5/ (xa+1./(xa+1.5/(xa+2./(xa+
2.5/{xa+1.})}))) *exp{-min({x**2, expmax)}

ENDIF

IF (x.1t.0,) erfcs2.-erfc
RETURN

END

from Haefner

a

nnnnnannnncnnnognnnnnnnnnnonnnnnnn

FUNCTION exc(x,y)

DOUBLE PRECISION erc,expmax,X,¥,Z.Xa,t

PARAMETER (expmax=87.5)

Xa=ABS (x}

ZAy-X*X

IF (z .GT. expmax) THEN
PRINT *, ‘EBrror in ERC: y-Xx**2 zu grop'
STOP

ENDIF

p0=0.327591000

ple«0,254829592

p2=-0,284496736

pI=1.421413741

p4=-1.453152027

p5=1.061405429

IF {xa .LT. 3.) THEN
t=1,/(1,+0,3275911*xa)}
twl,/(1l.+p0*xa}

ercx{({{p5*t+pd) *t+p3) *t+p2)} *L+pl) *t*exp (max(z, ~expmax) )
LSE

exc=,5641896/ (xa+0.5/ (xa+l./ (xa+1.5/ (xa+2,/(xa+
+ 2.5/(xa+l.)1)))) vexpimax(z, -expmax))
ENDIF
IF (x .LT. 0.) THEN
IF {y .GT. expmax) THEN
PRINT *, 'Error in ERC: y zu grob*'
STOP
ENDIF
ercs2.*exp(max(y, -expmax)) =-erc
ENDIF
RETURN

END
from Haefner but creates numerical errors

L]

FUNCTION exc(x,y)

DOUBLE PRECISION erc,x,y,z
p0=0,327591000
Pi=0,254829592
P2=-0.284496736
P3I=l.421413741
P4w-1,453152027
p5=1,061405429
z=l./(1,+p0%y)

erc={{{ (p5*z+p4) *2+p3} *z+p2) *z+pl) *z*exp (x-y* *2)
RETURN

END
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Annex 4: Listing of Input File for DTTRACER

INPUT.DAT:

0

.5

10
150.0

PP OOOO

.1

.02

.005
.0000169
.2

G

X
tin
tmax
dt

va
alpha
diff

r
nident

distance (m)

injection time (s)

max. time to calculate c{(t) for
time step how to increase t (s)
tracer velocity (m/s)
dispersion coefficient (m)
diffusion (m2/s), <=0.0000169
retardation factor (-), >=1.0

0 - van Genuchten, 1 - Haefner
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Annex 5: Derivation of k,, k;, ki/k. Formulas for 1D and 3D
Tracer Test Evaluation

The general equation to calculate the intrinsic permeability, k, from gas tracer measurements either in
the laboratory or in the field is given by equation 3.40

po MbeVa® 1 AS.1.

(g
dr

To compare the differences for the permeability calculations, resulting from not considering
compressibility (k) but assuming incompressibility (k;) of gas/air flow in the expression of dp/dr, the
appropriate analytical solutions (Ch. 3, Annex 1) have to be inserted and the quotient ki/k. has to be
compared for different pressure differences applied. -

A 5.1 Laboratory Tests (1D)

The one-dimensional analytical solution for the pressure gradient distribution (Ch. 3, Annex 1)
considering compressibility

ap(r) _ p3 - p} A52
4 2-(r2—rl)- p%“p%-(r—r)+p2
r -1 1 1

leads with equation A5.1 to k. in the form of

_2enpg vy % [pd-pl
pi-pt Vm-n

The one-dimensional analytical solution for the pressure gradient distribution (Ch. 3, Annex 1)
assuming incompressibility

kc= .(r—rl)+p% -dr A5.3-

%) _pa-p v A54
or h—n
leads with equation AS5.1 to k; in the form of
k= Hg Y (rom) A55.
P2-P;
Thus, the quotient ki/k. follows to
ki _ (r2 =11)(p2 +py) AS5.6.
ke o p}-p}
2. j‘/ — (r—n)+p? .dr

)
NI

o I
The specific solution for the integral I can be given by substituting

2
R=BLPL )t AST
n-n
)
dr=P2"D1 .d X
20 A58
=dr= r; 4R
P2 —Pi

if r=r1=>R=p%

, A5.9
if r=r2=>R=p%
2
_h-n B 2 -t 2 (r2=11)-(p? +py - py +p2
1____2_ 2.J’ZR/ .dR:E._ﬁ_[p%_p?F_. )(1 P1'P2 Pz) A5.10
P2 =PI 4 P2 -pi 3 P1+Ds

leading to an expression for the quotient in the form of
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(b1 +p2) A5.11.
(Pl + Pz)2 ~P1'P2

(P1+P2)2
2
Pt +py P2 +p}

i (r2 "H)(Pz +p1)

¢ 2 (=) (et +pipa )
3 P +P2
The resulting differences (ki’k. and percentage error (ki-k.)/k.) from equation AS5.11 for typical

parameters of the laboratory measurements are shown in figure 3.10 (Ch. 3).

~

3. =3
4 T4

=~

A 5.2 Field Tests (3D)

The three-dimensional radial analytical solution for the pressure gradient distribution (Ch. 3, Annex 1)
considering compressibility ,

a(r) _ @ -pt)nn O AsI2

ar 22
P2 ~Pi | 2
2. . T ) ey | | =— |+
r (fz 1) \’ -1 2 ( r) Pr

leads with equation A5.1 to k. in the form of

Nl e E 2.2 '

LY .frz.‘Fz o] -rz-(l—r—')+pf-dr  AsI3,
(Pi —p?)-rrrz B 2-h r

The three-dimensional radial analytical solution for the pressure gradient distribution (Ch. 3, Annex 1)

assuming incompressibility

»N

() __pr-p A5.14

P 3 -(rz -I‘;).n Ty
leads with equation A5.1 to k; in the form of

n-pg-va (53 - 1F) A5.15
PO S L .15.
3(pz-p1) 1R
Thus, the quotient ki/k. follows to

33 AS5.16
__k_i_= _(l'2 rl)(p2+pl) .
ke 2 2
L 2 _ .2 _-
6~jzr- P2 —Pi ~r2+pf -r2-——————pz P1 ‘r; rperedr
e Wl 2-n Joh
{ X b .
k. 1 A5.17,
L3 ,
by
ke f fr- a-r?-beredr
'L___T.__——z
.18.
where f= 6 A5.18

(r23 -r?)(Pz +p1)
A general solution for the integral I is given by Abramowitz and

2
36> 10g(2JZJar2 +br +2ar+ b) +4favar? + br -(16-a%r? +dabr — 6 ) A5.19
. . ?

Stegun (1972):

if a>0,b#0 I= o
w[——a_'\/;ﬁ:b_r-(w-az-r2+4-a-b-r-6-b2)—3-b3-asin(—z-'—a}-ﬁit—)] A520.

if a<0,b0 I= PR
if a>0,b=0 I=r3'3‘/z ‘ AS5.21.
k.)k,) from equation AS5.17 for typical

The resulting differences (ky/k. and percentage error (ki 3
parameters of the field measurements are shown in figure 3.10 (Ch. 3).
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Annex 6: Analogy between Groundwater and Gas Flow |
Modelling

To use a standard groundwater flow modelling package, such as MODFLOW, for the flow modelling of
gases in porous media requires some boundary conditions for the gas flow which allow a comparison
with the modelled flow equation in these programs.

In the case of MODFLOW the general mass flow equation for steady state groundwater flow with
sources/sinks

V.(o¢ - 9) = -ps - g A6.1
can be transferred with Eq. 3.9 to
V.(K¢ - Vh) = q¢ A6.2
which will be solved for groundwater heads, h.

For the gas pneumatic and tracer tests the general mass flow equation for steady state gas flow with
sources/sinks

v. (pg-V) =~y A6.3
would lead to a non-linear form

V_(L ‘p Vp] = qg A6-4o
Hg
Under the field and laboratory conditions of a pressure difference of Ap < 2-10? HPa the assumption of

an incompressible gas is permitted (Tab. 3.2, Massmann, 1989) and leads to

V[—P«k— . Vp] = q, A6.5.

8
Comparing the both equation A 6.2 for water and A 6.5 for gas shows that the use of MODFLOW for the
gas flow modelling is possible as long as the hydraulic conductivities, K, used in MODFLOW are
exchanged with k/u, parameters. The resulting groundwater head distribution, h, has to be taken as the
air pressure distribution, p. This implies that the initial values for the potential distribution are set to

relatively high values, e.g. 10°Pa as atmospheric pressure, to avoid negative pressures due to
extraction/suction of gas. '

Tpe .ad\{ective transport modelling of particles in a groundwater flow field (groundwater head
d}stnbutlon, h) yv1th MODPATH can similarly be used for the transport modelling of gas particles on an
air flow field (air pressure distribution, p) resulting from the use of MODELOW.
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Annex 7: Measurement Data

A 7.1 In Situ Gas Tracer Data

AE,...., O Al [ AE&G AD - A [] [7
filsname lithofacies [10" Paj mts) | {10° Pa] | [mls) | [10% Pa) E%]‘ 110* Pa] | “[m] [ml'q [:,] [,::,r:l Km?] ml::,:,;m::':n;,:,: TT Kemae V8]
150070 | Gmm, horl, T34 1020 63 | 2740| 383 | 288 | 01 [0500] 6S0E-03] 7REGI| TOUE05[ SHET | 400E04 | 165600 T 11520 ]
150105 |  Gmm, horl, 1090 1020 63 [3540| €38 | 204 | o1 Jos500]8.302-03) 7.005-03) 1.60E-05 ] 4.775-11 | as7E-04 | 1.86E08 | 140801
1ot | G, horl, 1440 1020 63 | 4180 685 | 402 | o1 |o500]9802-03] 7.008-03] 1.605.05| 430511 | 328604 | 215508 | 1i82E00
tbo170 |  Gmm, horl, 1720 1020 83 |4010( 1075 | s82 | o1 |o500|1.026-02 7.00e-08| 1.60E-05] agoE-11 | 205808 | 220508 | 172801
1bo170b |  Gemm, horl, 1050 1020 63 | 4530 1038 | 548 | 0.1 |0600|1.026-02] 7.00803] 160505} «,175-11 | 303804 | 220508 | 17204
20070 |  Gmm, horl, 734 102.0 63 [3190{ 617 | 153 | 01 |0500| 880503} 7.008-03( 1.695-05 | 9.656-17 | 724804 140508 | 101601
250105 |  Qmm, hort, 1000 1020 63 | 40| 877 | 150 | 01 |o0500|6.00E-03} 7.005-03| 1.698-05| 119610 | mosE-08 | 179508 | 135601
250120 | Gmm, horl, 1240 1020 63 | 4520 1034 | 143 | o1 |0500] 830208} 7.00-03] 1.895-05| v.30E-10 | 978E-04 | 186508 | 14001 |
360070 8h, horl. 734 Z03.0 187 (261.0( 548 | 216 | O. |0820] G.00E-03] 1.006-03] 1.64E-08| LO7E-1G | B.04ECA | Z05E:08 | 176601
o120 8h, horl. 1210 1020 63 | 4440| 098 | 149 | 01 |0820] 200E-03| 4.005-03| 1.896-05] 117810 | 88004 | 1.75E:08 | 1.31E-01
0130 Sh, horl, 1340 2030 | 187 |4340| 953 | 220 | 01 |0.620]4.806-03] 1.005-03 1.89E-05] 1.26.10 | 048504 | 278508 | 208501
0070 8h, horl, 734 2030 { 167 [2500) 340 | 227 | 01 }0820] 4.30E-03] 1.005-03) 1.69E-05} 114510 | a.56E-08 | 259508 | 185801
o120 sh, horl. 1240 1020 63 |4250] o15 | 282 | o4 |0820|530E03] 1.00503] 1.695-05| r.226-10 | 9.a5E04 | 320508 | 240801
o140 sh, hotl, 1410 2030 | 187 |4%0| 938 | 307 | o041 |os20| 850503 1.005-03] 1.695.05| 12510 | 9.50E-08 | a.92508 | 204E0t
B10110 Sh, harl, 1140 13 01 |4220| 02 | 238 | o4 |0820]4.305-03] 2.008-03| 1.805-05| 1.095-10 | s.10E-04 E08 | 185601
0070 | 8h>Qom,vert, | 733 2030 | 167 | 2800 437 | 129 | 01 |0.270] 1.106-03| 1.00E-03] 1.60E-05] 5.56E-12 | 418E08 | 7.19E-10 | 639E03
o105 | sh>Gem,vert. | 1000 2030 167 | 3%50( 794 | 132 | o1 ]0270{1.40:-03]1.008-03| 1.89E-05| 6.926-12 | s.a9E-08 | 15500 | esvE03
Gol110 | 8h>Qem,vert. !
0126 | Sh>Gem,vert, | 1240 2030 | 167 {4310 040 | 133 | 01 0270 1.456-03] 1.006-03] 1.60E05| 714512 | 536605 | 948610 | TI1E03
o110 | 8h<Gem,vert. | 1130 1020 63 | 40| 877 | 190 | o1 |o270|1.108-03] 1.005-04 1.695-05| a.78E-12 | 284E-08 | 719510 | 638603
750120 | 8h<Gem,vart. | 1240 2020 187 | #140| ses | 206 | o1 |o270]1.50=-03] 1.008-04| 1.695-05| 478512 | a.s0x-08 | co1E10 | 70803
800070 | Bh>Gem, diag. | 739 1620 6 | 291.0| 431 | 238 | O |0.540) 245E-02 ] 4.005-02] 1.69E-05] 2.69E-10 | 202E-03 | O.41E-08 | A4BIE-0T
®o105 | Sh>Gem,diag. | 1090 1020 63 |[3740( 709 | 317 | o1 ]0540]290E-02] 4.005-02| 1.606-05| 20510 | 170803 | 750508 | s68E01
®o120 | Sh>Gem,dlag. | 1240 1020 63 {4070 830 | 238 | 01 Joseo
8501200 | Sh>Gem, diag. | 1240 1020 63 | 4040 827 | 350 | o1 ]os40]a.00e-02] 4.008-02] 1.008-05| 224810 | 180803 | 785508 | sevE01
0070 | 8h<Qem,diag. { 733 1020 63 |a20[ 495 | 175 | 01 |os40|235E02 4.005-02] 1.005:05| 352610 | 284803 | o.15508 | 48101
%0110 | Sh<Gem, ding. | 1140 102.0 63 |4120| 884 | 213 | 04 |0540|285602] 4.005-02 | 1.80E-05| 3.50e-10 | 2.83E-03 | 748508 | 569E-01
1060020 Sh, horl, 28 1020 €3 | 773 | 32 | 183 | 0.1 |0500| 4505-03| 2506-02] 1.606-05| 1.0GE-10 | 7.0AE-04 | T.41E-06 | 1.OSED1
1060030 8h, hotl, 29 1020 63 [t400f 115 [ 151 | 01 [0500]7.005-03( 2005:02( 1.695-05( r456:10 | 1.098-03 | 219608 | 184E-01
10bo040 h, hotl. 430 1020 63 [1a0| 201 | 185 | 01 |o0500] 8408-03| 2008-02| 1.605-05| r.505-10 | 119803 | 202508 | 19708
10bo0s0 sh, horl. 534 1020 e3 |2a7e| 287 | 189 | o1 |oss0|0.00E-03| 2005-02| 1.60E-05| r615-10 [ 12103 | 290508 | 24850
1060086 s, ho, 832 1020 83 |2720) arz | .1 | o1 {0590 1.00E-02] 2006-02] 1.695-05| 189510 | 1.22E03 | 592608 | 2ME-0
10b0G70 h, horl. 733 1020 63 |3040| 470 | 199 | o1 ]oseo|1.408-02| 2008-02] 1.608-08| 1.725.10 | 120803 | 344508 | 258501
1060080 sh, horl. 834 1020 63 |3mo| ses | 207 | o1 [oseo|1.305-02| 2.005-02} 1.60E-05| 1065.10 | 147603 | 400508 | B0sE01
1060100 sh, horl. 1040 1020 63 |asso] 752 | 225 | o1 |oseo|1.308-02] 2008.02] 1.608-05] 100510 | 13503 | 400508 | 308E01
1060110 sh, horl. 1140 1020 03 [4100] 852 | 225 | o1 [ose0|1405-02{ 2008.02| 1.60605 1.04E-10 | 148800 | 437608 | 328E-01
1050120 sh, horl. 1210 1020 83 |4%0] 938 | 210 | o1 [os00] 1.45E-02] 200E.02| 1.605-05| 2156.10 | 181E03 | 4.59E:08 | 0.40E-0Y
1050130 Sh, horl, 131.0 1620 | 120 |4280] s27 | 280 | o1 |0s90]1.7002] 2.008-02| 1.805.05 | 202610 | 152E-03 ] s31E08 | 300801
1050140 sh, hor, 1400 2030 | 187 |4200| 932 | 304 { o041 [0500(1.855:02( 2.00E-02( 1.69E-05( 192610 | 144E03 | 679508 | 4.33E-01
1150070 Sh, horl, 733 1020 63 |z7a0| 203 | 287 | o041 |os00] 1.05502| 2008-02 1.69E-05| 1,14E.10 | a87E04 | 328508 | 248501
1tbo130 Sh, horl. 1340 1020 63 |4030| s23 | 454 | 01 |os00| 150502 2008-02 1.60E-05| 1.09E-10 | 7.74E08 | 468508 | 3BED
1260140¢ | Sh, hori. 1440 1520 | 109 | 2080( 803 | 526 | o1 |osoo] 1.655-02) 2.00-02) 1005-05) g1 | 730608 s35E08 | 387601 |
1350050 | Gem, vert, 520 1020 53 | 2070 448 | 17 | 0.4 |0.190] 7.006-03] 5,006-02] 1.69E-05| 1.085-10 | 1.02E-03 | 226608 | 1.70E-02
1950070 | Gem, vert, 734 1020 63 {as20| es5° 03 | ot |o.is0
13000700 | Qem, vert, 233 1020 63 |oass0| e43 | 24 0.1 |0.190| 7.60E-03] 5.006-02) 1.69E-05 | 8.62E-11 | 744804 | 243500 | 62602
1300100 | Qem, vert, 989 1020 63 | 420 927 | 02 | ot [ois0]esoe-03|s.005.02] 1.80805 179509 | -24E02| 307809 | 231E02
13b0100b | Gom, vert, %90 1020 63 {4200| 927 | 01 | o1 Joaso
130100 | Gem, vert. 1020 1020 63 |4240| 610 | 48 | 01 Joseo
1300100d | Gem, vert, 1010 1020 63 | 4230| vo8 | 49 01 [0.490] 1.108-02{ 3.005:02{ 1.80E:05 | 8.756-11 | 0.56€-04 | 356509 | 267E-02
13601000 | Gem, vert. 101.0 1020 63 | 4230| vos | . 41 01 |0.190] 1.108-02| 3.008-02] 1.806-05) a.756-11 | 850604 | 256609 | 207E-02
1400050 | Gem, vert, 834 1020 63 |2180] 244 | 224 | o1 |o190)6.00503( 1.405.02] 100605 n15E-17 | se0E08 | 250509 | 104E02
140070 | Gem,vert. 733 1020 63 |2820] 408 | 266 | "0 ]a.100]8.005-03| 2505-02] 1.69E-05 | 878E-12 | TIME-08 | 250609 | 184E-02
0100 | Gem, vert, 1040 1020 63 |4080| 843 | 133 | o1 ]o.1s0|1.10502| 2005-02] 1.69€05| 267611 | 2.00E-04 | 3.50509 | 267E-02
14001006 | Gem, vert, 1040 1020 63 |sss0| ess | 308 | o1 |0.100]1358-02| 2005.02] 1.605:05| 142611 | 1.08E-04 | 4.97E:09 | 320E-02
1750100 | Gem, vert. 102.0 1020 63 )asol eas | 182 | o1 |o.100] 1.00502] 2.006-02] 1.605-05| 5.208-17 | 240804 | 4.21E:09 | 3.6E-02
1560050 | Gem, vert. X 1020 65 120601 218 | 250 | 0.1 |0210] 4.30E-03 | 2.00E-02| 1.69E-05| B.60E-12 | BACE-06 | 1.706-09 | 128602
1500070 | Gem, vert, 733 1020 83 | 2730l a80 | 200 | o3 |o210{5308-03| 2.006-02| 1.69E-05{ 7.236-12 | BA2E08 | 210609 | 15702
1500100 | Gem, vort, 1040 1020 63 |os20| e85 | 312 | 04 |0210] 840E-03| 2.00E-02] 1.69E-05 | 8.12E-12 | 6.00E-05 | 250609 | 1.906-02
Bbo120 {  Gem, vert, 1240 1020 63 | 4130| ss4 | 318 | 01 [0210]7.305-03] 2.00E-02( 1.69E-05 | 9.296-12 | 692605 | 289509 § 216502
1850070 | Gem, vert. 733 1020 63 |astol 847 | 23 | o1 [o210] 4205-03] 1.006-02] 1.89E-05 | 72617 | 5.44E-04 | 10809 | 1.256-02
1850100 |  Gem, vert, 800 1020 63 |4t00| 852 | 75 | o4 [o210]4405-03] 2.008-02| 1.695-05| 231E-11 | 1.74E04 | 1.74E-09 | 130602
18001006 f  Gem, vert, 887 1020 63 [a4100] es2 | 62 | 01 [0210(4.905-031.00-02( 1.695-05| 971E-11 | 278E04 | 164509 | 1.45E-02
18bo110 Gem, vert, 113.0 1020 63 | 4050 834 238 04 | 0210] 540E-03} 1.00E-02] 1.805-05| S.08E.12 | 8.70E05 | 213500 | 1.80E-02
1800100 | Gem, horl, 104.0 1020 55 7086 827 | 160 | 01 |0770] 5.00E-03 | 6.00E-02| 1.69E-05 | 1.78E-10 | 1-99E-03 | 268608 | 2.00E-01
1601006 | Gem, horl. 1040 1020 63 |40l ate | 158 | o1 |o770]s50E-03) 6.00E-02) 1.66E-05] 1.856-10 | 13003 | 260E.08 | 219E-01
18b0100c | Gem, horl. 1040 2030 | 167 | 20| a07 | 568 | o1 |o770] 5.005:03| 6.00502 1.60E05] s45E-11 | 409E-04 | 209508 | 231E01
1000100 | @em, horl. .41 1020 ea |4mol 847 | 70 | o1 [o770] 730803 3.005-02] 160505 552610 | 414E-03 | 3.88E08 | 291E01
19b000h | Gem, hord. 1040 2000 | 167 | as0) sas | a0 | o1 jorvo] 1ose02] 300E02) 1.80E-05| 187609 | 141E-02 | 550608 | 419501
2050100 | Gem, hotl, 102.0 2050 1167 4090 847 | 06 | 01 |0£20] 6.00E-03(7.00E-02( 1.08E-05 | B37E-09 | ATOE0Z | G.62606 [ 2.72E-01
2150100 | Gem, hotl. 101.0 2030 | 167 |4070] 839 | o4 04 |os20} 720E-03] 7.008.02] 1.895-05| 1.11£.08 | 83sE02 | 434508 | 320501
260100 | Gem, disg. %53 50301167 1200 852 | 65 | 0.1 |0800|2506-03| 6.00E-02| 1.60E-05 | -219E-10 | -1.65€-03 1.4E-08 |  1.08E01
2360100 242 2030 | 167 |acsol 843 | 68 | o1 [o0800] t.10E-03] 1.505-01| 1.69-05| -920E-11 | BISE-04) £2E:09 | ATAEDZ
2450100 958 50— 67 [ 470 530 | 50 | 0-1_|0.830] 7.006-03] 4.006-02| 1.66E-05 | BB4E-10 | -BABE-03| 4.09E08 | 9.25E-61

Tab. A7.1: Listing of all measured in situ gas tracer data, Bhringen, SW Germany, bold: data used in further evaluation
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Annex 7: Measurement Data

& o A oot | 8Pon |4 APmin |\ Va « Dift ”'m'mlon;' T
. e i ota] | Kim?]_ | Ki[ms) | Koas 1] ] Kimas [0
e | vz [0 ]t o o e v el w L B L e e e
e Seho, horh 100 brogd o3 506.(; '192:: a7 o1 | ooso] s.006-03 1.10E-01 | 1.605-05| 0.195-10 | 0.89E03 | 431508 | 3.23E-01
2iries Geho, horl b Jhons ol vy ' a2 o1 10980| 560503 1.105-01 | 1.655-05| 772810 | 5.79E-03 | 4.89E-08 | 362601
2irid0 Geho, horl oty s bl Dited _:gu 04 o1 |osso| 2.80e-03] 1.005-01 | 1.605-05| 8.37E-09 | 620802 | 3.27E:08 | 2.48E-01
atrios Geho, horl. . ma | || ten | oo | o1 |oseo|atoe00| toveor | vessos| os0mon | sereor| ssseon | 2eseor
it Scho.hol. 189 S e Ty X 5.7 10,380 | 3.605-03 | 5.005:01 | 1.69E-05| 1.78E-09 | 1.34E-02 | 4.59E-09 | 3.40E-02
[ 035 Geh, hor byt oz g.s §;gg ?;: 3 | ot lossoleoeoa|scogor | 1e0g.05] -1.175-10 {-070504] 622800 | asar02
o o her oy 20 | 55 |&eo| 1z | mo | o1 |oaso|sooros|soosor | raseos| aseenrs | asse0af 7o7E0e | sasecz
s St o ‘e Y 6o |sazol 1514 | <34 | o1 {oss0|7.00e03] 500501 180m05| -67a5-11 | .6.07E-04) 9075000 | ss0E02
Atrtdo Geh, horl Py 2050 166 | 70| 527 | A4 o1 |0330] 5.00e.03{ 5.005-01 | 1.69E.05| -6.126-10 | -4.50E-03| 6.48E-:09 | 4.86E-02
sfro70 Geh, horl. 782 2020 Y y o | 68 | o1 |oaso|esomos|soomor|eseos| -Lese10] 1208031 110808 | 2002
Birt40 Gk, horl, 10 220 }2’2 :;:: :::': 71 | o1 [osso] s.oomo0s| s00E.01 | 1.698.05] -t.esE-10 | 123803 t17£08 | e75E02
Strig0 Gch horl e prop 208 | as00] 185 | 98 | o1 |ozes|7som0a] sooeos | veeeos] 210 | 228 03] o72E08 | vasE02
81140 acn, norl, mo | Lo y y y 2 | o1 |oaso|s.00m0| sooe01 | 1.60s0s| 280810 | 210803 117508 | e7sE02
oiriso Gty horl. 140 aras proptll Drnd Il By y - 00203 | 2.00E:00| 100508 | -5.516-10 | -414m03] r47508 | s7sE02
horh, 144.0 404.0 a4 |4370] 87 | 2t 01 |0280] 0.002-03] 2.008400] 1
T o 1440 4750 649 |as0| 537 | 254 | o1 0380 1.30E-03] 2006400 | 1.69E-05| 6.62E-12 | ATE05 | 1.68E:09 | 1.26E-02
ks Py ) 1020 83 |2e00] 204 | 20 04 | 0380] 1.00E-03} 2.00E+00] 1.89E-05| 5.56E-11 | ANTE-04 | 1.50E-09 { 9.72E-03
piieed Do 734 1020 63 |3sso| eao | w09 01 |0380] 1.608-03] 2.008400 [ 1.60E-05 | -2.10E-10 | 1.64E:03| 1.94E°09 | 1.40E02
oas em'w:' 1000 1020 63 | 4580 1089 | 24 0. [0:380) 1.70E-03] 2.00E+00 | 1.50E-05 | -5.40E-11 | -4.B0E-D4| 2.206-09 | 1.85E-02
Py Gch.:n". 1420 1020 63 ls300l 1419 | 62 0. | 0.380) 1.90E-03 2.00E+00| 1.69E-05) -3.976-11 | 2.08E-04] 248£.09 | 1.85€-02
A :c:' or; 723 1020 63 |00 668 | 12 0.1 | 0.600| 5.00E-03] 1.20E-01 | 1.69E-05| 1.34E-09 | 1.01E-02 | 1.67E-08 | 1.21E-01
::::;ﬁ e:n::::n: 1000 1020 83 |4s20] 1034 | 07 01 [0600] 6.005-03| 1.20E-01 | 1.69E-05] -278E-09 | -2.09E-02| 1.94E-08 | 1.45E-01
101r140 Geho, vent, 1410 102.0 63 |s21.0] 1371 | 2§ 0.1 | 0.600] 7.006-03| 1.20E-01 | 1.68E-05 | -9.22E-10 | -6.026-03] 2.265-08 1.70:4:
1145070 Gcho, vert. 734 1020 63 |a3soo| ese | 12 0.4 |o.s00| a.208-:03{ 1.005.01 | 1.69605| r.045:09 | 7.80E-03 | 135608 | 10260
111108 Geho, vent, 109.0 1020 63 {4400 1020 [ o7 04 [0600] 5.805-03| 1.00E-01 | 1.69E-05| 2.826-09 | 2.126-02 | 1.676+08 | 1.41E-01
1111140 Gcho, vert, 141.0 102.0 63 |swo| 1345 | 02 01 |0.600] 650503 0.00E-02 | 1.698-05| 1.365-08 | 1.026-01 | 2.106-08 | 1.57E-01
s gm:'":' :;?g :8:': ::; :::::8 :33;:: |14'Zs g:: g:::g 1.00E-03 | 8.006-02 | 1.69E-05| 6.445-12 | 4.83E-05| 9.195-10 | 6.89E-03 |
:::::gg a:h:::n: 3040 1020 63 |sor0l 1200 | s78 | o4 |os20]1.80E.03] 8.00E-02 | 1.698-05] 266E-12 | 2.45E-05 | 1.66E.09 | 1.24E-02
151r035 Gmhb, horl. 38.1 102.0 63 | 2170 244 7.6 0.1 | 0.020] 4.00E-03 | 6.00E-02 | 1.89E-05 | 4.81E-11 | 3.60E-04 | 3.67E-09 | 2.76E-02
167070 Gmhb, horl. 734 102.0 63 |a440] 604 7.0 0.1 [0320] 6.005:03| 6.006-02 | 1.696-05 | 7.905-11 | 5.926-04 | 551509 | 413602
151r105 Gmhb, horl. 108.0 1020 63 |[4340| 953 | 73 01 |0320| 6.005:03| 0.008-02 | 1.696-05( 752E-17 | s.84E-04 | 557609 | 4.93E-02
18ir140 Gmht, horl. 1440 1020 63 | 5060 1204 | 83 0.1 |0320] 5.505:03] 1.30E-01 | 1.69E-05 | 6.096-11 | 4.57E-04 | 505609 | 3.79E-02
1641035 Gmhb, horl, 383 1020 83 |2t00| 226 | 94 01 [0.320| 4.50E-03] 6.00E-02 | 1.696-05| 4425-11 | a1E-04] 413509 | 3.10E-02
1611070 Gmhb, horl. 734 1020 69 |azs0[ 540 | 131 04 |0020] 55003 | 7.00€-02 | 1.69-05 | 3.67E-11 | 200604 | 505609 | a.79E-02
161r105 amhb, horl, 1090 1020 63 {4130 84 | 163 | 01 |oa20|s550803( 1.00801] 1.69E-05| 510511 | 233604} S056.09 | 3.78E02
161r140 Gmhb, horl 144.0 102.0 63 |4820] 1175 | 202 | o1 {o320f4.50E-03] 1.708-01 | 1.60E-05| 2045-71 | 1.53E-04 | 4136-09 | 3.10E-02
181r158 Gmhb, hotl. 158.0 102.0 83 | 5080l 1204 | 228 | 01 |0a20|s550803{ 140501} 1,895 0s| 2.276.11 | 170804 | 505600 | a70E02
1717070 amh, vert. 733 102.0 63 | 3330 568 | 108 | 01 [0.190] 1.70E-03 | 1.20E-01 | 1.60E-05| 5.17E-12 | 9.88E-05 | 5.50E-10 | 4.13E-03
tetas Qmb, vert. 109.0 1020 63 4330l 040 | 78 01 10180] 2206.03] 120801 | 1.895-05] 9.47E-12 | 688E05 ] 7.92E.90 | S34E03
171r150a Gmh, vert. 154.0 102.0 63 5330 1435 [ 42 0.1 |0180] 2.505-03| 1.208-01 | 1.69E-05| 1.93E-11 | 1.45E-04 | 809810 | e.07E-03
1rtr150h amh, vert, 1640 1020 63 |suo| 1424 | sa3 o4 losgof 250503} 1.20801 { 1.89E-05] 1.54E-11 | 1.15E04 | 8,095-10 | BOVEDD
17ir160¢ Gmh, vert. 164.0 102.0 63 |se80| 1408 | 69 03 (0.180] 2.00E-03 1.208-01 | 1.69E-05] 1.976-11 | 1.03E-04 | 9.36E-10 | 7.04E-03
1815035 Qmb, vast. 384 1020 63 lz20s0! 216 | 102 | o1 losso) 280503 s.00m02] 1.60E05] aserE-12 | eese0s| 906510 | 675E-03
1811070 amh, vert. 735 1020 63 |o260| 540 | 182 | 01 ]0.180) 250603 1.00E-01 | 1.69E-05| 6.156-12 | 4.81E05 | 8.095-10 | 6.07E-03
184r108 Gmb, vert. 1080 1020 63 | 4130 884 | 1863 | 04 }0190]| 2.80E:03] 1.00E-01 | 1.89E-05] 5.57E-12 | AI7E-05 | 9.06E-10 | 6.70E-03
18¢r150 Gmh, vert. 154.0 1020 63 |5050] 1280 | 188 | o1 f0490f 2502.00] 1.90E:01 ) 1.69E-05 2.23E-05 | so9e-10 | e07E-03
191070 am, diag. 733 1020 83 | 03B0| &80 | 89 0.4 ] 0.60D| 2.00E-03| A.00E-01 | 1,89E-05} 8.31E-17 | 0.23E-04 | 7.43E-09 | 6.57E-02
121r105 amh, diag. 109.0 102.0 63 [430[ 936 | a1 0.1 |0.600] 2.20E.03| 5.00E-01 | 1.89E:05| 7.846-11 | 6.08E-04 | 711609 | 533502
191r150 Gm, ding. 150.0 1020 63 6120] 1925 | 112 | 04 |0600] 2.405.03] 5.008.01 | 1.60E05] 6.91£-11 | si1eE-04 | 775609 | S581E-02
201070 Gmh, dlag. 733 1020 63 |avo| &7 | 02 0.1 | 0.600] 1.70E-03 ] 5.006-01 | 1.69E-05 | 5.926-11 | 444E-04 [ 549E:09 | 4.12E-02
2047105 Qmh, diag. 108.0 1020 63 |470] 923 | 104 | 01 0600 2.10E-03| 6,00E-01 [ 1.69E-05] 6.55E-11 | A91E-04 | 6.785-09 | S5.09E-02
201r140 arh, diag. 144.0 1020 63 |490.0] 1258 | 11.8 | 01 |oe00] 240603 5.008-01 | 1.608-05] s.558-11 | s926-08 | 775800 | S81E02
2017150 Gmh, diag. 149.0 1020 83 }509.0) 1308 | 118 | 0.1 |0.600] 2.40E-03] 5.00E-01 | 1.80E-05| 6.505-11 | 494E-04 | 775609 | s.81E-02
2111070 Gmh, horl, 733 1020 63 [3200] 550 [ 120 | 0.4 |o.680]1.756°02] 5.00E-02 | 1.69E-05| 6.07E-10 | 485E-03 | 726608 | G.45E-01
2911105 @mh, honl, 100.0 1020 83 |4170] 881 | 148 | 0t |0680|200802] s.008-02 | 1.695-05] 568510 | 420E-03 | s30E.08 | 622601
2117150 Gmb, horl, 153.0 1020 63 [65030| 1278 | 188 | o1 [o680
21lri50b Gmh, hod, 153.0 1020 63 |5050] 1289 | 1728 | o9 |o0e80
21101500 Gm, horl, 153.0 1020 63 | 5050 12890 | 178 | ot |[0080]230E-02{ 5.008-02 | 1.695-05| 5.36E-10 | 402E-03 | 954608 | 7.8E01
2211070 Gmh, horl, 24 1020 83 |[3210| 524 | 147 | 01 |oses0]1.508-02| 5.00E-02 | 1.69E-05] 5.57E-10 | 4038-03 | 788508 | 591E-01
22r105 Qmh, horl, 109.0 1020 63 |4070] 839 | 188 [ o1 |oe80f2205-02| 5.008-02] 1.69E-05) «.875-10 { amsE-03] 013508 | essE0
221r150 Gmh, horl. 1540 1020 83 J4050) 1238 | 238 | o041 |o.680|250E-02] 5.005-02 | 1.89E05]| 435810 | 3276-03 | 1.04507 | 7.78E-01
2311160 Gmh, diag. 154.0 1020 83 | 4960 1248 | 233 | o4 _|0.600 03] 7.00E-02 | 1.69E-05] 6.09E-11 | ASTE-0A | 1.42E:08 | 1.07€-01
241070 Gepo, horl, 734 1020 63 |[3250] 537 ] 134 [ 04 |0.630]7.005-03] 3.00E-02 | 1.69E-05| 1.86E-10 | 140E-03 | 2.49E-08 | 1.B7E-01
241r108 Gepo, horl, 109.0 1020 63 [4080| 243 | 183 | o1 |o0.630|850E-03] 3.00E-02] 1.69E-05} r.658-10 | 124803 | 303808 | 227504
24tr140 Qcpo, hotl, 144.0 1020 63 |4750| 1141 [ 238 | 01 [0630]0,00e-03| 3.505-02 | 1.895-05] 1.366-10 | 1.026-03 | 320508 | 2.40E-01
241170 Qepa, hor, 1740 1020 83 {51001 1381 | 3.6 | o4 {o0e30]1.00502| 350502} 1.09E05] 1.138-10 | sasE-08 | assmos | 267801
241170 Gepo, hort, 1740 | 020 63 [6170| 1950 | 326 | 01 |0630]1,008-02] 3.50E-02 | 1.89E-05| 1.095-10 | 8.18E-04 | 3.56E:08 | 2.67E-01
24tr170c Qcepo, horl, 174.0 1020 63 |[5130[ 1330 | 347 | o4 |0630]850603] s.00E-02] 1.89E05| 8.726-11 | 85aE-04 | 3.038.08 | 2.27E-00
24070 Gepo, horl, 734 1020 63 | 3550 ( 840 31 0.1 10.830( 0,00E-03| 5.00E-02 | 1.69E-05] 1.00E-09 | 7.74E-03 | 3.205-08 | 2.40E-01
2517105 @epo, horl, 109.0 1020 63 | a4z0| 1010 | 18 o1 | os30] 1.00502] 5.00802| 189808 228800 | 171E02 | 356808 | 28780
25(r140 Qcpo, horl, 144.0 1020 63 | 5250 1302 [ 16 0.4 |0630( 1.005:02) 5.006:02 | 1.69E-05 | -2.208-00 | -1.72E-02| a.566-08 | 2.67E-01
251r140b Gepo, horl. 1440 102.0 63 | 650l 1302 | 8 04 10630} 1.108-02) 5.006.02 | 1.60E-05] -2526.00 | -1.89E-02| 2.628-08 | 2.94E-01
281070 | Gepo> Gmpb, vert. 73.4 102.0 8.3 2840} 411 26.0 0.1 | 0.280] 3,30€-03 | 6.00E-03 | 1.69E-05| 8.835-12 | 6,70E-05 | 2.32E-09 1,74E-02
281105 | Gepo > Gmpb, vert, 13.0 :gz.g ee.a 3340 867 | 480 | 04 ]0200] 4.00E-03) 7.00E-03 | 1.69E-05| 612812 | 459E-05 | 2818-09 | 2.11E.02
2617140 | Gepo>Gmpb, vert, | 144.0 2, 3 | o750 718 | 884 | 01 [0.280] 460803) 1.10E-02 | 1.89E.05]| «.776-12 | aseE-05 | a16509 | 237802
28r180 | Gepo> Gmpb, vert, 184.0 03 0280
261180 | Gepo > Gmpb, vart, | 1840 1020 63 14750 1141 | 836 | 04 [0.280]550E-03] 140802 | 1.80F-05| 6.085-12 | 4608 | 267500 | 290802
277140 | Gepo <Qmpb, vart, | 1420 1020 63 |50 1388 | .08 01 ]0280) 1.50E-0] 1.00E-02 | 1.89E-05 | -1.14E-10 | -053E-04] 1.056.09 | 791E-03
271r140b | Gepo < Gmpb, vert, 141.0 1020 63 | 5170} 1350 | 04 0.1 10280| 1,50E:03 | 1.00E-02 | 1.89E-05 | -2.696-10 | -2.A7E-03 | 1.055-09 | 7.01E-09
271180 | Qepo < Gmpb, vert. 146.0 1020 83 §200 | 1368 34 04 ]0280)1.4 1.008-02 | 1.80E-05| 3.20E-11 | 2.40E-08 | 9.84E.10
2011070 Gmpb, horl. 733 102.0 63 | 2480 314 | 358 | 04 |0.380] 5.506-03| 450602 | 1.69E-05| B.00E-11 | T.50E-08 | 7.726:00 | B.04E.02
281r105 Qmph, horl, 109.0 1020 83 80| 514 513 0.4 0.360| 8.50E-03 | 4.50E-02 | 1.69E-05| 1.64E-11 | 1.23E-04 | 8.425-09 8.32E-02
281140 Qrmpb, hort, 1440 1020 63 10800) 787 | 81,0 | 041 |0.380)7.50E-03] 46002 | 1.60E-05| 1.605-11 { 1.20E-08 | 0.72E.00 | 720802
281r1%0 Gmpb, harl, 1940 1020 83 4880 1 109.8 7.8 01 0.380 | 8.50E-03 | 4.506-02 | 1.60E-05] 1.476-11 | 1.06E-04 | 1.10E-08 8,26E.02
28fr180b Gmph, horl. 104.0 1020 |63 | 4700 117 | 780 03 [ 0.380 8.50E-03 | 4.50E-02 | 1.896-05] 1.45E-11 | 1.00E-04 | f.106:08 | azee-02
2011070 Qraph, hort, 733 1020 83 1 2450) 07 | 33 | 04 |0360|5.20E08| 4505-02 | 1.60E-05] 1.885-17 | 190804 | 6.748.09 | 6.05E-02
28fr105 Grmpb, horl, 109.0 102.0 83 |281.0( 402 624 04 10.380| 6.506-03] 4.505-02 | 1.60E-05| 1.355-77 { 1.01E-04 | 8.42E.09 | 8232802
2atri40 Qmpt, hoel. 1440 1020 1 83 ) IBO[ 843 | 783 | 04 |0360] 7.508-03| 450802 | 1.668-05) 1.32E-11 | o.0ae-05 | o72E-09 | 7.20E-02
291190 Qmpb, hort, 1940 1020 83 Jd4240] 010 | 988 [ 01 [0a80|1.006-02| 3.00E:02 | 1.69E-05| 1.34E-11 | 1.01€-04 | 1.308.08 | 972802
3o(n':70 Gm:>0upo,van. 17;.:; 1020 83 | 3120 485 ) 175 | O1 |0230| 4.60E.03| 1.30E-02 | 1.60E-05| 1,.265-17 | 637605 | 2.165-09 | 1.84E-02
301105 | Gmpb > acpo, vert. . 1020 63 13000 607 | 220 | 01 |0200]650E-03] 1.205-02 | 1.69E05| 1.196-11 | a.00E- 816+ .
2011140 | Gmpb> Gepo,vent. | 1440 1020 83 ) 488.0| 1108 | 268 | 01 |0230]5.808-03] 1.50E-02 | 1.68E.05 :.025-11 7.:‘;53: 2.525.32 ;_ﬁiﬁ:
30{r150 { Gmpb > Gepo, vert. 154.0 102.0 83 | 487.0] 1198 27.8 0.1 | 0.230| 8.30E-03| 1.20E-02| 1.698-05 1.085-11 | 807605 | 209509 | 2248.02
511070 | amptrcteaven | Tan | toee | o | a0y tara 22 | o1 |oam)s10m0| 160502 | 108E0s | 022612 | as2Eas | zsoges | 2t
iy . - - A - L 3 . AOE-03| 2.40E-02 | 1.69E-05| 4.356.12 | 3a7E08 | 181800 | 121802
:::f::: 2B\:<g=w,vm~ :2-3 13:0 :.3 3220 527 | 500 0.4 ]0.230( 4.70E-03| 2.40E-02 | 1.69E-05| 4.465-12 | 3.956-05 | 229800 | 1.678-02
r imph < Gepo, vert. ! 1020 3 Jaseo]| 755 [ et 01 0.230| 5.70E-03 | 2.405-02 | 1.695-05| 4,355-12 | 328805 | 270800 | 200502
aurtee | Gmpb <Gepo,vert. | 1840 1020 83 | 4510 1029 | 748 | o014 |o0200(7.008-00 2 . 3
321r180c | Gmpb <Gepo.vert, | 1840 2020 o | 500 fordll ISR B E-03 2.20E-02 | 1.69E-05] 4.44E-12 | 2.336-08 | 332500 | 2.40E-02
3ue70 Gepoy hort, 733 1026 83 | 3730 68 | 01 [0550|5.205-03] 1.00E-01| 1.006-05 | -3,025-10 | -2.04E-03]| 141608 | 1.08E01
3atrtos Qcpo, hotl, 108.0 1020 63 | 4850 87 01 10550; 6.30E-03] 1,00E-01 | 1.60E-05| -2.655-10 | -1.926-03| 1.71E-08 | 1.20E-01
335140 Qcpo, hotl, 1440 1020 63 | 5240 1.0 0.4 |0550| 7.50E-03 1.00E-01 | 1.695-05 | -1.985:09 | -1.498-02] 2odE08 | 1.59E.01
33tr140b Gepo, horl, 140.0 102,0 63 | 5280 -84 01 oss0| 7.508-03| 100201 | 160505 -a.35E.10 | 251500 204208 | 183801
070 Gepo, horl, 734 1020 83 | ar00 24 01 10550] 1,60E-03] 5.00E-02 { 1.69E-05 -1'535-10 -1'375-03 4'345-09 a'zez-oz
bt Sepoy hotl 109.0 1020 [ 63 | 4600 44 | o1 |osso|1.80003] s.00502 | 1.60506 | +1.126-10 | -B90E-04| 489500 | 388502
v | _oomn | o | o | s [sus) me | 4n | o1 |osw|aoese| somon| rancos| Toveio | s sascon | aareo
- - ° a =3 1} 0650 200802 B.00E-02 | 1.69E-05 | -1.83E-09 | -1.07E:02] 5.435-08 | 4.07E-01

Tab. A7.2: Listing of all measured in situ gas tracer data, Friedingen, SW Germany, bold: data used in further evaluation
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Annex 7: Measurement Data

A. 7.2 In Situ Gas Pneumatic Data

[ Oy, A [ Y 3 T i ]
filsnsme | Nthofacies 1C? Pa) Tmi/s] [1#&1 Tmt/s] [To":'%)' "[ﬁ%} T Pal| (m) | kim?) 3 "":::",:,,.] K V8]
— suama—" T L I WL UL

o070 |  Gmm, horl, 734 1020 63 | 2740] 883 | 288 | 01 |0500] B85E-12 | BIIED0S F'z'sss' 00 | 190602
160105 | Gmm, horl, 100.0 1020 63 |3540! 638 | 301 | o1 |osoof aooe-12 | ecoe0s| 313500 | 234802
1bo140 Gmam, hotl. 1440 1020 83 | 4180| 8ss 49.2 01 10500| 725E-12 | BAME-05 | 3.56E:09 | 267E-02
10170 |  Gmm, hori. 1720 1020 63 | 48.0| 1075 | 582 | o014 0500 663612 | 49805 | 386509 | 2.89E-02
1bo170b |  Gmm, hod. 1850 1020 63 | 4530| 1038 [ 548 | o4 [0500| ag4E-12 | 520808 | a.60E00 | 285802
20070 | Gmm, horl. 734 1020 63 13190 517 | 153 | 04 |0500] 1.685-11 | 141608 | 289509 | 216E02
260106 |  Gmm, hoth, 100.0 1020 63 | 4160] 877 | 150 | 041 |0500| 2566-11 | 17708 | assE09 | 266602
260120 | Gmm, ho. 1240 102.0 63 [4520( 1034 | 143 | ot [0500| 265671 | 199604 | 380809 | 285602
o070 'Sh, horl, 734 2030 167 | 2610 848 | 219 | 04 mew 2.42E-02
0120 8sh, horl, 1210 1020 63 |a440| 908 | 148 | o1 |0820] 2s56-11 | 19104 | 380509 | 288E-02
3b0130 8h, horl. 1240 2020 167 1 440) 953 | 220 | 09 |0620] 200611 | 152604 ] 44400 | 230E02
450070 8h, horl. 734 2030 167 | 2560| 340 | 227 | 04 |0620| 141611 | r00E-04 | a2rm09 | 241802
450120 8h, horl, 1240 1020 63 |4250| o015 | 262 | o1 {0620| 140611 | 105804 | 267509 | 275502
4b0140 $h, horl, 1410 2030 187 | 4200f 936 | 307 | 01 [o620| 111 | 100804 | 441500 | 331602
8b0110 8h, horl. 114.0 1.3 01 422.0 80.2 238 Q.3 0.820) 1.24E-11 | 8.31E-05 | 2.95E-09 2.21E-02
650070 | Sh>Gem,vert. | 793 2030 167 | 2000 437 | 128 | 0.1 [0270] 254E-11 | 1.01E-08 | 3.28E-09 | 246E-02
850105 | Sh>Gem,vart. | 1000 2030 167 {aes0| 700 | 132 | 04 Jozro| 290611 | 220604 | 295500 | 297602
650110 | Shs dem, vert.

600120 | Sh>acm,vent, | 1240 2030 187 [ 430] 840 | 133 | o1 fo2r0] ase511 | 237604 | 419509 | Bv4E02
700110 | She<Gem,vert. [ 1130 1020 63 |at6o| 8727 | 100 | o4 |o0270] 160511 | 135608 | d42Ei09 | 267E-02
790120 | Snec@em,ven. | 1240 203.0 167 ) 4140] 888 | 205 | 01 Joero) 190511 | 140808] 400200 | 306502
860070 | 8h> Qcm, diag. | 703 1020 63 | 201.0| 4331 | 238 | O |0540| 1.13E-11 | B.50E08 | 270609 | 203602
850105 | Sh>@cm,ding. | 1090 1020 83 |ar40| 709 | 817 | o1 |osé0| tosE-11 | 74e08 | 327600 | 245602
%0120 | Sh>Gem, diag. | 1240 1020 63 |a070| 830 | 338 | o1 |ose0| tose11 | 77808 | asos00 | 263802
8001200 | Sh>Gem, ding. | 1240 1020 63 |ao40] 827 | 350 | o1 [ose0| agsE12 | 74eE08 | a4sE0s | 261602
%0070 | Sh<@cm,ding. | 733 1020 63 |3120] 405 { 176 | o1 |os40f resE11 | 122608 | 285809 | 214802
o110 Sh<(lﬂdllg. 114.0 102.0 8.3 413.0 884 21.3 0.1 0.540] 1.68E-11 | 1.25E-04 | 3.54E.09 2.88E-02
1060020 Sh, horl. 228 1020 83 | 773 | 92 | 133 | O 0500 GIIE-12 | SHUE08 | 1.ZAE-09 | 028603 |
1060030 8h, hort, az9 1020 63 | 10| 1s | 159 | o1 |osso| nisE-rr | we2E08 | 173509 | 130802
10bo040 Sh, horl, 43.0 1020 63 198.0 201 16.5 (A 0.500| 1.25E-11 | 930608 | 2.07E-09 1.55E.02
1000050 8h, horl. 53.1 1020 63 |2070| 287 | 181 | 09 Josoo| rs0e-11 | 972608 | 234509 | 175602
1060060 Sh, hor, 632 1020 63 |[eor20] ar? | 104 01 [os90| 1.35E-11 | 101604 | 250509 | 1.94E-02
1060070 Sh, hord, 733 1020 63 |a040| 470 | 199 | o1 |ose0| r4oe11 | 105604 | 260800 | 210802
1060080 Sh, horl, 834 1020 63 |a3m:0| 563 | 207 | ot |0500] 1.45E.11 | 1.00E04 | 300809 | 225602
1060100 Sh, hori, 1040 1020 63 |asso| 752 | 225 | o1 [o0600 tavE-r1 | 192604 | 286509 | 252802
10bo110 Sh, horl, 140 1020 63 |4t00| es2 | 225 | o1 |osso| rszmrs | vase04 | asaE0e | 265802
1060120 Sh, horl, 1210 1020 63 {4%0] 038 | 200 | o1 {ose0| 411 | 131604 | s67809 | 278E02
1060130 Sh, horl, 1210 1620 120 (4280 927 | 263 | 01 |0500| t8SE-11 | 116604 | 407609 | D.05E-02
1000140 8h, horl. 1400 2030 167 420.0 932 304 0.1 0.500] 1.456-11 | 1.00E-04 | 4.36E-09 3.27E-02
11b0070 8h, horl, 733 1020 83 |2r40] 383 | 287 | ot |0500| o04E-12 | 67806 | 259509 | 1.05E02
11bo130 8h, hort, 1340 102.0 83 |4000) 820 | 454 | 09 |oseo| 7ssE-12 | mroE08 | s4ss00 | 261802
1260140¢ Sh, hor. 1440 1520 109 {2000| 608 | s28 | 01 |osoo| 7zgoE-12 | saoE08 | 279500 | 2.656:02
1350050 | Gom, ven. 520 1020 63 | 207.0| 448 | 17 0.1 | 0.160| 1.536-10 | 1,056-03 | 2.55E09 | 191E02
1300070 | Qem, vent. 731 1020 63 }as20] ess | 03 o1 |0400| 107600 | 8.04E03 | 296509 | 222802
130070b [ Gem, vert, 731 1020 63 |sse0| eas | 24 01 [0490] 1.206-10 | 8.97E08 [ 280E:09 | 219602
1350100 |  Gom, vert, 289 1020 83 |4280] 927 | 02 | o1 |oteof -t975.09 | t48E-02| 239509 | 284E02
1350100b|  Gem, vert. 9.0 1020 83 | 4280| 927 | -0 01 |0490] -4735:09 | a55E02| 3.39E09 | 254E02
120100c | Qem, vert. 1020 1020 63 [4240| 910 [ 46 01 [ot00] 724511 | 543804 | 3.08509 | 2852602
130100d | Qem, vert. 1010 1020 63 |4z230| o068 | 4 01 {0400| 824511 | s.18E-04 | dasE09 | 252602
1301008 | Qom, vert, 1010 1020 63 |4z0] s06.] a1 01 |oav0| 824611 | sasE04 | S35E09 | 262602
14boC56 Gom, vert. 53.8 102.0 a3 | 2160] 244 | 24 0.9 |0.190] 812512 | 084805 | 204E:09 | 1.53E-02
o070 | Gem, vert. 73 1020 63 |2820] 405 | 285 | o1 |oisef sezE2 | eveE08| 245800 | tBéE02
Wo100 §  Gem, vert, 1040 1020 83 |40s0] 843 | 133 | ot |0180] 244511 | 183604 | 526609 | 244E-02
o106 | Gom, vert. 1040 1020 @3 | 2s30] esn | s08 | ot |ost00| sesE-12 | v2se08| 297609 | 223802
1Tbot00 | Qom,vert. 1030 102.0 03 |aoso| 835 | 132 | o1 {o0.400| 247511 | 185604 | 925609 | 243802
1500050 | Gem, vert. 53.0 1020 83 1 2080| 218 | 250 | 04 |0210 7.96E-12 | BOTEDS | 1.69E-09 | 1.48E-02
1550070 | Qem, vert, 733 1020 63 |a2rmo] 380 | 200 | o1 [o210] asse-12 | 627605 | 242609 | 182602
1550100 {  Qom, vert. 1040 1020 63 {as20| e85 | stz [- o1 [o2t0f eerE-12 | 721805 | 009 | 2285802
1550120 | Gom, vert, 1240 1020 63 | 40| ss4 | 313 | o1 [o210] rosert | 798e08 ) 830E09 | 260802
1850070 | Qom, vert. 733 1020 63 |asrof ear | 23 01 |o210| r305-10 | e72E08 | 287809 | 222602
1850100 (  Qem, vert. 00,0 1020 63 |4100] 852 | 75 01 |o210] 440511 | 330804 | 331809 | 240802
16001000 | Gom, vert. 267 1020 83 |at00| es2 | s2 01 |0210| 634511 | a75E08 | 33100 | 248202
1850110 | Geom, vert. 1130 1020 63 |a4050| 831 | 238 | o1 [o210] 139511 | 104604 | 928500 | 24602
1850100 | Gom, horl. 1540 1020 85 T 4040 ] 827 | 160 | 04 |0.770| 2356-17 | 1.70E04 | 3.526-09 | R84E-02
1801006} Gem, horl. 1040 1020 63 |4020] e19 [ 158 | ot |o7o| 222811 | 167604 | 351E:09 | 283E02
1850100¢ | Gom, horl. 1040 203.0 187 | 24s0] 207 | se8 | 04 |o770| s50E-12 | 410805 | 312609 | 234E02
1950100 |  Gem, o, 984 1020 63 |4000| 847 | 70 014 |o770| 505611 | aeE08 | sssE00 | 267602
1obot0ob|  Gem, horl, 1040 2020 167 | 4080 | 843 39 0.1_0.770] 1435.10 | 1.07E-03 | 425609 | B.18E-02
2000100 | Germ, Torl 1020 203.0 67 | 400.0| 847 | 06 0.1 [0.820] 7.50E-10 | 6.82E03 | 4.266:09 | 020602
2100100 | aem, hod, 1010 2030 167 | 4070] 839 | o4 04 _|oseo| 1o9E00 | 8a7E03] e25E.00 | 31900
280106 | Gem, ding. s 203.0 67 1 4i00] 852 | 65 | 01 |0800] B.62E-11] 489ED4] 4.276:09 | 020602
20100 | Gem. disg. 042 2000 w7 Jaoso] sas | 68 | 01 loswol.s2ac11] 468E-04] 425509 | d.19E02
2450100 | Gem, diag. 958 203.0 67 [ 4070 830 | 50 | 01 |0830] -BA6E-11| 6I6E04| 4.256:09 | 3IAGED2

Tab, A7.3: Listing of all measured in situ gas pneumatic data, Bohringen, SW Germany, bold: data
used in further evaluation
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Annex 7: Measurement Data
! } Ap, 1 3 dimensional
‘ e | e T oot [ ot el Tio el T _kim?)._| e me] | ke ) | Kol
\ fllsname lithofaclos 10 Pa] Imiis] _{ {10 Pa] | (mbs} | 110 Pa} | [107 Pa) o]} AR TE TR RERT
! 117140 Qcho, horl. 144.0 1020 68 | 5060 | 1254 | 83 01 | 0.080] 5.136-11 | 3.85E . 195
. 47 01 |0080] 8.09E-11 | 6.07E-04 | 379509 | 2.84F-02
2105 Geho, horl. 109.0 1020 6.3 ::g.g ‘9:'.11 pod o1 looso| ssstrs | s1ap0h| 426m00 | az1Eco
#rid0 Gcho, horl. jho | o 0 102:5 014 01 |0980] 9.63c-10 | 7.376-03 | 3.856:09 | 2.88E-02
3fr105 Qcho, horl. 108.0 998 61 | 450,
‘ 0] 1350 | 00 01 | 0980] -1.135.08 | -8.49E:02] 4.50E-09 | 3.20E-02
31149 Gceho, horl, 141.0 980 8.0 517
! 314 0.3 (3] 0.380[ 0.31£-10 | 8.98E-:03 | 2.37E-09 1.78E-02
Alr035 Gch, horl. 38.0 102.0 63 | 2400 R mot| a2ie00 | 240802
‘ 4fro70 Gch, horl, 734 1020 63 |amo| 721 | 53 04 ]0.380| -6.11E-11 | -4.58 . .
‘ 700 | 1117 | 90 01 |0380| 4.265-11 | -3.21E-04| 3.67E:09 | 2.00E-02
| 4tr105 Gch, horl. 109.0 1020 63 | 4 ooy | sooecs
: ‘4lr140 Geh, horl, 1440 102.0 83 §47.0 | 1518 -13.4 0.1 0.380| -3.27E-11 | -2.46E-04 2 .73502
' stro70 Geh, horl. 732 2020 186 |aane| 577 | -1 01 |0080| -3.44€-10 | -2.58E-08( 2.65609 [ 2
5ir140 Gch, horl, 144.0 2020 188 | 5150 1340 | 86 01 |0380] -7.596-11 | -5.54E:04 | 4.856:09 | 3.64E-02
5tr150 Gch, horl 154.0 2020 166 | sas0f 1448 | 7 01 |o0as0| -zope-11 | 525604 499509 | avaE-02
6ir140 - Geh, hord. 1440 3020 308 | 4s00| 1es | -a3 01 | 0380| -1.606-10 | -1,208:03] 529609 | 3.97E-02
6tr150 Geh, horl, 154.0 3020 308 | 5020 1274 | -42 01 |0380] -1.316-10 | -9.80E04] 5.44E09 | 4.08E-02
7r140 Qch, horl. 1440 404.0 49.4 437.0 8.7 2.1 0.1 0.380| -2.69E-10 | -2.02E:03| 5.69£-09 427602
8ir140 Qch, horl. 144.0 4750 649 |3250| s37 | 254 | o4 |0380[ 218511 | 1.605-04 | 5415-09 | 4.08E-02
91035 Geh, hort, 381 1020 63 |2400| 204 | 23 01 | 0380 9.94E-11 | 745E-04 | 2316-09 | 1.74E-02
9070 Gch, horl, 734 1020 63 |aseso| sso | 09 0.1 }0,380] <3.566-10 | -2.67E-03( 317809 | 237802
9ir1os Gch, horl. 1020 1020 63 {4580 1081 | a4 01 |0380] +1.10E-10 | -8.25E-04 | 3.79E:09 | 2.84E-02
911140 Geh, horl, 1420 1020 63 isapl gl 62 01 |oaso| -6896-11]-517604] 427809 | 321802
1011070 Gcho, vert, 73.3 1020 83 | 2600[ €58 | 12 0.1 | 0.600| 265610 | 1.99E03 | 3.19E-09 | =2.39E-02
101r105 Gcho, vert, 109.0 1020 83 | 4520 1034 | w07 0.1 |0600| -5.496-10 | -4.126:03| s.62609 | 287602
101140 Geho, vert. 1410 1020 63 |s210| 1371 | 25 01 | 0.600] -1.756-10 | -1.326-03 | 4.305-09 | 32002
1111070 Geho, vert, 734 1020 63 |a600[ 658 | 13 01 [0.600| 2.456-10 | 1.836-03 | 8.195-09 | 2.39E-02
14r105 Geho, vert, 109.0 1020 63 | 4400 1020 | 07 0.1 [0.600| 5736-10 | 4.30E-03 | 3.80E-09 | 2.85E-02
141r140 Geho, vert, 1410 1020 63 [5160] 1345 | 02 01 |0.600] 2766-09 | 2.076-02 | 4.27E-09 | 3.20E-02
12ir140 Gmh, vert, 1420 1020 63 | 5150 1340 | 17 0.1 | 0.320 2.47€-10 | 1.88E03 | 4.13E°09 | 3.10E-02
130150 Gmh, vert. 1510 |- 1020 63 | 5080 1304 | 143 | 01 |0320] 2.866-11 | 215604 | 400509 | 3.08E-02
144r190 Gmh. vert. 194.0 1020 63 | 5070 1209 | s7.8 | o4 |0320f 705612 | s.20E-05 | 408509 | 906802 |
151033 Qmib, horl, 989 1020 83 | 217.0) 243 78 01 |0320] 279511 | 2.05E0A | 274869 | 1.60E-02
151r070 @mhb, horl, 734 1020 63 | a440]| 604 7.0 01 {0220] 428511 | 321604 | 299809 | 2.24€-02
181r105 amhb, horl, 109.0 1020 63 [4340] 053 | 79 01 | 0.220] 4.90E-71 | 3.87E-04 | 3.59E-09 | 2.69E-02
151140 amhb, horl. 144.0 1020 63 |5080| 1204 [ 83 01 | 0320 491517 | 3.88E-04 | 4.076-09 | 3.05E-02
1611035 Qmhb, horl, 8.3 1020 69 [2100]| 228 [ o84 01 | 0320 229611 | 1.676-04 | 209509 | 1.57E-02
1611070 Gmhb, horl, 734 1020 63 | 30| 540 | 134 04 10.320| 219611 | 185808 | 286509 | 215802
1616105 amhb, horl, 109.0 1020 63 |4130| 864 | 183 | 01 [0220] 212611 | 1.50E-04 | 345509 | 2.59E-02
! 16tr140 amhb, horl, 144.0 1020 63 |4820] 1175 | 202 | o4 |0020| 199611 | 145604 | 391809 | 2.93E-02
| 16tr158 Qmhb, horl, 158.0 1020 83 | 50601 1204 | 203 | o1 {0a20) 18354y | 17804 | d07E09 | 305E02
1711070 Qmh, vert. 733 1020 83 [2330] 563 | 106 | 0.1 |0.190| Z61E-11 | 1.98E-04 | 2.76E-09 | 2.08E-02
17(r105 Qmh, vert. 109.0 1020 63 (| 4330| 948 | 78 01 |0.190| 4.40E-11 | 3.30E04 | 342609 | 2.58E-02
1761508 Gmh, vert. 154.0 1020 6.3 5330 | 1435 42 o1 0.180| 9.68E-11 | 7.28E-04 | 4.06E-09 3.04E-02
1711500 Gmh, vart. 1540 1020 63 | 6310 1424 | 53 01 [0.80] 7.69E-11 | 5.78E-08 | 4.045-09 | 3.03E-02
17Mr150e Gmh, vert, 1540 1020 63 |5280] 1408 | 69 01 |0.180] 567611 | 4.40E-04 | 402609 | 3.026-02
181035 Qmbh, vart. a8 1020 83 205.0 218 102 o1 0.90| 1.92E-11 | 1.44E-04 | 1.96E-09 1.47E-02
1811070 Qmh, vert. 735 1020 63 13260 540 | 192 | o1 {0100 208511 | 1.56E08 | 279609 | 205802
181r105 Gmh, vert, 109.0 1020 63 |4130| se4 | 183 | ot 0190 202511 | 152604 | 320809 | 247802
181e150 Gmh, vert. 154.0 1020 83 505.0 | 128.9 18.8 0.t 0.190]| 2.06E-11 | 1.55E-04 | 3.88E-09 2,91E-02
1911070 Gmh, disg. 733 1020 63 |[0380| 680 | 89 0.1 |0.600] 3.40E-11 | 255E-08 | J.04E-09 | 2.28E-02
191105 Qmh, diag. 109.0 1020 63 |4300] 936 [ a1 01 |0600| 405617 | 3.04E-04 | 367509 | 275802
191r180 amh, diag. 150.0 1020 63 | 6120 1925 | 112 | o1 |0600] a.7ee-11 | 2.83e-08 | 424509 | 918602
201r070 Gmh, diag. 733 1020 863 | 70| 677 | 93 01 |0.600] 8.26£-11 | 245E-08 | 3.00E-09 | 2.27€-02
201r105 amh, diag, 109.0 1020 63 |[4270( 923 | 104 | 01 |0600] 352511 | 28404 | 265509 | 274E02
20tr140 Gmh, ding. 144.0 102.0 8.3 499.0 | 125.8 EAE:] 01 0.600[ 3.51E-11 | 2.63E-04 | 4.156-09 311E02
20tr150 G, dixg. 148.0 1020 63 1509.0] 1309 | 118 | o1 |o0600| 359517 | 269604 | 422509 | 3.46E02
211r070 Gmh, horl, 733 1020 63 |a.0] 550 | 120 [ ot [oeso| 250617 [ 1.875-04 | 299605 | 2.24E02
211r108 Gmh, horl, 109.0 1020 63 14170 881 | 146 | 01 [0.080| 2465.11 | 1.85€-04 | 3.60E-09 | 2.70E-02
21r150 Gmh, horl, 153.0 1020 63 | 503.0| 1278 ( 188 | o4 10.680] 223511 | 1.676:08 | 419509 | 3.14E-02
211ri60b Gmh, horl, 1530 1020 63 (5050 1280 178 | o1 |o680] 236511 | 177604 | 421509 | 216802
211r1500 Gmh, horl, 163.0 1020 63 |soso) 1269 § 178 | o4 {oeso] 236e11 | ty7E08 | 421809 | Bi6E02
2211070 Qmh, hord, 73.4 1020 63 |3210] 624 | 147 | o1 |os80| 200511 | 150604 | 299509 | 2.20E-02
221r105 Gmh, hori, 100.0 1020 63 140701 839 | 188 | 01 |0680| 188517 | 1.41E-04 | 350509 | 265802
2211150 Gmh, horl, 1540 1020 63 140501 1208 | 208 | 01 ]0680| 1.74E-11 | 1.30604 | 414509 | 310502
231r150 Gmh, diag. 1540 1020 63 149801 1243 | 208 [ "04 V0.600] 1.77&-17 | 1.03E-08 | 4.13509 | B.106.02
2411070 Gcpo, horl, 734 1020 63 a0 537 [ 134 [ 01 |0630| 221E-11 | 1.85E08 | 2.956:08 | 2.21E-02
24tr105 Gopo, horl, 109.0 1020 63 (4000 843 | 183 | o1 0630 1.92611 | 1.44E04 | 353800 | 2.84e02
24(r140 Gcpo, horl, 1440 1020 63 | 4760 | 1149 [ 236 | 01 [0630| 1.695-11 | 1.27504 | a.99E09 | 29002
241r170 Gepo, horl, 1740 1020 63 (5100 1364 [ 316 | o1 |0630 136511 | i.02608 | 429500 | 320802
241e1700 Qcpo, hoth, 1740 1020 63 | 6170 1350 [ 928 | o4 [0.630| 1.31£-11 | 9.84E05 | 42000 | 22102
24tr170c Gepo, hatl, 1740 1020 €3 16130) 1330 | 347 | o1 |0830| 1.25E-11 | 0.98E05 | 425609 | 319802
2511070 Qepo, horl, 73.4 1020 63 {3s50] s40 | aa 01 | 0630) 1.02E-10 | 7.63E-04 | 3.166-09 | 2.37E-02
25tr105 Gepo, horl, 109.0 1020 63 |44r0| 1011 | 16 01 |0630| 2436-10 | 182603 | 3.806:09 | 2.85E-02
25(r140 Gepo, horl, 144.0 1020 63 |s2s0] 1302 | 6 0. 10630| -2.758-10 | -2.09E-03| 4.395-09 | 328E-02
251r140b Gepo, horl, 144.0 1020 63 [6250) 1392 | .8 0.1 10830| -2795.10 | -2.008:03| 429500 | 325602
2611070 | Gepo>Gmpn, vert, | 734 1020 63 [2840) 4.1 | 260 | 01 |0280| 9.656-12 | 739806 | 256E.09 | 1.926:07 |
261105 | Gepo>Gmpb, vert. | 109.0 1020 63 [3340| 567 | 460 | 04 [0280( 628612 | a71E08 | 28000 | 247602
261140 | Gcpo>Gmpb, vert, | 1440 1020 63 (8750 713 | 664 | 01 |o0280( 477612 | asse0s | at6z09 | za7E-02
2810180 | Gepo> Gmpb, vert, 184.0 0.280
2611800 | Gepo>Gmpb, vert, | 1840 1020 63 14760 1141 | 636 | 01 [0200] 602612 | as1E05 | G309 | 2.87E.02
27140 | Gepo<Qmpb, vert. | 1420 1020 83 | 5200] 138 | 08 01 [0.280] -4,446-10 | -0.33803| 412509 | 2.09E-02
271r140b | Gepo <Qmpb, vert, | 1410 102.0 63 |s170| 1350 | 04 01 | 0.280) -1.136:09 | -8.456-03| 4.105-09 | 208802
271r160 | Gepo <QGmpb, vert. | 146.0 1020 63_[56200] 1366 | a4 01 10280] 1.346-10 | 101803 | 4.12£:09 | 2.00E.02
281070 Gmpb, hori, 733 1020 63 | 2480 914 [7366 | 01 |0880[ 6.60E-12 | 49905 | 2078-09 | 176505 ]
281r105 Qmpb, horl, 109.0 1020 83 [8180] 514 | 513 | o1 |0380( 554612 | 46205 | 2845-09 | 213802
281r140 Gmpb, horl, 1440 1020 83 {08001 767 | 610 | 01 |0380 sdse-12 | 400e08 | 952E.00 | 240802
281r190. Gmpb, horl, 194.0 1020 63 4860 1008 | 778 | 01 |oaco| 4.g4e-12 | 370605 | Gess09 | 2.802.02
28r190h Gmpb, horl, 1940 1020 8.3 4700 | 1.7 760 03 [ 0.380] 5.09E-12 { a.82E-05 | 3.875-09 2.90E-02
2015070 Gmpb, hor. 733 1020 63 | 24501 207 | 363 | o1 |0380 647E.12 | a8sE08 | 295800 | 1.78E.02
281r105 Gmpb, horl, 109.0 1020 63 |o2at0] 402 [ 624 01 |0380| 415512 | 311608 | 250200 | 104502
28148 Gmpb, hort. 1440 102.0 63 36601 643 | 733 | o1 |0380| 422502 | a47e05 | Gr0m09 | 290802
281190 Gmpb.hor, | 1940 102.0 83 |4240] 910 968 03 10380} 360512 | 2.78E-05 | 356600 | 2.878.02
301070 | Gmpd > Gepo, vart, 733 102.0 8.3 3120 495 175 0% 10230f 1.556-17 { 1,10E-04 | 2,70E-09 TEOE
301105 | Gmpb>Gepo, vert. | 1090 102.0 63 00| go7 | 220 | o1 [0290| 148511 | 141608 | 327500 | 245502
30tr140 | Gmpb > Gepo, vort, 144.0 102.0 63 |4680| 1108 | 269 0.1 |0:230] 1.385-11 | 1.04E-04 3.725.09 2‘795_02
301r150 | Gmpb>Gepo, vert. | 1540 1020 83 |487.0| 1100 | 278 | o1 |0230| 738511 | 1.04E04 | 38400 | 2.85E.07
20fr160 | Gmpb>Gepo,vert, | 1630 1020 63 16020 1274 | 208 | 01 |0230| 134511 | 101604 | 39409 | 285E.02
311r070 | Gmpb « Gcpo, vert, 73.3 1026 63 l24201 209 | 370 |° 04 |0200] 605812 | asevs | 224500 1.68E:02
3111105 | Gmpb <Gepo,vert, | 109.0 1020 63 (a0l s27 | 500 | o1 |o20| 553612 | 415605 | 276508 | 207802
311r140 | Gmpb<Qepo,vert, | 1440 1020 63 |3s80| 755 | 621 o1 o200 512812 | asagas | stesos 200802
311130 | Gmpb<Qcpo,vert. | 1840 1020 63 | 4510 1029 | 748 01 |0290( 482612 | aszeas | 61200 270802
32Mr180¢ | Gmpb <@g 184.0 202,0 168 | 3000) 807 | 868 | 0.1 |0230| 452512 302609 | 204502
331070 Gepo, harl, 733 102.0 63 |3730] 706 | 98 | 01 |0550] -9.096-17 |-6.0264 W‘m‘
33Mr108 Gepo, horl, 109.0 1020 3 148501 1094 | 87 | 01 0550 -5.808-11 |-437E.06| 2.90E09 | 29302
33fr140 Qepo, horl, 1440 1020 83 5240 1387 | w0 0.1 10550| 11910 | -0.158:03| 431E:09 ;
s:‘vm gcpo.:or:. 10 | 1020 | 83 |560) 1998 | 61 | 01 [osso| 7ro5r1 |-saam0a| 452600 :::Ej:
cpo, horl, 734 1020 63 [3700| 694 | 24 . .650| -1.37€-10 | 1.03E- 256 '
::r:g: gcw.:or:. :g.o 1020 63 | 4600 1070 | 44 g.: g::g -;.g;i-;g ;:g::gi 3’:553 ::3:
" cpo, horl, .0 1020 63 [5140| 1335 | 68 01 [0850| 622811 | -467604| 424208 | 3
35tri40 Sepo, horl. 144.0 2020 166 |sosol 1304 | a0 o1 | 0850} 165810 | 1.238.03) 48500 “:iz:

Tab. A7.4: Listing of all measured in sity gas pneumatic data, Friedingen, SW Germany, bold: data used in further evaluation
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Annex 7: Measurement Data

A 7.3 Laboratory Gas Tracer Data

Ap Qn Qo ] Vs o Ditt 1 dimensions]

{itaname | lithotacles | [1 ﬂ (mUs) | Tim/a} ﬂ [nvs) [m} s | KIm T T Kiimfa]
13apS | SmmB | 7.80 | 128 | 212.00] 0.76] 1.70E-0Z | 500E-03) 1.696-08 | B.92E-17 | B.69E-04 |
13dp10 | Spoms | 1277 | 128 | 1000[078] - - | 160805

bisdpto | spms | 1277 | 126 |426.92]|076| a75E.02| 6.005-03 1.695-05] 1.208-10 | 005504
13dp12 | Sp,m8 | 1499 | 128 |524.02)078| 4.056.02| 5.005-03| 1.695-05] 1.35E.10 | 1.016-03
13dp1s | sp,ms | 17.28 | 1.20 |es2.32]|076| 6.35E-02| 6.805-03 | 1.69E-05 | 1.508-10 | 1.138-03
136p19 | SpomS | 19.00 | 125 |604.18]0.78] 6.855.02] 1.006-02 | 1.69E-05 | 1.485-10 | 1.41E-03
Intadp10} Spm3 | 1278 {42002) 420.60) 0.78] 2.848.02) 7.005.02) 1.69-08) 1.295.10 | 9.22E-04
T4dp10 | 8,18 | 1273 | 1.25 | 161,16 0.76) 1.006-02| 250E-03 | 1.69E-05| 8.31E-11 | 2.48E-04]
4dp20 | su1s8 | 2282 | 128 |305.15]076] 2.188.02] 350.03| 1.60E-05 | a.91E-11 | 209E-04
140p30 | sufs | 3201 | 128 [4se.44]076] 3.488.02| 4.002-03| 1.69E:05 | 4.53E-11 | 225604
t4dpeo | syt | 4301 | 128 [e10.68]076] 4.958.02] 45003 1.696-05 | 471E-11 | 253804
14dpas | syt | 477 | 125 [69502]0.76] 6.156-02| 7.00-03 | 1.69E-05 | 5.165-11 | 3.87E-04
intadp20 | sut8 | 2282 | 20861 300.48] 0.76] 2.208.02 | 5.505-03 1.69E-05 | 3.946-11 | 206E-04
tnadp21 | sn18 | 2262 |20n04f 30271076 2.108-02] 5.302.03| 1.69E.05| 299E.11 | 205604
8dprot | amt 548 | 228 | 702:61]0.76) 1.606-01 | 7.005-02| 1.69E-U5| 1.206-09 | B.97E-03
sepr02 | amt 650 | 1.38 |703:20{ 076} 1.908-01] 1:505-01{ 1.806-05 | 1.41£-09 | 1.06E-02
15dpr03 | amt 543 | 1.85 | 70280 0.78] 1,708-01 | 7,005-02] 1.89E-05] 1.276-09 | 9.50E-03
184, amt 541 | 160 | 70234] 078 1.708.01 | 4.005-02] 1.695-05] 1.29609 | 9.84E-00
8dpro1 | Gepo 100 | 1.28 | 714.75| 209 | 4.50E-01 | 1,805-01] 1.69E-05| 5,096-08 | 3.62E-01
18dpro2 |  Gepo 099 | 125 | 714.18) 2.00] 4.20.01 | 1.802-01] 1.60E-05] 4.70E-08 | 3.56E-01
18apro3 | acpo 10t | 126 | 71429 2,00 4.208.01 1.80201 1.08E-08 | 4.57E-08 | 350801
intsdper | Gcpo 078 | 408.15 | 597.98) 2.09] 4.20E-01 | 1.805-01 | 1.69E-05| 6:64E-08 | 4.98E-01
Intsdpr2 |  Gcpo 082 | 498.00| 601.84| 2.00| 4.30E-01 | 1.80%-01 | 1.69E-05 | 5.67E-08 | 4.40E-01
17apro1 | aepo 093 | 1.26 |683.55)2.00] 3.008.01| 250201 | 1.69E-05 | 3.626-08 | 2.72E-01
17dpro2 | Gepo 192 | 127 | 705.11] 2,00 2.008-01 | 2.708-01 | 1.69E-05 | 290E.08 | 2.18E-01
17dpro3 |  Gepo 193 | 1.26 | 706.30| 2,09 3.008-01 | 2.506-01 | 1.69E-05 | 2.96E-08 | 2.23E-01
17apros | Gepo 118 | 1.25 | 70850 2,09 3.408-01 | 3.002-01 ] 1.696-05 | 8.255-08 | 2.43E-01
17dproS | Gepo 147 | 128 | 707.10 2,09 3.408-01 | 3.008-01 | 1.69E-05 | 327508 | 2.45E-01
17dpros | Gepo 118 | 128 |707.41)2.09] 3.205-01 | 3.00E-01] 1.69E:05 3.055.08 | 2.208-01
T8Op10 | Gmpb | 1023 | 1.26 | 195.13 0.76 2.00E-02 | 1.00E-02 | 1.69E-05 | 8.00E-17 | G.00E-04
18dp20 | Gmpo | 2033 | 127 |387.80] 0.76| 4.008-02| 120502 | 1.69E-05| B.05E-11 | 6.04E-04
180p30 | Gmpb | 3042 | t28 |sss7ajore| - .| 1.69E05

piedp3o | Gmpb | 3042 | 127 |538.17]076] 6.402-02] 150802 1.69E-05| B.61E-11 | BASEO4
180p40 | ampb | 3837 | 128 |essas|078] 0.35E-02| 1.70E-02| 1.608-05] 972611 | 7.20E-04
IM8dp20 | Gmpb | 2033 | 355.67| 367.14 | 0.78] 4.108.02] 1.30E-02( 1.69E-05 ] 8.25E-11 | 6.10E-04
196p10 | Gmpb | 1023 | 1.26 | 132.14] 0.76] t.358-02] 5.70E-03 | 1.696-05{ 6.406-11 | 4.05E-04
19dp15 | ampb | 1540 | 1.28 | 19594] 0.76] 2.026-02] 5.00E-03] 1.66E-05{ 5:376-17 | 4.00E-04
19dp30 | ampb | %042 | 1.28 |378.67]078| 4.16E-02] 6.00E-03] 1.69E-05 | 5:506-17 | 4.10E-04
190p45 | ampb | 4571 | 1.26 |se268]076] 6.75€-02] 7.005-03 1.60E-05 | 804611 | 463604
bisdpas | ampv | 4571 | 126 | s6255|0.76] 6.75E-02| 7.00E-03 1.60E-05| 8.04£-11 | 453E-04
199ps5 | ampb | 5548 | 125 |674.40] 076 9.30E-02 7.00E-03] 1.60E-05 | 8.90E-11 | 5.47E-04
int9dp30 | ampb | 3043 | sea.s0] 581.42| 0.76] 4.50E.02] B.00E-03 | 1.69E-05| 551E-11 | 414E-04
in19dpab | ampb | 3044 | 37000 381.73 0.78| 4.00E-02 | 7.005:03] 1.695-05| 536+ 11 | 4.03E-04

Tab. A7.5: Listing of all measured laboratory gas tracer data, samples

A 7.4 Laboratory Gas Pneumatic Data

from Friedingen and Bohringen, SW Germany

A Q, [+ [] r 1 dimensionsl
| filename | lithofacles | [10"Pa] | [mVs) | (mts) | [m) | (m] | Aim ] | Kinvs)
13dp5 | Sp.mS | 780 | 1.26 | 212.00]0.76] 0.095| 1.31E-10 | 0.81E-04
134dpt0 Sp, mS 1277 1.26 | 140.00] 0.76| 0.085
b13dpio | Sp,mS | 1277 | 1.26 [426.92]0.76( 0.085( 1.615:10 | 1.21€-03
13dpt2 | sp,ms | 14909 | 126 |52492]0.76] 0.095| 1.695-10 | 1.26E-09
13dp1s Sp, mS 17.28 1,20 | 852.92] 0.76] 0.095| 7.82E-10 | 1.38E-00
13dp1o | Sp,ms | 19.00 | 1.25 |694.18]0.76] 0.095| £.76E-10 } 1.32E-03
In3dpto| Sp.ms | 12.78 ] 420.02] 423.6010.78] 0,095 1.59€-10 } 1.20E:03
14p10 EXS) 1273 | 1,25 [151.16] 0.76| 0.095 | 5.71E-11 | 4.28E-04
14dp20 sK18 2282 | 1.26 [805.15]0.76| 0.095| 6.436-11 | 4.682E-04
144p30 SK1S 3201 | 1.28 | 458.44| 0.76] 0,005 | 6.70-11 | 5.03E-04
144p40 sh18 4301 | 1.28 | 810.68 0.76] 0.095 | 6.63E-17 | 5.12E-04
14dp4s st 18 4877 | 1.25 | 695.02]0.76] 0.095 | 6.866-11 | 5,14E-04
Intddp20 |  SU,18 2282 | 208.51 [ 300.46( 0.76] 0.095 | 6.395-11 | 4.76E-04
Intddp21 | _ s18 2282 | 20804130271 0.78| 0.095| 6.39E-11 | 4.79E-04
15dprot Gmt 5.48 | 226 |702.61| 0.76] 0.095] 6.176-10 | 4.63E-03
15dpro2 amt 550 | 1.38 |703.20|0.76| 0.095| 6.15E-10 | 4.62E-03
15dpro3 amt 549 | 1.95 | 70290076 0.005| 6.16E-10 | 4.62E-03
15dpro4 Gmt 541 ] 1.60 | 702,04/ 0.78| 0.005 4,68E-03
18dprot Gepo 100 | 1.26 | 114.75]| 209 0.050 2,676-01
18dpro2 |  Qepo 099 | 1.25 | 714.18|2.09] 0,050 2,50E-01
18dpro3 |  Qcpo 1.0t | 1.26 |714.29| 2.09{ 0.050 2,53E-01
in18dpr1 | Gepo 071 | 498.15| 597.98 | 2.09] 0.050] 4.01:08 | 3.01E-01
Intedpr2 {  Gepo 0.82 | 498,00] 801,84 2.09] 0,050 3.496-08 | 2.62E-01
17dprot |  dcpo 0903 | t.28 | 683.55|2.09] 0.050] 3.50£-08 | 2.636-01
17dpro2 |  Gcpo 112 | 127 | 705.11]|200f 0.050] 5.006-08 § 2.256:01
17dprod |  Qepo 113 | 1.28 |708.30] 2.09] 0,050 2.965-08 | 2.23E-01
17dpro4 |  Qepo 148 | 1.25 ]| 708.00] 2.09| 0.050| 2.86£-08 | 2.15E-01
17dproS | Gepo 147 | 1.28 |707.10]| 2,09 0.050| 2.895-08 | 2.16E-01
|_17dpro8 | Gepo 118 | 1.28 | 707.41]|2.009] 0.050] 286508 | 2.15E:01
12dp10 | Gmpb 1023 | 1.26 | 195.13| 0.76| 0.095| 9,17E-11 | 8.88E-04
18dp20 Gmpb 2033 | 1.27 |2s7.80] 0.78| 0.095| 8.706-17 | 8.53E-04
18dp30 | ampb | 3042 | 126 |538.73{0.78] 0.095
b18dp30 Gmpb 3042 | 1.27 | 538.97) 0.76] 0.095] 851517 | 6.36E-04
18dpd0 | Gmpb 3047 | 1.26 |ee6.48|0.78| 0.095| 8.395-11 | 8.29E-04
Intedp20 | aGmpb | 2033 | 355,07 367.14] 0.76) 0.005 | 8.60E-11 | B5IEC4
1%ap10 | Gmpb 10.23 | 1.28 |132.14]0.78] 0.085| 6.216-11 | 4.68E-04
19dp15 |  Gmpd 1540 | 128 | 195.94{0.76| 0.005| 6,125-11 | 4.59E-04
19dp30 | Gmpb | 3042 | 1.28 | a78.67]0.76] 0.095) 599511 | 4.40E-04
19dpas | Gmpb | 4571 | 1.26 | 562,68 0.78] 0.095  5.926-11 | 4.44E-04
blodpas |  Gmpb 4571 | 1.26 | 662.55] 0.76] 0.095  5.92E-11 | 4.44E-04
19dpss Qmpb 65.18 | 1.25 | 67440 0.76| 0.095| 5.88E-11 | 441E-04
Int8dp30 | Gmpb 3043 | 309.99| 38t.42| 0.76 0,095 6,035-11 | 4.52E-04
In19dp3b |  Gmph 3044 | 370.00) 381.73} 0.76] 0.005| 6.09E-11 | 4.52E-04

Tab. A7.6: Listing of all measured laboratory gas
pneumatic data, based .on gas tracer

and Bohringen, SW Germany

measurements, samples from Friedingen
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Annex 7: Measurement Data

sampie [ kit k12 k13 Kki4 k15 ks K17 3] K19
lithofacles Qcpo Sh, mS Sh,ts sp,mS si,18 amt Gepo Qcpo Qmpb Gmpb
t(m) 209 0.76 078 0768 o8 0.76 209 209 0.78 0.78
rim) 0.05 0.085 0.005 0.085 0.095 0,095 0.05 0.05 0.098 0.005
Q/ap 279.49 2881 872 40,39 16.48 4148 788.87 1002.90 18.26 1345
(10 mYPas]
K [m') 1.30E-08 1.28E-10 4.00E-11 1.89E-10 7.59E-11 1.4E-10 | 3.68E-08 | 487E-08 8.58E-11 63EH
K; [m/s) 9.76E-02 QAIE-O4 3.07E-04 142803 5,60E-04 1.43E-03 2,75E-01 | 3.S50E-01 8.426-04 4.73E-04
ap| Q ap Q Ap Q Ap Q Ap [*] Ap Q |ap]l Q@ jap| Q@ Ap Q Ap Q
2.74] 8] 250 3 281 4] 4271 43.40| 574 & 10} 0.26] 508] 0.49 3f 221 43 630 49
2.85] 503] 258 3| 789 44f 523] 8370f 11.30| 124f O0.01] 105] 0.52| 766{ 0.85] 306| d4.68] 84 ATO B4
2.86] 7301 285 43| 1370] 84| 6.15f 124.00] 14.00] 165| 1.69] 206| 0.41] 686| 0.72] 407| 7.07| 124] 13.00] 124
2.89] 750] 297| 43 ‘19.00] 124] 7.04] 184.00] 16.60] 205| 2.82] 307| 0.66] 687| 0.78] 508] 0.41] 184] 16.10] 185
2.88] 7701 496 84 24.60] 185 7.95) 20500 19.201 245/ 3.49) 3574 0.79 987) 0.90] 608] 11.70] 2051 19.40] 205
3.05] 780 6.60] 124] 20.60F 205| 8.87 245.00( 21.80] 288] 4.21] 407( 1.07] $180) 1.01] 709| 13.90] 245| 22.50] 245)
3.3 810] 8.38] 1684| 35.10] 245 8.73] 285.00| 24.30] 326/ 65.08] 458 0.97 1090] 193] 810| 16.00] 285] 25.80| 288)
3.30] 831} 8.94] 185 40.20] 285) 10.60] 326.00] 26.80) 366] 5.95| 508 1.45] 1010] 18.30] 326} 28.00] 320
3.37] 651| 11.70] 245 45.10] 326| 11.50} 366.00} 29.30| 407} 7.08| 558 20.50| dss) 3t1.60] 68
3.44] 671] 13.30] 285] 49.90] 366| 12.40] 407.00] 31.80] 447| 8.1B} 609 2200| 408| 34.70| 407
3.56| 891) 14.20| 316 55.00] 407| 13.30] 447.00] 36.70F 528 ©.35] 659 24901 447| 37.70| 447]
3.63] 012] 1490] 326 59.60F 447| 14.10] 487.00| 39.20] 588( 10.70] 709 27.20] 487 40.70] 447
374 932] 16.20] 366| 64.50] 487] 15.00] 528.00| 41.60] 608] 12.00] 780 20.40] 527| 43.00] 528
391] 972} 17.20] 386| 69.20| 6528] 15,80 568.00| 44.10] 649 13.40] 810 31.40{ 568| 40.60( 583
393 952( 19.50] 447f 73.80| 568( 16.70[ 608.00( 49.00[ 728( 14.80] 860 32.60{ 608] 40.80 80,
4.08} 1010] 21.00] 487} 78.00] 608| 17.50] 649.00f 51.20| 769 16.40| 911 3580] 648] 49.50] 608]
4.1%] 992] 22.20| 528 82.50] 648( 18.40F 689.00{ 53.00f 810} 18.20f 961 38.00] 689] 52.40] 649
4.241 1030) 23.80] 568 87.30] 68B] 19.30) 730.00] 56,30} 850} 20.10} 1010 40.20] 729} 55401 639
4.35] 1050| 2550} 608] 91.70f 72| 20.20{ 770.00| 568.80] 891 21.80] 1060] 42.50] 770} 58.00] 730]
4.50] 1070) 26.70] 648 968.00f 770| 21.00] 610.00| 61.10] ©31] 23.70] 1110 44.50] 810} 81.30] 770)
4.51] 110] 2840] 689] 100.00] 810] 21.90] 851.00| 63.80] 972] 25.90] 1160 4680} 850| 64.10] 810]
453 1090] 29.60] 730} 104.00{ 850] 22.70| 891.00| 66.40| 1010] 43.00] 890| 67.00] 851
4.75] 1130{ 81.30] 770] 103.00{ 891| 23.60] 932.00) 51.40] 831] 70.00] &%
5.01] 11601 a2.80| 810] 113.00| ©31| 2450 972.00 53.40{ 971 73.00 931
5.07| 1180f 34.20f 851] 117.00] S72{ 25.40{ 1010.00; 55.70{ 1010{ 78.00] 972,
35.60] 891] 121.00 1010, 55.80] 1010] 79.00] 1010}
368.60] 931 125.00] $050|
38.000 972} 129.00] 1030}
30.50] 1010f 133.00] 1130)
41.00| 1050 138.00] 1170
42.80] 1090
44,10| 1130
45,60 1170}

Tab. A7.7: Listing of all measured laboratory gas pneumatic data, based on gas pneumatic
measurements, samples from Friedingen and Bhringen, SW Germany

88



Annex 8: Collection of 2D Sedimentological Outcrop Studies

Annex 8: Collection of 2D Sedimentological Outcrop Studies

This collection of outcrop analysis studies comprises photographic images of Quaternary outcrops in
gravel pits in Southwest Germany and their sedimentological interpretation in terms of a lithological
facies analysis described in chapter 2 and 7.

The total of 16 outcrops is split up under the three field sites Bittelschief (11), Hiintwangen (1) and
SteiBlingen (4).
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Collection of 2D Sedimentological Outcrop Studies
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Annex 9: Listing of Program ARCTOGS

| | Annex 9: Listing of Program ARCTOGS

: PROGRAM ARCTOGS 9000 FORMAT (A)
i
| Author: Ralf KLingbeil sTOP
| Version: 1 END
| Date: 03.06.96
[ Language: Fortran 77
o »

i i Files: will be created by the program

|

| | Arrays: value (Maxncols, Maxnrows)

|

Subroutines: none
Functions: none

Variables: filename C path and filename of ARC/INFO (input)- or
GSLIB (output}-file

text ¢ scrolling parameter, unimportant
Ncols I No. of columns in x direction
Nrows I No. of rows in y direction

Inumber I unimportant No.
Rnumber R unimportant No.

this program transfers data written in the format of tha GRIDASCII
command in ARC/INFO (ARC) into an input file for GSLIB

anNnonanNnaoanNaonNNaNNaNAaNNaAaNn

{ INCLUDE ‘parameter.inc’
CHARACTER * 60 filename, text

REAL Value {Maxncols, Maxnrows)

WRITE (*,*)

WRITE (*,*) 'Enter path and filename from where to read the’
WRITE (*,*) ‘--> INPUT DATA (e.g. '‘path/GRID.IN’‘)*

WRITE (*,*) * e !

WRITE (*,*)

READ (*,9000) filename

>>>> START reading from INPUT DATA

¥

anno aonaonn

OPEN (3,FILE=filename)
OPEN (3,FILE='temp.dat’)
REWIND (3}

Cocmn R

(o] reading general parameters (incl. Ncols, Nrows)

text, Ncols
READ (3.*) text. Nrows
READ (3,*) text, Rnumber
READ {3,*) text, Rnumber
READ {3,*) text, Rnumber
READ (3,*) text, Inumber

=
4
o
G
‘l

IF {{Ncols .GT. Maxncols) .OR. (Nrows .GT. Maxnrows}) THEN
WRITE (*,*)
WRITE (*,*) ‘-~> The No. of Columns or Rows exceeds the Max.!’
WRITE (*,*) ’--> Change PARAMETER.INC, compile & run again,’
STOP

ENDIF

aaoanan

reading Value

oo

DO 10 J=1,Nrows
READ (3,*) (Value(I,J),I=1, Ncols)
10 CONTINUE

CLOSE (3)

; c >>»> END reading from INPUT DATA
G e o e e n .

t
| c WRITE {*,*)

c WRITE {*,*) ‘Enter path and filename to where to write the’

c WRITE (*,*) ’-~> OUTPUT DATA (e.g. ’'‘path/GRID.OUT’’}"*

c WRITE {*,*) *  ~~emw et

[o] WRITE (*,*)

[ READ (*,9000) filename

-l OPEN (3,FILE=£filename)
' OPEN (3,FILE=’temp.out’)
REWIND (3)

c asking and writing general parameters (incl. title)

Crmmmmmm e mc e m i cecamm——n v U
i c WRITE (*,*)

c WRITE (*,*) 'Enter PROJECT TITLE:'

Cc WRITE (*,*)

(o READ (*,9000} text

texts=’textl’

WRITE (3,9000) text
WRITE (3,%}) 1

c WRITE (*,*)
[o] WRITE (*,*) ‘Enter VARIABLE NAME:‘
c WRITE (*,*)
< READ (*,9000} text
text="text2’
WRITE (3,9000) text
Cumm
Fod writing Values
c A

DO 20 J=1,Nrows
JJ=Nrows-J+1
DO 30 I=1,Ncols
WRITE (3,*} Value(I,JJ)
30 CONTINUE
20 CONTINUE

CLOSE (3)

>>>> END writing OUTPUT DATA

formats




Annex 10: Listing of Program PREMFLOW

Annex 10:Listing of Program PREMFLOW

PROGRAM PREMFLOW

originally by J. Whittaker

[+
o]
c
[o4
c Version 3 of 05th Mar, 1998, changed by R. Klingbeil
c
Cc
c

c
*** PREPROCESSING FOR MODFLOW AND MODPATH **** 72 columns per line **+

write(6,*) ‘input jmin,imin,ngx,ngz’
read(5,*) jmin, imin,ngx,ngz
jmax=jmin+ngx-1

imax=iminsngz-1

endif
CALL DATOUT{DX, DZ,NX, NZ, IGTYP, NROW, NCOL, NTYPE, imin, imax, jmin, jmax,
ngx,nvz,iopc iiopt,nntype)

Parameters set to maximum of 1100 x 200 cells [+
HEAD GRADIENT is set to 0,002 C ===
c
PARAMETER (NPOLY=100, NTYPE=25, NPOIN=4000, NROW=200, NCOL=1100) STOP
DOUBLE PRECISION KX({NTYPE), KZ(NTYPE), PORO(NTYPE), RKD(NTYPE) END
INTEGER JGTYP{NROW,NCOL}, ICOLOR(NTYPE)., IRANK(NTYPE}
CHARACTER*1 TEXT L R Yy T e L T L T YT ey
- C NN R R AR R AT AR AN SUBROUTINES »e
¢ -=-- DIMENSIONS OF DIAGRAM R L T L R R e T Y
c [
XMIN=0,0 C etstaeiasevansrsevsencrnts SUDROUTINE DREAD **4ssiessnsesstnectenstses
XMAX=25.0 [
2ZMIN=0.0 subroutine drend(&g:yp,nx,nz,dx dz,nrow,ncel, iopt’
2MAX=5.0 CHARACTER*80 FNAME
c CHARACTER*13 TEMP
DO 2 I=1,NTYPE integer igtyp(nrow,ncol)
IRANK(I) =0 c
ICOLOR{I}=0 c .
2. CONTINUE C ~-- read in the file name for reading grid information
C cmm c
[+ write(6,*) ‘enter filename for input grid information’
C ~-=- READING KWERT.DAT READ(S, (A} ') FNAME
c Cc
OPEN(3,FILE="kwext.dat’] C ~e-
nntype = 0 [
DO 3 {=1,NTYPE C --- read in data
READ(3, *,END=4) J,KX(J},KZ(J),PORO{J).RKD(J)}, TRANK(J)}, ICOLOR(J) c
nntype = nntype + 1 open(3, file=fname)
3 CONTINUE c
4 CLOSE (3) if (lopt.eq.l) then
c read(3,*) nx,nz
C - read(3,*) dx,dz
[+ do 10 isl,nz
€ --- RUN OPTION 1 read(3,90) (igtyp(i.3), j=1,nx)
c 10 continue
S write{6,*) ‘RUN OPTION 1 ?' else
write{6,*) * {0) read in ARC/INFO ascii file’ read(3,*) TEMP, nx
write(6,*) * (1) read in existing grid‘ read(3,*) TEMP, nz
write(6,*) read(3,*) TEMP, dd
read(S.*) iopt read(3,*} TEMP, dd
if (iopt.lt.0 .or. iopt.gt.l)} goto 5 read(3,*} TEMP, dx
c read(3,*) TEMP, dd
C --= dzadx
c - icount=0
[ BEGIN OF SORPTION (RUN OPTION 2) do 20 i=1,nz
[ creating APPARENT POROSITY read{3,*,end=30) (igtypli,j),j=l,nx)
c by including equilibrium RETARDATION FACTOR ret 20 continue
[ calculated from EQUILIBRIUM Kd (eq) 30 continve
c endif
6  write{6,*) 'RUN OPTION 2 ?' close(3}
write(6,*} * (0} only advection’ . 90  format(2413)
write(6,*) * (1) advection & equilibrium soxption’ c
write(6,*) C waw
read(5,*) iiopt c
if (iiopt.lt.0 .or. iiopt.gt.l) goto & :ﬂ:‘i“m
T
if (iiopt.eq.l) then C
rho = 2.7 C *essenavienerrrssennsnsres SUBROUTINE DSAVE *eesseansiestmatststvennny
c

do 7 1=1,nntype
ret = (rho * rkd(i) ¢ (l-poro(l)))/poroli) +1,
poro(i) = poro{i} * re
continue
endif

e~ END OF SORPTION

-~~ READ EXISTING GRID INFORMATION

onnon
i
1

if (iopt.eq.0 .or, iopt.eq.l) then
call dread{igtyp,nx,nz,dx,dz, nrow,ncol iopt)
KMIN=0.0
XMAX=DX*NX
ZMIN=0.0
ZMAX=DZ*N2
endif

CALL GROUTE(’SEL MX11l; PAPER 290.0 200.0: E’)
CALL ROPEN

CALL GLIMIT{XMIN,XMAX,ZMIN, ZMAX,0.0,0.0)
CALL GVPORT{20.0,20.0,250,0,160.0)

CALL GSCALE

=== DISPLAY FINAL GRID

noana

CALL GSEGCR{1)

CALL GRIDPLOT{NX,NZ,DX,DZ,IGTYP, ICOLOR, NROW, NCOL, NTYPE)
C ==~ plot frqame

call gacale

call gwicol(0.3,1)

call gvect(0,,0.,0)

call gvect (XMAX,0.,1)

call gvect (XHAX,ZMAX,1)

call qvec:(o..zm 1)

call gvect(0,,0.,1)

CALL ANNOTATE(ICOLOR IRANK,NTYPE)

CALL GSEGCL (1)

CALL RCLOSE
c
Q -
[+]
C ==+ SAVE GRID INFORMATION IFREQUESTED
c
50 WRITE(6,*} 'SAVE GRID INFORMATION ? (Y=YES)'
READ(5,*) TEX
IF {TEXT.EQ. ‘Y' WOR., TEXT.EQ.'y'})
* ¢all dsave(igtyp,nx,nz,dx,dz,nrow,ncoll
c
C =

[of
C ==« OUTPUT DATA IN FORMAT FOR MODFLOW AND MODPATH
c

write(6,*} ‘data £iles for modflow and modpath’

subroutine dsaveiigtyp,nx,nz,dx,dz,nrow,ncol)
CHARACTER*80 FNAME
integer igtyp({nrow,ncol)

[of

c

¢ ==~ read in the file name for saving grid information

c .
write{6,*) ‘enter filename for output of grid information’
READ(5, ' {A) '} FNAME .

[+

Q .-

c

¢ -~= write out data

[+

open{3, file=fname)

write(3,*) nx,nz

write(3,*) dx,dz

do 10 i=l,nz

write(3,90) (igtyp(i,3},J=3,nx)

10 continue

close(3)
90 format(24i3)
91  format{104i5)

¢

C ---

[
return
end

g WRAERARNKRNRRERSeIbwawas SUBROUTINE GRIDPLOT " *¢#erssantnvsdunintsines
c
SUBROUTINE GRIDPLOT(NX,NZ,DX,DZ, IGTYP, ICOLOR, NROW, NCOL, NTYPE)
INTEGER IGTYP(NROW,NCOL), ICOLOR(NTYPE}

CALL GSCALE
DO 10 Il NX
DO 20 I=1,NZ *
XMIN=(J-1) *DX
ZMIN={NZ-I) *DZ
if (igtyp(i,j).ne.0) then
ICOL=ICOLOR( IGTYP(I,J) )
else
icol=l

endif

CALL SQUARE({XMIN, ZMIN, DX, DZ, ICOL)
20 CONTINUE
10 CONTINUE

RETURN
END

g NRAAARANPERANERSRRARRNR e SUBROUTINE ANNOTATE **#ewtanwensesonntvansnuse
[\

SUBROUTINE ANNOTATE{ICOLOR,IRANK,NTYPE)

INTEGER ICOLOR{NTYPE), IRANK(NTYPE)

: [
write(6,*) ‘option (1) whole grid CALL GSCAMY
:":i;?és;;)’.;ptz (2} portion of gridt CALL REXFON(!SINE",0)
if (iopt?.eq.l} then c CALL RTXHEI(3.0)
imind IRANKMAX=0
jmaxmax DO 5 I=l,NTYPE .
{minet IF {IRANK(I) .GT. IRANKMAX) IRANKMAX=IRANK{I}
ﬂ;f;;z 5  CONTINUE - i
[+
ell:gz-nz XMIN#12.0
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i - condx=condx+ikount (i) *log (kx{i})

: DO 10 I=1, IRANKMAX
; DO 20 J=1, IRANKMAX condz=condz+ikount (i) *log{kz(i}}
IF (IRANKJ) .EQ. I) THEN percen=100,0* float{ikount(i))/{{Jmax-Jmin+1)*(imax-imin+1))
KMIN#XMIN+8.0 write(6,*} i, ikount(i}, percen, -log{KX(I)}
2ZMIN=100.0 9 continue
1COL=ICOLOR{J) condx=condx/ { { jmax~jmin+l) * {imax-imin+1})
IF (I .EQ. 1) CALL RTX(14,'Bimodal Gravel’, XMIN,ZMIN-6.0) condx=exp (condx)
IF (I .EQ. 7) XMIN=XMIN+8.0 condzscondz/ { (Jjmax-jmin+1) * {imax-imin+1))
IF (I .EQ. 7) CALL RTX(14,'Open Framework',XHIN,ZMIN-6.0) condz=exp (condz)
IF (I .EQ. 11} XMIN=XMIN+8.0 write(6,*}
] IF (I .EQ. 11) CALL RTX{12,'P/T/H Gravel’,XMIN, 2MIN-6.0} write(6,*) 'geometric mean of conductivities:’
IF (I .EQ. 17) XMIN=XMIN+B.0 write{6,*} 'Kg {(x-dir), Kg(y-dir)®
] IF (I .EQ. 17) CALL RTX(8,’M Gravel’,XMIN, ZHIN-6.0} write(6,*} condx, condz
i IF (X .EQ. 19) XMIN=XMIN+8.0 [+
! IF (I .EQ. 19) CALL RTX(4,‘Sand’, XMIN,ZMIN-6.0) C ==
CALL SQUARE2 (XMIN,ZMIN,6.0,6.0,ICOL) c
ENDIF ¢ --- calculate the arithmetic mean of all the parmeablilities

i 20 CONTINUE c

" 10  CONTINUE pmean=0.0

S ] plmean=0.0
CALL RTXHEI(5.0) do 11 j=jmin, jmax
CALL RTX{16,'STEISSLINGEN ST2 *,20.0,120.0) do 12 ieimin,imax

c pmeanspmean+kx (igtyp(i, 1))
RETURN . plmean=plmean-log (kx (igtyp(i,j)))
12 continue

P ¢ 1 continue

[ Q wevevenseansedrsrrirnnvrs SUBROUTINE SQUARE ERRARE RN RN R TN RN RNANT AR pmean'vmean/((jmx.jmin‘.l)o(imx.imin‘l)’

[ c plmean=plmean/ { {max~-jmin+l) * (imax-imin+1})

| i SUBROUTINE SQUARE(XMIN, ZMIN, DXX, D22, ICOL) var=0.0

| REAL XPLOT(S),ZPLOT(5) varl=0.0

| ‘ [ skew=0.0

P C «-- £illings skewl=0.0

L XMAX=XMIN+DXX do 17 j=jmin, jmax

L i ZMAX=ZMIN+D22 do 18 i=imin,imax

b XPLOT {1} »XMIN varsvar+{kx(igtyp(i,j))-pmean) **2

; ZPLOT{1) =ZMIN varlavarls(-log(kx{igtyp(i,3)}) -plmean)**2

; )z(::g:g;-m sll:ew-skew(kxugr.yp(i +3)) -pmean) **3

I x skewlxzgkewl+(~log (kx{igtyp{i,3)})- imean) **3

i XPLOT{3) =XMAX i8 continue 9evpit.3 P !

. ZPLOT(3) 2MAX 17 continue

. XPLOT(4) sXMIN var=var/({jmax-jmin+1) * (imax-imin+1))

: 2PLOT (4) =ZMAX varl=varl/{{jmax-jmin+1}* (imax-inin+1})
KPLOT (5) =XMIN skew=skew/ ( {jmax-jmin+1)* (imax-imin+1)}
2ZPLOT (5} 22ZMIN skew=gkew/ (var**1.,5)

'| NP=5 skewl=skewl/ ( (jmax~jmin+l) * (imax-imin+1))
. ¢ CALL RSURF (XPLOT, ZPLOT, NP, ICOL,0.0) gskewl=gkewl/ (varl**1.5)

| write(6,*)

i RETURN . write(6,*) ‘arithmetic means of conductivities:’

| END write(6,*)

i c rnean write(6,*} ’'Ka (x-dir) stats:’

! i g LTI ersetserercs SUBROUTINE SQUARED *e#ttkecetecanktbrintcnss write(6,*) ‘mean:’,pmean

[ write(6,*) * s !

‘ I SUBROUTINE SQUARE2 {XMIN, ZMIN,DXX,DZZ,ICOL) m:efs,-; "s’::w:'::;:w

} i c REAL XPLOT(5),2ZPLOT(5) write(6,*)

. write(6,%) ’(-l1n K)a (x-dir) stats:’

‘ C «-- £illings write(6,*) ‘mean:’,plmean

b §m:§3§g:g)zoz( . write(:,:) ‘var: ‘,varl

23 ] ‘ td

| : XPLOT (1) »XMIN . c writel8 ) “akews skewl

| ZPLOT (1) =ZMIN

» XPLOT (2) sXUAX Pineanzi:0

1 ZPLOT{2) =ZMIN d =

o 20 j=jmin, jmax
| XPLOT{3) =XMAX do 21 i=imin.i
o ZPLOT (3) »ZMAX Aneke
FOLOT(4) T . pmeanspmean+kz {igtyp{i,3))
plmeanaplmean-log (kz (igtyp(i, 3)))

‘ 2PLOT (4) ®ZMAX 21 continue

. XPLOT{5) sXMIN 20 continue

: : }z{;:g‘r(snznm px{aeannpmian/((:lmax-jmiml)'(imnx-imlmi))

| c CALL RSURF (XPLOT, ZPLOT, NP, ICOL, 0.0) 3,’;‘3’,’3" mean/{ (jmax-jminei)* (imax-iminsl)}

A =

ol C --- frames :;:3,- R

i ; XPLOT (1) =XMIN . skewl-ﬂ 0

. i;ig::;;:m do 22 j=imin, jmax

| ABLOT(5) nZRY do 23 i=imin, imax

] ZELOT(3) aMAX var=var+(kz (igtyp(i,J})-pmean) *»2

1 ey Ayt e varlsvarl+(-log(kz(igtyp{i,J))})~plmean)+*2
' frieyh it skew=gkew+ (kz (igtyp(i,J) ) ~pmean) **3
ZPLOT (4} nZHAX 23 z);ewl—skewh( log(kz {igtyp{i,j}))-plmean)**3
; XPLOT{S5) =XMIN 22 con::guen“e
‘ ‘[ :;Eg’“ﬂ =ZMIN vnr;vhr/{}::r;?x-jm;nzl) * (imax-imin+1))
| varl=var. max~jmin+l) * (imax-inin+1) )
{ CALL GWICOL(0.15,1) skew=skew/ { (jmax-Jmin+:
! = - 2} (imax~imin+l
c CALL GVECT (XPLOT, ZPLOT, NP) . skew=skew/ (var**1,5) n
skewlsskewl/ ({imax-imin+l}* (imax-iminel
SETDURN skewl=skewl/(varl+*+*1.5) "
11 c . write(6,*)
S reveessersanraseessesetes SUBROUTINE DAIOUE -+etsssssssrrssarsrininss write(s) oKa ly-ain) scate:’
*) iyap: ¢
_SUBROUTINE DATOUT (DX, D3, NX, N2, IGTYP, NROW, NCOL, NTYPE, imin, imax, 3?15553'-3 v‘éii&.:".’iiw
Jmin, jmax, ngx, ngz, iopt, Liopt nntype) wrir.e(s'.) o
RBM.- COND (NROW,NCOL}, KX(NTYPE), KZ(NTYPE), K1,K2 " write(6,%) (~In K) a ,

! REAL SHEAD(NCOL,NROW}, PORO(NTYPE), RKD(N‘PYPE). POR (NCOL, NROW) WELta(6.%) ‘mamns s niy-diz) state:

| REAL KFBORE(24,NROW), KFX(NROW,NCOL), KFZ (NROW,NCOL) WELre(6.%) rvags s Denean

i INTEGER IGTYP(NROW,NCOL). IUNIT{24), IBOUND{NCOL,NROW) write(6,*) *skew ‘,v:r

0 INTEGER IRANK{NTYPE), ICOLOR(NTYPE) weite (s *) Wi skewl

| integer ibtyp(24,NROW) c !
integer ikount (25} 15851

) CHARACTER *20 FMTIN IGFDCB=50

i} c CHARACTER *80 TEXT LAYCON=0

; ¢ DELR=DX
t C --- OUTPUT THE DATA IN A FORM SUITABLE FOR MODFLOW ﬂﬁ{igifgs
. ¢ FMTIN=/  (7E11,5)"
; C --- assign kf values according to categories 4 8
c ——
s " OPEN(3,FILE=kwert.dat') g
10 READ(3, *,END=15) J,KX(J},Kz(J}, » -
| . DL, < END= ) (3}, K2 (J), PORO(J) , RKD{J) , TRANK(J) , g -~ DATA FILE FOR VARIOGRAM CALCULATION
|
b 15 crose(3) | OPEN(8, FILEx' k£ dat.’)
g WRITE(D, *} 'STEISSLINGEN’
do 500 ia1,nz wamE(S. ) 2
do 510 =1,nx WRITR(S, 1) KXo
. '
KEx (L, 3] =hoe (Lgtyp(d,9)) 8 1) ke
kez(i,3)=kz{igtyp(i,])) 50 13 gegmimrnd
14 J=jmin, jmax
510 continue
500 continue e WRITE(8,94) -log(KFX(I,J}) ,-log(KFZ(I,J))
c WRITE{8,94) KFX{(L,J) , KFZ(I,J)
G wam 14 continue
¢ 13 continue
g --- calculate the geometric mean of all the permeabilities % gm‘:ﬁéf”“'s)
do 6 ixl,ITYPE 2 ———
P ikount (i) =0 ¢
continue
do 7 jeimin,jmax X g =~- BOUNDARY CONDITIONS FOR MODFLOW
do B i= .
v it writa(6,*) *INPUT OPTION:’
InT ikount (num) =ikount (num)+1 write(6,%) * 1: Confined flow under head gradient’
] 8 continue write(6,7) ' 2: Confined flow under pumping*
i 3 continue ) write(6,*) * 3: Slug test’
D condx=0.0 read(s, *) ifopt
o co?dzuo.o i:!:itop: eq.2) th
H write(6,*) ‘cat e - . 6 %y en
rie i-i,iwpa eg o of cells percent -ln(kx) write(6,*) ‘INPUT OPTION;*
¢ » write(6,*} * 0: Transient Conditions’
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Annex 10: Listing of Program PREMFLOW

write(6,*) * 1; Stationary Conditions’
read(5,*) iss
write(6,*) *INPUT JB (WELL CELL NUMBER)'’
read(5,*) jb

alseif (ifopt.eq.3) then
18820
write(6,*) "INPUT JB (WELL CELL NUMBER}'
read(5,*) jb

endif

--- GENERAL FINITE DIFFERENCE FILE - GFD.DAT

anaan

OPEN(4,FILE='gfd.dat’)
WRITE(4,900) 1SS, IGFDCB
WRITE(4,900) LAYCON
WRITE(4,910) 0,DELR
WRITE(4,910) 0,DELC

--- storage capacity for transient case

IF (IFOPT.EQ.2 .AND., ISS.EQ.0)
*  WRITE(4,998) 0,3.125E-06
IF (IFOPT.EQ.3)

*  WRITE({4,990) 0,3.125E-06

aaa

-~~ horizontal conductivity

aon

WRITE({4,920} NUNIT,1,0,FMTIN,-1
DO 25 IsIMIN, IMAX
DO 30 JuwJMIN,JMAX-1
K1sKFX(X,J)
K2=KXFX(I,J+1)
c COND(I,J)#2.0*K1*K2/ (K1+K2)
COND(I,J)=SQRT{K1*K2)
COND({I,J) »COND{I,J) *DELC/DELR
30 CONTINUE
JaJMAX
COND{I,J)=0.0
25 CONTINUE

if (ifopt.eq.2. .or. ifopt.eq.3} then
do 35 i=imin,imax
cond{i, jb)=10.0
cond(i,jb+1)=10.0
cond{i,jb+2)=10.0
35 continue
endif

DO 40 I=IMIN, IMAX
WRITE(4,930) (COND{IX,J),J=JIMIN, JMAX)
40 CONTINUE

--- vertical conductivity

anaon

WRITE(4,920) NUNIT,1.0,FMTIN,-1
DO 50 JaJMIN,JMAX
DO 60 I=IMIN, IMAX-1
K1=KFZ(I,J)
K2aKFZ(I+1,J}
c COND(I,J)=2.0*K1*K2/ (KL+K2)

COND(1,.J) =SQRT (K1 *K2)
COND(1,J)}=COND(I,J) *DELR/DELC

if+ (COND(I.J).1le.0.0) write(6,*) ‘help’, i,3

60 CONTINUE

I=]|
COND(I J)=0.0
50 CONTINUE
c

if {ifopt.eq.2 .or. ifopt.eq.3) then
DO 65 I=IMIN, IMAX-1
cond(i,jb)=10.0
cond{4, jb+1)=10.0
cond{i, jb+2)x10.0
cond{i,jb+3)=10,0
65 continue
endif

DO 70 I=IMIN,IMAX
WRITE(4,930) (COND(I,J),J=JMIN, JMAX)
70 CONTINUE
CLOSE(4)

noana

--- BASIC INPUT FILE - BAS.DAT

nanoan

TEXT='STEISSLINGEN'
NLAY=1
NPER=1
ITMUNI=1
DO 80 I=1,24
IUNIT(X) a0
80  CONTINUE
€ ==-- OUTPUT CONTROL
IUNIT(12) =22
C --~ PCG2
IUNIT(13)=23
C ===~ GFD
IUNIT(15) =25
i€ (ifopt.eq.2) then
C == WELL DATA
JUNIT(2)=12
endist
IAPART=0
LSTRT=0
NUNIT=L
DO 90 IsIMIN,IMAX
IBOUND {(JMIN, I} %=1
DO 100 J=JMIN+1,IMAX-1
IBOUND(J, X) =1
100 CONTINUE
IBOUND (OMAX, I)w=1
9 CONTINUE
HNOFLO=999.9

c
C -~= INITIAL HEADS
c

if (ifopt.eq.2 .or. ifopt.eq.3} then
sheb=10.0
else

-=~ HEAD GRADIENT OF 0,001 M A METRE

sheadbs10,0+{ngx-1)}*dx*0.001
endif

=== HEAD GRADIENT OF 0,002 M A METRE

sheadbx10.0+ (ngx+1) *dx*0.002
endif
DO 110 I=IMIN, IMAX
DO 120 JIm=JMIN,JMAX-1
SHEAD(J, X} =sheadb
120 CONTINUE
SHEAD (JMAX, I} =10,0
110 CONTINUE

annoannn

<
C e
c

112
111

130

SLUG TEST

if (ifopt.eq.3) then
do 111 I=IMIN,IMAX
do 112 J=JB,JB+3
SHEAD{J, 1) »aheadb+1.0
continue
continue
endif
PERLEN=300.
NSTP=1
TSMULT=1.4
FMTIN=’ {(24I3)°

OPEN(4, FILE=‘bas.dat’)
WRITE(4,970) TEXT
WRITE(4, *)
WRITE(4,900) NLAY,NGZ,NGX,NPER, ITMUNX
WRITE(4,940) (IUNIT(J),J=1,24)
WRITE(4,900) IAPART,ISTRT
WRITE(4, 550} NUNIT,1,FMTIN,-1
DO 130 I=IMIN, IMAX

WRITE(4,940) (IBOUND(J,I),J=IMIN,JMAX)
CONTINUE
WRITE(4,960) HNOFLO
FMTIN=' (7E11,5)'
WRITE{4,920) NUNIT,1.0,FNTIN, -1
DO 140 I=IMIN,IMAX

mu'rsu 930) (SHEAD(J, I}, J=JMIN, JMAX)
CONTINU
WRITE(4, 960) PERLEN, NSTP, TSMULT
CLOSE(4}

WELL DATA FILE - WELL.DAT

if (ifopt.eq.2) then
NUMBER OF WELLS = 2
MXWELL=2
IWELCB=0
OPEN{4,FILE=‘well.dat’}
WRITE{4,900) MXWELL, IWELCB
WRITE(4,900) MXWELL
QWELL=-0.5e-04
WRITE(4,995) 1,1,JB+1,(QWELL
WRITE(4,995) 1,1, JB#Z QWELL
close (4)

endlf

150
C -

MAIN FILE FOR MODPATH - MAIN.DAT

NCBL=0

IGRID=1

DO 150 I=1,6
IUNIT(I)=0

CONTINUE

if (ifopt. eq 2) then
WELL DATA
IUNIT{2}#15
if

ent

IUNIT(7) =50
IUNIT(8) =52
DELZ=1.0
ZBL1=0.0
NUNIT=100
FHTIN=*  (2413)°

ananon
fl
i
‘

155

BEGIN SORPTION
new by R Klingbell

if {iiopt.eq.l} then
tho = 2,7
do 155 i=1,nntype
ret = (rho * rkd{i))/poro{i) + 1
poro(i) = poro{i) * ret
continue
endif

END SORPTION

nana,

170
160

280

if (iopt.lt.3) then
DO 160 I=IMIN,IMAX
DO 170 J=JMIN,IMAX
FOR(J, I} =PORO( IGTYP(I,J} )
CONTINUE
CONTINUE
endif

OPEN(4,FILE='main.dat’)
WRITE(4,900) NGX,NGZ,NLAY,NCBL, IGRID
WRITE(4,980) (IUNIT(X},I=1,8)
WRITE({4,990) LAYCON
WRITE{4,910) 0,DELR
WRITE(4,910) 0,DELC
WRITE(4,910) 0,DELZ
WRITE(4,935) ZBLL
WRITE(4,950) NUNIT,1,FMTIN,=-1
DO 180 I=IMIN, IMAX

WRITE{4,940) (IBOUND{J,I),JsIMIN, JMAX)
CONTINUE
FMTIN=’ (7EL1.5}*
WRITE(4,920) NUNIT,1.0,FMTIN,-1
write{6,*} ’NOT ovexwriting the porosities’
DO 190 I=IMIN,IMAX

WRITE({4,930) (POR(J,I},J=IMIN,JTHAX)
CONTINUE

set constant porosity=0.2
write(6,*) ‘overwriting the porosities’
WRITE(4,910) 0,0.2

FORMAT{5110)
FORMAT{I10,F10.3)
FORMAT (I10,E10,3,A20,110)
FORMAT(7E11.,5)
FORMAT(E10.4)

FORMAT (2413)
FORMAT (%10, TI10,A20,I10)
FORMAT{F10.1,TI10,F10.1)
FORMAT (A80)

FORMAT(8I5)

FORMAT(X2)
FORMAT{3110,E10.4)
FORMAT{I10,E10.4)

RETURN
END
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Annex 11: Listing of Program RETARD

Annex 11:Listing of Program RETARD

program retard

program to calculate the retardation of particles, which have been

advectively transported by MODPATH through a 2D section, whexe
£low has been modelled by MODFLOW before, using ENDPOINT or
PATHLINE, kwert.dat, gravel.dat, bimodal.dat, openwork.dat,
sand.dat and an output file from PREMFLOW, describing the cell
parameters for the section.

The total travel times of every particle will be calculated and
written to the output file t-tot.dat.

The travel times of every particle in each hydrofacies will be
calculated and written te the output file t-hf.dat.

The path length of every particle in each hydrofacies will be
calculated and written to the output Eile p-hf.dat.

Version 5 of 04th Mar, 1998, by R. Klingbeil

variables: FNAME ¢ input file name for grid information
OPT I run option
IIPART I temporary, to compare with IPART
IPART 1 actual No of particles
ITEMP1-8 I temporary variables
ITYPE 1 1 gravel, 2 bimodal, 3 openwork, 4 sand
J 1 temporary index for lithofacies
NCOL I max. {No colums, No path positiona/particle)
NLINE I max. No particles * max. No cells in x/j dir
NP 1 max. No particles
NROW 1 max. No rows

I max. No K4 values in e.g. bimodal.dat

NTYPE I max. No lithofacies in kwert.dat
NX I No of columns, cells in x/j direction
Ny I No of rows, cells in y/i direction
RET R retardation factor
RHO R density (=2.7}
RRKD R actual RKD for particle, time & position
TEMPL-5 R temporary variables
TOT R total time/particle (start > arrival)
XLC R actual x coor. of particle at arrival
YIC R actual y coor. of particle at arrival

arxays: BMKD  NT * R KD for bimodal
BMT NT R T for bimodal
EKD NTYPE R equilibrium Kd per lithofacies
GRAVKD NT R KD for gravel
GRAVT NT R T for gravel
IGTYP NROW,NCOL I lithofacies code for cell
IPOS NP,NCOL I cell index in i/y direction
JPOS NP,NCOL I cell index in j/x direction
NPART NCOL I No of positions per particle path
OWKD R KD for openwork
OWT NT R T for openwork
PBM NP R cum. pathlength of part. in bimodal
PCON NP,NCOL R pathlength in specific cell
PGRAV NP R cum. pathlength of part. in gravel
PORO  NTYPE R porosity of lithofacies
POW NP R cum. pathlength of part. in openwork
PSAND NP R cum. pathlength of part. in sand
RKD NT R real Kd (TTAB) for actual ITYPE
SANDKD NT R KD for sand
SANDT NT R T for sand
TCON NP,NCOL R contact time of part. in cell
TCUM NP,NCOL R cumulative time of part. in cell
TGRAV NP R cumulative time of part. in gravel
TOW NP R cumulative time of part. in openwork
TSAND NP R cumulative time of part, in sand
TTAB  NT R time int. for real Kd in table
TTOT NP R total time/part. (start > arrival)
XCON NP,NCOL R pathlength in specific cell in x/j

XPOS NP,NCOL R pos. of particle in x/j dir
YCON NP,NCOL R pathlength in specific cell in y/i
YPOS  NP,NCOL R pos. of particle in y/i dir

00O NOANNOANNNONANNNNONANONONN0NaCANNNNONNRNANNANNNNNNNANANNNOCANNNNNANANNANO0

~== RUN OPTIONS

parameter (NCOL=1500, NP=500, NROW=250, NT=2000, NTYPE=25)
double precision BMKD(NT), BMT{NT), EKD(NTYPE}, GRAVKD(NT),
GRAVT (NT), OWKD{NT), OWT'(NT), PBM{NPF),
PCON(NP,NCOL), PGRAV(NP), PORO{NTYPE), POW{NP),
PSAND(NP}, RKD (NT), SANDKD(NT), SANDT{NT),
TBM (NP), TCON (NP,NCOL), TCUM (NP,NCOL),
TGRAV (NP), TOW (NP), TSAND (NP), TTAB (NT),
TTOT (NP}, XCON (NP,NCOL}, XPOS(NP,NCOL},
YCON{NP,NCOL), YPOS (NP, NCOL)
inceger IGTYP(NROW,NCOL), IIPART, IPART, IPOS (NP,NCOL), ITYPE,
IOPT, ITEMPl, ITEMP2, ITEMP3, ITEMP4, ITEMPS, ITEMPG,
ITEMP7, ITEMPB, JPOS (NP,NCOL), NPART (NCOL}
character*80 FNAME

L

-+

NLINE = NP * NCOL

write(6,*) 'RUN OPTION ?'

write(6,*) ( advection only, faster, using ENDPOINT'
write(6,*) (1) advection only, slower, using PATHLINE’
write(6,*) (2) advection & sorption with equilibrium’
write(6,*) Kd(eq, lithofacies)’

write(6,*) (3) advection & sorption with contact time
write(6,*) dependent Kd{t, lithofacies)’
write(6,*)

read(S,*} IOPT

if (IOPT.lt.0 .or, IOPT.gt.3) goto §

o

ADVECTION ONLY (IOPT = 0}
using only total time per particle from ENDPOINT column 9

anaoaaooaQ

[+
20

c
C -
c

c
c -
C

if (I10PT.eq.0) then
open{3,file=’t-tot.dat’)
write(3,*} ‘arrival times (d)’
write(3,*) 3
write(3,*) 'x’
write(3,*} ‘'z’
write(3,*} ‘t’

open{4,file='ENDPOINT’)
read(4,900,end=10) ITEMPL, ITEMP2, ITEMP3, ITEMP4, XIC, YL.C, TEMPL,
+ TEMP2, TOT, TEMP3 , TEMP4, TEMP5, ITEMPS, ITEMP6,
+ ITEMP7, XTEMPS
-=- conversion of tot from seconds to days
TOT = TOT / {60.0%60.0%24,0)
-~ data output to t-tot.dat

write(3,910} XLC,YLC,TOT
goto 20

10 continue

close(3}

close(4)

ADVECTION ONLY (IOPT = 1)

For each particle:

a) reading actual cell position (3.1} from PATHLINE column 7, 8§
and contact time for cell (j,i} as difference from cumulative
times from PATHLINE column 6,

b} looking up IGTYP for actual cell position (3,i) from FNAME,

c) sstting retardation factor to 1.0, contact time within
particular cell for particular particle remains constant,

d) adding up all contact times for each particle path

@) adding up all contact times for each particle path in each

hydrofacies

adding up all path length for each particle path in each

hydrofacies

£

ADVECTION WITH EQUILIBRIUM SORPTION (IOPT = 2)

For each particle:

a) reading actual cell position {j.l) from PATHLINE column 7, 8
and contact time for cell (],i) as difference from cumulative
times from PATHLINE column 6,

b} looking up IGTYP for actual cell position {j,{) frcm FNAME,

c} reading equilibrium Kd values from table kwert.dat depending on
IGTYP of actual cell position of particle,

d} calculating equilibrium retardation factor and adjusting
contact time within particular cell for particular particle,

e) adding up all newly calculated contact times for each particle
path

£) adding up all contact times for each particle path in each
hydrofacies

g) adding up all path length for each particle path in each
hydrofacies

ADVECTION WITH SORPTION DEPENDING ON CONTACT TIME {IOPT = 3)

For each particle:

a) reading actual cell position {(j.i) from PATHLINE column 7, 8
and contact time for cell {j,i) as difference from cumulative
times from PATHLINE column 6,

b) looking up IGTYP for actual cell position (j,i) from FNAME,

c} reading particular Xd values from table for this particular
IGTYP (lithofacies) and contact time: gravel.dat, bimodal.dat,
sand.dat or openwork.dat,

d) calculating actual retardation factor and adjusting contact
time within particular cell for particular particle,

¢) adding up all newly calculated contact times for each particle

path
£) adding up all contact times for each particle path in each
hydrofacies
adding up all path length for each particle path in each
hydrofacies

9
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30
40

elseif ((IOPT.eq.l).or.({IOPT.eq.2}.cor.(IOPT.eq.3}} then

reading equilibrium K& EXD and porosity PORO for lithofacies
(index J=1,23)

open(4, fllex’kwert,dat’)
do 30 iwl,NTYPE
read(d,*,END=40) J,TEMP1,TEMP2, PORO(J),EKD(J}, ITEMP1, ITEMP2
continue
close {4)

[+
€ --- reading all data from PATHLINE
<

50

non caoa

60
c

open (4, files’PATHLINE')
N=0
IIPART = 1

N = N+l
read(4,920,end=60) IPART,XPOS{XPART,N),YPOS{IPART,N), TEMP1,

+ TEMPZ, TCUM{IPART,N) ,JPOS { IPART,N) ,

+

IPOS{IPART, N}, ITEMP1
same particle: continue
if (IPART.eq.IIPART) goto 50
next particle: 1., correct, 2. start again

NPART{IPART-1) = N-1

XPOS (IPART, 1) = XPOS(IPART,N)

YPOS(IPART,1) = YPOS(IPART,N}

TCUM(IPART, 1) = TCUM(IPART,N}

JPOS{IPART, 1)} = JPOS(IPART,N)

;Pos{:w\m,n IPOS(IPART,N}
»

IIPART = IPART

goto 50

NPART(IPART) = Noi

closo(4)

C --- reading all lithofaciem codes for section

[+

4

C === read in the £{ls name for reading grid informaticn

wedto(6,*) ‘linput £ilan '
READ{S ! (a3 uE £ aname for grid informatlon

C =~~~ read in all data from FNAME

¢

70

C wee

72
73

74
75

open (4, £11asPNAME)
read(4,*) NX,NY
read(4,*] TEMPL,TEMD2
do 70 isl,NY

read(4,930) (IGTYP
centinua - ( 14, 9), 401, N%)
close(4)

reading Rd and TTAB from files into tables
open{4,files’gravel.dat’}
NGRAV = (

do 72 lx=1,NT

read{d,*,ends73} GRA

NGRAV-’- l:lGRAV 3 WVT(1), GRAVKD(1)
continue
close{4)

open(4,files’
) 6 e='bimodal.dat’})

do 74 1m=1,NT

read(4,*,ends75) pi
NBH = }'XBP’{ +I } BMT(1), BMKD(l)
continue
close(d)

gg;nidéﬂle-'oponwox:k.du!:' )

do 76 1w1,NT
readH,',_cnd-W) OWT'(1), OWKD(1)
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aonaooa

NOW = NOW + 1
76 continue
17 close(4)

open{4,file=’sand.dat’}
NSAND = 0
do 78 1m1,NT
read(4, *, ende78) SANM‘(:I.). SANDKD(1)
NSAND = NSAND +
78 continue
19 close{d)

=== transforing cumulative times TCUM to residence times TCON per cell
~«~ transfering positions XP0S to pathlength XCON per cell

--- transfering positions YPOS to pathlength YCON per cell

-~= calculating pathlength per cell from XCON and YCON

do 80 iw=l, IPART
do 90 j=1,NPART(4}~1
TCON (L, J)mTCUM(L, J+1) ~TCUM{L, J)
XCONI4, 3)=XPOS(L,3+1) ~XPOS(4, 5)
YCON(4,3)w¥POS(1,J+1} -¥POS(],]
PCON(1,3)=5QRT(XCON(L, j)'xCON(S FI+YCON(L, $) *YCON(L, 1))
20 continue
TCON{i,NPART(1))=0.0
NCON(4,NPART(4))w0.0
YCON({,NPART{i)})=0.0
80 continue

[
€ «~« writing out min., aver., max. contact times per lithofacies
<

open(4,files'tcon.dat’)
write(4,*) ’'LF-No, No, min., average, max. contact time {s]’
do 95 ks=1,23

TMAX = 0.0

TMIN = 10000000.0

do 96 i=1, IPART
do 97 jwl,NPART()

Lf (IGTYP(IPOS{i,3),3P0S(1,3)) .eq.X) then
if (TCON(i,3).gt.TMAX) TMAX = TCON(i,3)
if (TCON(i,3).1t,THIN) TMIN = TCON(i,3j)
TSUM = TSUM + TCON {i,])

NCOUNT = NCOUNT + 1

endif
97 continue
96 continve

TAVER = TSUM / NCOUNT
write(4,*) k, NCOUNT, TMIN, TAVER, THAX
95 continue
close(4)

c
€ --- retardation calculations
[~

anaon a0

nn

aQn

no

anaao o o onao 0 00 000

[rXs}

RRO = 2.7
do 100 i=1,IPART
TTOT(1) = 0.0
TGRAV{i} = 0.0
TBM{i} = 0
TOW(i) = 0
TSAND (i) =
PGRAV{i) =
PRM(i) = O
0
1,

zocoooo’oo
oo

POW(L)
PSAND (1)
do 110 j=

looking up IGTYP for each particle position
Xk = IGTYP{IPOS(i,]) . JPOS{i.J)}

- resorting of IGTYP to ITYPE

.0
ART (1)

gravel

lt {{k.eq.1l},0r.(k.eq.3}.or. (k.eq.6) . or.
tk.eq.8).or, {(k.eq.11},0r. (k.eq.1
or. (k. eq.lﬁ).or. (k.eq.1?)) xwpa al

++

bimodal

if ((k.eq.2),0r.{k.eq.4).0or. tk.eq.?).0r,
tk.eq.9) .or. (k.eq.12) .or. (k.eq.14))

+* ITYPE = 2

+

openwork
if {(k.eq.5).or.{k.eq.10}.0r.{k.eq.15)
+ or.(k.eg.18)) ITYPE = 3

1£ ((k.oq.19) or. (k.ug.20) .or. (k.eq.21}
+ Jor. (k.eq.22}.0r, {(k.eq.23)} ITYPE = 4

different retardatio options

Il
H
H

Lf {IOPT.eq.1} then

no retardation, only advection
RET = 1.0

elsaif (IOPT.eq.2) then
taking EKD and PORO vnlun for specific IGTYP
;ﬁcgl;téng gl.{glfd:l%?)‘:) * (1,0-PORO(k}} / PORO(k}
almeif (IOPT.eq.d) then

reading Xd and TTAB from table for ITYPE

5
2
.

it (ITYPE.eq,1} then
N = NGRAV
do 120 lwl,NT
TTAB{1} = GRAVT(1}
RKD(!.) = GRAVKD(1)
120 continw
ozuu (ITYPE q,2} then
NBY

do 121 lal,NT
TTAB(L) = BMT{1)
RKD{1} = BMKD{1)
121 continue
nlloit (IT\'PE.IQ 3) then

do 122 1m=1,NT
TTAB(1) = OWT(1)
RKD({1) = OWKD{1}
122 continue
alseif (ITYPE.eq.4) then
= NSAND

N
do 123 l=1,NT
TTAB{1) = SANDT(1l}
RKD{1) = SANDKD(1)
123 continue
endif

£inding real Kd for contact time TCON
if (TTAB(1).ge.TCON(i,j}} then

RRKD = RKD{1)

goto 140

130

naa

anon 00 oan
t
'
v

nnn 0o

100

elseif (TTAB(N).le,TCON(i,j)) then

RRKD = RKD(N)

do 130 1=2,N

if ((TTAB(1).gt.TCON(i.j)}
.and. (TTAB(1-1).1e.TCON{i,3)}) then
RRKD = RKD{1-1}
goto 140

endif

continue

taking RRKD and PORO value for specific IGTYP

calculating retardation RET

RET = 1,0 + RHO * RRKD * (1.0-PORO(k})} / PORO(k)

endif

multiplying contact tims TCON with retardation RET for
TCON

real
TCON(

summi,
T

summing contact time and pathlength per HF and part

if (X
TG
BG!
elsei

i,J} = TCON(i,3} * RET

ng up TCON per particle to TTOT
i) = TTOT(4) + TCON(4.{)

TYPE.eq.1} then

RAV(i) = TGRAV{i) + TCON({i,j)
RAV(i) = PGRAV(i) + PCOM(i,3}
£ (ITYPE.eq.2) then

TBM(i) = TBM{i) + TCON{({,Jj)

PBI
elsei

M(i}) = PBM(i) + PCON{({,3)
£ (ITYPE.eq.3) then

TOW(i) = TOW(i} + TCON(i,J)
POW(L) = POW(i} + PCON{(i,d)

elsei

£ (ITYPE.eq.4) then

TSAND({i) = TSAND{i) + TCON(i,])

PS,
endif
continue

conversi
TTOT{i)

conversi
from sec
TGRAV{L)
TBM(i) =
TOW{1) =
: TSAND(4)
continue

AND(i) = PSAND(i) + PCON{{,3j}

on of times TTOT from seconds to days
= TTOT(1} /7 (60.0*60.0*24.0)

on of times TGRAV, TBH, TOW, TSAND
onds to days

= TGRAV(i) § {60.0°60.0424.0)
TBM({i) / (60.0+60.0+*24.0)

TOW(i) / (60.0*60.0%24.0)

= TSAND(i) / (60.0%60.0*24.0})

o4
C --- data output to t-tot.dat, t-hf.dat, p-hf.dat
o]

150

open(3, file:
write(3,*)
write{3,*)
write(3,*)
write{3,*)
write(3.%)

open(d, file
write(4,*)

=’t~tot.dat’)
‘arrival times {d]’
3

xe

vz

e

=*t-hf.dat’}
‘contact times per particle and HF [d)*

write(4,*) §

write(4,")
write(d,*)
write(d,*)
write(4.4)
write(4.%)

openi?, flle:
write(7,*)

* b’
‘tow’
‘tgrav’
*tsand’
‘tsum'

=*p-ht,dat’)
‘pathlengths per particle and HF [m]°’

write(7,%) 8

write({7,*}
write(7,*)
write(7.*)
write(7,*)
write{7,*}

do 150 i=1,

" phm¢
‘pow’
rpgrav’
‘psand’
rpsum’

IPART

TSUM = TBM{i) + TOW{i) + TGRAV(i} + TSAND(i)
PSUM = PBM(L) + POW{i) + BGRAV(i} + PSAND(i)

write(3,910) XPOS(i,NPART(i)),YPOS(i,NPART(i)),TTOT(i)
write(4,940) TBM(i),TOW(i},TGRAV(1),TSAND(i),TSUM
write(7,940) PBM(i),POW(i).PGRAV (i), PSAND{i), PSUM

continue

close(3)

close(4)

close(7)
endif

stop

format (445,8e12.5,4i5)

format (320.1.

foxmat {15, 5e20,

format (24i3)
format (5820.12
end

12,313)
1

111
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