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Estimation the hydraulic parameters of the fractured aquifer by using
spring hydrograph analysis, Lange Bramke basin, Germany
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ABSTRACT

One characteristic of a fractured aquifer is the large contrast between the
hydraulic parameters of fracture zone and that of the surrounding rock matrix. In this paper a
trial to determine the aquifer constants of the Larly Devonian sandstone fractured aquifer in
Lange Bramke Basin, Germtany was carricd out applying Rorabaugh’s conceptual model. This
model was modified and used in estimating the hydraulic paramecters of the conduit and
diffuse flow systems from discharge hydrograph analysis. Daily discharge from a spring in the
aquifer under consideration was continuously monitored for the period 12 June-31 Aug during
2001, 2002 and 2004. These records were used in recession hydrograph analysis. The
identification different slopes in the recession hydrograph proceed to isolate each slope and
to derive the ratio between transmissivity T and specific yield Sy (aquifer diffusivities T/Sy)
from each slope. Two pumping and two slug tests were carried out during this study to check
the estimatzd hydraulic parameters of the diffuse flow system. The results showed that the
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T/Sy ratios derived from the recession hydrograph analysis ranged from 0.024 to 1.298 m?/sec
with an average value of 0.438 mZ/sec for conduit flow system, from 0.164 to 0.345 m/sec
with an average value of 0.222 m?/sec for intermediate-flow system and from 0.016 t0 §.211
m’/sec with average value of 0.107 m¥sec for diffuse flow system. Assuming Sy value for
pure conduit equals 1.0, the resulted T value (0.438 m?/sec) was in order-of magnitude with T
value obtained by tracer test (0.98 m?/sec). In addition. the T values for the rock matrix
derived from analysis of the recession hydrograph ranged from 3.2x107 10 42.2x107 m¥/sec
whigh is comparable with the range calculated from the aquifer tests (from 0.17x30" w0
4.8x10" m?'fse.c). Since conduit systems typically display considerable spatial variability. it
was concluded that the derived T values for the conduil flow system may need o be
established at a local scale, while the values for the diffuse flow system may be applicable at a
regional scale. As a result, the expensive isotope and/or tracer techniques in fractured rocks
may be restricted to calibrate the more practicable and, according to the siudy. reliable
analytical approaches for estimation the aquifer constants in fractured rocks.
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INTRODUCTION

Groundwater studies in fractured terrains
are, inherently difficult owing to the
dichotomy of flow characteristics between
the rock matrix and conduit systems
(Dreiss, 1982; Lakey and Krothe, 1996;
and White, 1999). Also, fractured aquifers
show temporal and spatial variation and
abrupt discontinuities between rock matrix
and conduit-dominated flow regimes. The
variable nature of hydraulic properties in
these aquifers makes it difficult to quantify
and predict the movement of groundwaier
through and/or between different parts of
the aquifer. The characterization of
meaningful hydraulic parameters in these
aquifers is further complicated Dby
inadequate fechniques of data collection
and/or incorrect inierpretation of resuits.
Field methods, such as aquifer tests and
slug tests, which were developed to
determine hydraulic properties for diffuse
flow systeims, may not provide accurate
estimates for the conduil system. Even in
the rare case where a conduit is either
penetrated by or 15 next to the well being
tested, the spatial variation in conduit
aperture size and the potential that conduits
may not be interconnected limits the
applicability of test results to the area
immediatelv around the well. As a result,

hydraulic  parameters derived  from
methods relying on well data typically do
not provide accurate measurements of
conduit properties (Kirdly, 1975; and
Padilla et al., 1994).

In contrast to groundwater moving
toward most wells, most springs show the
response of the entire fractured system lo
areal recharge events {Kicaly, 1973; Dreiss,
1989; Sauter. 1992; Teuisch, 1992: Padilla
et al, 1994; Lakey and Krothe, 1996). In
well-developed fractured terrains,
hydrographs from springs often show rapid
responses to rain events followed by two or
more distinct portions of a long recession
limb.  When  quantifying  hydraulic
properties from hydrographs such as this,
the interpretation is that water flowing
through portions of the fractured aguifer
with different conductivities produces the
distinctive shape of the hydrograph. The
fastest response is thought to be derived
from flow through the conduits, and the
slowest is thought to be from the diffuse
portion of the continvum (Milanovié, 1976,
Piotr et al 1999 and Thies 2007). This
method is based upon a Darcian theory of
flow, which may not be valid for higher
flow rates through the aquifer. Despite this
theoretical limitation, this method and
other similar hydrograph methods have
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been successfully applied to several
fractured  systems (Atkinson, 1977;
Milanovi¢, 1981; Sauter, 1992; Padiila et
al., 1994; Shevenell, 1996, Baedke, 1998,
Baedke and Krothe, 2001, Sahuquillo and
Go'mez-Herna'ndez 2003). Other
researchers have successfully explained the
distinctive shapes of storm hydrographs in
fractured aquifers in terms of water
flowing through conduits with
constrictions or debris-filled passages
(Vineyard, 1958; Bonacci and Bojanid,
1991, Halihan et al,, 1998). Regardless of
the technique used to quantify flow
through a fractured aquifer, basic
assumptions regarding the spatial and
temporal distribution of flow
characteristics and the conduit/basin
geometry relative to aquifer inputs and
outputs need to be made. Since data
concerning the shape and dimensions of
the conduit system are not available for
this study, it is prefer to apply the
hydrograph analysis technique to attempt
to derive meaningful hydraulic parameters
of the Early Devonian sandstone fractured
aquifer at Lange Bramke Basin.
Location of Lange Bramke basin

The Lange Bramke Basin is located in
the westiern Harz Mountains, Lower
Saxony, and 7 km south of Goslar (Figure
{). The area covers 0.76 km® with
elevations from 538-700 m a.m.s.l, the
average slope is 12.5° with quite
homogeneous hillslopes. The climate is
cool and wet with a mean annual
precipitation of 1235 mm (1949-2003),
which are almost equally distributed
between summer and winter. The average
snow cover season is 100 days {1949-85,
Herrmann et al. 1989). The basin is drained
in north-eastern direction by the Lange
Bramke River.
Geomorphology  and
the study area

Geomorphological and hydrological
information are listed in Table 1. The
characteristic stream discharges represent
the investigation period 1981-2005 and
are provided by Harzwasserwerke (2005).

geology  of
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The geology of Lange Bramke basin is
simple. The Upper Harz Mountains
Devonian Anticline is integrated in the
structure of the upper Harz Mountains. [t
was folded in the Variscan time with a
complex system of normal and reverse
faults (Figure 2). These faults sirike to
NW-5SE, intersect the folded structure into
several segments and build zones of
mylonite and disruption. The Lange
Bramke basin runs in this disturbed
anticline  structure  with  predominant
WNW-ESE joint directions. The core area
of the anticline is marked by the floodplain
of the creek.

Hydrogeology of Lange Bramke basin

The geohydrological units in Lange
Bramke basin can be subdivided into threc
compartments (Figure 3a and 3b). The first
unit is the unsaturated soil zone consisting
of skeleton-rich, residual weathering and
allochthonic materials of Pleistocene age.
The solifluidal material has an average
thickness of 3.5 m (Scheelen 1985). Main
soil types are Cambisol podsols. covering
about 40% of the catchment area, partially
with pseudogleyzation. Podsol cambisols.
by 20%, with vertical macropore systcms,
which enhance draining {Piotr ¢t al 1999),
Podsols, by 20% and Podsolic cambisols,
by 10% (Deutschmann 1987). On the
remaining 0% catchment area, different
forms of gley soils are developed. Soil
textures are mainly made up by silt, sandy
loam (-60 ¢m) and medium silty sand (-
120 ¢m). From the hydrological point of
view the well developed macro porc
systems of the cambisol podsols are
important. Due to a high skeleton content
and root channels. the water infiltration
rate is very high. Sprinkling experiments
with water amoums of 90 mm/h for
several hours created no overland flow
(Thies 2007). ‘the typical average
infiltration rate under saturated conditions
is about 4 mm/min (Ueberschir 1988).
tnterflow was not detected at any lime
under these conditions in Lange Bramke.

The second unit is the fractured-rock
groundwater system. Situated in the Upper
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Harz Mountains Devonian Anticline, the
Lange Bramke Basin is characterized by a
Lower Devonian rock series (Ober-Ems).
The investigation site is disturbed and
dissected by numerous joint and fault
systems {Figure 3a). Several major faults
cross one another with partial fillings of
quartz and argiilacecus materials. The
unsaturated upper zone of the fractured
rock groundwater system is partially
weathered and strongly dissected (Figure
3b). This allows seepage through the
interface between the unsaturated soil and
the fractured rock. Hardrock geology is
mainly composed of quarzites, quarzitic
sandstones and sandy shales (Flinze 1971).
Joint water in the piezometer field is partly
covered by an aquiclude (quartzitic shale),
therefore the aquifer can be considered as
semi-confined. Matrix porasity ranges
from 1.5-3.2% and matrix permeability
between 3.4x10°® and 2.1x107 cm/sec. So,
less disturbed zones act as barriers with
respect to the fast water movement.

The third geohydrologic unit is the
porous groundwater reservoir which is
used by the river course and consists of
gravel, including pebbles and some
boulders (Figure 3b). Total volume of the
porous groundwater reservoir is about 0.5
x 10° m® with an average thickness of
about 10 m. On the basis of hydraulic
assessment of the bedrock, the fractured
and faulted zones were characterized as
fast flow drain lines (Maloszewski et al.
1999}. Transmissivity {T) assumed that the
hydraulic continvum (125 m®) of the
piezomter field is 5.2 x 107 m%sec
(calculated from pumping tests, Herrmann
et al. 1989). In addition. the study aquifer
is controlled to a large degree by the nature
of the fractured-rock groundwater systems.
Rain and surface water percolate into the
fractured and faulted zones, which act as
fast-flow channels and moves vertically
and laterally by conduit and diffuse flow.
Major cross faults are assumed to be the
dominant transport pathways which
recharge the underlying third
hydrogeologic umit. Evidence for this

assumption is based on the fact that drilling
fluids and rock flour appeared in Lange
Bramke Creek several hours afler drilling
the borehole HKLU, which penetrated a
major cross fault, had commenced
(Herrmann et al 1989).

A combined hydrologic, environmental-
isotope (°H and *%0) and NA and Uranine
tracer study in flange Bramke basin
indicated that the mean tracer age ol water
leaving the Basin is aboul 2.6 years. [.2
years of which correspond to flow in the
saturated fractured part of the system. This
feads to regional hydraulic conductivity of
3x107 misec (Zuber and Motyka, 1994)
while the hydraulic conductivity of the
conduit is 1.5x10° m/sec {Piotr ct al 1999).
In addition, the results of dye tracer test
carried out by Miiller and Wétzel 1996
shows a range of dominant flow velocity
from 0.312x10° to 1.17x10° m/sec and
from 0.57x30” to 9.58x10° m/sec, when
NA tracer test was used (Thies 2007).
Applying a mean distance of saturated flow
in the fracture system of 100m, a
laboratory measurement of matrix porosity
(0.02), and mean hydraulic gradient of 0.2,
this leads to hydraulic conductivity values
similar to dominant flow velocity. Tablc 2
shows the hydraulic parameters of the
different aquifers in Lange Bramke basin.

MATERIAL AND METHODS

Daily discharge from spring A3
representing the groundwater flow through
the major faults in the Early Devonian
sandstone fractured aquifer in Lange
Bramke drainage Basin was continuously
monitored for the same 8| days at the
hydrotogic years 2001, 2002 and 2004 with
weirs that were calibrated for a range of
flow ¢onditions with a rating curve (Table
3 and Figure 4). In addition. the daily
graundwater level fluctuations during the
year 2001 in wells HKLQ and HKLU,
representing both conduit and diffuse flow
systems respectively, was recorded (Figure
5). These data were obtained with pressure
transducers and  programmable data
recorders. Precipitation data were also
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continuously recorded for the same periods
with a tipping bucket style rain gauge and a
data recorder that was programmed to
provide hourly fotals of rainfall.

The basis for quantifying hydraulic
parameters from recession hydrographs
comes from the approach proposed by
(Rorabaugh 1964). Rorabaugh’s approach
is based on the analytical solution for the
discharge to a perfectly connected and
fully penetrating river in a homogeneous
aquifer subject to an instantancous
uniform recharge, which is analogous to
conduit flow system, and is given by the
expression (Rorabaugh 1964):,

q=2 (hy/L)e ™+ 4 4 ) (1

With
a=Tx 1451} (2)

where q (LT ) is the groundwater
discharge to the stream per unit of stream
length; T (L*T") is the aquifer
transmissivity, hg (L) is the rise in water
level due to the instantaneous recharge, L
(L) is the width of the aquifer
perpendicular to the river, S (-} is the
storage coefficient, and t (T) is time.
Since, after a short critical time has
passed, only the first term of the infinite
sum of «ecreasing exponentials is
significant, o, the recession coefficient and
relates 10 the rate of release of water, can

be identified with the slope of the.

hydrograph drawn in semilogarithmic
paper, and from it, the aquifer diffusivity
T/S, provided that width L is known, can
be derived.

Accardingly, the most steeply sloped
recession coefficient (a) may represent
release of water from the conduit end-
member of the fracture continuum, while
the shallowest sloped coefficient may
correspond to water released from the
diffuse end-member. Atkinson (1977)
rearranged Equation (2) to estimate the
hydraulic parameters of an unconfined
aquifer from base flow recession curves:
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Where, Sy is specific yield, Oy is the
spring discharge at time 1, (L’T"), and ©;
is the spring discharge at time ¢; (LT In
order to establish a value for the variable L
in a well-developed fractured terrain,
wherc the boundaries of the drainage
divide can change spatially and temporally
under different aquifer conditions. delailed
tracing  experiments  are  required.
Otherwise, it is common practice to assign
each discharge tocation a value of L that is
measured from the discharge point to the
topographically  defined  groundwater
drainage divide (Teutsch. 1992; Shevenell.
1996). Equation (3) can be rearranged so
that the aquifer diffusivity (T/Sy) for each
segment of the recession curve can be
calculated once a value of L has been
established and the slope of each segment
of the recession curve is known,

Y
bop( =),
i Og(Qz)\.

T L
L 3 4
S, (-1 (LO?J “

The slope of each segment of the
hydrograph recession curve was inilially
identified by visually picking breaks in
siope on the recession hydrograph. The
slope was then estimated by averaging the
difference between every two successive
daily records as log values giving a best fit
slope values through the data. The best fit
slope values at 2004 was chosen for
deriving T/Sy ratios from recession
hydrograph analysis as the aquifer tests
were carried out in the same interval
(Figure 6). Eisenlohr et al. (1997} used
numerical modeling to produce simulated
spring hydrographs from a combination of
high- and low-permeability elements which
support, theoretically, the applied method
in this study.

In addition, (wo pumping and slug lests
were carried out during this study (June
2004) to calibrate the aquifer diffusivity
values derived from the recession
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hydrograph analysis method. The pumping
test was carried out in well HKLQ which
has total depth 36m and screen filter depth
13-15m. The pumping rate was SE-4
m*/sec for long duration of 11040sec. The
observed  drawdown  and  residual
drawdown were  recorded in four
observation  wells  using  Campbell
Scientific's PST systems which can be
networked to collect data simultaneously
over a large area. Two observation wells,
(HKLA & HKLB), are far from the
pumped well by 5.4 while the others,
(HKLD & HKLE), far distance of 7.4m.
The results of pumping test analysis are
shown in Figure 7 applying the following
equation (Theis 1935).

. 2 g
hyy =V e~ .
.5 e [(4,;;.7‘-{)-(4'7!'")} ®)

Where h (t, 1) is the drawdown (L), V is
the volume {L), e is the effective porosity
(-), r is the well radius (L), S is the
storativity (-}, T is the aquifer
transmissivity (L*T") and t is the time
since pumping started (T).

On the other hand, the over damped slug
and bail tests were carried oul in the same
well (HKLQ). The techniques like the
straight-tine methods of Hvorslev (1951)
and Bouwer and Rice (1976) were used in
the processing and analysis of slug-test
response data. In this technique the
pressure transducer readings were plofted
versus the time since some arbitrary
starting point. The time at which the test
began and the pressure head corresponding
to static conditions were identified from
this plot. The static pressure head and the
test start time were then subtracted from
the head and time records, respectively, to
obtain a pliot of the deviation of the
pressure head from static conditions versus
the time since test initiation. The lype
curves were superimposed on a plot of the
test data. The dimensionless time axis was
expanded or contracted until a reasonable
match was obtained between type curve

NUNIAN
i T
&

and the test data (Figure 8). Maich points
were then determined by reading the
corresponding times from the real and
dimensionless time axes. The radial
hydraulic conductivity (K) was estimated
by substituting the well-construction
parameters, the ¢ value, and the match-
point ratio into the appropnate following
equations ( Hvorslev 1951 and Bouwer and

Rice 1976):
{h_— .’,‘.)} I
R (6)

5 — ~

A

Where K is the hydraulic conductivity
(LTh, yo and y, are the water level in time
zero and time t respectively (L), r.. is bore
hole radius (L), c is the configuration
constant (-).

RESULTS AND DISCUSSIONS

Three rain events caused noticeable
discharge response in spring A3 during the
chosen period of records in 2001, 2002 and
2004 (Figure 4). The weli hydrographs
show the same trend for both the conduit
{(Well HKLU hydrograph) and diffuse flow
system (Well HKLQ hydrograph) as
shown in Figure 5. In these three rain
events, three components of flow are
identifiable, inasmuch as each component
has a distinctly different siope on the
discharge hydrographs (Figurc 6). The
spring hydrographs show nearly identical
timing of responses and duration of timc
that each segment tends to dominate the
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hydrograph. However, the magnitude of
response to recharge (precipitation} is
annually different having greater discharge
after each rain event during the 81 days
records at 2004.

The steeply sloped segment of the
recession hydrograph immediately
foliowing peak discharge represents flow
that is predeminately through conduits.
The water in the conduits is quickly
discharged at the spring and dominance of
the hydrograph by the conduit system
ceases. This portion of the hydrograph is
followed by an intermediate, less steeply
inclined segment, which could potentially
represent either a mixing of water moving
through the conduits and the arrival of a
pulse of rain-derived groundwater moving
through the rock matrix or a source of
water coming from an third reservoir, such
as smaller-scale fractures and fissures.
Regardless of the interpretation of the
intermediate segment, this portion of the
hydrograph gradually dissipates, and
spring discharge becomes dominated by
groundwater released from the pores of the
rock matrix, This Jast component of flow is
seen on the recession hydrograph as the
line segment with the lowest slope. A
summary of the data presented in the
following discussion is tabulated in Table
1.

Using Eq. 4 and the value of L (750m),
T/Sy ratios of this portion of the
hydrograph for spring AJ range from 0.024
to 1.298 m¥sec, with an average value of
0.438 m¥sec. By definition, Sy is the ratio
of the volume of water drained from
storage per unit surface area of an aquifer
per unit decline in the water table {(Freeze
and Cherry, 1979). In a pure conduit the
volume of water released from the conduit
is equal to the surface area of the open
conduit multiplied by the decline of head
in the -conduit, It is commonly assumed
that the maximum value of Sy for the
conduit is equal to 1.0 {Sauter, 1992 and
Shevenell, 1996). This assumption is made
since conceptually this portion of the
hydrograph represents discharge from only
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the water directly entering and exiting the
pure conduit and not from the matrix of the
aquifer. Therefore it is assumed thal the
value of Sy for the conduit has reached the
maximum value that it can and should be
equal 1.0, Similarly, as the aquifer begins
to make a proportionally larger
contribution to the discharge hydrograph,
the value of Sy will diminish untif all
discharge at the spring is atinbuted to
walter relcased from the diffuse flow
system. Assuming that Sy equal to 1.0. this
results in Lhe transmissivity of the conduit
system feeding the spring being equal to
the respective T/Sy ratios {Table 4).
Knowing that the Easly Devonian
sandstone fractured aquifer averages 65.5
m in thickness (Table 2}. the effective
hydraulic conductivity K calcutated from
the tracer tests {0.015 m/sec, Piotr ¢t al,
1999) can be used to provide an estimate of
the T for the conduit system at spring A3
as 098 m?sec. This procedure
overestimates the T of the conduil systems
since the entire 65.5 m thickness of the
siudied aquifer is not likely to be fractured
throughout the aquifer and the porosity of
the conduit is probably not cqual to 1.0 as
was previously assumed, Given these
limitations, the tracer test derived T
appears to provide an order-ol-magnitude
estimate that is in the range of T derived
from the hydrograph analysis method. As
evidenced by the magnitudes of response
to recharge and the differences in the
values of T for the conduit systems of
spring A3, the hydraulic parameters for the
conduit system are only locally accurate
around the spring. Therefore, the hydraulic
parameters of the conduit system are only
accurate at a relatively local scale.
Interpretations of the intermediate
portion of the recession curve are more
difficult than either the conduit or diffuse
flow systems. Maloszewski and Zuber
(1990) and Piotr et al. (1999) suggest that
there may only be two reservoirs of water
discharged by the springs. Furthermore, the
modeling work of Eisenlohr et al. (1997)
suggests that it is possible to observe threc
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distinct  segments on a recession
hydrograph with only two distinct
reservoirs {conduit and diffuse) of flow.
With this interpretation of the data, the
method of hydrograph analysis produces
meaningless results for the intermediate
flow system. This is because the method
only produces meaningful estimates of
T/Sy when applied 1o a physical reservoir
of water. [n this interpretation of the data a
physical reservoir does not exist for the
intermediate segment of the hydrograph.
An alternate interpretation of the data
could be made if the intermediate segment
truly represents flow from a separate
reservoir of water, such as flow from small
fractures or fissures. Following the same
approach described above, the T/Sy ratios
calculated for the intermediate-flow system
gives a range of values for spring A3 from
0.164 to 0.345 m%sec with an average
value of 0.222 m¥sec (Table 3). Since no
data exist that assess either T or Sy of this
hypothetical reservoir. only ratios of T/Sy
can be established under these conditions.

In the other side. the diffuse flow
component of the system dominated the
hydrographs  during  eight  periods.
Recession hydrograph analysis for spring
A3 suggests that the ranges of T/Sy for
these twelve periods are 0.016 and 0.211
m?/sec with average value of 0.107 m%sec
(Table 3).

On the basis of obsecrvations that the
water table was depressed during the
aguifer tests by 0.3 and 0.45m in the
observation wells HKLB and HKLE
respectively, and thalt only very low
pumping rates were capable of being
sustained during the test (0.0005 m’/sec), it
was suggested that the wells used for these
tests were screened in the diffuse portion
of the aquifer. The results of these aquifer
tests show that the transmissivity values
{T) of the diffuse system estimated from
the pumping test analysis is less than that
estimated from both bail and slug tests
(Table 5). This may attribute to the fact
that slug tests in formations of high

hydraulic conductivity (K} arc often
affected by mechanisms that are ignored in
models developed for tests in less
permeable formations (e.g., Hvorslev, 1951
and Bouwer and Rice, 1976). Given (he
compiexity of slug-induced flow in a well
screened in a highly permeable aquifer, it
is difficult to account for all contributions
to the effective length of the water column
term. As a gencral, T values range [rom
0.17x10™ 10 4.8x10™ m¥sec with average
value of 1.9x10™ m?/sec (Table 6).

Applying this range of T values, Sy can
be calculated from the ratio T/Sy derived
from the flow recession hydrograph
analysis for the diffuse system. [t is
possible to substitute the value of Sy from
the aquifer tests (0.02 as mentioned before)
and calculate the result T value (Table 7).
Regardless of which value is calculated.
the process of complimenting the
hydrograph derived ratios of T/Sy with
aquifer test data for the diffuse flow syslem
provides a means of comparison for the
results of the two methods. The values of T
derived from the flow recession
hydrograph analysis (3.2x10™ 10 42.2x10™
m?/sec) are more ot less comparable to the
values of 1" determined b}f Uranine tracer
test {2.04x10™ 10 7.7x10" m?/sec, Miller
and Wdotzel 1996), NA lracer tests
(3.73x10° to 62.7x10” mP/sec. Thics
2007), and aquifer tests (0.17x10™ to
4.8x10" m?sec). The difference between
these T wvalues may attribute to the
technique by which these tests were
performed. This led to the suggestion that
the hydrograph method may be an effective
ool for determining hydraulic properties of
the diffuse flow sysiem in this highly
fractured study area. Additionally, given
that the average thickness of the Early
Devonian fractured sandstone aquifer unit
is 65.5 m, 3x107 m/isec for regiona
hydraulic conductivity K of this unit (Piotr
et al 1999), T value reaches 0.196x10™
which is comparable with the 7 value
derived from pumping test analysis.
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As is commonly done with aquifer
test data, it may be possible to apply the
values of hydraulic parameters derived
from the flow recession hydrograph
analysis to regional or sub-regional
portions of the diffuse system in highly
fractured aquifers.

CONCLUSIONS

Spring A3 at the Early Devonian
fractured sandstone aquifer unit, Lange
Bramke Basin, Germany, has been
continuously monitored for discharge. Rain
event recession hydrographs show distinct
segments that represent flow derived from
conduits, rock matrix, and a mixture of
waler from the conduits and rock matrix or,
alternatively, water from small fractures.
When plotted on a log discharge versus
time graph, the slope of each segment of
the recession curve and the distance of the
spring from the drainage divide can be
used to calculate ratios of T/Sy for the
three portions of the fractured continuum
identified in this study. Assuming a
maximum value of Sy as 1.0 for the
conduit system allows calculating a T of
the conduit system. Owing to the location
of spring A3 in the center of the Basin, a
single distance (750m) from the spring to
the drainage divide was used to calculate
the average wvalues of T/Sy ratios.
[ncorporation of the Sy value for the
conduit results in a range of T values of
0.024 -1.298 m* /sec for spring A3 with
average value of 0.438 m%sec. This value
may agree with T value obtained by tracer
test of the spring A3 conduit network (0.98
m%/sec). Since conduit systems typically
display considerable spatial variability, T
values for this part of the continuum need
to be established at a local scale. Although
an intermediate flow segment is partially
identifiable on the hydrographs, the
necessity that this segment represents
reservoir of water is questionable. If th~
intermediate segment truly results from a
mixing of the two other reservoirs of water
and not a separate reservoir the calculated
ratios of T1/Sy for this portion of the
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hydrograph are meaningless. However, for
fractured systems with a significant
contribution from a third reservoir of
water, such as small fssures, then
meaningful ratios of T/Sy can be calculated
for this portion of the fracture continuum.
Such an analysis of the available data
would result in a range of T/Sy values for
this case from 0.164 to 0.345 m%sec.
Aquifer tests show values of T for the rock
matrix ranging from 0,17x10™ to 4.8x10™
m¥/sec with average value of 1.9x10™
m’/sec and matrix porosity of 0.02.
Assuming an average valuc of Sy equals to
matrix porosity (0.02), T values [rom
analysis of the hydrographs can be
calculated. The results show that T values
from analysis of the recession hydrograph
(3.2x10° 10 42.2x10™ mm*/sec) is in general
range with the vaiues estimated from the
pumping tests. 1t is likely that the values of
hydraulic parameters derived from the {low
recession  hydrograph  analysts  are
representative of regional or sub-regional
portions of the diffuse system in the study
area. As a result, thc expensive isotope
and/or tracer techniques in fractured rocks
may be resiricted to calibrate the more
practicable and, according to the study,
reliable  analytical  approaches  for
estimation of aquifler constants.
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Figure 6. The results of pumping test analysis in well {IKLQ appiving Theis 1933 method
(diffuse flow systen)
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Figure 7. The results of stug and bail tests analysis applying Hvorstev 1951 and Bowwer and Rice
1976 straight-fine methods (diffuse flow svstem)

Toble 1" Geomorphological and lydrological characieristics of Lange Bramke Basin
{afier Herrmann et al. 1989 and Horzvwasserverke 2005},

Geomorphological characteristics Unit
Area size 0.78 kmv
Minimum elevation 337 Masl
Maximum elevation 700 Mast
Average elevation 660 Masl

Forested area o0 %
Hydrological characterislics

Minimum low flow discharge 0.07 lisec
Average low flow discharge 1.6 l/sec
Average discharge 14.4 l/sec
Average flood discharge 221.9 I/sec
Maximum flood discharge 676 _fsec .
Maximum stream length to .32 Km

watershed
Average siope of main siveam 11 %
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Table 2: Parameters of subsurface main reservoirs in Lange Bramke Basin tafter Herrmann et @l {989)
Parameter Porous Iraciured
reservoir reservoir TCSErvoir
Area (10° m*) 0.7) 0.05 0.76
Volume (10° m’) 0.5 30
Average aquifer thickness {m) (3.5 10 65.5
Volume of water (10° m”) 0.16 0.6
Volume of mobile water (10° m”) 32 1.6
Talal porosity (%) 32 1.6
Malrix porosily (%) - 0.5

Fissure porosity {%)

1.1

Effeciive porosity (%)

32

Table 3: The daily spring discharge and precipitation records during the scme 81 davs in the study areu

Date of Records ol 2001 Records of 2002 Records ol 2004
record TP TLogQ T/Syin P LogQ  T/Syin Plcm) LogQ  T/Syin
(em)  (I/sec) m?/sec {cm)  (Ifsec) m?/sec {I/s} m¥see
2-Jun 02 043 - 293 0957 0.345 0.01 0.323
13-Jun 0 0.679 -- 117 09 0.666 0.026  0.385 0.503
14-Jun 0 0.684 - 014 079 0.009 0 0.302
15-Jun 134 0723 --- 0.86 0789 0.271 0.023 0.302 0.082
16-Jun 0 0.774 0.541 0.02 0.744 0.536 0 0.288 0.016
(7-Jun 28  0.685 0 0.656 0.556 0 0.286
18-Jun 209 0.898 0.856 0 0565 0057 0411
(9-Jun 0 0.757 0.257 0 0.603 0.01%  0.4}8 0.342
20-Jun 0.2 0715 - 032 0.658 0.011 0.361 0.551
21-Jun - 0.2 0722 0.0l 0.663 0.253 0 0.271 0.083
22-Jun 109 082 0.309 0 0621 0.096 0.009  0.257 0.164
23-Jun 0.8 0.769 031 0.16  0.605 0.169 B.00C-04  0.23
24-Jun 0 0.718 0.194 0 0.577 0.61 0.039 0.406 0,558
25-Jun 0 0.686 0.169% 0 0.477 0.347 0.001 0314
26-Jun 0 0.658 0.1 0 0.42 - 0.033 411 3.536
7-Jun . 49 0636 -- 0.1 0453 0 0.323 0.094
28-Jun 0.2 0.684 0.524 077 0.549 0.201 0.035  0.30R
29-Jun 0 0.598 - 0.3 0.516 0.781 4.00E-04 Q.38 0.616
30-Jun 7.6 0.627 0.345 0 0387 0.005  0.278 0.211
1-Jul 0.0 037 0.348 .02 0.486 0 0.243
22ul 0 0.513 0.219 0.42  0.513 0.468 0.023  0.306 0.133
3-Jul 0 0.477 0.163 041 0436 - 0.013  0.284
4-Jul o 0.45 0.154 L.16  0.558 1179 0.054 0.43 0.33
5-Jul 0 0.425 0.185 0.01  0.364 0.856 0.003 0.375 0.364
6-Jul 0 0.394 0.065 0.05  0.223 - 0.043 0.315 (.227
7-Jul 5 0.384 - 0.07  0.228 0.993 400E-04 0278 0.159
8-Jul 209 6707 0 0.064 0.391 0.014 0.252
9-Jul 257 0914 1.807 i.16 0 0.045  0.499 0.801
10-Jul 0 0.617 0.058 .74 0.476 0.036 0.021 0.367
-Jul 44 0.607 0.37 0.75 047 1.232 0.03 0.501 0.72
12-dul 14 0.547 0,023 0.01  0.267 0.607 0.006  (0.383
t3-Jul 2.6 0.543 0 0.02 0.167 - 0.026  0.437 0.024
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t4-Aug 0 0.5 0.406 0 1.935 1191 4,00C-04 0.423 0.75
15-Aug 0 0.433 0.039 0 1.739 0.94 0 0.299 0.345
l6-Avg 69 0.427 --- 0 1.584 0.758 4.000-04  0.243 -
17-Avg 0. 0.433 0.332 0 1.459 0.482 0.053 0.426 0.547
18-Aug 0.2 0.378 0.045 072 138 0.741 0.013 0.336
19-Aug 0 0.371 ] 1.258 0.522 0.025 0.382 0.576
20-Aug 2.7 0394 0.176 0 1.172 0.109 0.041 0.287 ---
21-Aug 0 0.365 0.218 0.84  1.154 0.012 0.392 -
22-Aug 0 0.326 0.154 294  1.268 0.399 0.015 0.412 0.768
23-Aug 4 a.301 0.122 1.39  1.202 0.37! 0.007 0.285 -
24-Aug 0 0.281 0.157 Q L1441 - €.005 03N
25-Aug 1.2 (.253 0 1.146 0112 0.001 0.35 -~
26-Aug 44 0.33 0.01  1.127 0.139 ¢ 0428
27-Aug 6.1 0.35 0.463 0 1.104 0209 0 0.517 -
28-Aug 0 0.274 0313 0 1.07 0272 v 0.746 0.695
29-Aug 0 G.223 .13 0 1.025 0.27 0 0.631 -
30-Avg 03 0.193 - ¢ (.981 0.291 0 0.69 -
3l-Aug 27 0.26 0.29 0 0.933 0.279 0.002 0.788 0.131

Tabie 4: T he T¢Sy ratios derived from recession hydrograph analysis for the conduit flow system

Date of T/Sy ralios Date of  T/Syratics Dale ol T/Sy ratios

record (m¥sec) record {m¥sec) record {m¥/sce)
13-Jun 0.503 9-Jul 0.801 28-Jul 0.218
15-Jun 0.082 11-Jul 0.720 29-Jul 0.185
19-Jun 0.342 13-Jul 0.024 30-Jul 0115
20-Jun 0.551 14-)ul 0.301 13-Aug 1.298
24-Jun 0.558 16-Jul 0115 14-Aug 0.750
26-Jun 0.536 18-Jul 0.644 17-Aug 0.547
29-Jun 0.616 22-Jul 0359 19-Aug 0.576
2-Jul 0.133 24-Jul 0.212 22-Aug 0. 768
4-Ju) 0.330 26-Jul 0.369 28-Aug 0.695
5-Jul 0.364 27-Jul 0.302 31-Aug 0.131
Average value of aquifer diffusivity (T/Sy ralio} 0.438

Table 5. T he 1/Sy ratios derived from recession hiydrograptt analysis for muxed and the diffise flow system

Mixed fiow (Intermediale stage) Diffuse Mow system (rock matrix)
Date of T/Sy retios (m*/sec) Datc of T/Sy ratios Datc of T/8y ralios
record record {m¥sce) record {m¥scc)
22-Jun 0.164 16-Jun 0.016 2-Aug 0.053
I-Aug 0.166 21-Jun 0.083 3-Aug 0.079
4-Apg 0.210 27-Jun 0.094 5-Aug 0.149
9-Aug 0.225 30-Jun 0.211 6-Aug 0.181
b-Jul 0.227 7-Jul 0.159 7-Aug 0.109
15-Aug 0.345 31-Jul 0,059 8-Aug 0.095

Average 0.222 0.107
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Table 6 Hydraulic parameters of Early Devonian sandstone fractured aguifer ai L.ange Bramie Basin resulied
Jrom aquifer test analysis (Diffuse flow system)

Kind of Method of analysis K T
test {m/scc) (m¥sec)
Pumping Theis (1935) 3.4 C-6 0.51 -4
Pumping Theis (1935) 1.2 -6 01754
Bail Hvorslev (1951) 1.4 -5 20LC-4
Bail Bouwer and Rice (1976) 98L-5 2.4 E-4
Siug Hvarsley (1951) 1.3 E-5 2.0 E-4
Slug [Hvorslev (1951) 3.2 1-5 4.8 (-4
Slug Bouwer and Rice (1976) 1.0 IZ-5 1.5 t-4
Average 24 -5 1.9 E-4

Table 7 Summary of the hydraunlic parameiers derived front the hvdragraph method and aguifer tesis 1 Lange
Bramke Basin.

Aquiler portion and kind ol test T/Sy Sy T K
(m¥fsec) (--) (misec) (m/fsec)
Conduit
Spring hydrograph analysis 0.024 - 1,298 1 0.024 - 1.298 e
Dye trace * NA NA 0.98* 0.015"
Diffuse
Spring hydrograph analysis 0.016-0.211 002  3.2x10° -42.2xI10° 3x107
Uranine tracer tcst NA NA  2.04x107°-7.7x107 " 0.312x107 - 1.17x10°"°
NA Tracer test © NA NA  3.73x107-62.7¢10°F  0.57x107 -9.38x107°
Aaquifer tests 0.02 0.17x107 —4.8x 107 0125 107-9.8x10°
Iniermediate
Soring hvdrograph analysis 0.164-0.345 NA NA NA

a= Dula from Piotr et al (1999, b = Data from Muller and Witzel (1996) and c = Datn from Thies (2007)



