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PREFACE
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in gathering the necessary data, we would also like to thank Jan Streefkerk and Michael
Gill. For relaxing'coffee-breaks and lunches- we .could always c0\!IlLon our fellow __~,_ ,students. __ ,··c,. __ ,'.-.' ,-.~-~-.-,~.~~- -·.-~O~'----- .'- . --.
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This report was writtenwithin the framework of the 'Irish-Dutch Raised Bog Project'.
The report deals with two objectives. The first objective is the improvement of the
existing hydrological model of ClaraBog. The second objective is to calculate effects
of different, scenarios on phreatic and piezometric levels to show which of a set of
proposed measures will probably be the most effective to stop the drying out of the
Bog. '

.. "

SUMMARY

1) The hydrological model

2) the scenarios

In the model four scenarios were entered and calculated. All the scenarios had the
objective of stopping any further drying out of the southern bog area or even to
reverse this process. These four scenarios were:
1) Blocking the drains along the road

,2) Raising the waterlevel in the drains along the road to the height of the road
3) Buildinga dam acrossthe road in the areaof the'forest

In order to improvethe hydrological model made in 1996, fieldwork was doneto solve
some remaining' questions. The fieldwork' consisted of pumping tests to obtain
additional values of aquifer transmissivitiesand to locate the different till outcrops.
These new data were used to improve the existing model.
Changes made inthe model were:
- The foriner boundaries affected the areaof interest and are located further awayfrom
the area in the new model. ,
-In the enlarged model, additional drains and data had to be entered..
~ The precipitation surplus used in the old model had been derived from a relatively

..wet year and was changed for a average annual precipitation surplus in the newmodel.
-- The till outcrops were modelled separately inthe newmodei.
-Clay resistances based on the fieldwork done by Lenting (1993) were entered in the
area south of the bog, as well as the results of the fieldwork doneby the authors.

After having made the"first improvements a sensitivity analysis was done. The main
goal of the sensitivity analysis was'to find which parameters were the most sensitive
and which measures would probably givethe best results in improving the model, The

. most sensitive parameters were the drainage resistances and the transmissivities. , . '
Withthese results, the modelwas callbrated. For the calibration the hydraulic heads of

: wells, boreholes and'piezometers in and around "Clara Bog were used. These heads
were measured from October 1991 until October 1992. The calibration led to the
following conclusions: , ,
- some wells were not levelled right; large errors-were found between the individual
levelling of the wells and the digital levelchart which was used. The wells which
showed large errors were 05, 08, 09 and 16. Also cobradrilling 4 showed a difference
of more than a metre. Because ofthese errors these pointswere left out of the further
calculations.
- The average difference at the remaining 29 observation points after calibration is 0.13
metre.

I
I
I
I
I
I
;1
I
I
I
'I
,I
l

~I,

:1
1
,I'
I

I'

\1
:11

I
1

I
I
I:
~I

LJo.- ~~ _



I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

4) Blocking the drains south of proposed dam alignment.

Scenario 1 and 2 showed only smalldifference in hydraulic heads and the area affected
was very small. Scenario 3 caused large increases in hydraulic head in front of and
behind the dam. The effective area included almost three-quarters ofthe high bog. Just
behind the dam the downward seepage changed into an upward seepage of 1.14
mm/d. Scenario 4 did show some additional difference in hydraulic head but the area
which was affected was almost completely outside the bog area.

The most important conclusions and recommendations were:
-Wells 5, 8, 9 and 16 are levelled wrong so they could not be used for further
calibration.
-Scenario 3, building the dam across the road is the most effective one.
- This model represents a large area in and around clara bog; to simulate local effects
near planned dams a more detailed model should preferably be used. This model
should refer to the regional model.
- The swelling of the catotelm has not been modelled yet. It would be advisable to do
more study about this and to model effects according to the relationship of hydraulic
conductivity and volume fraction ofsolid matter found by Moll & Peters (1996a) .
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I., INTRODUCTION

1.1 Description of site '

Clara Bog is recognised as an important nature reserve as it is one of the largest, nearly ,
intact raised bogs in Western Europe. It is situated two kilometres south of Clara, in
County Offaly, in the Irish Midlands. The bog is famous for its soaks and hummock­
hollow systems. About two third of the bog is owned by the Irish National Parks and
Wildlife Service. " ,
Clara Bog is bisected by, a road whichleads from Clara to Rahan, in the south. On either
side of the road there is a drain. FigureLl shows thelocation of the bog in Ireland, figure
1.2 shows the bog and its surroundings. "

figure 1.1 Position ofClara Bog.

1.2 Purpose of the study,

Due to the Bog Road the bog already subsided more than 5 metres in 160 years and this
process will'go on unless dams are builtto stop the drainage. The dams will result in a rise ,
of the groundwaterlevel; The subsidence of the bog will stop and due to the dams Clara
East and Clara West will eventually be connected again.
Because the site of the dams is very important (a wrong placement of the dams may cause
instability) a hydrological model is needed to predict the effects of the dams. The
groundwatermodel MicroFem is used in this project.

1.3 Objectives

There are two objectives concemingthis study. The first is to improve the existing model,
, which calculated hydraulic'heads that were too high and the second is to simulate the
hydrological effects of the dams, which was not done yet, The model will be adjusted .and
scenarios with differentpositions and heights ofthe dams will be simulated in the model to
predict the effect on the geohydrological situation.

4
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1.4 Strategy and structure of the report

'in order to make this report readable a scheme figure 1.3 is made to clarify the strategy
followed in the study. . ..

Idefine p~ose I~...

6

This introduction has given the purpose of the study. The conceptual model will be dealt
with in Chapter 2 where first a description of the geology and hydrogeology is given. In
Chapter 3 the numerical model is explained and'the' parameter values and boundaries in the
model will be discussed. Next the sensitivity analysis (Chapter 4) and the calibration
(Chapter 5) will be described.' All these chapters meet the first objective of the study, the
improvement of the existing model..The second objective; the dam prediction is dealt with
in Chapter 6 where the scenarios are entered in the model and discussed. A feed-back on
the model (limitations, reliability, uilcertainty) is given in Chapter 7. The report Will end
with the conclusions and recommendations founddtiring the study (Chapter 8).

• J.

field data

presentation ofresults
, .

Imo~l~gnJ ....4--
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with .

field data I----t

figure 1.3 strategy
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2. HYDROGEOLOGY

..

.. - "'
j- .•• u _

2.2 Geologic.setting

,..

"2.2.r Geology , .

· The Clara 'Bog .r~gion is underlain by Carboniferous limestone, During the maximum
extent of the landice cover theareawascoveredby anicesheet..Underneath the actively

· moving ice a basal till sheet accumulated (overconsolidated and a high clay-content). The
eskers; narrow ridges of coarse graveland boulders deposited in tunnels in the ice sheet

.are formed in the same period. In the late stages of glaciationablation tills were deposited
by the meltwater of the icebody (variable in grainsize and composition) Tills in the area .
mainly consist.ofcoarse materialsand are poorlysorted (boulders), '.:

:Theablationtill formed an irregular knobbly and hilly terrain with interconnected and
, isolated lakes and pools. After deglaciation the eskers formed the only continuous higher
grounds. StreamS or ,ri~ers' mid not formed yet. Meltwater . stagnated in the natural

'depressions, behind the' positive' .landforms and against "the '.icebody, resulting' in a
.landscape dominated.by lakes'and puddles. The meltwater of the ice sheet brought with ii .
· substantial quantities of finely sorted' material (silts and clay) that were the product of
.weathering and especially of erosion ofhigher grounds: These fine materials accumulated
· in the ponds and lakes as 'lacustrine sediments. 'Tlle remaining course 'lag, deposits on .
slopes is indicated as wash-out deposit. The fine deposits in the basins sometimes contain
coarse rnateriallike stones, the'latter may have been brought in by floating ice.
A drainage system or stream network 'slowly developed. These streams drained some of
the lakes, eroded the subsoil in the connecting channels, deposited fluvial sediments and
redeposited some of the finer material, 'As 'the climate slowly' improved ·during the
Holocene, vegetation returned and after some time peat started to develop in the wettest
areas.

2.1 Geomorphol~gy

The present landscape of the Irish Midlands, part of the Central limestone plain (Van 'Den
Boogaard, '1993), is largely a feature of the .Quaternary period. The Clara Bog region is ,
dominated by glacial deposits. and bog development. The region is characterised by ahilly

_topography ofesk.eJ~i.n~tlle~ north-northeast. The Claraesker (esker Riada) is a broad
.ridge with multiple crests, the height isio~25 m aboV:e the surface ~f Clara Bog. At -the
southern part of Clara Bog the most pronounced topographical feature is Ballina Hill (20
m above the .surface -ofClara Bog). Ballina Hill is the 'eastern part of an elevated area,
called 'The Island'. (VanTatenhove, 1990). The ISland is an area of undulating to hilly
topography.' Figure 2,1 shows;the topographical map, according to levellings done by
OPW. - .
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In the whole region Quaternary deposits are present at the surface (Van Tatenhove, 1990).
The (f1uvio-)g1acial deposits (esker, till) are the oldest. There are several kinds of till
(varying from clayey to gravely till) found in the region. Most typical for the Clara bog
region is the till that has a sandy-loamy and stony texture, with a high content of big
boulders.
Gravely till is sometimes clearly related to the geomorphology. Ballina Hill consists of
limestone. The esker deposits are found in the area north ofthe bog.

2.2.2 Aerial distribution of geological units

1S-JO III 00
figure 2.1 topographical map•
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ClaraBog was formed in a depression where the glacial deposits at first had been covered
byablanket oflacustrine deposits which seals the peat from the bedrock. The thickness of
the clayvaries from 0.1 to 5.5 m (Bloetjes, 1992). Bloetjes (1992) also found marl on top
'ofthe clay in the area near the Bog Road. Another deposit that can be distinguished is the
Holocene river-deposit, near the RiverBrosna and the Silver river. Fen peat and'
Spaghnum peat are found on the bog. Figure 2.2 shows the aerea1 distribution of the
geological units described above. ' . . .
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Glacial tills
The tills that are found in the area are mostly.poorly sorted. Large boulders are common.
The lithology varies from gravelly to sandy. The clayey till can be found underneath the
bog, whereas the gravelly till canbe found everywhere. --

Carboniferous limestone
The limestone, further referred to as bedrock, can be found in the whole area. The rock
o~tcrops at the northern boundary of the area, in the river Brosna. Two lithologies are
found in the region: a muddylimestone in the north and a moreclayey unit in the south of
the area.

2.2.3 Composition of the geological units

figure 2.2 aerealdistribution ofgeological units (S. van der Schaaf, in prep.)
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Esker deposits
Esker deposits mainly consist of sands and gravels. Silt and clay layers are common but
are only a few centimetres thick. Esker deposits are only found in the northern part of the
area.

Lacustrine deposits . .
The lacustrine clay underlies the bog' and the cutover areas. The texture of the deposit
varies from sandy clayey loam to silty loam. In the central part of the bog Bloetjes (1992)
found shell marl, an indication ofwater over saturated with calcium carbonate in the past.

F~~~ ~ .
The fen peat is the lower peatIayer and is usually overlain by Sphagnum peat (bog peat).
Fen 'peat contains reed, sedges and wood, which accumulated under mesotrophic to
eutrophic conditions. In the fenpeat ofClara Bog wood becomes mote abundant near the
bogmargins. In the cutover area south.ofthe bog fenpeatstill occurs.

Sphagnum peat,
Sphagnum peat is' a younger form, which covers the fen peat. It mainly consists of
Spagnum mosses. which depend on an ombrotrophic situation.
This deposit can only be fo~d on the bog. .."

2.3 Hydrogeolo~iCaI 'parameters

2.~~1 Raised bog properties

.A raised bog consists of two layers:·the acrotelm and the catotelm. The acrotelm layer lies
. above 'the catotelm layer and is 5-49 cm thick (figure 2.3). It contains the fluctuating

phreatic level. The hydraulic conductivity is high near the surface and declinesrapidly with
, depth. The transmissivity varies over the whole bog, due to hummocks and hollows and

with the phreatic level. The catotelmhas a constant or .little changing water content. In "" I

comparison to the acrotelm, the transmissivity is very' low. The acrotelm protects the
catotelm from drying and oxidation (Lensen, 1991)..

figure 2.3 raised bog

10
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2.3.2 Permeability

(2.2)T = 2,30*Q
4 * 1t * ss

During-the fieldworkpumping tests weredone on boreholes. Withthe use ofa little pump,
which had only a capacity of about.six litres a minute, a'cone of depression was made on
which the drawdown was measured against the time. This was done until a steady state
was reached. The results (measurements and graphs).can be found in Appendix A For the _
calculation of the transmissivity the Jacob's straight-line method has been used (Kruseman
& De Ridder, 1983), which canbe used for single-well constantdischarge tests. The Jacob
method uses the following equation:' .

2.3.3 Pumping tests' ,

Where T = transmissivity [m2Id]
k =permeability [mid]

. z = depth [ml

Where T=trarismissivity [m2/d]
Q = pump discharge [m3/d] .
Lis= drawdown(per log cycle of time) [ni]'·_,,· .

The tests have been done on clbh4, clbh5, c1bh9, 'BH14 and BHI6. On clbh4 the Jacob
method could' not be used because the aquifer was not confined. In this case the Thiem
method has been used which uses the next equation:

In this chapter the permeabilities of the different deposits are listed. The permeability of
the peat depends on the botanical composition, the degree of humification (humification
degree of 2-4 gives a high permeability), bulk. densitiy, fibre content, porosity and surface
loading (Van Den Boogaard, 1993). The, permeability, of the acrotelm is high, the
transmissivity varies from I m21d (at the margins) to more than 1000m2/d (in the centre of
the bog). The permeability of the catotelm is very low, compared to the acrotelm (1-10-5

mid). The fenpeat also has low permeabilities.
The limestone bedrock has a low permeability due to the lack offissures. The glacial 'tills
can be divided into sandy, loamy and clayeytill, with a permeability of 10-1_10-7 mid, and
gravelly till, With a higher permeability (10 mid).
The esker deposits haveahigh permeability, in the range of 10-100 mid. The lacustrine
clay found In the area is the confining layer on top of the till layer, with pernieabilities of

4 ' .
10 mid or less.' .
In order to get the transmissivities of the deposits thepermeabilities must be multiplied by
the thickness of the layer, according to the following equation:

Z2 .

T = fk(z)dz .' (2.1)
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Where: r i = distance from the well [m]
r- = radius ofthe well [m]

LIs = drawdown [m]

Because there wasn't a piezometer at some distance in which the drawdown could be
measured also, the assumption was made that at a distance of 1000*r" the well didn't
influence the waterlevel. The transmissivities found are listed in table 2.1.

table 2.1 transmissivities

2.4 Groundwater flow

Figure 2.4 shows the flow direction of the groundwater in the first and the second aquifer
(Moll & Peters, 1996b). The direction of the flow is as expected. The first aquifer is only
valid on the bog (the acrotelm). The water flows to the drains and the rivers. Near the Bog
Road upward seepage occurs.

figure 2.4 groundwaterflow
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filter in esker deoosits silty clav silty/fine gravel silty, stony clav zlacial tills
T [m'/d] 82 5 24 69 O.65 I I 5

I
J
I
I
I
I
I
I
I
I
I
I
I
I
I
I



This equation is the result of the combination of Darcy's law and the mass balance (also
calledthe continuity equation). Darcy's law in formula: .

(3.1)

(3.3)

(3.4)

, (3.2)

13

'. "k,oHv =--
x '" ox

Mass balance in equation:

3.1.1.Groundwatertlowequations

WhereH =hydraulic head [m]
T= transmissivity [m2/d]
q = sinkterm [mid]
S ':'" storage coefficient (-)
t = time [d]

3 THE HYDROLOGICAL MODEL

and

3.1 GroundwaterOow modelling

In order to solve groundwaterflowproblems one can simplify the flow pattern. This can be
done by using the Dupuit-Forchheimerassumption: in the aquifers there is only a
horizontal flow and in aquitards water only flows vertically. This reduces a 3-D
groundwater flow problemto 2 dimensions. Thefollowing equation can now be used:

. oH
, v =-k-

y Oy

r: Where v =fluxdensity [mid]
, k = permeability [mid]

. oH dir . deri . fH [ ]- = ection envanon 0 -ox

;.1
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Where Q; = total inflow [~ ]
d
. 3

Q tal tfl [_m ]
0== to ou ow

d
M == Change in storage [-]

By using a sequence of aquifers and aquitards with horizontal flow in the aquifers and
vertical flow inthe aquitards a quasi third dimension is added. - .

·3.1.2 Finite element method

.In order to calculate the waterflow' in hydrologic systems, numerical solution techniques
are used most often. In this study the groundwatermodelling package MicroFem is used,
which is based on the finite elements method. A short description of this method follows
hereafter.
The finite element method divides the model area into. a finite number of triangular
elements. The hydraulic heads are calculated with a linear function over the nodes. Finally
the mass of each element is relocated over the three nodes of the triangle. When the model
bas done' this for.all the elements, it solves the new~s balances for the nodes.

3.1.3 MicroFem

MicroFem generates a' network of triangular. elements, which allows great flexibility in .
entering details' in .the model, In MicroFem a dense' network can be made in the interest

. area and a less dense one at the boundaries of the model. MicroFem works with aquifers.
and aquitards of confining layers which have a transmissivity (7) and a resistance (c). In'
the aquifers a discharge or recharge can be entered. The first layer is described as toplayer:
in this layer drains, rivers, lakes and surface run-off (diffuse drainage) are entered in terms

. ofa drainage' resistance and a drainage level. The values for transmissivity and resistance
can be entered for known points, MicroFem can interpolate betweenpoints.
Important programs in Microf'em are: . .:d. . .
- FemGrid: generates a mesh based on a subdivision of the~a into iiregular polygons
with uniform internal noding spacing
- FemMesh: same as F~mGrid, but is useful for models with high contrasts in nodal
spacing. .
- FeModel: the pre- and postprocessor inMicroFem
- FemPlot: makes graphs and drawings of the model
- FemBa1n: makes a detailedwaterbalance for the model
- FemCat: deals with transient calculations and specific drainage conditions
- FemCurv: shows time-head graphs offiles written byFemCat

14
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3.2 Conceptual model

A conceptual model was made to describe the groundwaterflow. In order to define the
different layers (aquifers and aquitards) MicroFem requires, a general idea of the
hydrostratigraphic units is needed. These units can be found on geological maps (Van
Tatenhove, 1991), topographical maps (figure 2.1) and thickness contour maps (DTh: &
Verstraelen, 1995). The conceptual model should comprise geological units of similar
hydrogeological properties. In figure 3.1 the different deposits found in the region are
shown in transects from north to south and west to east.
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figure 3.1 schematictransects N-S andW-E
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Hydrological boundaries are the River Brosna in the north and the Silver river in the
south. ,Theboundaries in the west and ip the east should be situated so far from the area of
interest that they do not influence that area. These boundaries should also be
hydrologically justified, e.g. no-flow boundaries. In order to build a.reliable model.field
data are needed of the whole area. There is a considerable amount of information
concerning the bog andthe area south of it, but lessdata are available of the 'regionsto the
west and north-east. Thislack ofinformationwill have to be" taken into account when
building the modelnetwork. .

-i3 Translattenccnceptual mode~to·ijicroFem. ,-

"To buildthe conceptualmodel in Microf'em, described in chapter 3J, the boundaries must
, be' constructed and they have to' meet aboundary condition. Thereare three types of

boundaryconditions:. '
. -Dirichlet Condition (specified head boundaries)
, -Neumanncondition (fluxacross the boundaryis 'given)
-Cauchycondition (head-dependent flow boundaries) " ,
Themodel will only calculate steady-state conditions: so rio initial conditions have to be '

"defined. ChapterLs.I will.describethe schematisation of the field, whereas in chapter
3:3.2 the designed 'grid, is'explained. fu chapter 33.3.1 and 3:3.3.2 the hydrological
parameters(transmissivity, resistance, recharge) ,will be dealtwith.

. 3.3.1 Schematisatien

MicroFem requires, defined aquifers and aquitards, so-these will have to be determined.
T~_~Jara Bog regionis underlain by limestone whichwill be the 'hydrological base for the
model. In the, Northern part of the area esker deposits are found. The area south of the

"bog consists of till deposits (clayey to gravely). These two deposits are put together to
form the aquifer right above thehydrologicalbase (referred to as aquifer3).
,The" bog and cutover areas are underlain by lachstrine clay, Together with the'catotelm,
only found on. the bog, this forms the aquitardabove the till aquifer (referred to as
aquitard2). ,
The first aquifer andaquitard (figure 3.2)only occur on the bog. The acrotelm has a high

, transmissivity andis.therefor entered as an aquifer(aquifer 1). Although the catotelmhas a
" low permeability and thus a low transmissivity this layeris &,SO 'entered as an aquifer, with

low transmissivities (aquifer2), this was doneto makeit possible to model changes in the,
transmissivities of the catotelm aquifer, whichmay occure when building a dam. Aquitard
1 is the resistance layerbetween the acrotelmand the catotelm,

. , .~

0,
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table 3.1

figure 3.2 schematisation of the layers

ho

The model was based on the existingmodel of Moll & Peters/(1996b). It had to compri
the whole bog, the area of interest. The eastern boundary drawn in earlier models w
situated in Clara-East, inside the bog. A new boundary was put more to the Eas
perpendicular to the two rivers (Brosna and Silver) that form the Northern and Southe
boundary (Neumann condition). The rivers Brosna and Silver are defined as boundari
with a Dirichlet condition. The bedrock is near the- bed level of the rivers so there is n
aquifer beneath them. The boundary in the West was also located. further away from th
bog. This was done because the former boundary was put on the Island and thus didn
meet any boundary condition. The new boundary is situated.to the west of the Island an
is perpendicular to the rivers (flowlines). Figure 3.3 shows the new and the 0

boundaries.

3.3.tGrid design and model boundaries
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figure 3.4 model network
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I
3.3.3 Parameters

The parameters required by MicroFem are the discharges in the aquifers, the
transmissivities of the aquifers, the resistances of the aquitards, .the drainage resistance in
the topsystem and the, drainage levels. The values Moll & Peters (1996b) used were
examined and corrected when necessary. The changes have been split up 'into the
transmissivities and resistances in section 3.3.3.1 and in the recharge in section 3.3.3.2

. ~ .

3.3.3.1 Hydrogeological parameters

The bog 1

The bog was kept unchanged. Only thepart of the bog that is entered in the model due to
the' enlarging of the model was added. Thispart of the bog has been given the same values
of transmissivity and resistance as the rest ofthe bog.

·The forest
The forest that is situated at the south. east of the bog .was given an estimated drainage
resistance of 50 days. For the forest also vertical resistances (cJ) for the clay were entered"
according to the results foundbyLenting & Van Der Meer (1993). The thickness' of the .

· layers are translated to resistances using table 3.2 (Moll & Peters, 1996b).

table 3.2 resistances '~' ..
::mvi::::':I::::::tI::,::::::' ::i¢$Bi:::':":::::::
clay 10,000 dim
clayey till 1,000 dim
sandy till 100 dim
fenpeat I ,000 dim

In figure 3.5andfigure3.6 a contour map of the resistance layer (aquitard 2) for this area
can be found. .

The fenpeat . .
·.A diffuse drainage system is entered for the fenpeat, to simulate the surface run-off This
·drainage resistance is given an estimated value of 50. days. The other parameters are kept
the same.

The Mound .. .'
With the help of aerial photographs and field observations the. Island was entered in' the
model. Leriting & Van Der Meer (1993) also 'measured clay thickness' at the area
southern of Clara West so an estimation could be-given of the resistance of the mound

, there (figure 3.5). Further to the west less data were available, so an average resistance
and an average transmissivitywas entered for the second aquitard and the third aquifer.

20
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figure 3.6 resistancec6nt~~p according to Lenting &: Van'Der'Meer' (1993) ,

The till areas. , _ ~. . .' . ," '
During the fieldtrip exact locations of till areas were identified' (Appendix B). '·As·
accurately as possible-they were entered in the.model From the 'aerial photographs a till
area inthe southeastern part of the modelwas.located. Measurements of Lenting & Van "

, Der Meer (1993) were entered and the areas without known valueswere given an average '
value for the whole area.. ' ' . .
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The esker ' .I.}t
The'esker.wbich is situated between'the !own of Clara andClar~Bo.g; was.given mon~·,·.>~', '
attention. 'Moll'& Peters (1996b) already concluded that.thecalculated-headsin the esker ", ¥,,',

'weretoohigh, probably due to the fact that theassumedtransmissivities were too-low.'
Due to the lack of data on the esker, ,the transmissivities, were adjusted until the model
resultwas reasonable. . ' , .

The alluvial deposits
In the area between the river Brosna and the esker alluvial deposits occur, This area was
given different values for both transmissivity and resistance due .to the 'fact, that here
alluvial deposits are found. The resistance,was given' an' estimated value of 2000 days.
The transmissivity is lower' than the transmissivity of the esker. .The same strategy is
followed for the areanear the Silver river. The transmissivity there is lower than near the
river Brosna (Van Tatenhove& Van Der Meer, 1993).

,The drains
Besides the drains entered by Moll & Peters (I 996b) new ch-ains were inserted, due to the
enlarging of the model. These drains are locatedin the south-western part and in the
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south-eastern part of the model. Also some diffuse drainage systems were put in the
model, near the south-western boundary (runoff from the Mound) and northern of Clara
East, where forestry is located. .

The rivers
·Due to the enlarging of the model, the riverswere extended. The river levels were based
; on the same gradient data Moll '*' Peters (1996b) used. The drainage resistance is

._~~~d !?~ _20_~~~. _.. ',' __ ._ . _ , __.

·In Appendix.C the.enteredparametervalues are summarised.

~.3.3.2 Recharge

The period between October 1991. and October "1992 was chosen as a referenc~ year
because this was an average period in regard to recharge, which is necessary for a steady.
state model. Also a lot of data was collected in that time. The value for the precipitation of'

"this period' was used. The measuring with the two handgauges oil the bog gave a value of
'.877,0 mm. For the .evapotranspiration the following values were taken, according to
.LeenescTiebosch (l99~)~ . .

. Evapotranspirationgrass' : 473 rum/year
, peat. : 587 mm/year

. ''C. forestry: 534 rum/year ,
The precipitationsurplus, and. thus ,ground~ater recharge for' the area now becomes

, «precipitation - evapotranspiration) 1365) , .
,grass ': 1,10 mm/day

forestry: 1,00 mm/day
,peat: 0,79 mm/day "

·3.3A Waterbalance

Awaterbalance of Ciara Bog'West based on'field observations was made by Leene and
Tiebosch (1993), They used the period between the 1st of August 1992 and the 28th of
July 1993. In this period the precipitation was above average. Their waterbalance for the
bog is given in table 3.3.
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3.4 Discussion on uncertainties in tbe model

During the modeling several assumptions were made. Because of the lack of geological
data in the surrounding of the bog and because very few augerings were done there, many
uncertainties existed about the transmissivities of the different layers. Another difficulty
was the large spatial variability of the layers, e.g. the till outcrops at the south-east of the
bog area. The thickness and the spreading of the clay layer is not well known. In the
north-east ofthe bog near the forest marl was found (pers .obs.), whicb was not mentioned
in the literature before.
The comparison of the results of pumping tests, done by different people with different
methods also shows large.differencesup to factor two to three for some tests.
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4.1 Introduction

4. SENSITIVITY ANALYSIS

. -~ ... ',,-..., :

"

Changes in effective precipitation ,
The effective precipitation was changed to 85% arid 115% of the starting values. Figure 8
(AppendixD) showsa linearrelation betweenchangesin precipitationsurplusand heads.

Changes in C3 (resistance of the catotelm/clay aquitard) and T3 (transmissivity of the till
aquifer)

The parameters have been changedby multiplying or dividing the values by 1.5, For every
•zone several nodes have been'selected.to calculate heads covering the entire zone-area. ,
These points can be found on the map in Appendix. D. The results have been compared

.with the reference heads Of the base model The resultswhich gave the largest differences
have been put in graphs, see' figure 1 ~o 7 (Appendix D). '

4.i Methods and results .

The purpose of the sensitivity analysis is to find whichparameters are the most sensitive to
changes. These parameters are e.g, the resistance of the clay, the transmissivity of the
acrotelm and the precipitation surplus. With the 'sensitivity analysis one can calibrate and

, adjust the model where necessary. For reason of clarity, the model was given a zonation
into several areas so an insight could .be obtained in local effect's. In Appendix D the

, different zones of the model, in which the parameters have been changed separately, can
be found. These are:
-the bog itself (zoneHIGHBOG)
-the bog margin (zoneBOG MARGIN)
-the forest south of ClaraBog (zone FOREST)
-the fenpeat (zone FENPEAT).
-theIsland (zone MOUND)
-the surroundings of whichincludes till (zone TllL) "
"the esker north of ClaraBog (zone ESKER). ';-, '

" Changes~ the topsystem ' ' ,
The following analysis havebeendone:
'0: all drains c, = 30 days .
'p:' alldrainsho = drainage level- 0:5 m
S: all.drains cl* 1.5
U: fenpeat ho=drainage level - 0.5 m. .
The charaters O,P,S and U conform to the characters on abscisae in figures 1-7. As can
be seen in figures 1-7 of Appendix D, 'the" model is most sensitive to the drainage level,
especially for the drainage level in the forest and the fenpeat.
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Figures 9 to 14 (Appendix D) show,the most sensitive parameters. The tests include
changing Cs of HIGH BOG; BOG"MARGIN and drains and changing T, of ESKER and
MOUND,' "
A linear relation was foundfor changes ine, (drains) and Tj (ESKER). Not linear is the
change of ci (HIGH BOG) because othet factors are" involved.

Theresults of these tests are summarised in tabled.l.
table4 1 sensitivity analysis

ql 0.79 -1.1 mm1d +15 -0.162 0.141
-15 0.185 0.142

c1 (drains) 50 d -40 0.109 0.079
.. +50 -0.091 0.097

hO(drains) surface level [m] -0.5 m *2. 0.203 0.131
hO(fenpeat) surface level [m] -0.5 m·2 p.059 0.078
c3 (high bog) 40000·100000 d -33 '-0053 0.164

.'
+50 0.029 0.058

c3 (ring) 10000-110000d " -33 -0.041 0.061
.. +50 0.035 0.054

c3 (fenp) 1000-20000 d '-33 0.006 0.049
+50 0.006 0.042

c3 (for). ,. 3000-20000 d -33 0.006 0.024., +50 -0.009 0.045
c3 (momid) 500-6000 d -33 -0.012 0.064

+50 0.032 0.077
c3 (drains) 10-110000 d -33 -0.041 0.061

."'"
+50 0.041 0.074<

c3 (peat).! 10000-110090 d -33 -0.082 0.111
T3 (peat) 4-23 m2/d -33 -0.032 0.082

\
"

" +50 0.018 0.07-
'" "

T3(esker) 250-750 m2id -33 -0.044 0.081 "
.

.. .. ,- +50 0.053 0.078
T3 (mound) 8-125m2/d -33 -0.088 0.255

.. +50 -0.053 0.264
T3 (feDpeat) 20-40 m2/d -33 -0.003 0.077

+50 -0.026 0.075

T~ (till) 20-40 m2/d -33 0.009 0.051
+50 -0.003 0.046

T3 (drains) 5-250 m2/d -33 0.012 0.041
+50 -0.015 0.036

.! peatmeans HIGHBOG + BOGMARGIN + FOREST
*2mearis surface level - 0.5 m

Thetable also showsthe standard deviation of the tests, defined as:. },.

" . • " 0,5 "

Standard deviation (=RMS) = ![t(hb-hJ i] ""
n 1=1 I
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Where: n = number of sensitivityvalues [-]
hb = head in the base model [m]
h, = simulated head [m]

From table 4.1 it is clear that most of the parameters have a similar standard deviation for
both lowering and raising the value. The resistance of mGH BOG shows a larger
difference of the standard deviation on both sides. The transmissivity of the MOUND
shows a large standard deviation.

Effects on the entire model
The residuals of the heads of the base model and the simulated heads have been plotted in
a graph. See figure 15 to 18 (Appendix D). As can be seen in these figures the changed
heads only occur in the area where the parameter has been changed. For example the
loweringofho- 0.5 in the fenpeat area has only effecton the fenpeat area itself.

4.3 Discussion

From the average differences listed in table 4.1 it is clear that most of the parameters show
a linear relationship in changing the parametervalue. This means that the results of the
sensitivity analysis can be used for further calibration. When the relationship is not linear,
other factors may be involved which could make the calibration process more difficult.
The differences of heads (base modelminus sensitivity test) are smaIl, so the heads in the
model are not very sensitive to changes in the selected parameters. It is clear that the
model is most sensitive to the changes in the topsystem (q/, c, and ho). The results found
with this sensitivity analysiscan be used for furthercalibration.
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5. CALmRATION

5.1 Introduction

The calibration was done to make the model as accurate as possible. In order to do this,
observations ofheads, fluxes or discharges are needed to compare the measured data with
the calculated data of the model. Only measured heads were used to calibrate the model.
To fit the model the values for the hydrological parameters must be adjusted (e.g. the
resistance of the clay and the transmissivity of the till). These values must be acceptable in
view of the real properties ofthe layers they represent.

5.2 Methods and results

In order to make a reliable model, observation points must be available to compare
measured heads with calculated ones. In the Clara Bog region, piezometres, boreholes and
(farmer)wells are found. The locations of these points are given in Appendix E.
From the piezometer data the hydraulic head of the first aquifer was used (this aquifer is
only present on the bog) and from the boreholes and the wells the heads in the second
aquifer were used. Only the filters of the piezometres are in the peat, the rest is in the till
aquifer. In the model the average of the measurements from October 1991 to October
1992 is used . Because the heads were not measured from January till March, an
interpolation was made for that period. Furthermore, to get more reference points, the
heads from 1995-1998 of BHIO-BHI6 were extrapolated to the period 1991-1992. This
was also done for the ABC-plots and the cobrapiezometers.
Because some data are interpolated and some are extrapolated, an error can occur. An
error is also made when comparing data measured by different people. Therefor, the error
estimated is 10-20 em. The target of the calibration is set to a maximum deviation of 20
em or less in all measured points.
Table 5.1 shows the results ofthe calibrated model. There are still some errors that canoot
be solved. The measured reference levels ofwell03, well05, well08 and well09 show large
deviations with the surface map so the levelling done there may be wrong. This is
illustrated in Appendix E.
This is also the case for we1l16. The levels of the surface map are used in the model. The
Cobra-drilling c04 also shows large differences. The average difference of the entire model
is 0.41 rn, and without the large errors this becomes 0.13 Ill. The infiltration over the
aquitard from the bog is 14.9 mm/a. This value is still in the range of 5-15 mm/a (pers.
com. S v.d. Schaaf).
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cIbh2 till 57.6 57.3 -Hl.3

cIbh8 till 55.1 55.1 0
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cIbh4 till 57.1 57.0 -Hl.I
cIbh3 till 57.8 57.7 -Hl.l

cIbh7 till 49.8 49.7 -o.r

cIbh9 till 56.9 56.8 -Hl.l

cIbh6 till 56.5 56.1 -Hl.4

Figure 5.1 shows thehydraulic head in the till aquifer of the calibrated model.

table5.1 calibration
i~ifiillf1Ui !MWj l:lliillilll i@mim~Jlf!iiUmnw m a'lll!~lffill ;: nljgJl!F!lun!fiifli i

BRIO till 51.5 52.0
BHll till 53.3 52.8
BH12 till 49.3 49.5
BH13 till 53.0 53.1
BH14 till 52.6 52.6
BH15 till 50.5 50.5
BH16 till 51.7 51.9

.

well02 till 56.1 56.0
well03 till 54.7 55.5
well05 till 57.0 58.2
well08 till 57.3 59.5
well09 till 57.2 60.2
we1ll6 till 49.2 51.0
we1ll9 till 57.8 57.7
we1l20 till 50.3 50.3
we1l21 till 57.1 57.0
we1l22 till 53.0 53.0

co3 till 53.0 53.2
co4 till 52.1 53.5
co5 till 53.0 53.0

A neat 59.9 59.9
B neat 59.6 59.9
C neat 59.0 59.0

lu89 peat 58.3 58.4
lu96 neat 60.7 60.7
p97 peat 60.7 60.9
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figure 5.1 hydraulichead in the till aquifer in the model

5.3 Verification

Another step in the modelling is to verify the model. This means another year's
precipitation surplus is entered in the model and other measured data are compared with
the outcome of the model. The period chosen for verification is August 1996-August
1997. The precipitation then was 848.2 mm. In Appendix E the results can be found. The
same problems occur as in CLARA, the heads of wells 3, 5, 9, 16 are too high. The
absolute average difference (over the observation points) is 0.49 m, and without the larger
errors this is 0.21 Ill. The infiltration from the bog now becomes 16.06 mm1a. From the
table in Appendix E it is clear that changes have occured on clbh5. (the measured head in
1991-1992 was 55.0 m and in 1996-1997 this was 53.9 m.) The reason for this lies in the
fact that a deep drain is made for turfcutting near clbh5 (pers. obs.).

5.4 Discussion

The adjusting of the model lead to the final model CLARA. With this model the scenarios
were calculated. There are still some errors but the overall accuracy of the model is as
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required. The most remarkable errors are the heads from wells 3,5,8,9 and 16. These are
probably caused by wrong levelling as mentioned before. The same problem occured with
co4: the level on the surface map didn't meet the level found by Moll & Peters (1996a).
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6. SCENARIOS

6.1 Introduction

The second objective of the work was simulating scenarios with the model The scenarios
were entered into the calibratedmodel CLARA The scenarios were (see also figure 6.1)
-blocking the drains along the road (scenario I, blue line)
-raising the waterlevel along the road to the height ofthe road (scenario 2, yellow line)
-building a dam across the road in the area of the forest (scenario 3, green line)
-blocking the drains south of the proposed dam alignment along the road (scenario 4, red
line)

6.2 Methods and results

In this paragraph the scenarios will be dealt with separately. Contour maps of the
differences in hydraulic heads can be found in Appendix F.

Scenario 1 ..
In this scenario the drains along the Bog Road are blocked. This means that no water can
discharge, except in periods of heavy rainfall. The drains are given a drainage level 0.5 m
below the height ofthe road.
Comparing the hydraulic heads in the peat in the reference situation and the scenano
doesn 't show much effect. The difference in head is mostly in the order of 10.5 m.
The difference in the hydraulic heads in the till aquifer are more remarkable. In Appendix
F the contourmap can be found. This map shows a gradual decrease of the difference with
increasing distance ofthe drains.
In table 6. I the seepage of the whole modeIarea is related to the upward seepage of the
reference model

aquifer 2 0.007 0.025
aquifer 3 0.007 0.008

The flux over the aquitard underneath the peat is 0.044 mm1d ;: 16.06 mm1a.
There is no change in the pattern of the flow.

Scenario 2
This scenario includes the raising of the waterlevel along the road to the height of the
road . This scenario looks like scenario 1 and the effects are the same. In Appendix F the
differences in hydraulic heads in the till aquifer can be seen. The differences found here are
larger (1.6m-1.8m) then in scenario I (1.2m-1Am). The upward seepages can be found in
table 6.2 . ..,
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table 6.1 damheiglJ1 56.5 mOD "

. ~ .-~- ft .......· .'0..-.,... ''e'''''''''' ....,- -~', "'....-.- -'>"~ ',", ..+"-;"'"' -, .....'~-" ,.~.

The upward seepages: ,
For zone I,just behind the dam, the seepage shows a change from downward seepage to
upward seepage in the third layer '(.:.0.08 mm1d to +O.77mm/d). For scenario 3d this
upward seepage becomes much larger, compared to the last increase of one meter, up to
1.14 mm/d. Zone 2 already showed an, upward seepage of 0.86 mm/d before building the

Scenario 3
Scenario 3 contains the building of a dam,perpendicular to the road in the area of the
forest. The exact positionis shownin figure 6:I ..Thedesign level should be 57.5 metres m
OD. In this scenario two different levels were tried to see what the influence of the rising
heads would be. Thesetwo headswere 56.5 maOn and 57.5 maOD, resp. scenario 3b and
scenario 3d. The damwill causea flooded area that is'also shown infigure 6.1. ' .
Behind the dam two zones were-created to makeit possible to measure the changing in
up- or downward'seepage (zonel and zone 2). Also 32 points were selected to be able to
measure the difference in'waterheads, (rl - r20and sl - sI2). The zones and positions of
the reference points can be found in Appendix F. ' , .

Dl1Il11Ilum m

34

l~~!J~f~ff~l~ili~i~~ft~~I~~!~!f~~~~~tI~[~~~l~i~~~i~~ ;f2,sr:j'QmlliIIl ,:~t:l§JiQt:~;jJm ::m$S{:~::i:I::J}j

mean rise (m) 0.63 O. 12 2.1O'
minimum(m) 0 Q4,(r2) 0 06 (r20r 1.20 (s5)
maximum (m) I 38 (r5) 0.20 (rl8) 2 94 (53)

The flux: over the aquitardunderneath the peat is 0.048 mm/d == 17.52mm/a.
_ There is no change in the pattern of the flow:

. maximum (m)

, ' .

'The following data were,calculated:
- the differenceinhydraulicheads.
- the difference in 'seepages. ' ,

. Contourmaps were also constructed to show the differences in waterheads before and
. 'after the measure, see Appendix f: This map also showshow far the influence of the dam

reaches. '
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2.93 mm1d

2.33 mrn!d

1.14 rnm/d

1.74 mrnId

1.61 rnm/d

, 1.17 mrn/d

zone 2 57.5 m 00

zone 1 57.5 m 00

2.05 mrn/d

0.77 mmld

'1.41 mm/d

.0.69 nUnld

'l~54 mm/d

.2.72mm1d

zone 2 56.5 m 00

zone 1 56.5 m 00

0.86 mm/d

0.03 mrnId

0.96 rrun/d

0.08 mm/d'

1.18 mm1d

"2.06mmJd
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As can be seen in table 6.5 the seepage doesn't differ muchfrom the reference values. The
flux over the aquitard underneath the peat is O.046inm1d == 16.70 mm/a,

• - ••• I

dam.. After building the damthis seepage increased to 1.41 mm/d and 1.61 mm/d for resp.
scenario 3b and 3d.
The seepages can be foundin figure 6.2.

zone 1 reference

Scenario 4
This scenario involves"blocking the drains south of the proposed dam alignment along the"
road (figure 6.1, red lines). The drainage resistance was removed and the heads were
calculated. The resultsof comparing the reference _heads with these heads can be found in
Appendix F. This is only done for the heads in the till aquifer, the differences in the peat
aquifer were very small. The seepages ofthe area can be found in table 6.5

figure 6.2 seepagesofthe areabehind the dam.

zone 2 reference
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.. This scenario is entered in a model based on data of October 1991 - October 1992. This
.means that changes in e.g. drains were not takeninto account. The drain most to the west
has now been' enlarged for turfcutting (pers. obs.) so this will have an effect on the' new
situation, as already can be seen from the last data of borehole 5 (more than one metre
lowering). Expected is an influence of heads in the highbog.

, , 6.3 Conclusions

, Scenario 1 and 2,show very small effects on the bog area,'and the effects that can be found
onlyhave influence in the nearest surroundings ofthe blocked drains.
Scenario 3 implies a marked increase in thewaterlevel, 'The effect this rise has on the bog
area can be found in AppendixF:more than-three quarter of the bog area is affected by an
increase in hydraulichead in the till aquifer. ' '
Behind the dam, the largest effects in rising heads can be found in the lowest parts of the
surrounding, these are the placeswhere theheads in front of the damhave risen.the most.
At the eastern side of the damthe rising of theheads is larger than the western side. This

, is probablycaused by the less deep flooded area at the west side.
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7. MODEL LIMITATIONS

7.1 Introduction

This section states the limitations of the model and the assumptions made in the modelling.
It is important to know to what extent the model approximates the truth, especially when
large changes have to be modelled. E.g. scenario 3 (building a dam) involves a large
change in hydraulic head.

7.2 Limitations and reliability of the model

From the sensitivity analysis it can be found that the model is very sensitive to changes in
the transmissivities in the till aquifer. During the calibration these transmissivities have
been changed with factors up to 3. The drainage resistance (toplayer) has been changed
from 50 days to 10 days. It must be clear that for these values the range of realistic values
is very large because it is not kown for each drain how deep it cuts into the different
layers. Thus is it very difficult to estimate the values.
The transmissivities of the Mound were never measured, so one should take a security
range of at least a factor 2 for the entered values. The transmissivities and the resistances
of the peat body have been measured well in the past and there is no real doubt about
these values. For the esker it is not well known how far different layers reach and what the
variation in transmissivies exactly is.
After verification of the model it has become clear that for other years and other
precipitation surplus the model also shows realistic results. This gives a confidence in the
reliability of the model.

7.3 Degree of uncertainty in the scenarios

In the scenarios mostly use has been made of zones in which differences in head and
seepage have been calculated. For very small spots, e.g. behind the dam, these differences
might be larger than the overall results, especially when there are till outcomings in these
neighbourhoods. The swelling of the catotelm, which could possibly happen as a result of
a scenario has not been modelled. But it is expected that the catotelm transmissivities may
become considerably larger.

7.4 Use of modelling results

When using modelling results one should take into account that a model never will
represent the whole reality. Calculated scenarios with a model also need a critical view,
before using the results. This report tells nothing about dam constructions or the
soilmechanical theory about them, so before using the scenarioresults be sure about these
things. This model involves a very large area and shows the effects of the scenarios on a
bigger scale. To show the effects near the dam and surrounding a more detailed model
should be made, which only deals with the effects really close to the dam. Also the effects
ofraising catotelm could be modelled better in this way.
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8. CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

The conclusions and recommendations only deal with the hydrological model and the
calculated scenarios:

- The most sensitive parameters of the model are the drainage resistances and the
transmissivities.

- Some wells possibly have not been levelled correctly, there are considerable differences
between the digita1levelchart we used and the some ofthe levelledwells.

- The model boundaries are located far enough away from the area of interest now, no
boundary effects are found anymore in the dam area.

- The infi1tration over the aquitard beneath the bog (clay and catotelm) is 14.9 mm/a in
the final model, which is still in the range of 5-15 mm/a (pers. com.S v.d. Schaaf).

- Scenario 3 ( building the dam across the road) gives the largest effects on the hydraulic
heads in the peatbody and the surroundings.

- Blocking the drains near the road (scenario 1 and 2) does not yield the required effects,
neither does blocking the drains south of the proposed dam-site (scenario 4).

- A better drain inventory might give better results in the north west area ofthe model.

8.2 Recommendations

- This model represents a large area in and around Clara Bog. It should be used to
simulate the effects on phreatic and piezometric levels caused by different scenarios in the
bog and its near surroundings caused by different scenarios. To simulate local effects in
and near planned dams and other scenarios a more detailed model should be constructed,
based on the descnbed model.

- The swelling of the catotelm has not been modelled, it would be advisable to test what
the effects of swelling catotelm are for the dam area. Relationships of the hydraulic
conductivity and volume fraction of solid matter in the peat as developed by Moll & Peters
(1996a) should be used.

- It would be advisable to test more scenarios, e.g. more dam positions could be entered to
see what the effects are.

- This report does not deal with soilmechanical problems. Further investigation IS

necessary.
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- More attention should be given-to the upward seepage behind the dam. This must be
done to see ifagriculture is still possible in that area.

- The new drain near clbh5 should be entered in scenario 4 to test what its effect will be.

..
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40 s

43 s

39 s -

?" ••.,

415,

325

42 s . ",' '. .

435' ,

45 s

drawdown ( Time per 2 I
of" discharg'

level (m)

'. ".'.'

1

Drawdown in rock tube: 2 cm

·0 0.700 0.000
,

5 0.860 0.160
10 0.990 0.290
13 1.100 0.400
17 1.250 0.550

" .,....::;.L , ,,,~--21 1.310 0,610
.. 25 1.390 0.690
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" ,
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60 1.900 ,1.200
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, ,
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...
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-c ..· ...·
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--------- - --
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, "

Time (s) "

Drawdown in rock tube: 1.5 cm

17-Dec-97
Discharge
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19 2.200 0.090
65 2.210 0.100
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, Drawdown In rock tube about the same as in till tube
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.. 5 0.170 0.040
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Appendix C PARAMETER VALVES

parllineter V ~ viillll:f<'W "gi' ~ I ~_.=$' =; parameter; ~,~ value~ ® ~~

q J (entire bog) 0.79mm/d C3 (high bog) 40000-100000 d

q J (grass) 1.10 mm/d C3 (bog margin) 10000-110000 d

qJ (forest) 1.00 mm/d C3 (forest) 3000-20000 d
c3 (fenpeat) 1000-20000 d

ho(drains) drainage level c3 (mound) 500-6000 d
ho(rest ofmodel) surface level

c J (drains) 10d c3 (till) 500d

CJ (rivers) 20 d C3 (drains) 10-110000 d
CJ (entire bog) 20d C3 (silklei) 3000d

c J (fenpeat) 50d C3 (alluvial) 2000 d

CJ (diffuse) 50d C3 (rest ofmodel) Id

cJ (rest of model) Od
T3 (entire bog) 4-23 m2/d

TJ (high bog) 125 m2/d T3 (forest) 4-23 m2/d

TJ (bog margin) 10 m2/d T3 (fenpeat) 20-40 m2/d
TJ (rest of model) 1 m2/d T3(mound) 8-125 m2/d

T3 (till) 20-40m2/d

Cz (entire bog) 1d T3 (esker) 250-750 m2/d

Cz (forest) 1d T3 (drains) 5-250 m2/d

Cz (fenpeat) 1d T3 (Silver) 18-40 m2/d

Cz (rest of model) 1d T3 (Brosna) 18-400 m2/d

T3 (alluvial) 20-700 m2/d

Tz (high bog) 0.1 m2/d T3 (silklei) 10-20 m2/d
Tz (bog margin) 0.05 m2/d T3 (clay) 100-250 m2/d

Tz (rest of model) I m2/d ' T3 (rest of model) 20-500 m2/d

q z (model) Omm/d q3 (model) Omm/d
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Appendix E ' CALIDRATION

differences in levelings

Wf!l~ IevepB()og@-d (1993)[m9D]~ urf <····OpW'I cJiffer~nc~ (level-map) [nil :.
»;.:". ,."'" ~~,f~ - -> ';:~~:~s:~~?;'~ ~;<~@i ;50~~~~~tJf~~ r;:?Y2?Yf:"it: > ·/i~i'(/;"

welI03 57.7 61.3 -3.6
welI05 60.4 61.2 -0.8
welI08 60.9 63.4 -2.5
welI09 60.4 66.8 -6.4
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Appendix E CALIBRATION

VERIFICATION
'Oi5servation pOlnt~ 1 hltedn~ measureu heiir[m] ..., heaa:i:IlivERl1"[Glhi]~ 1i!:-~crlfi~' [m]~_. . . -

clbM till 57.4 57.1 +OJ
clbh5 till 53.9 55.0 -I.!
clbh6 till 56.4 56.1 +OJ
clbh7 till 49.8 49.8 0
clbh9 till 57.1 56.8 +OJ

BHll till 53.4 52.8 +0.6
BHI2 till 49.4 49.5 -0.1
BH13 till 53.0 53.1 -0.1
BH14 till 52.6 52.6 0
BH15 till 50.5 50.5 0
BH16 till 51.7 .. , : 51.9 -0.2

.

well02 till 56.0 56.0 0
well03 till 54.6 55.6 -1.0
well05 till 56.7 58.2 -1.5
well09 till 56.9 60.2 -303
we1l16 till 4903 51.0 -1.7
wel120 till 50.4 5003 +0.1
wel121 till 57.2 57.0 +0.2
we1l22 till 52.9 53.1 -0.2

co3 till 52.9 53.3 -0.4
co4 till 52.1 53.5 -1.4
co5 till 53.0 53.0 0

A peat 59.9 59.9 0
B peat 59.6 59.9 -OJ
C peat 5903 59.0 +OJ

p89 peat 5803 58.4 -0.1
p96 peat 60.7 60.7 0
p97 peat 60.7 60.9 -0.2

•• , -<

: -"
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Scenario 1 : hO (drains) = height road - 0.5 m

<rP

• O.:?o -O.b m, . 0.9- 1.2. lYI .

1.2-1.5 ttl.
Interval = 0.3



---------------------
Scenario 2 : hO (road) = height of the road

-,~

• o o~ - ooa 11'I 0 1. 1. ~ 1.5 M 0

D ool> -o09 m. • 1.5- 1.8 M.

Interval = 0.3 H3 - H3 (reference)
0-.9 -1.'l. m ,
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~l.l'IIar~ in

•ScenarlO 2>: labels

• hiJh 609

• lone. 1

IV

D....,

lane 2.

r1-r2.D reference. P"
.s1-~12.
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---------------------
Sce.nar io 3 : Darn across the. road

0.2.5-0.'5 m•

• 0.'5-1.0 11\.

(LUQt~( \e.vel he.i~ht. : st,.s mQ 00)

D 1.0-1.5 m.

.• 1.5-1.0 In.

• '1. .0-2..5 m.

'1.5-3.0 m,

. .l.a-H M.

• 3.5-'1.0 m.
h3 -h3 (re?)



• ~.S-'l.O m.• 2..0-1.5 m.

O.2.S- 0.5 M .

• 0.5-1.0 m.

SCe.hQfLO J '. J)orn across ~he road
---------------------

D 1.0 - 1.5 rn. 1.S - 3.0 m.

• 1.5-1.0 rn. . 3.0-3.5 m. It.S - 6'.0 m.
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Seenor i0 3 : Dom across the. ro ad (wafer Ie-vel he.ight : sf's ma 00)

'0 1-1

.%.-~

b-

5-1

3-~

. 'H

h2 -hi (reP)

w
o



---------------------

road

Scenario 4 : blocking drains south'ofproposed dam l.
"r1

w-

• o.:!l- 0.6 M .

h3 - h3 (ref) . 0.j " .11'," . '."iSm Interval == 0.3


