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This paper presents the test results of horizontal hydraulic conductivity (k) of fen peats from eastern Poland. Three fen
peatlands in the Lubartéw Plateau (3 objects marked as LP1, LP2 and LP3) and two in the Siedice Plateau (2 objects marked
as SP1 and SP2) have been selected. The objects represent a valley bog type and are similar in peat thickness, but different
in area size. They also vary in terms of botanic compositions and basic physical and chemical parameters of peats. BAT
permeameter was used for in situ measurements of horizontal hydraulic conductivity. Horizontal hydraulic conductivity of the
peats varies from 1.3 x 10%to0 1.1 x 107° m/s. The lowest values of horizontal hydraulic conductivity were observed for silted
(high-ash) carbonate peats and amorphous or pseudo-fibrous peats, while the highest values were observed for unsilted
(low-ash) non-carbonate peats of fibrous structure. The analysis of variability of horizontal hydraulic conductivity showed
that the lowest values were observed in each case for the bottom of the studied profile. The study allowed to indicate the spe-
cific areas within the peatlands differing in permeability, and identify the role of individual objects as natural geological barri-

ers.
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INTRODUCTION

According to the principles of sustainable development
when designing of construction investment, not only the current
state of the environment, but also the processes which may
cause its future transformation should be taken into account. In
order to reduce the negative effects of construction investments
on soils and groundwater, it is important to identify natural geo-
logical barriers within the area of the investment or to assess
the possibility of forming artificial barriers, especially in landfill
designing. Cleavage (destruction) of natural geological barrier
as a result of construction works, especially during road pro-
jects, is increasingly becoming a very important factor analysed
in the EIA (Environmental Impact Assessment) procedures.
The occurrence of natural geological barriers is also important
in the protection of groundwater resources and in the determi-
nation of protection zones of groundwater intakes.

The term “natural geological barrier” is used both for soils
used for sealing landfills (Langer, 1998; Dorn and Tantiwanit,
2001; Zhou and Li, 2001; Majer, 2007), as well as on a regional
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scale, for natural soil layers occurring in situ (Syrovetnik et al.,
2007; Falkowska, 2009; Rydelek, 2011).

The flow of substances (including pollution), dissolved in
groundwater, through a soil layer is a complex process, which
consists of both a simple lifting of the solute by the groundwater
flow (advection), as well as the processes of diffusion and dis-
persion (Bear, 1972; Hoag and Price, 1995).

Furthermore, the rate of outflow of water in organic soils is
necessary for the analysis of optimal solutions in the field of
foundation engineering and road embankment technology, if
there are organic soils, including peats, in the subsoil of roads.
Apart from mechanical parameters, filtration parameters are ex-
tremely important in the analysis of those solutions, since they
determine the rate of consolidation, and thereby the rate of sub-
sidence of realized structures. Consideration and implementa-
tion of the procedure of subsoil consolidation accelerated by
overloaded embankments is conducted with detailed analysis
of the outflow of water in the horizontal and vertical direction.

The rate and the range of contamination expansion as a re-
sult of the advection depend on soil properties, of which the
most important is permeability. Apart from low permeability, nat-
ural geological barriers should also have a high natural sorption
capacity for hazardous substances and a considerable thick-
ness (Dorn and Tantiwanit, 2001; Falkowska, 2003; Majer,
2007). Since peats show high sorption capacity, which have
been documented by many researchers (e.g., Twardowska and
Kyziot, 1996; Twardowska et al., 1999; Ho and McKay, 1999;
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Kyziot, 2002; Allen et al., 2004; Ma and Tobin, 2004; .
Borkowski et al., 2013), the most important parameter S
determining the potential insulating capacity of peats
is hydraulic conductivity (k).

Hydraulic conductivity (k) is one of the basic pa-
rameters used to describe permeability of fully satu-
rated soils. According to the Darcy’s law, the hydraulic
conductivity is expressed in velocity units, usually in
m/s. For partly saturated soil, the hydraulic conductiv-
ity is the function of the degree of saturation and suc-
tion pressure (Fredlund et al., 1996).

In mineral soils, hydraulic conductivity depends on
many factors of which the most important are: the
grain size distribution, structure, porosity, degree of
compaction and degree of consolidation.

In the case of peats, it is hard to find similar corre-
lation as for mineral soils, because of their composi-
tion of primarily plant material with a varying degree of
decomposition. Peats are classified as exhibiting ex-
tremely high volatility of basic parameters (moisture
content and ash content (Ac), directly affecting the
values of density and porosity) which may also result
in high volatility of hydraulic conductivity within individ-
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ual peatlands (Ingram, 1978; Hobbs, 1986). Hydraulic
conductivity of fen peats varies within a very wide

range of 107'% to 10~ m/s, depending on the direction

of filtration, type and degree of decomposition of peat,

and depth (Boelter, 1965; Hobbs, 1986; Hoag and

Price, 1995; Beckwith et al., 2003a, b; Rizutti et al.,

2004), as well as on the research methodology applied (Dai and
Sparling, 1973). In addition, hydraulic conductivity of peats may
be subjected to seasonal variations due to the influence of
groundwater fluctuation on shrinkage and degree of decompo-
sition (Kennedy and Price, 2005).

Hydraulic conductivity of peats depends also on the direc-
tion of filtration. It may be caused by the morphology, orienta-
tion of plant remains and degree of decomposition. Poorly de-
composed peats composed mostly of fibrous debris of reeds or
sedges, horizontally oriented, exhibit a higher permeability in
the horizontal direction than vertically. The increase in degree
of decomposition, and the associated change of structure from
fibrous to amorphous, causes a decrease of permeability and
equalizes hydraulic conductivity values in the horizontal and
vertical directions (Hobbs, 1986).

In order to define the role of peatlands as a natural geologi-
cal barrier, a precise multi-proxy analysis of sorption properties
of peats, as well as their filtration properties is required.

The aim of this study was to determine the values of hori-
zontal hydraulic conductivity of fen peats and its variability in
eastern Poland. In order to achieve the widest possible range of
variation of test results, there were selected peatlands of similar
thickness but different in terms of occupied area, deposits oc-
curring in the bottom, botanical composition and basic physical
and chemical parameters of peats.

STUDY SITES

Five peatlands located within the Lubartéw Plateau (3 ob-
jects marked as LP1, LP2, LP3) and SiedIce Plateau (2 objects
marked as SP1, SP2) were selected for the purpose of this
study. Their location is presented in Figure 1.

These peatlands represent a type characteristic for both re-
gions — elongated topographic lows within the valleys, filled with
<4 m thick peat — valley bogs. They are located in the valley of

Fig. 1. Location of studied peatlands

SP — Siedlce Plateau, LP — Lubartéw Plateau

the Kuréwka River (LP1) or its tributaries (LP2 and LP3) and the
Bystrzyca River (SP1 and SP2).

MATERIALS AND METHODS

During the in situ test, 42 measurements of horizontal hy-
draulic conductivity were conducted in the peatlands using a
BAT permeameter. The tests were performed in 9 vertical pro-
files: 4 profiles in LP1 (15 measurements), 2 profiles in LP2 (8
measurements), and 1 profile (19 measurements) in each re-
maining peatland. The different number of studied profiles re-
sulted from the diversity of the geological structure of individual
peatlands. The measurements were performed at 50 cm inter-
vals during a dry summer period. All tests were conducted at a
depth greater than the groundwater table, in a zone of full soil
saturation.

The BAT probe, protected by a guide pipe, is statically
pressed into the soil along with a filter. The filter tip is equipped
with a rubber seal. During the test, the seal is penetrated by a
double ended injection needle. Conducting the test is possible
after interconnection of the filter tip (placed in the soil), test con-
tainer and pressure transducer (Fig. 2).

The tests were of “out flow” type. Before the test, an
overpressure was generated in the test container so that the
water could flow from the test container (interconnected with the
filter tip) to the surrounding peat layers. The methodology of hy-
draulic conductivity in the BAT method is based on the gas laws
(Boyle-Mariotte’s, Gay-Lussac’s and Clapeyron’s) and the re-
cording of the pressure changes inside the test container. Ob-
servation of the rate of these changes, directly related to the
amount of flowing water and thus the permeability of the soil, al-
lows calculation of hydraulic conductivity. Before each mea-
surement, the value of pore water pressure was determined,
which was required to calculate the horizontal hydraulic con-
ductivity from the equation (Torstensson and Petsonk, 1986):
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Fig. 2. Scheme of BAT piezometer

(Torstensson and Petsonk, 1986, modified)

k = (PoVo)/Ft{1/Pouo — 1/’ In[(Po — uo/Po)(PdP: — o)} [1]

where: P, — initial system pressure [m H,O], P;—system pressure at
time ¢ [m H,0], uo — pore water pressure in the soil [m H,0], t —time
[s], Vo — initial system volume of air [m®], F — form factor of filter [m],
defined as follows:

F = 2T1/In{l/d + [1+(I/d)2]1/2} [2]
where: | —filter length, d — filter diameter.

Basic physical and chemical properties (moisture content,
ash content, carbonate content and cation-exchange capacity)
were determined at the laboratory for 160 peat samples from
boreholes. Cation-exchange capacity of studied peats was de-
termined by sorption of copper (Sapek, 1982). Samples were
taken each time when a macroscopic change in the composi-
tion of plant residue or degree of decomposition was noticed,
but not less than every 30 cm. The horizontal distance between
the location of the BAT probe test and the boring by which the
samples were taken was about 50 cm; first the BAT test was
performed, then the samples were taken.

Peat type and degree of decomposition were determined for
every sample using a shortened three-step approach by
Okruszko (1974): R1 — fibrous peats (poorly decomposed), R2
— pseudo-fibrous peats (moderately decomposed), R3 — amor-
phous peats (higly decomposed).

The study adopted the classification of peat according to the
ash content proposed by Okruszko (1994): unsilted peats (ash
content below 25%), poorly silted (25-50% of ash) and strongly
silted (50-80% of ash). Degree of decomposition was deter-
mined only for unsilted peats (Borys, 1993).

Subdivision of peats in terms of carbonate content was
based in the study on Okruszko’s classification (Okruszko,

Table 1
Basic characteristics of the peatlands and average values of physical and chemical parameters of peats
Thickness .
Area . ! Soil at the Ac Mc | CaCOs CEC k
Peatland [ha] Main peat type aTeal?grgnelJ%] bottom [%] [%] [%] [cmol/kg] [m/s]
2.3x107
alder peat/
sand, 48.2 360 2.61 111 min = 1.5 x 10°%:
LP1 180 reed peat/ 3.5/14 locally silt | (0.44) | (0.39) | (1.90) | (0.23) max = 5.6 x 107
tall sedge peat
(1.13)
3.2x107
reed peat/ 32.0 508 7.3 132 min = 2.4 x 1078
LP2 25 alder peat 3715 sand 0.30) | 037) | (1.92) | (0.18) | max=1.1x10"
(1.60)
148 2.4 x107°
tall sedge peat/ 53.6 329 32.6 min=1.3 x 1078
LP3 43 alder peat 3.3/1.1 clay (032) | (0.33) | 0.70) | (0.03) max = 4.4 x 107
(0.51)
3.5x 107
tall sedge peat/ sand, 18.9 791 1.2 133 min = 4.2 x 1078
SP1 275 reed peat 4.011.1 locally silt | (0.13) | (0.30) | (1.30) | (0.21) X = 65 x 10~
(0.86)
1.9 x 1077
tall sedge peat/ 40.8 495 19.6 140 min =5.8 x 107
SP2 91 alder peat 3.01.0 sand ©0.41) | ©56) | (1.30) | (0.11) max = 6.0 x 10~
(1.06)

Ac —ash content, Mc — moisture content, CaCO; — carbonate content, CEC — cation-exchange capacity, k — horizontal hydraulic conductivity,
min — minimum, max— maximum, coefficient of variation given in parentheses
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1976): non-carbonate peats (CaCO3; < 5%), poorly carbonate
(5-20%), moderately carbonate (20—45%) and highly carbon-
ate (CaCOj; > 45%).

RESULTS

The peats are diverse both in terms of botanical composi-
tion and values of physicochemical parameters (Table 1).

Considering the role of peatlands as natural geological barri-
ers, the most important parameters are: peat thickness, cat-
ion-exchange capacity (CEC) and hydraulic conductivity. The
thickness of the peatlands is similar. The average CEC values in
each peatland exceed 110 cmol/kg, which indicates the high
sorption capacity of peat (the values are much higher than those
observed in mineral soils). Average values of horizontal hydraulic
conductivity are similar for these peatlands (except for LP3), but
the scatter of values is considerable (coefficient of variation from
0.86 to 1.60). Among the determined parameters, similar vari-
ability is observed only for the carbonate content.

The highest average values of horizontal hydraulic conduc-
tivity were observed in the peats of LP2 and SP1 (3.2 x 10~ and
3.5 x 107" m/s), where there are peats of the lowest values of
ash content (32.0 and 18.9%) and related highest values of
moisture content. The lowest average values of horizontal hy-
draulic conductivity were observed in the peats of LP3 and SP2
(2.4 x10°and 1.9 x 107" m/s), where there are highly silted car-
bonate peats.

Table 2 presents the average values of horizontal hydraulic
conductivity depending on four criteria: peat type, ash content,
degree of decomposition and carbonate content.

DISCUSSION

The research results (Table 2) show that peats with different
botanical compositions have similar values of horizontal hy-

draulic conductivity. Ash content is the main parameter affect-
ing the values of horizontal hydraulic conductivity of the peats
under study. Analysis of the relation between Ac and k yielded
the coefficient of determination R* = 0.64 (Fig. 3). Carbonate
content and degree of decomposition have also impact on hori-
zontal hydraulic conductivity (but they are not statistically signifi-
cant, at the significance level equal to 0.05). The variability of
horizontal hydraulic conductivity is also associated with the
depth of peat layer in the vertical profile (Fig. 4).

In the non-carbonated peat profiles (all profiles of LP1 and
SP1, one profile of LP2), a clear division into three zones was
observed: bottom, middle and top zone. The highest values of
horizontal hydraulic conductivity were found in the middle zone,
at the average depth of 1.5 m, where there are poorly decom-
posed peats of R1 degree of decomposition and lowest values
of ash content. The lowest values of horizontal hydraulic con-
ductivity were found at the bottom of peat profile, where there
are strongly silted peats.

In the profiles where non-carbonated peats occur only at the
top (up to 1 m depth) and carbonate peats constitute the rest of
the profile (one profile of LP2 and SP2), there is a clearly
marked “jumping” decrease of horizontal hydraulic conductivity
value from a depth of 1 m.

The lowest values of horizontal hydraulic conductivity were
observed in profile LP3, where there are strongly silted and
strongly carbonate peats observed through the whole thickness
of the profile.

In all of the peatlands, regardless of their peat properties,
the lowest values of horizontal hydraulic conductivity were
found in the deepest parts of the profiles, which is probably re-
lated to overburden pressure.

In peatlands LP3 and SP2, where the lowest values of hori-
zontal hydraulic conductivity were observed (2.4 x 107 and
1.9x1077 m/s), there was also the highest CaCOj; content. Cal-
cium carbonate occurs in the peats in the form of microcrystals
of idiomorphic habit, which indicates the crystallisation within
the peat deposit and autogenesis (Rydelek, 2013). The calcite

Table 2

Average values of hydraulic conductivity depending on the peat type, ash content, degree of decomposition
and carbonate content (numbers of measurements in parentheses)

Horizontal hydraulic conductivity k [m/s] of the peatlands
Peat classification criterion LP1 peatland LP2 peatland LP3 peatland SP1 peatland SP2 peatland
(15) (8) (5) (8) (6)
alder swamp peat | 1.7x107 | (4) | 5.2x107 | (4) - - 34x107 | (2)
Peat type reed peat 21x107 | (8) | 1.3x107 | (4) - 1.1x107 | (2) -
tall sedge peat 32x107 | (3) 24x10° | (5) | 43x107 | (6) | 1.3x107 | (4)
unsilted peat 3.1x107 | (5) | 6.8x107 | (3) - 3.9x107 | (7) | 43x107 | (2)
Ash content poorly silted peat | 1.8 x107 | (8) | 1.9x 107 | (2) - 40x10° | (1) | 1.0x107 | (2)
strongly silted peat | 2.4 x 10 | (2) | 52x10° | (3) | 24 x 107 | (5) - 6.6 x107° | (2)
Degree of de- R1 4.7x107 | (3) - 51x107 | (3) | 43x107 | (2)
composition R2 25x107 | (3) | 6.8x107 | (3) - 3.0x107 | (4) -
non-carbonate peat | 2.3 x 107 | (15)| 4.1 x 107 | (3) - 35x107 | (8) | 3.2x107 | (3)
poorly carbonate _ —7 _ _ -
c peat 1.6x107 | (2)
a6 ™™ [moderately carb
tent Ca moderately carbon- -8
: ate peat - 3.4 <10 @) - B B
h|ghlygggltaonate _ 24 x10% | (5) _ 7.4%x10° | (3)
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Fig. 3. Relationship between hydraulic conductivity (k) and ash content (Ac) in the peatlands

A — for all peat samples; B — for non-carbonate peats (CaCO3 < 5%); C — for carbonate peats (CaCO3; > 5%);
D — for unsilted peats (degree of decomposition R1 and R2); E — for silted peats; F — for peats from a depth
down to 1m; G — for peats form a depth between 1 and 2 m; H — for peats from a depth >2 m
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Fig. 4. Variability of horizontal hydraulic conductivity in vertical profiles of the peatlands

R1, R2 — degree of peat decomposition, s — silted peat, s/c — silted peat/carbonate peat, initial system
pressure Py [m H,O] given in parentheses

crystals, while crystallizing in the pore space, reduce the effec-
tive porosity, “clogging” macropores, which can reduce the hori-
zontal hydraulic conductivity.

Laboratory tests of hydraulic conductivity of studied peats in
the Rowe-Barden chamber show that values of hydraulic con-
ductivity in vertical direction varies form 3.1 x 10 t0 5.1 x 107°
m/s and are lower than values in horizontal direction from BAT
tests (Rydelek, 2006).

SUMMARY AND CONCLUSIONS

The paper presents a multi-proxy analysis of five fen
peatlands from eastern Poland. The peatlands have similar

thickness and high sorption capacity of peats, but also show a
considerable variation of horizontal hydraulic conductivity. The
value of horizontal hydraulic conductivity is mainly influenced by
the physical properties of peats: ash content and degree of de-
composition. The highest values of horizontal hydraulic conduc-
tivity in all peatlands were observed in the peats with the lowest
ash content (unsilted peats) and decomposition degree R1.
However, there is no clear impact of botanical composition
(type of peat) on the value of horizontal hydraulic conductivity.

Chemical properties of peats also affect the value of hori-
zontal hydraulic conductivity. In the peats of similar ash con-
tents, lower conductivity was observed in the peats with a
higher content of authigenic calcium carbonate filling the
pore space.
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The peatlands also showed the characteristic variability of
horizontal hydraulic conductivity in vertical profiles. The lowest
horizontal hydraulic conductivity was observed in the bottom
zone, which is most likely related to both a lower content of or-
ganic matter and porosity reduction caused by overburden
pressure. Therefore, the top zones of the peats have potentially
worse insulating properties than the bottom layers.

Carbonate peatlands may be thus potentially better natural
geological barriers among all of the studied peatlands because
of their low values of horizontal hydraulic conductivity and high
values of cation-exchange capacity.
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