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Abstract: The characteristics of peat’s are crucial for understanding natural processes and their
suitable shaping through the management of water relations. This study focused on the results of one
of the first hydraulic conductivity (k) laboratory tests of exemplary peat samples from the Biebrza
Valley (a peatland of very high environmental importance) in relation to the stress state and hydraulic
gradient. Further, the research was devoted to a specific test procedure of peat permeability as a
key feature for landform development in wetlands. Detailed tests of dark brown/black samples
were selected as the reference for the research investigations. Four long-term test series of water
permeability were performed in a modified triaxial compression apparatus. In all selected hydraulic
gradient variants (i = 5,10,25,40,55,85), the k values decreased from 6 × 10−8 m/s to 1.6 × 10−10 m/s
with a stepwise increase in the effective confining pressures tested (10, 15, 30, 45, and 90 kPa). These
results were related to the inherent soil features—a relatively high peat decomposition and external
driver—confining pressure (radial stress) magnitude. Compared to the other Polish peat tests, the
determined k values were at the lower end of their hydraulic conductivity range. The analysed organic
soil is not a typical aquifer. Despite very high porosities (~88%) and a high organic matter content
(81.1–89.4%) which is favourable for water accumulation, the characterized peat showed relatively
low hydraulic conductivity values. Thus, this specific soil may differentiate the groundwater flow as
it complicates strong contact with surface water.

Keywords: triaxial compression apparatus; organic soil; constant head test; structure

1. Introduction

Peat—an organic soil containing more than 30% organic matter [1–5]—remains a key
element of the environment in the vicinity of rivers, lakes, and land depressions exposed to
rainwater accumulation or groundwater discharge [6–10]. Therefore, its characteristics are
critical for properly understanding natural processes and their suitable shaping through the
management of water relations [11]. According to [12], hydraulic conductivity is a crucial
factor for landform changes in wetlands. Furthermore, the shares of the area of country
that are covered by peatlands can be relatively high (e.g., Poland—4%; Norway—9%; and
Canada—18%; [4,13]), making the knowledge of permeability (and mechanical) parameters
also essential for infrastructure development [14] that impacts the carbon balance and the
global warming effect [12,14]. As a soft soil, peat presents a severe challenge to construction;
therefore, peat areas usually are either avoided in construction purposes, or require a
number of specific technical actions to make the construction possible. When this is not
possible, soil replacement is most often used. This approach results in rare analyses of
the geotechnical parameters of the peat. Nevertheless, hydraulic conductivity is a vital
element in geotechnical investigations that are responsible for the subsoil’s consolidation
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rate. Furthermore, the permeability parameters and physical parameters (e.g., bulk density
and porosity) studied comprise elementary information used in calculations such as subsoil
settlements or the stability of an excavation bottom due to water pressure.

Peat has specific fibrous structure with a very high porosity and a variable amount
of undecomposed/decomposed organic matter [7–9,14]—Figure 1. Due to its changing
complex and local structure, peat parameterization requires careful study. In particular,
the range of hydraulic conductivity values for peat can include values of impermeability
as conductive groundwater layers. According to the guidelines for the Hydrogeological
Map of Poland (on a scale of 1:50,000 [15]) and the principles of determining the Main
Groundwater Reservoir (in Poland [16]), insulating layers are classified as poorly permeable
formations (k = 10−9–10−6 m/s) with a thickness of over 15 m or practically impermeable
beds (k < 10−9 m/s) with a thickness of more than 5 m. The specified thickness values
are related to the time needed for water percolation. In contrast, a water-bearing bed
is, in a broader sense, a zone (not only a layer) of permeable formations saturated with
that demonstrate a conductivity sufficient for the formation of groundwater flow and the
possibility of water intake through wells.
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Figure 1. Example photos of peat samples of various structure from different locations in the Biebrza
valley area.

The hydraulic conductivity of peat is usually seen as high (e.g., 10−4 m/s) [17,18].
Nevertheless, peat studies in Poland typically show a range of hydraulic conductivity
from 1 × 10−12 m/s to 1 × 10−7 m/s [4,19,20], with a bulk density from 0.09 g/cm3

to 0.212 g/cm3 and a natural water content from 140% to 770% [21]. Studies on peat
from different parts of the world provided widely varying characteristics of hydraulic
conductivity, from the most often at 1 × 10−8 m/s to even 1 × 10−4 [18,19,22–24]. The
highest values of k (from 1 × 10−6 m/s to 1 × 10−4 m/s) are typical for low-decomposed
peat [23,25]. The hydraulic conductivity of medium-decomposed peat usually ranges from
1 × 10−7 m/s to 1 × 10−6 m/s [12,23]. Strongly decomposed peat has k values ranging
from 1 × 10−12 m/s to 1 × 10−6 m/s [4,12,14,19,20,23]. The most highly decomposed peats
are characterized by an amorphous structure; less-decomposed peats have a pseudo-fibrous
structure; and the least-decomposed have a fibrous structure. The differentiation of the k
values is related to: (i) the degree of peat decomposition (with a high decrease in k as the
degree of compression increases [13]) and the peat structure (which also relates to the locally
dominant type of peat), (ii) the amount of additionally present mineral soil (sands, silt,
and clay), and (iii) the state of effective stress affecting the type of soil analysis [13,14,20].
Additionally, there is a very strong influence of the test method used on the obtained values
of the hydraulic conductivity (e.g., we observed that field tests usually provide a higher
value than laboratory tests).
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Hydraulic conductivity changes the shape of the groundwater’s hydrodynamic field
and the abundance of aquifers. Thus, hydraulic conductivity or current water conditions
form the environmental conditions for wetland vegetation. In areas of marginal fens and in
the context of discharging minerotrophic groundwater, the peat hydraulic parameters (as
the topsoil) determine the solubility of rainwater. Soil permeability characteristics are the
driving factor of the whole trophic conditions of the habitat and are responsible for peatland
ombrotrophication patterns [26]. The possible variability of the hydraulic conductivity
of the peat, which changes over time in response to natural and human-induced stres-
sors [27,28], should therefore be accounted for in studies addressing the future development
of peatlands. Moreover, most research studies using modelling tools for a groundwater
flow assessment in peatlands do not even discuss the permeability characteristics and use
averaged values of k. Meanwhile, due to the variation in hydraulic conductivity values,
it may be necessary to divide one peat division into different subunits characterized by
other hydrogeological parameters [29]. These are essential aspects that affect the natural
environment’s hydrogenic conditions and the water relations in areas covered by economic
activity (e.g., agriculture). For this reason, an analysis of selected exemplary peat types was
undertaken to determine their potential changes in water permeability, in addition to a
quantitative evaluation of the extent of these changes.

This study focuses on the results of one of the first hydraulic conductivity laboratory
tests of exemplary peat samples from the Biebrza Valley (a peatland of very high environ-
mental importance) in relation to the stress state and hydraulic gradient. The peat is most
identified as a layer of intensive horizontal groundwater flow, but it can also function as an
insulating layer under certain conditions. Further, this research was oriented at a specific
test procedure of peat permeability as a driver for the landform development of wetlands.

2. Materials and Methods
2.1. Study Area

Analysed peat samples were collected in the Biebrza Valley, which is one of the largest
coherent peatland extents in Europe. In particular, our study site was located in the Upper
Basin of the Biebrza Valley (NE Poland; Table 1; Figure 2). The Biebrza River catchment
is in the subcontinental/subboreal climate zone and has a yearly average temperature
of 6.8 ◦C. The average annual precipitation ranges from 550 to 700 mm yr−1, and the
evapotranspiration is between 460 and 480 mm yr−1 [9,30,31].

Table 1. Sample point locations in the WGS84 system.

Sample No. Latitude Longitude

1 53◦42′14.7′′ 23◦26′43.5′′

2
53◦42′11.5′′ 23◦27′53.2′′3

4 53◦42′19.2′′ 23◦26′42.1′′

The floodplain overlies an extensive peat deposit of 2–5 m [32,33]. In turn, this deposit
partially overlies a 1–4 m gyttja layer [33]. Below the peat, there are sandy formations of a
groundwater aquifer. These two formations (with a common piezometric head) and the
surface water are in strong hydraulic contact. The geological structure of the sampling area
is described in detail in [30]. Generally, the Biebrza river in the valley intensively drains the
surrounding upland and the outwash plain. The peat formations near Biebrza are fed by the
subsurface flow from the surrounding heights (from the north and south direction) and the
flow from the mineral aquifer. An important role in the particular environment is played by
the interaction between the peat groundwater and the water of the Biebrza River [10]. It was
proven that the peat-forming process began after the last glaciation, and peat deposits that
were formed by melting glacial ice fill the valley [34,35]. The analysed peat layer, which is
currently characterized by a few meters of thickness, is still “growing” and simultaneously
increasing its potential for groundwater (or carbon dioxide) accumulation.
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Four samples (from three places) were collected from the surface of the minerotrophic
fen mire. The samples were collected from a depth of approximately 0.5 m (below the
groundwater table and grass/root zone) as three ~0.5 m long peat cores. Two samples
from two cores and two samples, #2 and #3, from one core (for a rough estimation of the
variability of the results) were prepared. The selected peat was quite decomposed, dark
brown/black, and had fibrous and amorphic components. It had an estimated decompo-
sition degree of approximately 60% (Figure 3). The location of the sampling site refers to
the places of previously performed slug tests (field tests of k) [10]. An investigation of the
electrical conductivity of the peat groundwater (in recognition boreholes after sampling)
near the river (EC ≈ 475 µS/cm; pH ≈ 7.2) indicated similar properties to the waters of the
Biebrza River in the recognized area section (EC ≈ 420 µS/cm; pH ≈ 7.7). The electrical
conductivity of the water in the recognition holes at the depth of mineral deposits and
closer to the uplands was approximately 605 µS/cm (pH ≈ 6.8).

2.2. Test Procedures

The first stage of the workflow was the collection of samples. The laboratory physical
property tests were then performed. The cylindrical samples were then cut from the
sampler cores. The four properly sized samples were used in further stepwise, multi-stage
permeability tests in the triaxial apparatus.

A dedicated mobile hand-sampling set was used in the field. It consisted of an open
window sampler (1 m long) with an 80 mm spring break, 36 mm rods, and an upper knob
for slow and careful manual insertion. In the bottom end part of the sampler, there was
a so-called cutting knife that cut the peat samples and prevented the possibility of the
sample slipping out when the sampler was pulled out. Thanks to the use of these specific
samplers, it was possible to collect the research material without large disturbances to the
soil structure and its water content (he state and structure of these specific soft soils are
extremely sensitive to any interaction, including the material collection).
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sample in the rubber membrane, and (F) sample inside a triaxial cell. Photos: Ł. Kaczmarek, M.
Grodzka-Łukaszewska.

After the research material was transported in the samplers to the laboratory, the peat
was directly subjected to a macroscopic analysis of its structure and basic physical tests of
its natural water content (the ratio between water weight and dry soil weight; conventional
oven drying at 105 ◦C for approximately 24 h—a criterion of a “constant” mass measure)
and bulk density (determined using the buoyancy method in liquid paraffin) for each peat
core. Based on these tests, the dry unit density was calculated, and the unit density of the
soil solids was determined. Thanks to these data, the porosity finally could be calculated.
Following the water content tests, the samples were used in ash content tests (using a kiln).
The mineral residues were used in a sieve analysis to evaluate the fractions.

The four peat cores were trimmed to the proper dimension and shape for the triaxial
tests: cylindrical samples (φ = 50 mm; h = 100 mm). Then, the samples were inserted into a
rubber membrane (for protection against blurring) and placed in the triaxial cell. Next, the
pore space was fully saturated with water using the back-pressure technique [36], which the
B-test verified. Then, through consolidation (the isotropic mode according to methodology
description: [37]), of the test samples, referring to the natural conditions of deposition (a low
geostatic stress state on the sampling depth, which was evaluated based on bulk density) as
well as the exemplary different burial depths in relation to their optional higher thickness
(then 4 m) or other additional loadings (natural/anthropogenic—example in [38]), were
brought to the initial state (for further test stages). After consolidation, the core testing
followed: multi-stage permeability tests (a triaxial permeability test with two back-pressure
systems for a constant-head approach), consisting of the flow of water through the sample
(forced by hydraulic pumps that constituted part of the electromechanical controllers) with
a given appropriate direction of water flow, hydraulic gradient, and confining pressure
(which corresponded to consolidation stress states). As previously mentioned, a confining
pressure equivalent to the natural and potential consolidation pressure was applied. The
vertical permeability tests were carried out using a computer-controlled triaxial compres-
sion system manufactured by Wille Geotechnik. The test procedure was based on current
technical standards [39,40] and the specialized literature [37,41].
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Permeability tests were performed using a constant hydraulic gradient and the water
flow from the top to the bottom of a sample (6 h) and then from the bottom to the top (6 h).
The range of the studied hydraulic gradient included example values related to the need to
exceed the initial gradient and hypothetical values up to high values to analyse the testing
results under different physical boundary conditions. Throughout the test, the soil sample
was affected by the radial stress σ3’, the confining pressure of water in the triaxial cell. A
hydraulic gradient i was applied by keeping the water pressure increased, first in one part
of the sample while keeping the value constant in the other part of the sample and then
vice versa (the k result was the average value of the measurement) in the aforementioned
downward and upward flow directions. After recording a steady flow of water, the flow
tests were repeated (multi-stage tests) with sequential differentiation (Figure 4):

(a) The direction of flow (from the top to the bottom and, in the next stage, with the same
gradient and radial stress but from the bottom to the top);

(b) A constant hydraulic gradient (stepwise increases i = 5; 10; 25; 40; 55; 80);
(c) A constant confining pressure corresponding to different triaxial stress states on the

different depths (σ3
′ = 10 kPa; 15 kPa; 30 kPa; 45 kPa; 90 kPa).
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Not all four experiments covered the aforementioned stages of permeability testing
(the full procedure—Samples 1 and 4). This detailed opening research provided the expe-
rience to design subsequent, more numerous investigations. The test procedure for one
sample lasted roughly one month (a saturation stage of approximately two days and a
consolidation stage of approximately one week, which was important for stable physical
boundary conditions) to complete all stages, including key stages—the stepwise confining
pressure (i.e., radial stress) increase with the stepwise hydraulic gradient increase. Figure 5
presents the triaxial setup used.

The determination of the hydraulic conductivity value k in the triaxial compression
apparatus consisted of measuring the water flow, i.e., the amount of water passing through
the sample in a specific time unit (Q), flowing from one water-pressure controller to another
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through the soil sample (a triaxial permeability test with two back-pressure systems) and was
based on the formula:

k =
Q
Ai

(1)

where Q—water flow (m3/s); A—cross section through a cylindrical specimen, (A ≈ 0.002 m2);
and i—hydraulic gradient (-):

i = ∆h/l (2)

where l—flow line path (m) (in this study, the analysed sample heights were l = 0.1 m) and
∆h—hydraulic height difference (m).
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Assuming that 1 m of water exerts 10 kPa of water pressure (u), Formula (2) takes
the form:

i = ∆u/(l·γw) (3)

where γw—specific gravity of water; γw = 10 kN/m3; and l is as in formula (2); hence,
i = ∆u (-).

Based on the recommendations of [40], the obtained result of the hydraulic conductiv-
ity at the registered water temperature (T ≈ 20 ◦C) was converted into the reference value
at 10 ◦C:

K10 = α·k (4)
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where α is a correction factor calculated using the Poiseuille formula: for T ≈ 20 ◦C,
α = 0.771.

3. Results and Discussion

The vegetation, geomorphology, and water level are factors that cause the formation
of the soft soil with a dominant content of plant parts (in this case, approx. 0.5 cm long)
and a minority mineral part—namely, peat. One of the specific features of this soil is
its progressive transformation (humification). The structure of the peat and a very low
compaction determine the huge porosity, as does the immense water content (several
hundred percent). Such physical characteristics of the peat are responsible for their low bulk
densities which, at a high groundwater level, result in low values of the effective geostatic
stress. As a result, the described soils are characterized by a high loading sensitivity
expressed by changes in the permeability and mechanical properties. For example, even
with a small additional external load resulting from, for example, intense precipitation and
settlements of the soil may be observed [42]. Hence, in peat water permeability studies, it
is important to include the variable stress state. The elaborated test procedures provided
results that aid in the understanding the role of the peat in an ecosystem and in considering
the potential permeability changes.

The first group of results were related to the physical properties, such as the water
content from 452% to 535% (mean value: 499%, standard deviation: 33%). Such values are
in the middle of the water content range of peat located in Poland (compared with [4,19,20]).
The ash content of Samples #1 and #4 was 10.6% and 12.9%, respectively, while Samples
#2 and #3 (from the same core) had an ash content of approximately 18.9%. Thus, the
studied material had ~86% organic matter content (81.1% to 89.4%). Sieve analyses were
carried out using the material left over from the ash study; the results are illustrated in
Figure 6. The very similar content of the fractions (dominant: fine sand with the addition
of silt; poorly graded) can be seen where differences are caused by natural variations.
The lack of a clay fraction is due to the dehydration processes (during the the burning
of the samples), according to [43]. The estimated content of the clay fraction is several
percent (based on macroscopic observations and a comparative analysis with [44–47]).
The described fractional characteristics are not the worst but are also not optimal for
groundwater flow. Next, the results of the bulk density tests were 1.018–1.042 g/cm3 (mean
value: 1.028 g/cm3, standard deviation: 0.010 g/cm3), which is in the lower archival range
of the Polish peats tests (compared to [4,19,20]). Based on these parameters, the dry unit
densities were evaluated to be 0.164–0.187 g/cm3, and the unit densities of the soil solid
were valuated to be 1.48–1.55 g/cm3. Finally, the derived porosity values were ~88%.
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The processing scheme of the permeability test (in triaxial apparatus) outcomes is
assembled in Figure 7. In this procedure, the mean values of the vertical hydraulic conduc-
tivity k from the downward and upward flow were used (in most cases, the k values of the
downward flow were higher).
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The characteristic wetland vegetation genesis of the analysed organic soil led to a
complex structure [48], making the resultant k values variable (Table 2). Nevertheless, it is
possible to identity some trends even in the order of magnitude. Regarding the generalized
regional permeability characteristics of peat soils from this particular region, determined
trends should be verified and updated using a higher number of test results and samples
from different places and depths. In the context of this paper’s research question, the several
hydraulic conductivity tests provided a reasonable reference point and a first insight with
the use of advanced triaxial apparatus.
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Table 2. Results of stepwise permeability tests in triaxial apparatus.

Effective Confining
Pressure σ3′ [kPa]

Hydraulic
Gradient i [–]

Water Flow
Direction

Hydraulic Conductivity k [m/s]

Stage Level Mean Value Temperature Correction
α for T = 10 ◦C

10
↓ 3.5 × 10−8; 1.2 × 10−8

5 ↑ 1.8 × 10−8; 8.1·× 10−9 2.7× 10−8; 1.0 × 10−8 2.1 × 10−8; 7.9 × 10−9

15

5
↓ 1.8 × 10−8; 3.4 × 10−8;

7.7 × 10−8; 6.3 × 10−9 1.4 × 10−8; 2.6 × 10−8;
4.2 × 10−8; 5.4 × 10−9

1.1 × 10−8; 2.0 × 10−8;
3.2 × 10−8; 4.2 × 10−9

↑ 9.9 × 10−9; 1.8 × 10−8;
7.7 × 10−9; 4.5 × 10−9

↓ 1.9 × 10−8; 3.6 × 10−8;
9.2 × 10−8; 6.3 × 10−9

10
↑ 1.4 × 10−8; 2.6 × 10−8;

2.3·× 10−8; 5.7 × 10−9

1.7 × 10−8; 3.1 × 10−8;
5.8 × 10−8; 6.0 × 10−9

1.3 × 10−8; 2.4 × 10−8;
4.4 × 10−8; 4.6 × 10−9

30

5
↓ 4.8 × 10−9; 3.0 × 10−8;

1.9 × 10−9
4.0 × 10−9; 1.6 × 10−8;

2.0 × 10−9
3.1 × 10−9; 1.3 × 10−8;

2.2 × 10−9↑ 3.2 × 10−9; 2.8 × 10−9;
2.1 × 10−9

↓ 4.1 × 10−9; 2.2 × 10−8;
1.8 × 10−9

10
↑ 3.1 × 10−9; 6.4 × 10−9;

1.4 × 10−9

3.6 × 10−9; 1.4 × 10−8;
1.6 × 10−9

2.8 × 10−9; 1.1 × 10−8;
1.2 × 10−9

25
↓ 5.2 × 10−9; 1.1 × 10−7;

2.5 × 10−9
5.4 × 10−9; 6.0 × 10−8;

2.3 × 10−9
4.2 × 10−9; 4.6 × 10−8;

1.8 × 10−9↑ 5.6 × 10−9; 1.6 × 10−8;
2.1 × 10−9

45

↓ 2.3 × 10−9; 1.1 × 10−8;
1.7 × 10−9

5
↑ 1.6 × 10−9; 5.1 × 10−9;

2.2 × 10−9

2.0 × 10−9; 8.2 × 10−9;
1.9 × 10−9

1.5 × 10−9; 6.3 × 10−9;
1.5 × 10−9

10
↓ 2.2 × 10−9; 9.3 × 10−9;

1.1 × 10−9
1.8 × 10−9; 6.0 × 10−9;

1.1 × 10−9
1.4 × 10−9; 4.6 × 10−9;

8.1 × 10−10↑ 1.5 × 10−9; 2.6 × 10−9;
1.0 × 10−9

↓ 1.9 × 10−9; 8.8 × 10−9;
9.9 × 10−10

25
↑ 2.1 × 10−9; 5.5 × 10−9;

7.4 × 10−10

2.0 × 10−9; 7.1 × 10−9;
8.7 × 10−10

1.5 × 10−9; 5.5 × 10−9;
6.7 × 10−10

40
↓ 2.8 × 10−9; 1.0 × 10−8;

1.1 × 10−9
2.9 × 10−9; 7.4 × 10−9;

9.2 × 10−10
2.2 × 10−9; 5.7 × 10−9;

7.1 × 10−10↑ 2.9 × 10−9; 4.3 × 10−9;
7.9 × 10−10

90

↓ 2.1 × 10−10; 2.1 × 10−10
5 ↑ 1.7 × 10 −10; 1.0 × 10−10 1.9 × 10 −10; 1.6 × 10−10 1.4 × 10−10;

1.2 × 10−10

10
↓ 5.2 × 10−10; 3.1 × 10−10

3.5 × 10−10; 4.3 × 10−10 2.7 × 10−10;
3.3 × 10−10↑ 1.7 × 10−10; 5.5 × 10−10

↓ 4.5 × 10−10; 2.3 × 10−10
25 ↑ 4.1 × 10−10; 3.4 × 10−10 4.3 × 10−10; 2.8 × 10−10 3.3 × 10−10; 2.2 × 10−10

40
↓ 5.6 × 10−10; 3.6 × 10−10

3.1 × 10−10; 4.2 × 10−10 2.4 × 10−10; 3.2 × 10−10
↑ 7.2 × 10−11; 4.8 × 10−10

↓ 5.8 × 10−10; 3.2 × 10−10
55 ↑ 5.6 × 10−10; 4.1 × 10−10 4.8 × 10−10; 3.6 × 10−10 3.7 × 10−10; 2.8 × 10−10

85
↓ 7.5 × 10−10; 5.1 × 10−10

7.2 × 10−10; 4.2 × 10−10 5.6 × 10−10; 3.2 × 10−10
↑ 6.9 × 10−10; 3.3 × 10−10

Sample number: 1; 2; 3; 4.

Figure 8 presents the recalculated data results using the mean k values for each
hydraulic gradient stage. In this case, the hydraulic conductivity correlation formula was
derived as a function of the effective radial stress (i.e., confining pressure). The intensity of
this stress can be affected by many factors, such as water table changes, massive rainfall, and
hydrotechnical or agriculture loading (e.g., construction or heavy transport [47]). Therefore,
we analysed various scenarios: in all hydraulic gradient variants, the k value in the tested
effective radial stress range (10–90 kPa) decreased from 3 × 10−8 m/s to 1.6 × 10−10 m/s.
If we take into account the temperature coefficient (for 10 ◦C), the lowest value would
be 1.2 × 10−10 m/s. Thus, we can hypothesize that there is a difference in the hydraulic
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conductivity of 2.5 orders of magnitude between the exemplary warmer surface peat zone
(and at lower stress states) and the colder, deeper zones (under higher stress states).
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Figure 8. Detail characteristics of k value of peat from the Upper Biebrza Valley in the function
of effective radial stress in various hydraulic gradient cases derived from triaxial tests: (A) i = 5,
(B) i = 10, (C) i = 25, (D) i = 40, (E) i = 55, (F) i = 85.

The study proved that the k values decreased with an increasing magnitude of stress
in power mode (Figures 8 and 9). For higher hydraulic gradient values (i = 10, 25), the
correlation factors are quite good. There is also a visible association between the higher
hydraulic gradients and the higher k formula coefficients, as well as the higher power
values. Nevertheless, we should remember that the correlation coefficient here is for the
trend line value of k (it relates to mean values). In the case of the lowest analysed hy-
draulic gradient (i = 5), the correlation factor is low. This result shows that under the
conditions of low hydraulic gradient values and triaxial stress state conditions, the com-
plex structure of the organic soil can play a primary role as a k-value driving factor and
so differentiates the permeability properties. There was insufficient data to justify any
correlation formula for the tests with the highest hydraulic gradient (Figure 8D–F). How-
ever, Figure 8D shows a decrease in the hydraulic conductivity at high effective confining
pressures of a similar value. This indicates that the structure of the peat samples reached a
similar compression.
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To answer the question about confining pressure or hydraulic gradient having a higher
influence on hydraulic conductivity, generalized relations (a compilation of these three
parameters) are presented in Figure 9. This figure is based on the mean results from the
stage Figure 7. In analysing this graph, in addition to the trends formulated earlier, a
rather high variability of k expressed by a low correlation coefficient (regarding individual
tests) may be indicated. Such hydraulic conductivity characteristics may be an argument
for distinguishing different layers/zones with different hydraulic conductivities. This
will result in different groundwater flows: a higher flow in the near-surface peat zones in
contact with surface water (Biebrza River) and a lower vertical flow.

Before each confining pressure increase, there were long-term consolidation stages.
The results of these five consolidation stages (with a final σ3′ = 90 kPa) provide a com-
pacted peat structure (photo of Sample #1—Figure 9) with implications for the reduction of
k values.

Figure 10 presents the changes in the mean k value (from all four samples) in reference
to the increasing hydraulic gradient for various options of effective isotropic stress during
particular permeability stage tests. The theoretical expectation was to observe no strong
influence of the hydraulic gradient on the k values—just a slight increase that indicates
the issue of exceeding the initial gradient. Nevertheless, the influence of the isotropic
stress intensity on the k value was once again visible. Thus, the stress state is the main
driving factor affecting the k values, followed by the hydraulic gradient in the context of
the initial gradient. Deeper-located peat layers are usually characterized by a higher com-
paction and a higher degree of decomposition. Therefore, these structural factors should
also be taken into account when considering the factors that shape the low permeability
of peat.
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of hydraulic gradient value for various values of effective radial stress (derived from triaxial tests).

Long-term, multi-stage permeability tests with a relatively high triaxial stress state
showed a clearly impact on the peat structure (Figure 9). With this impact, the organic
soil becomes more compacted, and the free spaces, microporosity, and loose plant fibres
are modified into a more homogeneous system of water flow paths. Thus, due to the
“sensitivity” of their structure, peats can differentiate into separate hydrogeological units
(or subunits) vertically and horizontally. Such deep peat soils may constitute a more
impervious material than the subsurface one.

Compared to tests of peat soils in Poland [4,19,20], the results described above are
on the lower end of the range of hydraulic conductivity values. Similarly, compared
to worldwide published results (e.g., [22–24]), they are below the values determined by
various direct and indirect lab and field methods. Such a trend was also noted with
reference to slug tests in eight observational wells located in the study area [10]. Based
on the field test, the k minimum value of peat from the Upper Basin of the Biebrza Valley
was 4 × 10−6 m/s (maximum value 9.2 × 10−5 m/s). We believe the reason for such a
high difference may be the presence of high-permeability interlayers (loose peat or more
sand) during the field tests. In the broader context, when trying to clarify the variable
infiltration characteristics, it is also supportive to consider the biological aspects, such as
plant species, their decomposition (in specific aeration and hydration zones), and their types.
In the aforementioned study [10], based on slug test, and in eight (other) observational
wells, the hydraulic conductivity of the mineral layer underlying the analysed peat (which
also continues in the nearby hills, having outcrops there as well) was determined (from
0.33 × 10−4 m/s to 9.81 × 10−4 m/s; average value 2.11 × 10−4 m/s). This higher value
plays a positive role in the case of feeding by the water of the Biebrza River (gaining river
type) as well as the peat in the river valley.

Despite the analysed peat having very high water-accumulation capacity and a lack of
typical aquitard features (marginal water yielding), it has no such unambiguous aquifer
features. Undoubtedly, the complexity and susceptibility to a change in organic structure
are favourable for water retention (or carbon dioxide and methane accumulation caused
by organic matter), but they also complicate free water flow. Such circumstances are the
reasons for which peats stabilize the water resources of the environment, which is important
for the range of ecosystems.
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The results of this study contribute to the discussion surrounding the amount of
atmospheric water inflow vis lateral tributaries and/or from lower confined aquifers in
the context of groundwater and surface water interaction. Eventually, we can propose a
possible change in groundwater flow conception in the vicinity of the river Biebrza. The
dominant water flow into the river would be a shallow subsurface flow and a longer deep
flow through the mineral aquifers that underlying the peat (Figure 11).
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4. Conclusions

Despite the tremendous natural and engineering importance of a peat across land-
scapes, the properties of peat soils are not regionally recognized in detail. This study
provides some of the first laboratory results of exemplary peat samples from the Upper
Basin of the Biebrza Valley (SE Poland), which remains one of the Europe’s most valu-
able peatlands. Further, the research was oriented at a specific test procedure of peat
permeability as a driver for the landform development of wetlands.

The study material had relatively high decomposition rate (around 60%), a mean
organic matter content of approximately 86%, a dark brown/black colour, a mean bulk
density of 1.028 g/cm3, a mean water content of 499%, and a mean ash content of 14% (in
the mineral-addition-dominant fraction of fine sand). The samples were collected below the
groundwater table from a depth of ~0.5 m. Groundwater in the sampling site had average
electrical conductivity EC ≈ 475 µS/cm and a pH ≈ 7.2 indicating feasible hydrological
conditions for sustaining fen-type of peatlands.

Stepwise permeability tests in a triaxial compression apparatus were performed in
a full water saturation state and with isotropic consolidation stages. A few dozen long-
term permeability tests provided low hydraulic conductivity values that corresponded
to a relatively high degree of decomposition. Nevertheless, the stress intensity (effective
confining pressure) is the key factor responsible for the hydraulic conductivity (k) value.
Due to buoyancy, low loading, and compressibility, this type of soft organic soil (especially
in near-surface zones) may have k values that are two orders of magnitude higher than
drained or compacted peat (also with higher bearing capacities).

The k values of the selected peat materials from the sampling site (in the tested
stepwise increasing mode of effective confining pressure variants: σ3′ = 10, 15, 30, 45,
90 kPa with a hydraulic gradient i = 5, 10, 25, 40, 55, 85) decreased from 3 × 0−8 m/s
to 1.6 × 10−10 m/s. Considering the temperature coefficient (for 10 ◦C), the lowest value
was 1.2 × 10−10 m/s. Compared to other Polish peat tests, the determined k values are
at the lower end of the range of hydraulic conductivity values. Moreover, the hydraulic
conductivity of the analysed samples determined in the laboratory was lower than the field
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test results (slug tests in the study site), where k values were found to be from 4× 10−6 m/s
to 9.2 × 10−5 m/s. A possible reason for the difference may lie in the high-permeability
interlayers (loose and not decomposed peat or more sand).

The research material did not present features of typical mineral aquifer materials.
Although very high porosities and organic matter content are favourable for water accumu-
lation and carbon sequestration, the characterized peat showed relatively low hydraulic
conductivity values. Thus, in the case of the formation of the analysed organic soil, they
differentiate groundwater flow, as it complicates intense contact with surface water.

The outcomes of this study should be followed by a regional generalizing study that
uses more samples from different places and depths.
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functioning of marginal fen: A case study from the Biebrza Wetlands. PeerJ 2022, 10, e13418. [CrossRef] [PubMed]

11. Stachowicz, M.; Manton, M.; Abramchuk, M.; Banaszuk, P.; Jarašius, L.; Kamocki, A.; Povilaitis, A.; Samerkhanova, A.; Schäfer,
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21. Myślińska, E. Laboratory Testing of Land and Soil, 3rd ed.; Wyd. UW: Warsaw, Poland, 2016; 280p.
22. Wong, L.S.; Hashim, R.; Ali, F.H. A Review on Hydraulic Conductivity and Compressibility of Peat. J. Appl. Sci. 2009, 9, 3207–3218.

[CrossRef]
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36. Black, D.K.; Lee, K.L. Saturating laboratory samples by back pressure. J. Soils Mech. Found. Div. 1973, 99, 75–93. [CrossRef]
37. Head, K.H.; Epps, R. Manual of Soil Laboratory Testing, Volume 3: Effective Stress Tests, 3rd ed.; Whittles Publishing: Dunbeath, UK,

2014; 414p.
38. Romero-Ruiz, A.; Linde, N.; Keller, T.; Or, D. A review of geophysical methods for soil structure characterization. Rev. Geophys.

2018, 56, 672–697. [CrossRef]
39. International Standard ISO 17892-9:2018; Geotechnical Investigation and Testing—Laboratory Testing of Soil—Part 9: Consolidated

Triaxial Compression Tests on Water Saturated Soils. International Organization for Standardization: Geneva, Switzerland,
2018; 25p.

40. International Standard ISO 17892-11:2019; Geotechnical Investigation and Testing—Laboratory Testing of Soil—Part 11: Permeabil-
ity Tests. International Organization for Standardization: Geneva, Switzerland, 2019; 20p.

41. Lade, P.V. Triaxial Testing of Soils; Wiley Blackwell: Chichester, UK, 2016; 500p.
42. Malloy, S.; Price, J.S. Consolidation of gyttja in a rewetted fen peatland: Potential implications for restoration. Mires Peat 2017, 19,

1–15.
43. Gilbert, P.A. Computer Controlled Microwave Oven System for Rapid Water Content Determination. Technical Report GL-88-21;

Department of the Army Waterways Experiment Station: Vicksburg, MS, USA, 1988.
44. Ilnicki, P. Peatlands and Peat; AR: Poznań, Poland, 2002; 606p. (In Polish)
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