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AssTRACT: The hyporheic zone (HZ) performs important filtering functions contributing to the reduction of pollutants
from surface waters. It can be important in areas where the watercourse is subjected to strong human pressure. The
study aimed to identify the hydrochemical conditions of the potential HZ of a spring watercourse in an area subjected
to strong settlement pressure in the suburban area of £6dz. The study was conducted in two measurement periods:
spring (April-May 2021) and autumn-winter (November-January 2021/2022). On the 860-metre section of the north-
ern arm of the Struga Dobieszkowska watercourse (NSD) following parameters were measured: vertical hydraulic
gradients (VHG) in the riverbed, physicochemical properties, and concentrations of mineral forms of nutrients in river,
spring and hyporheic waters. The ratio of points with positive VHG to those with negative VHG was at a similar level
in both research cycles, i.e., 78:21 and 74:18. The flow rate ranged from 20.7 to 22.3 dm® - s™%. Research indicates that in
downwelling zones, there are favourable conditions for the occurrence of water self-purification processes.
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retention time of river water in riverbed sed-
iments can range from a few minutes to sever-
al hours (Harvey et al. 2019), depending on the
nature of the river flow, the fraction and forms

Introduction

The hyporheic zone (HZ) is defined as the
space contained beneath the bottoms of lakes,

streams, and spring niches, where surface wa-
ter and groundwater mix (Krause et al. 2022).
Hyporheic flow is the transport of surface wa-
ter through bottom sediments, which returns to
the riverbed at a later stage of flow (Bencala et
al. 2011). This flow usually lasts longer than the
time of water flow in the riverbed (Boano et al.
2014). Model and field studies indicate that the
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of riverbed sediments (Saenger et al. 2005), the
degree of connectivity of the two aquatic envi-
ronments (Harvey et al. 2019), and the amount
of groundwater recharge (Hester, Doyle 2008).
The efficiency of water exchange in the HZ is
influenced by hydrostatic (i.e., groundwater el-
evation and hydrostatic pressure) and hydro-
dynamic (i.e., the riverbed velocity and local
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pressure increase caused by turbulent flow) fac-
tors (Boano et al. 2014). The formation of the HZ
beneath the riverbed is favoured by bedding de-
posits of crumbly sedimentary rocks (Marciniak
et al. 2017). The HZ has important functions, in-
cluding filtration, contributing to the removal of
pollutants from surface water (Duff, Triska 1990).
In areas subjected to intense economic and settle-
ment pressures, the purification potential of the
HZ may be suppressed (Oswald et al. 2023).

This study aimed to determine the spatial var-
iability of hydrochemical conditions in the hypor-
heic zone of a spring watercourse in the suburban
area of L6dz city, under significant settlement
pressure. The research focused on identifying how
the concentrations of biogenic compounds (NH,*,
NO,, NO,7, PO*") and redox conditions change
along the flow path beneath the streambed.

The spring watercourse was chosen for the
study because of the expected high positive hy-
draulic gradients in the riverbed, conditions that
indicate inflow of water from below its bed and,
with it, potential contaminants. The investigated
watercourse also provides an opportunity to con-
duct studies on natural groundwater outflows in
its riverbed springs, which accompany the water-
course bed along its entire length, allowing for
a direct representation of groundwater drainage
in the valley. The juxtaposition of the results of
hydrochemical studies of spring and hyporheic
waters will help indicate which environment is
more sensitive to pollution and can be a target-
ed subject of monitoring to effectively identify
threats to surface water quality. The northern
arm of the Struga Dobieszkowska (NSD) stream
flows through the most deeply cut valley of the
L6dz Hills, which is a highly polluted tributary
of the upper Moszczenica River (Ziutkiewicz
2012, Ziutkiewicz et al. 2023). The river waters of
the NSD, after connecting with the southern arm,
flow from various spring zones into the Strykow
Reservoir, built on the Moszczenica River in
the city of Strykéw. Increased occurrence of cy-
anobacteria has been reported in this reservoir
(Nowicka-Krawczyk et al. 2022).

Study area

The catchment area of the NSD is located
in the £6dZ province, along the borders of the

municipalities of Strykéw, Nowosolna and the
city of £6dz. The initial springs of the NSD are
situated near the village of Stary Imielnik, at an
ordinate of 186-185 m above sea level (Fig. 1).
This ordinate corresponds to the most repre-
sented hypsometric interval of spring occur-
rences in central Poland (Maksymiuk, Mela
1995). The NSD sub-catchment is characterized
by low surface runoff relative to its total area
(7.5 km?). The unit outflow for this catchment
is 2.87 dm® - s - km™. In comparison, the q for
the entire Struga Dobieszkowska (SD) catchment
in 2003-2004 was 6.60 dm® - s - km™ (Jokiel,
Tomalski 2005). Notably, the zero runoff in the
entire catchment area is 92.5% (Fig. 1). Given that
the study area encompasses the valley between
the initial springs and the point of connection with
the southern arm of the Struga Dobieszkowska,
a topographic catchment was determined, the
characteristics of which are shown in Table 1.
The NSD is a fifth-order watercourse. Along its
course, there are many manifestations of ground-
water outflows, including the largest springs:
“76twik”, “Burzliwe”, “Szare”! and “Piekne”
(Fig. 1c). According to data collected from 1997 to
2003, the average discharge from all NSD springs
is 20.1 dm?® - s™* (Walisch 2003).

The catchment area of Struga Dobieszkowska
lies within the edge zone of the £.6dZ Hills mesore-
gion, which is part of the South Mazovian Hills
macroregion. This zone is characterized by signif-
icant denivelations on the Zgierz-£.6dz-Brzeziny
line between the Heights and the L.owicko-Bloriska
Plain, where Klatkowa (1965) distinguished five
morphological levels. The catchment area of the
Struga Dobieszkowska includes 3 upper grades:
the upland surface (282.9-210.0 meters a.s.l.), the
Smardzew level (210.0-185.0 m a.s.l.), and the
Strykow level (185.0-160.0 m a.s.l.). The differen-
tial topographic catchment of the NSD is mainly
composed of glacial sands of the Middle Polish
Glaciation (Warthanian). In the southern part,
the surface is marked by sands, gravels, and, in
some places, glacial till. The river valley’s bottom
is composed of Holocene fluvial sands, and the
valley slopes feature small erosional forms char-
acteristic of dry valleys and evaporation patterns,
with deluvial covers developing in the lower sec-
tions (Brzezinski 1992).

! Working names given by the authors
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The sediments lining the riverbed are domi- in the “Zétwik” spring is through gravel sands,
nated by a sandy fraction. In the initial section of  in the “Burzliwe” and “Piekne” springs through
the watercourse, sandy gravel is dominant, which  slightly gravel sands, in the “Szare” spring
turns into gravel-sand with the course of the through slightly gravel silty sands (Fig. 1c).
stream. From the bottom of the “Szare” spring, The land development of the catchment is
all the way to the mouth, the sediments change characteristic of suburban areas, with a predom-
to slightly gravelly sands. The outflow of water inance of rural landscape elements. To the south,

Table 1. Characteristics of the differential catchment area and the riverbed of the northern arm of the Struga
Dobieszkowska stream.

Drainage catchment
Foature Circuit Area Slope H max H min Length ‘ Medium width
[km] [km?] [%0] [ma.s.l] [km]
Value 2.95 0.55 23.26 203.0 179.5 1.01 0.54
Northern arm of the Struga Dobieszkowska
Length Slope Riverbed width | Medium depth
Feature
[km] [%0] [m] [em]
Value 0.86 5.35 1.5-4.0 14.5

— Dirt roads

Il Residential buildings # Watershed outlet
Forests — Stream
Farmlands £ Watershed
Meadows and pasture — Asphalt roads

Agricultural areas with the hight proportion of natural vegetation

Arable land out of reach of drainage facilities

V descending springs
A ascending springs

A landfils Springs:
O riverbed deposits 1 "Pigkne"
v leakage 2 "szare”
— riverbed edges 3 "Burzliwe"
= river valley egdes 4 "Z6hwik"
riverbed slightly gravel sand
spring areas gravel sand
M culvert mm sandy gravel
> bridge mm slightly gravel silty sand 9

Fig. 1. Land use map of the catchment area of the northern arm of the Struga Dobieszkowska watercourse: a -
location of the catchment area in Poland; b - map of the entire catchment area; ¢ - type of bottom sediments in
the riverbed of the Struga Dobieszkowska.
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the catchment area is adjacent to the scattered ur-
ban areas of £.6dz. The catchment area is mainly
used for agriculture (Fig. 1b). On the southern
and northern sides, the valley is surrounded by
farms and cultivated fields. Their share in the de-
velopment of the catchment is about 80%. From
the north, it is directly adjacent to the develop-
ment of the Stary Imielnik village, which is sub-
ject to rapid urbanization. The village is plumbed,
and the sewage system is based on individual
installations, i.e., septic tanks and domestic sew-
age treatment plants. According to the latest data
for the municipality of Strykéw (2023), 94% of
homes were connected to the sewerage system
30

(the indicator for the £6dz Voivodeship id 97%)
(www.polskawliczbach.pl).

The bottom of the river valley and the lower
parts of the slopes are overgrown with alder. In
several places on the northern slope of the val-
ley, there are old village garbage dumps, from
which waste is carried by surface runoff to the
valley floor and further distributed by the waters
of the spring stream along its course (Serwach,
Ziutkiewicz 2025).

The meteorological data during the NSD re-
search period, presented below, were measured
at the station of the Institute of Meteorology and
Water Management - National Research Institute
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Fig. 2. Air temperature and precipitation for the £L6dz-Lublinek station during measurement cycles: A - spring
cycle, B - autumn-winter cycle. Days of field measurements are marked with red dots.
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in b6dz (Lublinek) (www.meteoblue.pl). In
spring, average daily air temperatures ranged
from 2°C (April 7,2021) to 25°C (May 11) (Fig. 2A).
The average daily air temperature in April was
9.2°C, while in May it was 15.1°C. In the second
period, daily temperatures ranged from -6°C
(December 26-27, 2021) to 15°C (November 1)
(Fig. 2B). The average for November was 6.6°C,
for December 0.7°C, and for January 2022: 1.9°C.
The monthly precipitation total for April 2021 was
42.3 mm, and for May, 76 mm (Fig. 2A). Rainfall
was the only data recorded in both months. In
the autumn-winter period, precipitation totals
ranged from 10.1 mm in November (mainly
rain) to 13.5 mm in December (mainly snow) and
10.1 mm in January 2022 (mainly snow) (Fig. 2B).

Methods

VHG (vertical hydraulic gradient) measure-
ments in the NSD riverbed were conducted in
two main research cycles. The first covered the
period from 14.04.2021 to 16.05.2021 (spring
cycle), and the second was implemented from
11.11.2021 to 10.01.2021 (autumn-winter cycle).
Measurement points were placed in the riverbed
at intervals of 5-15 m. The final point total was
91 in each survey season. In the VHG measure-
ments, a gradientometer was used (Marciniak,
Chudziak 2015), which allows measurements
to be taken at any point along the bottom of the
watercourse. With this device, it is possible to
compare the pressure of surface and groundwa-
ter, expressed in millimetres of water column.
When the pressure of surface water is higher
than that of ground water, this indicates down-
welling, a situation in which surface water infil-
trates into the streambed sediments. Conversely,
when groundwater pressure is higher, it indi-
cates upwelling, meaning that the river drains
groundwater. Gradientometer was also used to
collect water samples from beneath the riverbed
in zones of positive VHG (upwelling), which was
considered important for identifying pollutant
inflow pathways to the riverbed. Once the gra-
dientometer is placed at a measurement point,
it is removed only after completing the VHG
measurements and collecting the water sample.
During operation, it is manually switched from
measurement to sampling mode. Measurements

of physicochemical parameters, including water
temperature, pH?, SEC® and redox potential were
carried out in an overflow cell in which electrodes
and measurement sensors were tightly mounted.
Water samples were collected using a hand-op-
erated vacuum pump equipped with a manome-
ter and transferred into Nalgene 500 ml PE con-
tainers. These samples were then transported to
the Geology and Geomorphology Department at
the University of £6dz in a refrigerator at 4°C.
In the laboratory, analyses were conducted to
determine the concentrations of various miner-
al forms of nutrients (NH,*, NO,”, NO,”, PO,*)
and chlorides. The study also included river and
spring waters as a representation of groundwa-
ter drained by the stream. The work was supple-
mented by measuring the stream flow rate with
a Biomix HEGA-1 hydrometric mill. The content
of biogenic ions was determined by chroma-
tography on a Marcel 5.330 UV-VIS device, and
chlorides by the Mohr method. The concentra-
tions of individual substances were determined
according to the following analytical standards:
nitrates - DIN EN 26777; nitrites - DIN 38406-9;
ammonium - DIN 38406-5; phosphates - PN-
EN ISO 10304-1, and chlorides - (IC) PN-EN
ISO 14911. The physicochemical properties were
measured with an Elmetron CX-742 device with
electrodes and sensors from Eurosensor and
Elmetron. To determine the type of channel sed-
iments, samples were collected from a depth of
20 cm at selected points in the stream channel.
These sediments were then subjected to granulo-
metric analyses in the laboratory using sieve and
aerometric methods (Mycielska-Dowgiatto 1995).

To identify the hyporheic zone based on chlo-
ride concentrations (Cl°), the proportion of river
water in hyporheic waters was calculated using
the formula given by Battin et al. (2003), which
is based on the End-member mixing analysis
(EMMA) method (Christophersen et al. 1990).
The subsequent steps for deriving this formula
are as follows:

x= CHZ - C(;w
CRW = Coy (1)

CHZ =x CRW +(1-x) Gcw 2)

Calibration in pH 4 and pH 7 standard solutions.
Calibration in 500 pS - em™ standard solution at 25°C.

w
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where:

- C,,, - chloride concentration in hyporheic wa-
ter,

- C,,, - chloride concentration in river water,

- C,, - chloride concentration in groundwater,

- X z the share of river water in hyporheic wa-
ters.

The “Piekne” spring, with a long period of
hydrochemical observations (Ziutkiewicz et al.
2023), was adopted as a representation of the un-
derground end-mixing element in the HZ. As a
second end-member, the concentrations in the
hyporheic water were used separately for each
sampling point, treating them as individual case
studies. As the final element, chloride concen-
trations in river water were used, with samples
collected at several locations along the channel
(approximately one per every 200 m).

Results

Vertical hydraulic gradients

In all seasons in which VHG was measured,
points with upwelling absolutely prevailed. In
both periods, the downwelling zones formed
clusters of no more than 4 points. However,
a zone of more frequent occurrence of down-
welling than in the rest of the riverbed, located in
the initial section, was outlined (Fig. 3). Another
downwelling zone was found between the 500*
and 750" meters of the stream. Within it, points

with negative VHG are scattered at greater dis-
tances than in the initial zone. They form clus-
ters of up to three points. In autumn and winter,
VHG values were higher (Table 2, Fig. 3) at lower
NSD flows.

According to calculations of mixing ratios (1),
the hyporheic zone occurs on average at approxi-
mately 31% of the length of the NSD; in the spring
period, this share was 24.1%, and in the autumn-
winter period, 37.7% (Table 2). In the autumn-
winter period, the hyporheic zone occurred over
a greater length of the river channel. A higher riv-
er flow was recorded in spring and amounted to
223 dm?® - s, and in the autumn-winter period,
20.7 dm? - s™'. In both periods, the flow was tur-
bulent, with a slightly higher Reynolds number
in the spring (Table 2).

Hydrochemical conditions

The basic statistical characteristics of the
physicochemical properties of the tested waters
are presented in Table 3.

Hyporheic waters were warmer than riv-
er waters in both periods and exhibited great-
er fluctuations (Table 3). In spring, the water
temperature in the HZ decreased along the riv-
er course, whereas in autumn and winter it in-
creased (Fig. 4). Comparing the temperature of
spring waters with hyporheic waters, it can be
observed that the former shows a wider range
of results. In autumn and winter, when the tem-
perature of hyporheic waters increased along the

Table 2. Characteristics of the northern riverbed of Struga Dobieszkowska.

Parameter Spring A:if;rtrel?/ Average
Discharge [dm® - 57'] 223 20.7 21.5
Reynolds number Value 7921 7761 7841
flow type turbulent turbulent turbulent
HZ [%]
Share of sections with HZ on the course of the riverbed at /n 24.1 /56 37.7 /58 30.9
Share of river water in HZ zones at /n 52.2 /56 43.9 /58 47.9
VHG [cm - cm™]
Minimum —-0.50 -0.22 -0.36
Maximum +0.60 +0.89 +0.75
Average +0.12 +0.14 +0.13
Frequency of phenomena [%]
Share of points with downwelling 20.9 17.6 19.3
Share of points with upwelling 78.0 72.5 75.3
Share of points with pressure balance 1.1 1.1 1.1
Share of inactive points 0.0 8.8 4.4
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river course, the temperature also increased in
subsequent springs located closer to the mouth
(Table 5, Fig. 4).

The average pH reaction of river waters was
higher than that of hyporheic waters in both sea-
sons, with lower amplitudes in the stream rela-
tive to the HZ. The pH of hyporheic waters de-
creased along the course of the stream: in spring
from 7.91 (SD-91) to 6.29 (SD-20), and in the au-
tumn-winter season from 8.25 (SD-66) to 6.05
(SD-19) (Table 3, Fig. 4).

196

The SEC of river waters was higher than that
of hyporheic waters, with higher amplitudes in
the HZ. There were no consistent trends in course
changes, while elevated SEC values often oc-
curred locally in the upper and middle sections,
especially in the spring season (SD-29 and SD-60)
(Table 3, Fig. 4).

The redox potential of HZ waters was slightly
higher in spring than in autumn, when the am-
plitude of changes was also noticeably higher
(Table 3). Cases of negative redox potential were
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Fig. 3. Magnitudes of hydraulic gradients in the riverbed of the northern arm of the Struga Dobieszkowska
watercourse in the period: a - spring; b - autumn and winter.
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Table 3. Characteristic values of physicochemical properties of river and hyporheic waters in measurement

seasons.
Spring season
. Hyporheic waters River waters

Parameter Unit Average prim'mum Maximum Average Minimum Maximum
T [°C] 10.3 6.0 15.0 10.1 7.0 12.0
pH* [-] 6.93 6.10 791 7.72 7.56 7.85
SEC [uS - ecm™] 398 235 1108 416 396 462

Eh [mV] +59 -123 +165 - - -
Autumn/winter season

T [°C] 7.3 4.0 10.0 6.5 4.3 8.4
pH* [-] 6.83 6.05 8.25 6.91 6.33 8.27
SEC [uS - cm™] 364 245 660 398 350 427
Eh [mV] +42 -222 +178 94 57 153

* average of the reaction calculated from the concentrations of H*.

relatively few, and concentrated in the mouth
section (Fig. 4). The Eh range of river waters was
at least twice as narrow as that of HZ waters, and
the average was twice as high (Table 3). In the
HZ, redox conditions were generally transient,
but with high dynamics of changes, greater in the
autumn-winter season.

The results of measurements of physicochem-
ical properties of spring water are presented
in Table 5. In the vicinity of the inflow spring
“Zo6twik”, the physicochemical properties of
spring and hyporheic waters were very simi-
lar. The maximum differences in the results be-
tween spring and hyporheic waters were: -2.2°C;
—0.45 pH units; +32 mV in Eh and +44 pS - cm™
in SEC. For the remaining ascending sources, the
differences in results between spring and HZ
waters are more pronounced. Significant differ-
ences in water pH are observed for the “Piekne”
and “Burzliwe” springs, with differences in SEC
exceeding 100 pS - cm™ noted in all facilities.
The most significant differences were noted for

redox, which reached 294 mV near the “Piekne”
spring. The characteristic values calculated for
the concentrations of mineral forms of nutrients
are shown in Table 4.

In river waters, higher concentrations of NH,*
and NO,” were recorded in spring than in au-
tumn-winter. However, in both of these periods,
there were cases of a lack of ammonium ions in
river water. In hyporheic waters, higher mean
concentrations of ammonium and nitrite were
recorded in autumn-winter, with noticeable in-
crease towards the mouth. The same spatial trend
also occurred in spring. Average and maximum
concentrations of NH,* in all seasons were higher
in hyporheic waters than in river waters (Table 4,
Fig. 5). In both periods, high variability of NO,"
concentrations (at a level comparable to NO,")
was observed in the HZ along the river course.
Average and maximum concentrations of nitrite
ions were recorded in the river and springs than
in hyporheic waters (Table 4).

Table 4. Characteristic values of nutrient concentrations in the river and hyporheic waters.

Spring season

Ion Hyporheic waters River waters
[mg - dm™] Average | Minimum | Maximum | No ion at measurement at /n | Average | Minimum | Maximum
NH,* 0.056 0.000 1.720 40 /56 0.050 0.000 0.193
NO, 0.046 0.021 0.106 0 /56 0.265 0.062 0.830
NO, 14.713 0.000 72.100 11 /56 28.850 23.800 34.300
PO, 0.392 0.094 0.813 0/56 0.391 0.334 0.455
Autumn/winter season
NH,* 0.086 0.000 1.090 18 /56 0.032 0.000 0.080
NO, 0.060 0.007 0.278 0 /56 0.095 0.070 0.120
NO, 16.976 0.000 68.200 5 /56 30.425 26.100 35.000
PO,> 0.279 0.045 0.630 0/56 0.357 0.296 0.391
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Higher phosphate concentrations were record-
ed in river waters in spring. In hyporheic waters,

watercourse was noticeable in both measurement
cycles. During the study, the mean concentra-
tions of NQO, in river waters were about twice as

high as in hyporheic waters (Table 4, Fig. 5).

- A de-

crease in concentrations toward the mouth of the

3
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In river waters, average nitrate concentra-
tions were similar in both periods. For hyporheic

waters, higher average concentrations occurred

in the autumn-winter cycle. In spring and au-

tumn, several samples showed no NO
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Fig. 4. Changes in temperature, pH, SEC, and Eh of hyporheic waters along the riverbed: a - in the spring
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concentrations were recorded in the initial sec-
tion and at point SD-3. In the autumn-winter
period, no increased concentrations were record-

occurred in spring. During this time, increased
ed in the initial section. In spring,

higher average and maximum concentrations also
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in hyporheic waters along the riverbed: a - in the spring period; b - in the autumn- winter period. Black
concentration for a given period in hyporheic waters.

Fig. 5. Variability of concentrations of ammonium ion, nitrate, nitrite, mineral nitrogen, and orthophosphate
colour indicates results for hyporheic waters; gray colour - average for river waters; blue colour - average ion
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Table 5. Values of physicochemical properties and concentrations of nutrients at groundwater outfalls and in
their immediate vicinity during the autumn-winter period.

Pael;zin- Unit Z;:Xg Burzliwe spring Szare spring Piekne spring
Water ] 7.6 8.8 8.6 9.2
temp. 63|55 | 44 59|72 75[87[79]84[79]91][88]88]88]389
8.09 7.43 7.12 7.54
pH -] 764|778 | 73 | 769825733 750748712703 ]6.28]6.95]7.04] 686|706
SEC | [4S. conc] 409 428 293 333
" 410 | 441 | 321 | 310 | 272 | 389 | 350 | 408 | 288 | 275 | 290 | 352 | 279 | 309 | 310
o mv] 84 -121 15 72
128 [ 128 | 178 [ 131 [ 119 [ 133 | 101 [ 70 | 177 [ 52 | 71 | -72 |-222]-193|-163
NO- 53.5 30.9 27.7 29.600
3 205495 246 33 [276 115 21 | 20 [ 00 [389[269] 00 | 47 | 49 | 55
NO- 0.05 0.107 0.115 0.044
" i - dme] |20 1 0.05 | 0.05 ] 0.04 | 0.05 | 0.03 | 0.04 | 0.04 | 0.04 | 0.06 | 0.04 | 0.04 | 0.05 | 0.05 | 0.06
N & 0.0 0.0 0.04 0.01
4 00 ] 000070000 [002]007]0.04]0.05]015]004]002] 02 01 | 0.1
O 03 0.34 0.34 0.34
4 030306 |02]0404/]01][03][04[03]02[01]03]04]02
Point . SD- | SD- | SD- | SD- | SD- | SD- | SD- | SD- | SD- | SD- | SD- | SD- | SD- | SD- | SD-
91 | 89 | 69 | 67 | 66 | 36 | 34 | 32 | 31 |30 18 | 15 | 14 | 13 | 12

Nutrient concentrations in spring waters are
shown in Table 5. In the case of the “Zoétwik”
spring, nutrient concentrations in the spring
season and in hyporheic waters are comparable.
In the case of nitrate, there was one instance of
concentration difference reaching 33 mg - dm™
(Table 5). For other tested springs, fluctuations in
concentrations were more varied, especially for
nitrate. Amplitude range between spring and hy-
porheic waters ranged from 0.3 to 29.7 mg - dm™.
Nitrite and phosphate presented the most stable
results, similar to or lower than those in spring
waters. The ammonium ion was absent in the
Burzliwe and Zétwik springs and in the nearby
hyporheic water. For the two remaining springs,
higher ammonium ion concentrations were typ-
ically recorded in the adjacent part of the hypor-
heic zone (Table 5).

Discussion

Struga Dobieszkowska (SD), which is a trib-
utary of the Moszczenica River, is located in one
of the most upwelled areas of Central Poland.
Research conducted on an 860-meter section of
the watercourse’s bed revealed a definite pre-
dominance of upwelling zones. This is due to the
nature of the studied section, which receives wa-
ter from springs and other natural groundwater

outflows along its entire length. A comparison of
the magnitude of gradients measured at the bot-
tom of the NSD bed with gradients measured di-
rectly within the ascending springs seems to sup-
port this assumption. The highest VHG found in
the stream bed was 0.885 cm - cm™ (Fig. 3), while
in the “Szare” and “Piekne” springs, the VHG was
much higher, i.e.,, 1.35 cm - cm™. According to ex-
perimental studies, the critical hydraulic gradient
is 1.16 cm - cm™. Above this limit, fluidization of
bottom formations occurs (Marciniak et al. 2018),
i.e., the dilution phenomenon of riverbed sedi-
ments due to the ascending groundwater sub-
flow. Measurements taken along the stream near
the spring niches revealed a marked increase in
VHG values, suggesting increased “upwelling.”
Despite the absence of distinct bed sand pulsation,
it is reasonable to infer the presence of preferred
subterranean flow zones directly discharging
into the stream bed, potentially along the exten-
sion of outflows from nearby productive springs
(Figs 2, 3). Similar changes in VHG near ground-
water outflows were observed in the southern
arm of the SD (Ziulkiewicz et al. 2023). The VHG
measured in the middle Moszczenica, far beyond
the spring zones, was at a significantly lower lev-
el than that of the studied spring watercourse,
i.e.,, a maximum of 0.055 cm - cm™ (Marciniak et
al. 2019) versus 0.885 cm - cm™. The ratio of pos-
itive to negative VHG was also different. Within
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the studied NSD, the representation of upwelling
reached 78%, while for the central Moszczenica
it was 54% (Marciniak et al. 2019). As shown by
other studies of the Moszczenica River, this is not
a general rule. Gradients recorded upstream of
the old mill in Gieczno exceeded 1.5 cm - cm™
(in June 2023) (Ziutkiewicz 2024). According to
Ziulkiewicz et al. (2021), in the erosion stretch of
Malina*, the average VHG in winter was higher
than in the NSD riverbed, whereas in spring it
was lower. Higher VHG was recorded in Malina
in winter, while the proportion of points with
downwelling increased in the spring season. In
NSD, a similar pattern occurred, with higher
VHGs also recorded in autumn and winter than
in spring. Comparable results were observed on
the Truckee River (Nevada, USA), where VHG
during the winter period not only increased in
magnitude but also changed direction from neg-
ative to positive compared to summer (Shope et
al. 2012). The higher VHGs in the autumn-win-
ter season may have resulted from increased
groundwater recharge following the mid-win-
ter thaw, during which water was released from
melting snow in the absence of surface freezing
of the aeration zone (www.meteoblue.pl). During
the analysis, a feature of the HZ became appar-
ent, namely the ability to move upwelling and
downwelling zones along the riverbed. The rea-
son for such “movement” could be the transport
of riverbed sediment or the presence of obstacles
such as trunks, tree branches, or changes in the
efficiency of the river’s groundwater recharge.
A similar situation also occurred in the Malina
riverbed (Ziutkiewicz et al. 2021, Ziutkiewicz,
Grulke 2024). This can lead to changes in sedi-
ment properties in specific parts of the riverbed,
such as the permeability coefficient.

The results of the biogenic concentrations ob-
tained indicate the discharge of agricultural and
domestic pollutants (fertilizers, sewage or farm
garbage leachate) into the riverbed, which is evi-
dent, especially in theriver waters. Concentrations
recorded in NSD waters were compared with

It is a spring-fed stream flowing in the northern part
of Zgierz, dividing into two distinct hydromorpho-
logical parts: erosive and accumulative. In the erosive
one, there is intensive upwelling and feeding of the
watercourse from riverbed and bedrock springs. In
the accumulation one, downwelling predominates
and there is no supply from springs.

environmental standards for the content of these
substances in surface waters. Exceedances for the
third class of surface water quality occurred for
three substances (nitrate, nitrite, and phosphate).
Analysis of nutrient concentrations in hyporhe-
ic waters indicates that such inflow occurs only
in short sections of the riverbed located in virtu-
ally every part of the studied watercourse. The
initial and middle sections coincide with the lo-
cations of waste dumps (Fig. 1c), which are cov-
er hotspot of hyporheic water pollution, such
as microplastic particles (Serwach, Ziutkiewicz
2025). In the middle section at the outlet of the
dry valley, where the largest landfill is located,
elevated SEC, nitrate and nitrite concentrations
were found in the absence of ammonium (Fig. 5),
which may indicate the impact of another pollu-
tion source on the spatio-temporal scale of the
NSD underground drainage basin. No potential
surface source of pollution was observed in the
initial section of the spring stream under study.
However, the “Z6twik” spring operating there
showed the highest nitrate concentrations in the
spring waters under study (Table 5). Also note-
worthy is the NSD mouth section, character-
ized by a lower redox potential, SEC (mainly in
spring) and high ammonium ion concentrations.
It is worth noting that this is the section of the
watercourse where the thickness of sandy accu-
mulation formations in the river bed is the great-
est (Fig. 1). In this zone, there is a reduction in the
pollutants brought in with groundwater, which
are diluted by mixing with river water. These, in
turn, enter the hyporheic zone in the higher sec-
tions of the riverbed, to return to it in this particu-
lar section of the NSD. In sediments with a finer
fraction, preferably fine sand, the impact of the
hyporheic zone on river water chemistry is more
apparent (Marciniak et al. 2017). Large fluctua-
tions in the values of the hydrochemical elements
studied were found along the entire length of the
NSD. Distinctly elevated SEC values and nutrient
concentrations observed at individual measure-
ment points or small clusters indicate spatially
limited inflows of pollutants from underground
drainage. This leads us to conclude that zones of
preferred underground flow and pollutant deliv-
ery operate within the HZ NSD. Over the course
of the two study seasons, these zones were ob-
served to be dynamic and in motion (Figs 3, 4),
consistent with observations from the Malina
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River bed (Ziulkiewicz and Grulke 2024). Based
on the work of Wagner and Bretschko (2002),
which posits that preferred underground flow
zones constitute a spatially complex and dynam-
ic system of water circulation beneath the riv-
erbed, the hydrochemical anisotropy of the HZ
may be attributed, in part, to this phenomenon.

Summary

The study of the northern arm of the Struga
Dobieszkowska provided valuable information
on hydrochemical variability and hyporheic ex-
change processes in a small spring stream. The
main conclusions are as follows:

- The NSD is dominated by upwelling zones
caused by intensive groundwater inflow from
the aquifer, which feeds numerous springs;

- Seasonal movement of upwelling and down-
welling zones was observed along the river-
bed, reflecting the anisotropy of the hyporheic
zone and temporal variations in groundwater
recharge;

- High concentrations of biogenic substances
were recorded mainly in the middle stretch of
the watercourse, coinciding with the location
of landfills and areas affected by agricultural
and domestic pollution;

- In the mouth section, lower redox potential
and increased ammonium concentrations
reflect partial pollutant reduction and dilu-
tion processes, confirming the self-purifying
function of the hyporheic zone supported by
sandy bed deposits.

By identifying pollutant inflow zones with-
in the HZ, actions can be taken to reduce their
impact. One approach is the introduction of
macrophytic vegetation, such as calamus or yel-
low scythe, to enhance nutrient bioassimilation
(Izydorczyk et al. 2015). The second way is to
stimulate downwelling of river water in pollut-
ed sections to promote dilution, oxygen supply
and nitrogen transformation, such as ammoni-
fication and nitrification. In this case, hyporheic
sediments perform the function of nitrogen and
phosphorus removal, similar to that of ripari-
an buffers (Triska et al. 1993). Natural obstacles
such as beaver dams, fallen trunks or boulders
may also enhance circulation and self-purifica-
tion (Lautz et al. 2006, Adler et al. 2025). The high

hydrochemical anisotropy of the HZ, driven by
continuous changes in sediment hydraulic prop-
erties (Dole-Olivier et al. 2022), plays a key role in
river restoration, as more natural flow conditions
promote better hyporheic development and im-
prove water quality.
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