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Abstract

Environmental geological survey of a chemical works situated in NE Hungary has been performed for decades. Up till now,
several hundreds of drillings of different depths as well as engineering geological soundings have been carried out in the
area. Vivianite has been found in a discrete part of a drilling in a gray, silty bed at the depth 6.8-8.5 m. Vivianite was ana-
lyzed using X-ray powder diffraction (XRPD), thermal analysis (TG/DTG), and scanning electron microscopic and energy
dispersive spectrometry (SEM-EDS) techniques. To demonstrate the spatial distribution of hydrochemical parameters and
selected chemical constituents the available data concerning drillings and hydrochemical analyses were collected and evalu-
ated, and field measurements were also performed. For mapping the distribution of relevant physico-chemical parameters
and chemical constituents kriging interpolation method was used. Archive aerial photographs demonstrate that a coffered,
earth-bedded reservoir for storing huge amounts of extracted plant debris is situated in the vicinity of the drilling. Our study
suggests that orthophosphate derived from decomposing biomass entered the groundwater and accumulated within the low-
est permeability zone of the intact bedrock. Therefore, the discrete appearance of vivianite in the drilling can be regarded,

at least partly, the result of a man-induced mineralogical process.
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Introduction

Vivianite is a hydrous ferrous iron phosphate min-
eral [Fe;(PO,),-8H,0] named after John Henry Vivian
(1785-1855), an English mineralogist, by Abraham Gottlob
Werner (1749-1817). It crystallizes in the monoclinic system
in the form of needle-shaped crystals or spherical aggregates
with sizes ranging from some micrometers to some centim-
eters. In its original state vivianite is colorless, however, due
to gradual oxidization of ferrous iron, it turns to vivid blue
in air. When values of ferric iron exceed 50% vivianite will
alter to metavivianite [Fe>*Fe**,(PO,),(OH),-6H,0] (Rouz-
ies and Millet 1993). At higher temperatures further oxidiza-
tion may result in the formation of ferric phosphate minerals,
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for example lipscombite [(Fe?",Mn**)(Fe**),(PO,),(OH),],
rockbridgeite [Fe’tFe®*,(PO,);(OH)s] and strengite
(FePO,-2H,0) (Nriagu and Dell 1974).

Vivianite may occur in different geological environments.
Its formation requires reducing conditions with high ferric
iron and orthophosphate as well as very low S*~ concentra-
tions in the solution (Nriagu 1972). Vivianite can be formed
as a secondary mineral in the oxidation zone of ore deposits,
and it may precipitate in sediments under reducing condi-
tions in fluvial, lacustrine, marine and estuarine environ-
ments, and waterlogged soils (Rothe et al. 2016; Grizelj et al.
2017). Moreover, it can be found in organic-rich, highly con-
taminated canal beds (Dodd et al. 2000, 2003; Taylor and
Boult, 2007), in wastewater sludge (Frossard et al. 1997)
as well as in archeological settings (McGowan and Prang-
nell 2006). Since increased nutrient supply is favorable for
vivianite authigenesis, its occurrence in sedimentary settings
may indicate human impact (Goslar et al. 1999).

Since vivianite is stable under reducing conditions, the
phosphorus bound in its crystal structure. Consequently,
eutrophication of freshwaters due to human activities could
be controlled using Fe salts for removing significant amount
of phosphorus from the water through vivianite formation
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(Gunnars et al. 2002; Giachter and Miiller 2003; Kleeberg
et al. 2012; Rothe et al. 2014; O’Connell et al. 2015). Simi-
larly, by the formation of iron(II) phosphate minerals, ferric
iron amendments may also increase phosphorus retention in
wastewater-treating constructed wetlands (Vymazal 2007)
and in septic tank wastewaters (Azam and Finneran 2014).

It seems that vivianite may play important role in con-
trolling arsenic release in groundwater environments. Some
experiments suggest that vivianite can adsorb dissolved
arsenic(V) (Islam et al. 2007; Hudson-Edwards et al. 2008;
Thinnappan et al. 2008), and others found that arsenate(V)
can partly replace the phosphate anion forming a vivian-
ite—symplesite [Fe;(PO,), ;,(AsO,), 3-8H,0] solid solution
(Muehe et al. 2016).

In Hungary, vivianite occurs in several localities of dif-
ferent geological settings (Szakall et al. 2005). It can be
found in close vicinity of iron ore bodies (Rudabanya, NE
Hungary), recent or former swampy areas together with
bog iron (Somogyszob, South Transdanubian region; Nyir-
ség, East Hungary; Bagamér and Létavértes villages at
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Fig. 1 a Pond (blue line) for disposal of plant waste coming from
extraction and its environments on aerial photographs taken in 1956.
b Contour of the pond and the cassettes are still recognizable on the
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the Hungarian—Romanian border; Fert6 Lake at the Aus-
trian—Hungarian border), in oil shale from the Little Hungar-
ian Plain as well as in clays mainly in the Great Hungarian
Plain.

The study area is situated in the central part of a chemical
plan. The environmental geological survey was begun before
2000; and, up till now, several hundred drillings of different
depth and engineering geological sounding have been made.
Most of the drillings are shallower than 15 m (although some
drillings exceed the depth of 30 m), and several dozen ones
reach 8 m in depth. In the cores there is no vivianite detect-
able by the naked eye, or only some traces can be noticed.
However, in 2007 the occurrence of vivianite was observed
in a discrete part of clustered monitoring wells No. ICE-113
drilled in the central part of the area of the chemical works.
The drilled clayey—silty layers contain numerous vivianite
aggregates of some millimeters in size at 7.6-8.5 m depth
from the surface. Archive aerial photograph in Fig. 1 shows
that next to the site of monitoring well cluster No. ICE-113
an earth-bedded sewage pond with the size of approximately
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aerial photograph taken in 1965. ¢ The ponds and the cassettes are no
longer visible on the aerial photograph taken in 1967. b and ¢ avail-
able from fentrol.hu.
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30x 12 m had been formed where plant waste coming from
the technological process had been disposed of. There is
hardly any information on the date of the building and the
depth of the pond, and the quantity of the plant material
has not been known, either. It can be seen on aerial photos
taken in 1956 (Fig. 1a) and its contour and the cassettes
can be noticed on an aerial photo taken in 1965 (Fig. 1b).
However, it no longer visible on the aerial photo taken in
1967 (Fig. 1c); the sewage pond was filled up, covered with
concrete, and different containers and tanks were deposited
on the site. The aim of this study was to reveal factors (both
natural and anthropogenic) that play a key role in the forma-
tion of this distinct vivianite occurrence.

Geological settings

Quaternary geological history of the Great Hungarian Plain,
the largest landscape unit of Hungary, has been basically
determined by two geological events. The first is the for-
mation of the Pannonian Basin in a structural sense at the
end of the Miocene. This relatively young basin (around 15
million years old) has an anomalous thin lithosphere and
is filled with several thousand meters thick sediment lay-
ers; simultaneous to their accumulation intense volcanism
took place as late as the Quaternary (Jambor 2001; Zelenka
et al. 2004; Harangi, 2001; Bal4zs et al. 2016). Geologi-
cal development of the Pannonian Basin was in close rela-
tionship with that of the Central Paratethys (middle part of
the Paratethys extending from the northern foreland of the
Alps to the Aral Lake). Its final occlusion from the ocean
resulted in a peculiar endemic fauna. Rivers coming from the
surrounding mountainous area formed huge delta systems,
and 4.5-6.5 mys BP the Pannonian Lake, a remnant of the
Paratethys was filled with prograding delta sediments; the
area became a fluvial plain with several small lakes (Kdzmér
1990; Gabris and Nador 2007).

The second is the fact that the area of the Great Hungar-
ian Plain belonged to the periglacial area, where one of the
most complex fluvial systems in Europe developed under the
given climatic conditions (Rénai 1985; Jambor 2001; Nador
et al. 2007; Kiss et al. 2015). The Danube and the Tisza,
the two main rivers of the Great Hungarian Plain, and their
tributaries formed alluvial plains and fans, where large areas
were covered with loess and loess derivatives transported
by strong wind from different source areas (Lehmkubhl et al.
2018). Simultaneously, wind-blown sand and mixed sedi-
ments of sand and loess coming from local fluvial sources
were also formed (Rénai 1985).

The study area is situated in the border area of Hortobagy
and Hajdusag regions, which are lowland terrains of recent
and young sedimentary deposits (Fig. 2). The western part
of the site belongs to Hortobagy plain with a height of 90 m

a.s.l., and the eastern part to the loessy ridge of Hajdisag has
an elevation of 120-150 m a.s.l. The biggest watercourse in
the region is the Tisza River.

On and near the surface there are dominantly fluvial, sub-
ordinately eolian and lacustrine Pleistocene and Holocene
sedimentary formations. Consequently, these sediments
have a quite complex structure with highly varying litho-
logic character, thickness, extension, and, due to the fluvial
environment, interfingering and wedging of the strata.

The thickness of the Quaternary formations accumulated
on the Pannonian strata ranges from 125 to 160 m (Frany6
1992). This dominantly fluvial sediment formation is well-
bedded; its lower part is dominated by gravel and sand layers
with interbedded clayey layers, and its upper part is charac-
terized by fine-grained sediments, i.e. sand—silt—clay layers
and interbeddings (Rénai and Moldvay 1966).

The oldest formations on the surface (loess, loess deriv-
ative, fluvial sandy gravel, gravel, and eolian sand) were
deposited in the Late Pleistocene. In the Hortobagy area,
which is situated at a lower altitude, fluvial silt and clayey
silt as well as fluvial clay, silt and lacustrine clayey silt set-
tled in the Old and the New Holocene, respectively. Saliniza-
tion is common, and it may occur in almost every sediment
type.

Geological features of the study area can be summa-
rized as it follows. In the industrial area, highly cohesive
loamy—clayey solonetz is the dominant soil type with a
maximum thickness of 1 m. The original Holocene soil
occurs only in smaller or larger patches, it is changed by
anthropogenic landfill of varying composition and thickness.
Beneath the soil, there is a 1-3 m thick fine-silty coarse silt
layer with varying clay content (loess derivative). It is fri-
able above the level of the water table, and plastic beneath
it. The loess derivative was deposited on gray or yellow fine-
grained sand, silty fine sand, which is the first groundwater
aquifer. Here and there the proportion of silt is significant,
and the sediment should be regarded as fine sandy silt. It is
not a horizontal formation therefore it can be pitched out. Its
thickness ranges from 1 to 2.5 m.

Beneath this aquifer, there is a cohesive clayey fine silt
(“basal clay” or “underlying clay”) layer with a thickness
ranging from 1.5 to 4 m. Considering sedimentary facies, it
can be regarded as a floodplain deposit, however, the upper
part of the “basal clay” proved to be fat clay based on soil
mechanics consistency tests; therefore, it can be interpreted
as an aquitard layer.

Beneath the “basal clay” gray or brown alternating fine-
layered fine sandy silt and silty sand layers with varying
clay content can be found, the thickness of this formation
is 12—15 m. It can be interpreted as a floodplain deposit
interfingering with levee sandy deposits.

The next formation extends down to 35 m. It is built up
with fine- and coarse-grained channel deposits alternating
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Fig.2 Simplified geological map of the study area based on 1:100,000 surface geological map series of Hungary (https://map.mbfsz.gov.hu/
fdt100/)
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with bluish gray, highly carbonaceous alluvial silts and clays
deposited in a dead water environment.

The potentiometric contour map based on synchronous
hydraulic head data suggests that the horizontal flow of the
groundwater in the first aquifer has a dominantly western
direction (from~2 to 6 m) (Fig. 3). Using HydrogeoEsti-
matorXL Excel-based tool (Devlin and Schillig 2017) the
estimated mean horizontal hydraulic gradient is 0.004 for the
first aquifer. The potentiometric contour map based on syn-
chronous hydraulic head data measured in the second aquifer
shows a simpler flow pattern and indicates a characteristic
western flow direction. The value of the mean horizontal
hydraulic gradient estimated using HydrogeoEstimatorXL
(Devlin and Schillig 2017) for the second aquifer is 0.003.
The vertical hydraulic gradient between the first and second
aquifers varies between — 0.02 and — 0.06.

Methods

Soil samples of the underlying clay bed were taken from the
cutting of the drilling of well cluster No. ICE-113 from vari-
ous depths. Vivianite was separated manually under binocu-
lar stereomicroscope for X-ray powder diffraction (XRPD),
thermal analysis (TG/DTG), and scanning electron micro-
scopic and energy dispersive spectrometry (SEM—EDS)
study.

Sieve and hydrometer analyses were combined to define
the grain-size distribution of seven soil samples derived
from well cluster No. ICE-113 drilling (4.0-4.25, 6.5-6.6,
7.6-7.8,7.8-8.0, 8.0-8.2, 8.2-8.4, 8.4-8.5 m).

To identify the mineralogical composition of the under-
lying clay layer, as well as the presence of vivianite, XRPD
analysis was performed on soil samples derived from 4.0
to 4.25 m and 6.5-6.6 m and on separated vivianite from

Fig.3 Groundwater contour
map and flow direction of the
site showing the elevation of
piezometric surface for the a
first and b second aquifers dur-
ing the autumn season of 2013

7.6 to 8.5 m depth intervals. XRPD analysis was carried
out on air-dried and pulverized soil samples at the Insti-
tute of Mineralogy and Geology, University of Miskolc.
A Bruker D8 Advance type diffractometer was used in
Bragg—Brentano geometry, equipped with Cu anode. Dur-
ing the measurement fixed slit system and a dynamic scin-
tillation detector with secondary graphite monochromator
were applied. The accelerating voltage and current were
40 kV and 40 mA, respectively. Identification of mineral
phases was achieved using Search/Match option of Dif-
fracPlus EVA. Quantitative determination of crystalline
phases was performed by full pattern matching procedure
of the DiffracPlus Basic Evaluation Package software
(EVA 11, Release 2005).

Thermal analysis (thermogravimetry) of separated vivi-
anite from 7.6 to 8.5 m depth interval was carried out at
the Department of Mineralogy and Geology, University of
Debrecen using a Mettler-Toledo TGA/SDTA 851e thermos-
microbalance equipment. Approximately 25 mg of the vivi-
anite sample was heated in an open ceramic crucible at a rate
of 10.0 °C/min up to 800 °C under static air atmospheric
condition.

The morphology and chemical composition of vivian-
ite was investigated by SEM-EDS. A JEOL JXA-8600
Superprobe unit equipped with three wavelength-dispersive
spectrometers and an EDX silicon drift detector (SDD) was
used. These examinations were carried out at the Institute of
Mineralogy and Geology, University of Miskolc. For EDX
measurements 20 kV accelerating voltage was used, with a
probe current of 20 nA.

To demonstrate the spatial distribution of hydrochemical
parameters and selected chemical constituents, the available
data concerning drillings and hydrochemical analyses were
collected. Field measurements were performed by Terra-
peuta Ltd. using Hanna Instruments HI-9828 Multiparameter

meters above
sea level

- meters above
sea level
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Portable Meter. For mapping the distribution of relevant data
kriging interpolation method was used.

Results

Simplified stratigraphy of well cluster No. ICE-113 is
shown in Fig. 4. Beneath the approximately 3 m thick mixed
clayey—silty—sandy anthropogenic filling, there is a 1 m thick

silt (loess derivatives) of brown color followed by a 4 m
thick clayey formation containing vivianite of earthy appear-
ance and bluish color at the depth ranging from 7.6 to 8.5 m
showing aggregates of flattened crystals on a background
consisting of quartz and phyllosilicates (Fig. 5). Accord-
ing to the drilling protocol, the vivianite-bearing layer was
described as homogeneous, cohesive one of gray-grayish
yellow color, which contains horizontally oriented carbonate
concretions in considerable amounts. Detailed macroscopic

DEPTH (m) LITHOLOGY DESCRIPTION SOIL
SAMPLE
0 e e
&OgQOA Pﬁogﬁ Anthropogenic Mixed clayey-silty and sandy filling covered with 10 cm thick brown
5 QQPV QOPV %pv . topsoil.
O QOAOQOA . fill
b O Q Q
>
(OSPROSPACEP
Silt Brown, thinly laminated. Carbonate occurs in the matrix and may
separate as concretion. Iron-manganese concretions are also 1.0 - 4.25m
abundandt.
Clay
Greyish yellow, below 5.2 m grey colour. Laminated. Silt content is
considerable in certain depth. Stiff or firm with low-medium plasticity.
Carbonate concretions are abundant and arranged horizontally. [={p-5-6.6m
Vivianite-bearing Blue earthy vivianite incrustation in grey clayey formation I Eggm
.4 - 8.om
e clay Grey colour. Laminated. Silt content is considerable in certain depth.
-10 4 = Stiff or firm with low-medium plasticity. Carbonate concretions are
pp i CIay abundant and arranged horizontally
= . Grey colour. Laminated. Carbonate content is low in the matrix.
== Sandy Silt Laminae consisting of fine sand and silt vary.
i E Sllty Sand Grey, homogeneous, however silty zones may occur. Matrix is poor in
= carbonate.
Silt Grey colour. Homogeneous, however bands with elevated fine sand
content may occur. Carbonate-poor matrix.
-20 -
Silty Sand Grey colour. Silt content may vary. The amount of fine and medium
sand considerable and some fine gravel may occur. Mica-rich, plant
residues and woody debris are abundant. Saturated.
Clayey Silt Grey colour. Plastic. The lower part is rich in plant residues.
Grey colour. Coarse and medium sand. Saturated. Mica is very
Sand common and the lower part of the layer is rich in plant residue and
woody debris. At the bottom clay pebbles and well-rounded fine
gravels (quartzite) also may occur.
-30
Bluish grey colour. Very stiff. Carbonate-rich in the matrix. Carbonate
nodules aslo may occur. Below 33.3 m colour is green, laminated,

and and becomes silty, while the carbonate content is decreasing.

Fig.4 Schematic geological setting of well cluster No. ICE-113 according to the drilling protocol
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observations and grain-size distribution analyses revealed, Table 1, No. ICE-113, 4.0-4.25 m), it can be regarded as

however, inhomogeneity of the clayey formation (Fig. 6;  clayey silt according to Shepard’s nomenclature (Shepard

Table 1). 1954). XRPD and thermal analytical studies show that
To the depth of 5.2 m, it is light yellow clayey silt con-  the mineral constituents of the layer are quartz (63%),

taining reddish black iron-manganese patches of some illite + muscovite (19%), plagioclase (13%), calcite (3%)

mm in size, fine micas, some carbonate in the matrix, and and chlorite (2%) (Table 2).

based on the results of the grain-size distribution (see

Fig.5 Macroscopic appearance
and SEM photograph of vivi-
anite from the cutting of well
cluster No. ICE-113

BSE Mag: 500x
03.03.2014 HV: 20 kv WD: 10.2876 mm

Fig.6 Field of grain-size
distribution curves for seven
Samples Of a “Clay” layer in the T Fine Medium Coarse Fine Medium Coarse Fine Med.
section of 4.0-8.5 m of the well

cluster No. ICE-113 (for data

see Table 1)

CLAY SILT SAND GRAVEL

80%

60%

40%

Percent finer by weight

20%

0%
0.001 0.010 0.100 1.000 10.000

Grain size (mm)

Table 1 Particle size distribution of the studied soil sample (dominant fraction in bold)

Diameter (mm) Particle size fraction ICE-113 samples

40425m 65-66m 7.6-78m  7.8-80m  80-82m 82-84m 84-85m

0.2-0.63 Medium sand 3.87 - - - - - -

0.063-0.2 Fine sand 4.99 6.35 16.22 8.03 25.26 14.06 23.63
0.02-0.063 Coarse silt 13.84 20.84 24.09 29.81 20.98 21.46 21.45
0.0063-0.02 Medium silt 17.61 44.45 32.15 34.88 28.42 33.15 28.77
0.002-0.0063 Fine silt 21.89 13.82 15.22 15.60 15.93 18.93 16.00
0.002 < Clay 37.80 14.55 12.32 11.69 9.41 12.41 10.16
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Table 2 Results of XRPD

) Sample Quartz  Plagioclase  K-feldspar  Calcite  Chlorite  Illite+mus-  Vivianite
studies of the analyzed samples covite
5.2 m (soil) 63 13 - 3 2 19 -
52-6.6m(soil) 64 13 - 8 9 6 -
7.6-8.5 m (sepa- 27 9 3 - 11 20 30

rated vivianite)

From 5.2 to 6.6 m the formation is mild gray in color,
and homogeneous. It contains mollusk shells (both complete
and fragmented ones) and sporadically fine mica lamellae in
considerable quantity; the matrix contains carbonate in high
amount. Based on the grain-size distribution (Table 1, No.
ICE-113, 6.5-6.6 m), the dominant fraction is medium- and
coarse-grained silt (70 wt%); the proportion of the clayey
fraction is less than 15wt%, and that of the (fine-grained)
sand fraction is not more than 10 wt%. According to Shep-
ard’s nomenclature (Shepard 1954), it can be classified as
clayey silt. XRPD and thermal analytical studies show that
the mineral constituents of the layer are quartz (64%), pla-
gioclase (13%), calcite (8%), chlorite (9%), and illite + mus-
covite (6%) (Table 2).

Beneath 6.6 m, the formation is relatively homogeneous;
light grayish brown in color, fine laminated, and sporadi-
cally contains fine mica lamellae. Between 7.6 and 8.5 m, it
contains dark blue vivianite of earthy appearance and very
low amount of carbonate.

Between 7.8 and 8.5 m fine (sulfate?) precipitation covers
the formation. According to the grain-size distribution (No.
ICE-113,7.6-7.8, 7.8-8.0, 8.0-8.2, 8.2-8.4, and 8.4-8.5 m),
the dominant fractions are medium- and fine-grained silt;
the proportion of the clay fraction considerably decreased
(ca. 10 wt%), and the quantity of the sandy fraction is highly
varying (from 8 to 25 wt%). Due to the varying propor-
tion of the fine-grained sand and clay fractions, they can be
classified as sandy silt or clayey silt according to Shepard’s
nomenclature (Shepard 1954).

The separated vivianite material was studied by macro-
scopic, stereo microscopic scanning microscopic observa-
tions, thermal analysis (TG/DTG), and XRPD techniques.
Macroscopic and stereo microscopic observations suggest
that the vivianite dominantly appears along laminae of the
finely layered matrix, as it were, “impregnates” it; subor-
dinately, vivianite forms earthy aggregates. Back-scattered
electron microscope image of the separated vivianite mate-
rial shows the lamellae of the vivianite crystals grew on the
grains of the formation and filled the intergranular space
(Fig. 5). Thermal features of vivianite have not been under-
stood in all details. Some studies suggest that temperature
loss (together 25% loss of mass) due to one-step thermal
decomposition occurs between 70 and 500 °C with a peak at
about 150 °C (Ogorodova et al. 2017). In contrast, Foldvari

@ Springer

(2011) suggests that vivianite loses its crystalline water
through an endothermic reaction between 250 and 300 °C;
this author notes, however, that crystalline water may be
removed in several steps, too. TG/DTG curves suggest
that vivianite crystalline water is released in several steps
(Fig. 7), which is in accordance with some former studies.
Results of the XRPD study show that besides vivianite, the
separated material contains some quartz, muscovite, chlo-
rite, and feldspars, as well (Table 2; Fig. 8).
Hydro-chemical parameters and concentrations of some
selected chemical constituents from the first and second
aquifers are shown in Table 3. Comparing to the background,
data indicate increased dissolved orthophosphate, sulfate,

A B C D E
| 219% 548% 168% 1.67% 2.69 %
2
mg
100 200 300 400 500 600 700 °C
1 1 1 1 1 1 1
r T T T T T T T
0 10 20 30 40 50 60 70 min
395
100 200 300 400 500 600 700 °C
L 1 L L L 1 1
T T T T T T T T
0 10 20 30 40 50 60 70 min

Fig.7 TG/DTG curves of vivianite separated from the depth of 7.6—
8.5m
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Fig.8 X-ray powder diffraction diagram of the separated vivianite material taken from the depth of 7.6-8.5 m

Table 3 Summary of selected chemical constituent concentrations and physico-chemical parameters in samples from wells screened in the first
and second aquifers

Ist aquifer 2nd aquifer

pond nearby ICE-113 background pond nearby ICE-113 background
PO43’ (mg/dm?) 1040 0.6 (0.5-2.0) <0.5 5-20 0.4 (0.1-1.0) <0.5
SO42’ (mg/dm?) 150-400 50 (30-100) <100 100-270 30(20-43) <50
pH 7.4-7.5 7.4 (7.3-7.6) 7.0-7.5 7.15-74 7.4 6.5-7.5
Eh (mV) 20-180 250 200-260 80-90 100 100-190
DO (mg/dm?) 0.3-0.4 0.5 0.5-2.0 0.3-0.35 0.25 0.25-0.4
NO;~ (mg/dm?) 2-9 1.6 1-10 2-6 0.8 <2
Fe (mg/dm®) 1.5-3.5 0.5 <1.0 4-11 1.5 1-3
Mn (mg/dm?) 0.2-0.5 0.3 0.5-2.0 0.3-0.5 0.5 <0.5
CO,*~ (mg/dm?) <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
HCO;™ (mg/dm?) 16004800 350-600 400-700 1100-2600 500-650 500-650
General redox catego-  Mixed (anoxic) Mixed (oxic-anoxic) 02—Fe3+/SO4 Mixed (anoxic) NO3—Fe3+/SO4

ries and processes NO,-Fe**/S0,

Redox categories in the groundwater were identified by Jurgens et al. (2009)

iron, and HCO;™ concentration, and decreased Eh values in 2005). The point is whether the geochemical features in the
both aquifers in the vicinity of the former sewage pond and  study area are adequate for the formation of vivianite.

well cluster No. ICE-113.
Chemical and physico-chemical conditions

of groundwater
Discussion In the area of the chemical plant, the “basal clay” forming
the floor of the first aquifer was exposed by several drills;
As it was mentioned in the introduction, occurrence of vivi- however, vivianite has not been found in it. The chemical
anite in Hungary is common in terrestrial sediments char-  composition of the pore water in the “basal clay” has not
acterized by reductive environments of high iron(Il) and  been known; however, chemical composition and physi-
orthophosphate and low S*~ concentration of pore water, ~ cal-chemical features of the first and second aquifers are

where pH and Eh conditions are also sufficient (Szakall et al. well studied. Chemical constituent and physico-chemical
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parameter data listed in Table 3 suggest extremely high
orthophosphate concentration in the groundwater within
a distance of 150 m NE of the well cluster No. ICE-113 in
the first aquifer (2—6 m beneath the surface) with a concen-
tration range between 10 and 40 mg/dm? and with a maxi-
mum value of 80 mg/dm?, while the average orthophos-
phate concentration for the whole area of the plan is as
low as 0.5 mg/dm3 (Table 3). Because of the limitation of
available data (n < 10), it is difficult to determine obvious
trends by time series analysis (e.g., Mann—Kendall test);
it can be stated, however, that in the studied time span
orthophosphate concentration in the first aquifer increased
in the area of the sewage pond, while no trend could be
experienced in the monitoring well cluster No. ICE-113.
Moreover, in the vicinity of the sewage pond increased
orthophosphate concentration (5-20 mg/dm?) could be
detected even in the second aquifer, which possibly shows
an increasing trend. Simultaneously to the orthophosphate
concentration, sulfate concentration also increased in the
first and the second aquifers at the sewage pond (150-400
and 100-270 mg/dm?, respectively); time series of the
concentrations suggest increasing—possibly increasing
trend, excepting the well cluster No. ICE-113, where a
decreasing trend is noticed. This decrease in sulfate can
be in relationship with diluting processes at plume margin,
and it can be a consequence of increasing sulfate reduc-
tion following the iron reduction in the Terminal Electron
Accepting Process sequence; as a consequence, HS™ is
formed from the dissolved orthophosphate (Miao et al.,
2012). The sulfate reaction can take place under circum-
neutral pH conditions with considerable H* consumption;
or due to microbiological activity by requisition of organic
carbon or H,, which finally results in pH decrease (Nriagu
1972; Postma 1981; Heiberg et al. 2012; Egger et al. 2015;
Rothe et al. 2014, 2016).

Accordingly, values of Eh and dissolved oxygen have
decreased in the sewage pond area (particularly, in the first
aquifer), while contents of dissolved nitrate and total iron
have multiplied. In the area of the former sewage pond ORP
values measured in the wells installed into the first aquifer
after purging have varied between —365.8 (calculated Eh:
—151 mV) and —65.5 mV (calculated Eh: 149 mV) (with
an average of —205 mV ORP and of 8 mV Eh), for the last
5 years (2014 and 2018); while in a monitoring well near
the site of well cluster No. ICE-113 screened in the first
aquifer the ORP values have ranged from —82.5 (calculated
Eh: 133+ 5 mV) to 142.6 mV (calculated Eh: 359+5 mV)
(with an average of 22 mV ORP and of 238 mV Eh). The
average Eh distribution map calculated from the ORP results
of the first aquifer clearly shows that redox potential on the
site of the former pond is definitely low even nowadays,
which indicates reductive conditions, as it was mentioned
previously. This reductive condition tends to change just in

@ Springer

the environment of the well cluster No. ICE-113 as it is
indicated by ORP, as well as Eh values ranging from 0 to
50 mV and from 200 to 300 mV. The ORP values vary from
—50 to —150 mV (Eh of 80-190 mV) in the second aquifer
and are also lower than the background in the surroundings
of the sewage pond.

A USGD Excel sheet (Jurgens et al. 2009) was used for
identifying redox processes in the groundwater. Unfortu-
nately, however, the redox state of iron and manganese was
not analyzed, and dissolved sulfur was analyzed as sulfate,
therefore, certain forms and the total amount of sulfides is
not known. It is obvious, however, that under the sewage
pond there are mixed (anoxic) redox conditions in the first
aquifer, while mixed (oxic-anoxic) conditions are character-
istic for the well cluster No. ICE-113 and the background;
then again, everywhere in the second aquifer mixed (anoxic)
redox conditions can be detected. Therefore, groundwater
data clearly show that in the area of and some meters sur-
rounding the pond physical and chemical conditions dra-
matically changed compared to the wider environment, and
it may have an effect on geochemical and biochemical pro-
cesses in the area. Distribution maps (Fig. 9) show that the
concentration of dissolved oxygen is depleted not only at the
pond but at the northern part of the study area, too. Possibly,
this depletion has not been the result of the decomposition
of the deposed organic material. It is supported by the fact
that, parallel to a decrease in DO, an increase in dissolved
total iron can be detected in the pond area, which suggests
increasing microbial Fe reduction. This phenomenon can
also be observed in the second aquifer; although it is not so
well-marked there.

Groundwater in the first aquifer is neutral (pH 7.0-7.4);
however, slightly alkaline (7.5-7.8) in the site of the former
pond and at the well cluster No. ICE-113. In the second
aquifer, pH is 7.2-7.3 in the site of the former pond, and it
is 7.3 at the well cluster No. ICE-113.

The pH values do not show a noticeable anomaly, which
suggests that the matter released from the pond did not
induce an essential modification in the acid—base system. It
is important since the formation of vivianite is highly pH-
regulated (Liu et al. 2018). Accordingly, XRPD detected
vivianite with higher degree of crystallization, which is
characteristic for vivianite formed at about pH 7 (Liu et al.
2018). However, pH values of water in the vicinity of the
well cluster No. ICE-113 and the pond are slightly increased,
which suggests intensification of sulfate reduction. Nitrate
concentrations are elevated in both aquifers, but regarding
the first aquifer dissolved nitrate input comes from other
sources, as well.

The concentration of dissolved HCO;™ is particularly
important since it fundamentally influences vivianite for-
mation. As Table 3 shows at the well cluster No. ICE-113
HCO;™ concentrations of the first and second aquifer are
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Fig.9 Distribution maps based on the average concentrations and values of phosphate, sulfate, pH, Eh, DO, nitrate, iron and manganese in the

first and second aquifers in the vicinity of the pond

equal to background values; however, they are multiplied
under the sewage pond.

In our opinion, the high orthophosphate content of the
groundwater is the result of the decomposition of the bio-
mass deposed in the late 1950s and the early 1960s, and
this assumption is supported by the map of the dissolved
orthophosphate distribution in the groundwater (Fig. 9). In
this period, the amount of the processed and then depos-
ited plant litter might be several thousand tons per year.
The depth of the sewage pond is unknown; however, the
increased (5-20 mg/dm?) orthophosphate concentration in
the second aquifer suggests that there could be a direct com-
munication between the aquifers.

Transportation of orthophosphate

The next point is whether the dissolved orthophosphate
could filtrate from the pond to the site if the well cluster

No. ICE-113 is under natural hydrogeological conditions
characteristic for the study area. The upper part of the vivi-
anite-bearing “basal clay” (which can be found from 4.0 to
9.0 m below the surface) can be regarded as clayey fine- and
medium-grained silt, while its lower part is silt. The K filtra-
tion coefficient of the “basal clay” was calculated using the
grain-size distribution curve; this method is widely accepted
in hydrogeological-environmental geological practice; how-
ever, it should be carefully applied. Several mathematical
formulae have been published for estimating filtration coef-
ficient using grain-size distribution curves; however, these
can be applied for sediments possessing a given distribution
and sorting. We used Devlin’s Excel with a VBA code file
(Devlin, 2015). According to the calculations, characteris-
tic filtration coefficient values are 8.2x 10°-1.4 x 107 m/s
and 1.0x 10%-1.8 x 10~® m/s for the more clayey upper,
and for the sandy and vivianite-bearing lower part of the
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Fig.9 (continued)

“basal clay”, respectively. Therefore, the “basal clay” can
be regarded as a leaky confining bed.

Unfortunately, site-specific data for the specific yield of
“basal clay” is not known; however, according to Singhal
and Gupta (2010) effective porosity (or specific yield which
can be regarded as the same) for silt may range from 5 to
20%. Due to high uncertainties, a conservative approach
(advection) was applied to predict the fate and transport
processes of the dissolved orthophosphate. Considering the
calculated horizontal hydraulic gradient of the first aquifer
(0.004), the above-mentioned filtration coefficient, and the
5-20% effective porosity values characteristic for silts, we
can use the formula

_ Kdh

= ndl” M

where v is the seepage velocity of the groundwater in the

“basal clay” as a leaky confined bed; K is the hydraulic con-
ductivity; n is the specific storage; and dh/d! is the hydraulic
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gradient. According to the calculation, during 50 years prop-
agation of the groundwater could range from 3 to 22 m in
the lower, silty part of the “basal clay”’; considering that the
well cluster No. ICE-113 traversing the vivianite-bearing
layer is located 15 m of the margin of the former pond, it can
be stated the dissolved orthophosphate could be advectively
transported by groundwater from the former pond to the site
of the drilling.

Origin of iron

Formation of vivianite requires proper quantity of iron in the
pore water. In the first and the second aquifer, the concen-
tration of the total dissolved iron is about 1 mg/dm? in the
background, while definitely increased beneath the sewage
pond in the first aquifer (1.5-3.5 mg/dm?) and especially
in the second aquifer (4-11 mg/dm?). Temporal change in
dissolved iron in the underground water suggests intensifi-
cation of iron reduction, which is not a simple facilitating
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but indispensable factor of vivianite formation. Consider-
able amount of reduced sulfur in the system may inhibit
this process because it favors the formation of iron sulfides.
Precipitation of vivianite is possible under a relatively nar-
row range of pH-Eh conditions (5-9 pH and from 4200
to — 200 mV Eh) (Lemos et al. 2007; Dill and Techmer
2009); moreover, low S:Fe ratio also favors this process
(Rothe et al. 2016). Depending HCO;™ activity (1og,1c03>3)
siderite may also form at the expense of vivianite, quasi
competing with it for the dissolved Fe?* (Dill and Tech-
mer 2009); however, XRPD analysis did not detect siderite
in our samples. This experience can be explained by low
kinetics of formation and growth of siderite (which is also
characteristic for vivianite) (Postma 1981), and particularly
by the fact that HCO;™ concentration in the well cluster No.
ICE-113 is almost equal to the background concentration. A
considerable increase in HCO;™ activity may favor forma-
tion of siderite at the expense of that of vivianite (Dill and
Techmer 2009). In the surroundings of the well cluster No.

Ny \
W m
Sulphate

2nd aquifer
mg/L
J 400
300
200

Eh
2nd aquifer

ICE-113 the concentrations of HCO;™ are favorable for the
formation of vivianite, while toward the pond, because of
multiplied HCO;™ concentrations, formation of siderite can
be expected.

As a source of reduced Fe, chlorite and micas should
also be considered. On the altered crystal edges and surfaces
exposing the octahedral sites occupied by Fe?, the action
of dissolved phosphate in basic pH may induce dissolution
of cations and subsequent precipitation through crystalliza-
tion of a stable product. In such a situation, the action of
orthophosphate in basic solution is initiating the reaction
on chlorite crystallites, supported by the BSE observations,
that vivianite is mostly formed on the surface of chlorite
rich aggregates.

Another geological factor may also contribute to vivianite
formation. It is highly possible that the water level in the
pond was considerably higher than the static water level in
the first aquifer; therefore, mobile inorganic components,
such as orthophosphate, radially spread from the pond. As
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Fig.9 (continued)

Fig. 10 shows the upper surface of the "basal clay" can be
dominantly found at 90.0-90.5 m a.s.l. and slopes to the
south, however, here and there it is 1.0-1.5 m higher. This
kind of elevation of the "basal clay" occurs at the well clus-
ter ICE-113. East of the pond, however, the first aquifer is
much thicker, and physical, chemical, and lithological condi-
tions characteristic for this bed do not allow the formation
of vivianite.

Conclusions

Vivianite formation in soils and clayey sediments requires
several particular circumstances, such as proper pH and
redox conditions, high dissolved PO,** and Fe** as well
as low HCO;™ and HS™ in pore water. These factors are
basically influenced by the character of microbial activ-
ity, iron-hydroxides, and iron-oxyhydroxides, as well as
sorption features of clay minerals. Based on the available
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geological data, the formation of vivianite in the study
area is the result of the fixation of phosphate released by
the decomposition of organic by-product material which
had been deposed here for decades. Consequently, its min-
eralogical classification could be ambiguous. According to
the recommended definition of the International Mineral-
ogical Association (IMA) Commission on New Minerals
and Mineral Names (CNMMN), a mineral is a normally
crystalline element or chemical compound formed by the
action of geological processes (Nickel 1995); moreover,
anthropogenic substances should not be considered min-
erals even if they were formed by geological processes,
although the borderline between natural and man-made
(i.e. mineral or non-mineral) substances can be unclear in
many cases (Nickel and Grice 1998). The studied vivian-
ite seems to be a simple case in this respect: its crystals
were formed of natural substances in natural geological
medium by action of geological processes. On the other
hand, however, high phosphate concentration at the site is

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Environmental Earth Sciences (2021) 80:558

Page 150f 17 558

Fig. 10 The topography of the
top of the “basal clay” layer o

mASL
©

904

asyw

\

Surface of the
clay basement

meters above
sea level

93

due to human action, and also human intervention made
the accelerated horizontal seepage possible; therefore,
although vivianite formed by natural mineralization, it was
induced by hidden human intervention. The present situ-
ation is one of those special cases, where anthropogenic
mineral formation is revealing underground processes
related to long-term industrial seepage; moreover, our
results suggest that the gray zone between ‘natural’ and
‘anthropogenic’ minerals may be wider than it has been
generally supposed.
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