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VERTICAL MIGRATIONS IN AN ALPINE GRASSLAND
CAMBISOL AFTER LONG-TERM SEWAGE SLUDGE
APPLICATION

MIGRACJE PIONOWE W GLEBIE BRUNATNEJ
ALPEJSKICH U ZYTKOW ZIELONYCH
PO DLUGOTRWALYM STOSOWANIU OSADOW SCIEKOWYCH

Abstract: Differences between vertical mobilities of nuttiand trace elements within a long-term sludgetéta
and an adjacent untreated Alpine grassland camvis@ investigated by column experiments. Thelsii been
intensely fertilized with urban sewage sludge forykars of 7.5 Mg/ha annually, whereas an adjasiémthad
been left untreated. A model column experiment setsup to investigate changes of permeabilities teexcke
element retentions at 0-20 cm and 20-60 cm layeesedf. Elution was performed with de-ionized wadér
amounts of expected rainfall at the sampling 9800 mm), as well as with equal volume of manuterdfiogas
production. Long-term sludge treatment increaseghmic carbon, formation of ammonium and nitrated an
increased vertical mobility of K, P, S, Cu, and Bet also slightly higher (below 10-fold) for Nar, 8a, Ni and
V. Additional application of manure was of minofesft, mainly upon nitrate formation, and upon leaghof Fe,
Mn as well as Fe/Mn proportion. Prior addition &% to the manure in order to increase sulfide préadipin,
mainly affected the output of ammonia, but hartlly tations or anions (e.g. P) investigated.

Keywords: sewage sludge deposition, vertical mobilities oil, ssoil columns, phosphate, sulfate, nitrate,
ammonium, copper, zinc, Fe-treatment of biogaslves

Introduction

Soil is the primary substrate for green plant gtowind a filter for groundwater
formation. After decades of mineral fertilizatiospils have increasing needs to recycle
organic carbon, nitrogen, phosphorus and sulf@oits in order to maintain sufficient soil
life as well as to save energy for ammonia synghigeim atmospheric nitrogen, and import
of phosphates. Sewage sludge treatment plantslhasmgomestic animal farming produce
a lot of organic wastes. Incineration removes pgéins and organic contaminants, and may
solidify toxic metals in the bottom ash. High energeds for drying beforehand are about
equal to the energy gains from the combustion m®@c®8ecause organic carbon and
nitrogen get lost, bottom ash additions to soilsndb contribute so much to soil life than
the original sludge, however.
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As a source of organic carbon, nitrogen, phosphangssulfur, sludge addition should
increase anaerobic soil life and increase fertilitfter production of biogas, the need of
utilization of solid residues still remains. Satioa of adsorbent sites of the original soil
might lead to increased permeation of added méternatop, and on the other hand,
increase of the number of living microorganisms wttdncrease the sorbent capacity.
Manures and residues from biogas production uswahtain more K, N, P, and S than
soils, also more B and Mo, and some of them magdmaminated with Cu, Zn and Se
[1, 2]. Methane formation in biogas facilities loswehe carbon content of the residues and
thus the reproduction potential for humus, whenliegms organic fertilizers to soils [3, 4].

After 30 years of sludge application to a sandy isoNorthern France, enrichment in
heavy metals was more than 10-fold in the uppecmD organic matter increased to 8%
and carbonate was formed. Significant amounts diis@nd organic carbon reached the
lower sandy soil horizon, in spite of increase@mébn capability of organic carbon [5, 6].

Grass roots penetrate soils down to very deep daijguossible, whereas output by
cutting seems comparable to arable crops, if gradsis supplied with sufficient nutrients
[7], and just edible parts of crops are removednfrarable soils. In case of metal
contamination of applied sludges to grassland,ethierno direct impact upon human
nutrition, contrary to arable soils where stapled® are grown.

Input of manure to grassland is a common practiaticularly in Alpine areas.
Effects of soil property changes induced by sluddditions on the migration of nutrients
supplied via manures, has been hardly investigatédbine grassland soils.

Column experiments simulate vertical transports itte groundwater, usually from
the sieved fine part of the soil, without plant eoxand actions of the macrofauna (like
earthworms). Contrary to batch extractions, sé& tian be maintained during a period as
long as crop plants are grown. Addition of watertop can be kept as low as the natural
rainfall. Washout from top and reprecipitation ieeger soil layers caused by pH changes,
redox changes or degradation of organic ligands,beamonitored [8]. Because chemical
equilibrium, if any, differs from layer to layernd because of various metabolism of
archeo-bacteria and fungi, model calculations dfficalt, however, thus necessitating
appropriate experiments.

In anaerobic fermentation to produce biogas, pgddosurning in a local electric power
plant, or selling to natural gas suppliers, sulfontaining components (e.g..%$) in the
biogas residues have to be kept at low levels,usecthe combustion product Si® highly
toxic and corrosive. Evolvation of corrosional3Hcan be substantially lowered by the
addition of divalent Fe-compounds, to form Fe-$hia residue. Divalent Fe is contained in
various hydrogenases and thus acts beneficial &thamogenic archaea [9, 10]. Whereas
the amount of added Fe has been optimized witleptdp the fermentation process, effects
on fertilization in agriculture are lacking, patiarly with respect to P fixation. This work
should also investigate the effects of Fe-enrichiedas manure residues used as organic
fertilizers upon mobility and washout of nutriemgyrassland soils.

Biogas production and subsequent transformatiosleotricity is a promising source
of future income for farmers in rural areas. Soitessn the grassland, however, have been
intensely loaded with manure meanwhile. Therefdhés paper addresses long-term
changes of an alpine grassland soil by sludge egifn with respect to chemical
composition, changes of mobility, and retentionvafious items contained in manure
residues after biogas production.
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Material and methods

Choice and characteristics of the site

In order to address the problem of long-term char@germanent grassland soils by
long-time disposal of sewage sludge, two originaliyilar soils were sampled at 700 m
above sea-level at 2 horizons from adjacent sitéseaexperimental station at Gumpenstein
(Styria, Austria), which means 4 solid samples frobh soils. They are of
a non-carbonaceous cambisol type, consisting ofAamorizon of 20 cm and an
AB-horizon 20-60 cm, which is quite common withhretentire Ennstal alpine region, and
makes 19% of the soils of the entire province ofri&t Average precipitation on site is
1035 mm, and average annual temperature is 6.99€ p@rmanent grassland-site had been
fertilized with urban sewage sludge at 7.5 Mg/halid years, and therefore will be called
the ,high P* (P+ site), whereas the other had gotreatment and will be called ,low P*
(P- site). The P— site had still enough organibaar(classified as medium humics level)
to ensure adequate microbial life. Soils from tame site like used in this work have been
filled into field lysimeters already in 1991, ansed for the investigation of nutrient losses
below bare land and grassland under field conditiafter manure application [11, 12].
The column experiment was run for more than 60 dadséch should match the period of
growing cereals at the experimental site.

The soils were investigated according to Austrigandard methods, as well as
extractions by de-ionized water (saturation watetraet termed as D), 0.4M LiCl
(= exchangeables; after [13]), HCI (= supplemertriand aqua regia (= quasi total). Final
determinations were done by ICP-OES and spectropteity (ammonium, nitrate).
Further fundamental parameters were also done @iogpoto Austrian standard methods,
like pH, lime contents, humics contents (= orgacécbon- 1.72), total N, ammonium,
nitrate, and cation exchange capacity (Table 1).

Tablel
List of Austrian standard methods used for theyamigbf the test soils (available at: www.austrsé@Aadards.at)

Chemical analyses of soils - Determination of orgaarbon by dry combustion

OENORM L1080 with and without consideration of carbonates

OENORM L1082 Chemical analyses of soils - Deterigmaof nitrogen according to Kjeldahl
OENORM L1083 Chemical analyses of soils - Deteriameof acidity (pH value)
OENORM L1084 Chemical analyses of soils - Deteritigmaof carbonate

Chemical analyses of soils - Extraction of elemevitk aqua regia or with

a mixture of nitric- and perchloric-acid

Chemical analyses of soils - Extraction of the@iffe exchangeable cationsGa

OENORM L1086-1 K*, Mg®", Na', AI**, Fé*, Mn?* and H by bariumchloride solution and
determination of the exchange capacity

Chemical analysis of soils - Methods for the extoacof water soluble element:

and compounds
Chemical analyses of soils - Extraction of tra@reints with a solution of lithium
chloride

OENORM L1085

OENORM L1092

OENORM L1094-3

Manure after biogas-production

The test manure contained 95% of water. Quasi-tmatents were determined from
aqua regia digests of the dried sample. Total N dedsrmined by Kjeldahl's method, and
chloride from the water extract by ion chromatodmafl4] (Table 2).
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Table 2
Composition of the biogas manure (in wet weight)
Unit Manure Manure + FeCl,
H,0 [%] 95.1 95.1
pH (H.0) [] 8.4 8.3
pH (KCI) [] 8.1 7.8
Org. subst. [%] 2.0 1.9
Na [mg/dm] 300 500
K [mg/dnT] 2900 3000
Mg [mg/dnT] 500 400
Ca [mg/dm] 1100 1000
Fe [mg/dn] 180 1240
Mn [mg/dnT] 13.2 11.8
Cu [mg/dn] 4.6 48
N-Kjeldahl [mg/dn] 3800 3800
P [mg/dn] 620 550
S [mg/dni] 200 300
Cl [mg/dnT] 2340 4990

The column experiment

For the column experiment presented in this woldiglass cylinders of 60 cm length
and 12.6 cm diameter (125 &mvere mounted in plastic Buechner funnels andetlasith
a nylon gauze at the bottom. The soil samples \aérdried, homogenized, and sieved
< 5 mm. The columns were filled with 22 cm soilrfrache AB-horizons, and then with
16.5 cm of the A-horizons, and wettened from topbtdtom for 7 days to reach field
capacity. After sacking, the column length befaddition of the biogas residue was 35 cm.

The biogas manure had been produced from maizges{25 Mg/d) and pig manure
(20 n¥/d) by anaerobic fermentation in the dark for 6@jand contained 95%,8. The
amount of FeGladded during the anaerobic fermentation biogasdtion process was
done to reach a level of 1000 mg Feldmhich has been regarded to be at optimum for
CH, production.

After rewetting, 49 crhof biogas residue slurry were added on top thecsdimns,
and mixed into the 2-3 cm surface layer, equivalerityz livestock units. The controls got
just the same amount of water. Then the columnse vemvered with quartz sand to
homogenize the added water across the entire sydacl kept in a dark room at 19-21°C.
All column experiments were done in triplicate, aihimade 18 columns in total. 187 eluate
solutions have been analyzed, taken within 49 d8gsne parameters were measured till
day 65.

120 cni of de-ionized water were added 2 times a weekopnwhich resembles the
average natural precipitation of 1000 mm on sitendr Alpine area), and the eluates
sampled. The evaporation was 1.1-1.2 g per catlectessel. The water content inside the
columns was measured by a TDR-probe. The columererpnts were performed during
8 weeks to simulate an average growth period diipadetween cuts [14].
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Results

Changes of the composition of permanent Alpine gratand soil by long-term sludge
application, prior to manure addition

10 years of steady urban sewage sludge applicatiorthe investigated Alpine
cambisol, increased the original grassland sadloincentrations of nutrients N (both nitrate
and ammonium), P, and K, as well as (in alphabletiaer) of Ba, Cr, Cu, Mn, Pb, V, and
Zn, and depleted Ca, Mg and consequently limeeats{Tables 3-5). But changes were not
only found within the quasi-total contents of soslements, but also the proportion of
mobile fractions obtained in batch. Details for ri@ffraction selection have been given by
Unterfrauner [14]. Whereas additional loads of Kl &a moved to the exchangeables, Pb
got enriched in the acid-extractables, and P-CwEEnincreased in all fractions
investigated. To the contrary, exchangeable CaMgdemained about the same, whereas
HCI- and aqua-regia fractions of Ca and Mg got elteal.

Table 3
Fundamental parameters of permanent Alpine gradsiaihused for the column experiments
before and after by long-term sludge application

A - horizon AB - horizon
Parameter Trend
grass sludge grass sludge
Water capacity [cAf100 g] 72 84.1 59.1 71.6 increase
pH (H:0) [-] 7.4 75 7.7 74
pH (KCI) [-] 6.6 6.3 7.3 6.2 decrease
CaCQ [%] 1.6 <0.1 3.8 0.1 decrease
Electrical conductivity [mS/cm] 0.321 0.702 0.365 .61D increase
Organic substance [%] 3.9 7.2 2.9 5.2 increase
KAKp [cmol/kg] 75 140 58 104 increase
Total nitrogen [%)] 0.285 0.426 0.208 0.316 increase
NOs-N (H,0) [mg/kg] 8.4 26.7 7.3 21.4 increase
SO, (H,0) [mg/kg] 5 22 5 17 increase
CI (H,O) [mg/kg] 2.9 41.2 1.4 40 increase
NH;-N (H,0) [mg/kg] 1.0 1.6 0.4 0.7 increase
NH,-N (LiCl) [mg/kg] 20.3 21.1 11 13.7

pH (H,O) means the actual soil pH measured in the wadieact, whereas pH(KCI)
measured after extraction by a KCI-solution indésata potential pH, which includes
exchangeable Hversus other cations applied. A difference betwpkn(H,0) and pH
(KCI) more than one indicates a labile buffer sgste

Table 4
Change of mobilities by long-term sludge applicatiobtained by batch extraction utilizing satunatieater
extract, 0.4M LiCl, 2M HCI and aqua regia, for pament Alpine grassland (A-horizon), given in [mgtky
weight] prior to manure addition

H0 LiCl HCI Agua regia % HCI
Element

grass | sludge| grass| sludge grass sludge grass sludggrass | sludge
Ca 28.2 40.2 971 1077 6711 3976 8155 500 82.3 78.1
Mg 9.1 12.7 194 222 2717, 702 11660 9132 233 7
Ba <0.01] <0.01 0.7 1.7 17.9 45.1 331 68}7 54.1 5.66
K 0.7 59.9 20.4 339 112 418 1058 1612 10{6 25.9
Na 12 7.4 8.0 14.9 21.3 20.5 1014 929 21.0 22.1
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H,0 LiCl HCI Aqua regia % HCI
Element
grass | sludge| grass| sludge grass sludge grass sludggrass | sludge

P 1.2 3.0 18.0 36.2 476 996 113y 2019 41.9 49.3

Al <0.01 | <0.01 7.8 15.1 2499 3084 20540 21160 212. 14.6

Fe 34 0.87 12.3 20.5 4534 504 46770 45170 9.7 211
Mn 0.11 0.05 0.62 14 396 470 639 725 62|0 64.9
Cu 0.02 0.03 0.13 0.25 10.3 20. 3511 533 29.4 1 39.
Zn 0.03 0.03 0.42 0.96 15.0 63.4 98.p 187 15.3 38.9
Co <0.01| <0.01] <0.02 <0.0p 5.47 6.4[7 17{9 17.530.6 37.0
Mo <0.01| <0.01] <0.0§ <0.0% 0.09 0.08 1.04 148 8.7 5.4

Ni <0.01| <0.01f <0.03 <0.04 6.4 8.3 42.6 47]1 .01§ 17.6

Cr <0.01]| <0.01 0.07 0.13 4.5 8.2 39.8 58/4 11.3 4.01
Pb <0.01| <0.01] <001 <0.14 0.24 40.3 29 589 8 0. 684
Cd <0.01| <0.01] <0.01 0.03 0.24 0.48 0.55 0.Y5 .643 573

\Y <0.01| <0.01 0.02 0.06 9.31] 11.9 38.p 450 24.126.4

Table 5
Change of mobilities by long-term sludge applicatiobtained by batch extraction utilizing satunatieater
extract, 0.4M LiCl, 2M HCI and aqua regia, for pamant Alpine grassland (AB-horizon), given in mgtky
weight, prior to manure addition

H0 LiCl HCI Aqua regia % HCI
Element
grass | sludge| grass| sludge grass  sludge graps sludgegrass | sludge

Ca 31 32.3 1001 875 10969 3776 13110 46838 88.7 8[L.4
Mg 6.2 8.2 107 148 4413 781 13290 9224 33.2 8|5
Ba <0.01] <0.01 0.5 1.5 18.8 36.6 335 564 56.1 496

K 0.4 41.5 13.8 250 83.8 337 1028 1508 82 224
Na 0.9 6.9 6.6 14.7 22.4 21.4 1075 1131 20.8 19.1
P 0.33 117 16.0 225 449 770 986 1562 45.5 49.3

Al <0.01| <0.01 6.9 95 2510 3034 20760 211B0 12.114.3

Fe 0.55 1.38 7.95 13.3 4110 5428 46520 45830 88 911
Mn 0.01 0.09 0.33 0.94 403 519 65 756 615 68.6
Cu 0.02 0.03 0.2 0.21 9.7 18.4 33.p 48.5 28.6 38.0
Zn <0.01 0.03 0.27 0.63 14.0 42.1 923 1477 151 72
Co <0.01] <0.01] <0.02 <0.02 5.42 7.1p 17|19 18.130.3 39.6
Mo <0.01| <0.01| <0.04 <0.0% 0.17 < 0.07 0.86 91.0 19.8 <6.4

Ni <0.01| <0.01| <0.04 <0.03 5.8 7.8 42.p 46 13.6 17.0

Cr <0.01] <0.01 0.05 0.08 4.758 7.18 40/1 53|1 11.813.5

Pb <0.01] <0.01] <0.12 <0.1B 18.6 32.6 335 48 555 67.7
Cd <0.01] <0.01] <0.0] 0.02 0.2% 0.37 0.46 0.¢9 .354 53.6

V <0.01| <0.01 0.02 0.04 8.56 11.9 378 4444 23.6 26.9

Effects of sludge pretreatment on transport to thdeachates

Substantial differences between amounts found & ldachates due to vertical
migration were found, which can be more smoothlgregsed in diagrams of cumulative
elutions versus time.

Explanation for Figures 1-9: NP ... original grasslaoil
P-Fe- ... original grassland soil + biogas manure

P-Fe+ ... original grassland soil + biogas manuFeC},
NP+ ... sludge treated soil

P+Fe- ... sludge treated soil + biogas manure
P+Fe+ ...sludge treated soil + biogas manure H#JeC
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pH in the eluates

Within the first 40 days after manure addition, fité (H,O) in the eluates from the
sludge-pretreated samples was higher (pH 8.0-8susepH 7.7-8.2), but after this period it
approached the same range (pH 8.4-8.8). pH chaargessually due to nitrification and
S-oxidation reactions (Fig. 1).
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Nitrate and ammonium

Long-term sludge treatment significantly enhanci#séie and ammonium release from
the test soil columns to levels significantly abalviking water thresholds. The addition of
manure instead of water decreased the cumulatitgubof nitrate from both soil column
types, and enhanced losses of ammonia. With respebe addition of untreated manure,
Fe(ll) addition increased nitrate release, but ceduthe output of ammonium; the latter
was the largest effect caused by Fe addition (Rigsd 3).
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Phosphorus

Whereas there was steady and rather constant eebéds from the sludge-treated soil
columns, the release of P from the original soiwise to detection limits for a long time,
and had a lag time of 50 days (Fig. 4). Fe-additoothe manure applied on top reduced P
washout at the high release rate.

Sulfur

ICP-OES measurements cannot discriminate betwe#uar species in the eluate.
Elution of sulfur-compounds from the sludge-preteeasoil columns was significantly
higher (Fig. 5).

Differences between leaching due to water or maadditions were marginal, in spite
of S additions from the manure.
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In spite of the high soil pH, some Fe was eluteinfrboth soil column types, more
from the sludge pretreated ones in spite of ithdigoH. Manure addition slightly lowered
the Fe-release, and Fe-treated manure surprisavgly more (Fig. 6).

Contaminant metals (Zn, Cu, Pb, Cd, Ni, V)

Zinc (and also Mg) were the only elements, of whichah#put from the original soil
was more than from the sludge-treated one, thowih got enriched in Zn by sludge
addition. Contrary to all other items investigatetidition of both manure and iron
decreased Zn-mobility (Fig. 7).

Copper release from the sludge-treated soil was much rttmae from the original
one. Additional manure application on top increaSeeoutput from the columns (Fig. 8).

Leaching of Pb, Cd, Ni, and V was slightly higheyrh the sludge pre-treated columns
(graphs not given), but some eluate-fractions ek¢hwere below detection limit of the
ICP-OES.

T R R
N
(U030 o ---mmmmmrm oo W
T
g Q025 o -onrem e i B
= " B SNP
- i #PFe
= 0020 oo n_ g
< w_f H *P-Fe+
) P NP+
E‘ OP+Fe+
0.010 4----------mmom e L
» !E ’ 9 :
- -8 N -
[L["]:J' ----------- I'! -------------- - - s" bl o
;g ey
O J- 0933"-"3
0.000 ——— : . . : '
0 10 » 0 40 50 60 70

days
Fig. 8. Cumulative Cu-output [mg per column]

Others (B, Al, Mn, Na, Mg, Ca, &, Ba)

Whereas Ca and Al elution was in the same ranga @raginal and sludge-pretreated
samples, Na, Sr, and Ba was slightly higher (bel®afold), and Mg surprisingly lower
from the sludge-treated samples.

Release oMn was almost negligible within the first 55 daysdeauddenly increased
from the sludge-pretreated samples (Fig. 9).

The release oboron from the sludge-treated samples was slightly highed Fe
addition decreased B elution in both cases, buttdueery low levels encountered, some
data were below detection limits (Fig. 10).
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Discussion

Effects on the N-cycle

Usually, most concern deals with the loss of rét@d ammonia to deeper soil layers,
because of nutrient losses and groundwater conédimin Though most of the N-input
from sludge or manure is presumably ammonia orrocgaound nitrogen, the proportion
of NOs-N / NH4-N, which might indicate the redox potential, dint show clear time trends
and was about 20 times higher from the sludgedtesamples.

When sewage sludge applied on top of columns od sarcoal fly ash, nitrate in the
leachates appeared on the second day from the @adichn the fifth day from the fly ash.
Ammonium retardation was 2 times the nitrate inghad, and 1.5 times the nitrate in the
fly ash [15, 16]. Excessive output of nitrate andnzonia from the sludge-pretreated
sample columns in the current work, however, indiséntense nitrification processes.

The output of nitrate from previously high produetiand currently bare soils had
already caused some concerns with respect to leiggisl in potable waters. This led to
recommendations to grow intermediate plant covéies ¢he harvest of cereals and maize

(e.g. [17]).
Effects on the P-cycle

At the pH given, P-release should be governed biiGahosphates, but low levels of
Ca and Mg in the solid and high pH indicate veftiearansport in organic or colloidal
form. A look into references from the last yearseads that speciation of vertically
transported P is greatly influenced by the actodllge, and speeded up by conversion to
metabolized forms.

When sewage sludge applied on top of columns ofl gancoal fly ash, 95-98% of
total P found in the effluents was ortho-phosplia®d. But when columns of pasture soils
of 11% clay were amended with poultry manure on, teyater extractable and
alkaline-EDTA-extractable P were highest after £k& and then decreased to a constant
value. *P-NMR of alkaline EDTA extracts detected 68% of $aathophosphate in the
original soil, and 58% orthophosphate, 30% monoegteosphate and 10% diester
phosphate in the poultry manure. The cumulative tifSeachate P from the columns was
linear over 10 weeks of sampling, and filtratiorttoed leachate removed just minor amounts
of P [18]. Within the column, manure - P speciesrevéransformed, and diester-P
accumulated in 10-15 cm depth, maybe due to theergéon of microbe-derived
phospholipids and nucleic acids. Leachates fromtBrated soil columns exerted a steady
increase in the proportion of soluble reactive iAkdd to phosphatase activities in
respective batch experiments [18].

The capacity of soils of pH 5-6 and 4-6% organichoa to adsorb additional
phosphorus from poultry manures decreased witteasing duration of manure addition.
The equilibrium concentration of total dissolvednBreased linearly with greater amounts
of total P in soil up to a threshold, above this thcrease was much steeper. In high
manured soils, Ca-phosphates were formed, #ReNMR of respective alkaline soil
extracts showed 51% P-monoesters and 11% diestedspnly few relevant differences
between organic P-forms after short-term and l@angitmanure amendments [19].

In water-saturated soil columns, organic carbonteadstimulated microbial uptake
of P, or at least chemical interactions betweeranirgcarbon and P reduced its solubility.
In the leachates of manure amended soil columese tivas a strong relationship between
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cumulative total P and total organic C. Liquid awdid manures differed greatly in carbon
speciation also. Liquid manures mainly consistedasboxylic or phenolic compounds and
aromatic ring structures, which are more resistarsterobic oxidation, thus they moved to
a greater depth in the soil profile [20].

It can be concluded that long-term sludge amendragrthe test site significantly
increased phosphate metabolic processes, whicepep the washout.

Effects on the S-cycle

Sulfur elution was substantially higher from thaedge-pretreated sample columns, but
effects of manure additions instead of water wegnal, as well as the impact of
Fe-additions to precipitate F£SS had not been determined in the test manurebibgas
residues are expected to contain 0.24-1.08% Syimuss [1]. In our case, the utilized
manure had 95% water, which means max. 0.5 g Sitperand this should completely
react with 1 g of Fe(ll) per litre to yield insollebFeS.

Iron and metals

Because of alkaline and fluctuating pH, in the abseof organic ligands, Fe and many
metals should be retained in the columns mainlyyalsoxides or carbonates. In fact, in this
work, output of Mn as well as of Ni, Cr and V wasv| but the mobility of Fe, Cu and Zn
was much higher than expectable from hydroxideasb@nate solubilities. When sewage
sludge applied on top of columns of sand or coalah, which are presumably dead
substrates, the release of Cd, Cr, Cu, Ni, Pb anav&@s below 2% and stabilized at low
levels [15]. But it had been shown that in sewdgdge amended soils, increased presence
of N- and S-containing groups enhances the compitexaof metals. Whereas the
hydrophobic fraction adsorbs onto various soil mahghases, dissolved organic matter
may also extract previously adsorbed metals, pdatity Cu. Cu might be precipitated as
Cu-sulfide, Cu-phosphate, taken by microbial bisspand forms the strongest complexes
with soil humics. Cu complexation with soluble lowelecular organic matter obtained
from sewage sludge, occurred between pH 4 and pldtd peaked at pH 6.5. Addition of
soluble organic matter from liquid sewage sludgsulted in the release of soil adsorbed
Cu from a contaminated soil of 527 mg Cu/kg [21].

In irrigated soils incubated with anaerobic sewalyelge, polluting trace metals may
be immobilized, or mobilized through organic mattesbilization. Sludge added on top of
soil columns at 69 Mg/ha (dry weight equivalent)l o an increase of soil pH and
exchangeable Ca+Mg, and formation of Al-hydroxidecipitates. Water addition on top
resulted in downward transport of Cr, Cu, Pb andafm precipitation in deeper horizons,
thus less than 2% of added loads were collectéueirluates. Fe particles enriched with Cr
were identified [22].

Agricultural soils from Tuscany (ltaly) treated tvisewage sludge 10 years ago,
treated recently, as well as controls, were padktmcolumns and loaded on top. Metal
sorption applied as nitrates at pH = 2 or pH = drélased in the order Pb>Cu>Zn>Ni>Mn.
The sludge-pretreated soils had a higher retemtipacity for all metals applied, indicating
that the added organic matter was responsible ftainsorption. Grain size effects were
most pronounced for Cu [23].

But the situation for Zn in this work is surprisipgeverse, which might be due to the
amount of loads. Zn might be retained as ZnS, Zwsphates, or increased uptake by
microbial biomass. At moderate loads of sludge KMi@ha as dry weight; in the current
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work, load was 7.5 Mg/ha d.w.) added to neutral tarbon soils to increase organic matter
at 3 g/kg, the retention of zinc applied to soilutons was reduced, but increased at high
loads. Colloid concentrations in the leachates,ctvhivere measured by absorbance at
500 nm, were significantly associated with Zn elnti During incubation, substantial Zn
moved to a non-soluble soil pool. Effects of sludlgguced changes were more pronounced
in soil samples of low soil organic carbon, lowycknd high sand contents [24]. Similarly,
addition of composted sewage sludge to soil coluraterded the elution of added metals
by simulated acid rain. Exchangeable and weak aocidble fractions were readily
transported through the column profile, leavingslesobile fractions untouched. In the
combined profile, added metals were transportech fthe compost layer to deeper soll
layers and retained there [25].

The effect of Fe-treatment on the mobility of man@added to the top of the soail
columns was surprisingly low. FeCadded during the anaerobic fermentation biogas
formation process at a level of 1000 mg Fe/dmd been regarded to be at optimum for
CH, production. The re-oxidation of iron sulfides undaerobic conditions might
immobilize P, which explains the lower release fritnv@ sludge-treated columns [18].

Element proportions

Proportions of elements with similar properties ntaly something redox changes,
depletion of phases and the like. Sludge pretreattisignificantly enhanced the proportion
of K/Na in the eluates, or in other words, the veagtof K increased about 5 times more
than of Na. At this rather low level of alkalinerés, Ca/Mg steadily decreased in eluates
from the original soil, but remained about consfamtn the sludge-treated soil. The output
of Mn was generally low, but increased sharplyra®tenonths from the sludge-pretreated
material.
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Fig. 11. Proportion of Fe/Mn in the eluates
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Fe/Mn in the eluates might reflect the redox pa&tnm the columns, it was about the
same and decreased steadily, but in case of slielgied samples, an intermediate
maximum appeared after about 35 days, which wasotilg case of all parameters
investigated. This maximum was smaller, when mamas applied on top of the columns
instead of water (Fig. 11).

Conclusions

Effects of sludge pretreatment on transport to thdeachates

Sludge-pretreatment significantly lowered the rétencapacity in the soil column,
except for Zn. Because of high pH in the leachdtessport was presumably mediated by
soluble or colloidal organic compounds. The leaetmitput from sludge-pretreated
columns was significantly higher for ammonium, ai&, K, P, S, Cu, and Fe, but also
slightly higher (below 10-fold) for Na, Sr, Ba, Hihd V. For Ni and V, however, as well as
for Cd and Pb, some element concentrations inltietes were below detection limit of the
ICP-OES. Ca and Al elution was in the same rangenforiginal and sludge-pretreated
samples, and Mg and Zn elution was even more fl@columns of the original sample,
though soils got enriched in Zn by sludge additidhis might indicate enrichment in
increasingly formed biomass. Though the mobilitppofon in soils is generally high, boron
release was generally low, and slightly more fraduxge-pretreated samples.

Vertical losses of nitrate and ammonium are of sooreern to groundwater quality.

Increasing mobility also means increasing availgbilo green plants on site. The
experimental conditions within this context repredeare soil without plant cover, and thus
the worst case of vertical migration. Thus, keepdage soil at sludge-treated sites should
be avoided in order to protect local groundwater.

Effects of biogas manure applied on top of the colans

The manure applied on top of the soil columns daethin dry weight more N, K, P,
Na, Ca and Cu than the soils, about the same tdWdlg, and less Fe and Mn, in spite of
Fe-spiking. Other elements had not been deterniméte manure. In general, its influence
on the leaching behaviour was much lower than tfierdnces caused by long-term sludge
treatment. Manure addition slightly increased léaghof P, K, Ba, Al, Ni, V just in
sludge-pre-treated samples, and increased relé&dg and Ba from the original soil. Due
to scattering, differences were insignificant fét @s well as K/Na and Ca/Mg proportions.

B leaching got less from the original soil, anddeklition decreased B elution in both
cases.

Manure addition increased Mn leaching after a tiageof 55 days, but just from the
sludge-pre-treated soil. The intermediate maxim@ifeedMn, which appeared after 35 days
just from the sludge-treated samples, got loweraftanure addition

Effects of Fe(ll) addition to the biogas manure aplied on top of the columns

Beneath Fe-contents, Fe(ll) addition did not chamgeh of the composition of the
biogas manure applied on top the soil columns, gxskight enhancement of N, K, B, Cu
and Zn, as well as some decrease of P.

Fe-addition to the manure should fix sulfide by igyrformation, but differences
between application of manure and Fe-added manere small; the largest effect was the
decrease of the output of ammonia from the sludg&gmted samples. In addition,
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cumulative elution over the 60 days period gothgliglowered for K, P, B, Mg, Ba, Fe,

Cu,

Zn, Mn and Nijust from the sludge-treated soil columns, as a®IB and Fe from the

original. Fe-addition to the manure enhanced aetufar NO, from the sludge-pre-treated
columns, as well as Mg and Cu from the originakeKulted in no significant differences
for pH, S, Na, Ca, Sr, V.

Lowering of Fe-washout by Fe addition to the apgpliganure was certainly surprising.

Final conclusions

Long-term sludge treatment changes grassland sigitsficantly. In this case, vertical

migration was much more affected than changes asigotal concentrations (aqua regia).
In spite of alkaline pH in the eluates, there walsstantial leach from the columns, which
means groundwater infiltration in the open fieldpplication of manure instead of

infiltration water was of minor effect. Addition &fe(ll) to get a fixation of sulfides mainly

affected the output of ammonia, but hardly thearetior anions (e.g. P) investigated.
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