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ABSTRACT

Nutrient Mobility from Biosolids Land Applicationit®s

by

Mai Anh Vu Tran, Doctor of Philosophy
Utah State University, 2008
Major Professor: Dr. Michael J. McFarland
Department: Civil and Environmental Engineering

Three types of biosolids (lime-stabilized, aerabicdigested, and anaerobically
digested biosolids) were applied on 0.13-ha tesspin disturbed rangelands in Western
Utah at rates of up tawenty times (20X) the estimated N-based agronaiaie. Soil
samples at depths up to 1.5 m were collected aatiyzed for nitrogen, phosphorus,
regulatedmetals, pH, and electrical conductivifgr up to two years after biosolids
application.

NHs-N at the soil surface (0.2 m) was primarily lostrough ammonia
volatilization and nitrification. This observatiovas consistent with reportéacreases in
nitrate (NQ-N) concentrations foundithin the soil surface othe biosolids-amended
sites. A nitrogenmass balance on the surface soil control volumécated thatthe
nitrogen residual fieldneasurements were significantly higher than theogén level
estimated by accounting for nitrogen inputs (bims)l and outputs (vegetative yield,
nitrogen volatilization and nitrate leaching). Badids land application led to increases in

vegetative growth and dry matter yield when comgdrevegetation grown on control



plots. Based on the Root Zone Water Quality Model (RZWQMg modelpredicted
NH,4 and NQ storage values at biosolids-amended sites wendfisantly different from
the field data, whiclsuggests that the model default and limited medsvatues were
inappropriate for a non-irrigated rangeland langsca

The majority of total P and plant available P awalation was found to occur
primarily within the soil surface (0.2 m). Phosphorus segidual measurements were
higher than phosphorus accumulation based on gppboss mass balanet soil surface.
The phosphorus leachability to ground water at lifwesolids-amended treatment sites
was low based on the molar ratio of ([PJ/([Al]+[epnd the potential formation of
calcium phosphate (G@&0Qy)2). Aerobically digested biosolids appeared to eeaptimal
biosolids type with regard to minimizing the adweesnivironmental effects of phosphorus
based on the Phosphorus Site Index (PSI).

Regulated metal concentrations (As, Cd, Cu, Pb, MpSe, and Zn) were well
below the cumulative pollutant loading limits foiobolids-amended soils. Finally,
nutrients as well as regulated heavy metals agsocwith biosolids land application to
disturbed rangelands do not pose any signifittaneat to the environment.

(147 pages)
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CHAPTER |

INTRODUCTION

Definitions of Biosolids

Residual solids or sewage sludge is produced gfwrothe processing of
wastewater at municipal wastewater treatment plafte higher the water-quality
standards for municipalvastewater effluents, the more sewage sludge isuped.
Consequently, cost-effective means of reusing spasing of sewage sludge in an
environmentally safe and acceptable manner areede@dcFarland, 2001). In order to
reduce the potential environmental and human hewks from the beneficial use and
disposal of sewage sludge, Section 405 of the Clgater Act (CWA) was amended in
1987. With this amendment, numeric limits and managnt practices to protect public
health and the environment from adverse effectpafiitants found in sewage sludge
were promulgated by the U.S. Environmental PravecAgency (USEPA). The final 40
CFR Part 503 Rule (Standards for the Use or Digpufs8ewage Sludge) was released
by the USEPAon February 19, 2003.

The termbiosolids was adopted by the USEPA in recognition of the fplan
nutritional and soil conditioning value of sewadedges that meet the regulatory
requirements specified in the 40 CFR Part 503 RuleFarland, 2001). According to the
USEPA (2000), biosolids are “primarily organic mabs produced during wastewater
treatment which may be put to beneficial use”. Bims are also defined as “a slow
release nitrogen fertilizer with low concentratioof other plant nutrients” (USEPA,

2007). Thus, the outstanding difference betweenagewsludge and biosolids is that



biosolids must meet specific quality parametersadified under the 40 CFR Part 503
rule (USEPA, 2007).

Approximately 3,300 of théargest wastewater treatment facilities out of 88,5
produce more than 92% of the total biosolids inliited States (U.S.) (NEBRA, 2007).
As reported by NEBRA (2007), 7,180,000 dry U.S.starfi biosolids were beneficially
used across the United States (US) in 2004. Of &&% of the beneficially reused
biosolids were applied to soils for agriculturalrposes or land restoration while
municipal solid waste (MSW) landfills or incinerani facilities were responsible for the
remaining 45% (NEBRA, 2007). According to Natioribsolids Partnership (NBP,
2006), 63% of the total biosolids generated (~miillion tons) were recycled in 2000.
By 2010, it is anticipated that 70% of ttwtal biosolids generated will be recycled (NBP,

2006).

Classification of Biosolids

There are two types of biosolidsased on the pathogen characteristics. Only
biosolids that meet th€lass A or Class B categomypay be legally land applied
(McFarland, 2001; USEPA, 2000). Class A biosolidséhno detectable pathogens (fecal
coliforms orSalmonella sp.) and can be applied safétylawns, home gardens or other
public contact sites. To achieve Class A biosolidsstewater treatment plants can
choose one of six alternatives listed in the 40 Gt 503 Rule (McFarland, 2001).
With Class B biosolids, the concentration of pathgyis reduced sufficiently to protect
human health and the environment. Wastewaterntezdt plants may choose one of

three alternatives to meet Class B pathogen-raeztuctiteria.



In addition to Class A and Class B biosolids, ¢hés a special category of
biosolids called exceptional-quality (EQ) biosolid=r biosolids to be considered EQ
material, biosolids must meet three requiremerdisiging: 1) the pollutant concentration
limits (mg/kg) may not be exceeded, 2) one of thas€ A pathogen-reduction
alternatives must be met, and 3) one of the figgitevector attraction reduction methods
must be employed (McFarland, 2001). ExceptionaliyugEQ) biosolids are not subject
to management practices or land application remergs listed in 40 CFR Part 503 Rule

and may be land applied as free as any commessidlZer (McFarland, 2001).

Sludge Processing

It should be noted that sludge becomes biosoBdsraeets the requirement in the
40 CFR Part 503 Rule for land application or swfdsposal. There are typically four
major sludge processing operations at wastewateatnrent plants including a)
thickening, b) stabilization, c¢) conditioning, adyl dewatering. Thickening is a process
that removes water from sludge generated at wastewaatment plants. A significant
volume reduction is achieved after thi@ckening process, which also reduces both
capital and operational costs for the subsequergobds-processing steps (McFarland,
2001). Sludge thickening is effectively achievedabgumber of physical means such as
gravity thickening, flotation thickening, centrifalgthickening, gravity belt thickening,
and rotary-drum thickening.

Stabilization is typically the next processing @on after thethickening
process. Stabilization attempts to accomplish a bmmof objectives including a)

reduction or elimination of vector attraction, leduction of pathogen concentrations, c)



elimination of offensive odors, and d) reduction eimination of the potential for
putrefaction (McFarland, 2001). Stabilization ishi@gwed by the following methods
including a) anaerobic digestion, b) aerobic digestc) lime treatment, d) chlorine
oxidation, and e) composting. In most cases, statibn results in sludge volume
reduction. However, for some stabilization methaalg., lime stabilization, there is an
actual increase in sludge volume resulting fromslnege stabilization process.

Conditioning is a process that involves chemiagad/ar physical treatment of
sludge prior to thelewatering process. Chemical conditioning typicatigreases the
sludge particle size with the formation of largegegates from small particles. Water
removal from sludge is enhanced and solids captuienproved by theconditioning
process (McFarland, 2001; USEPA, 1983).

The dewatering process involves an overall sludglkime reduction. After
dewatering, sludge is no longer fluid and must Handled/transported as a solid

(McFarland, 2001; USEPA, 1983).

Land Application of Biosolids

Biosolidsare effectivesoil conditioners and a low cosburce of plant nutrients.
Managing biosolids is one of the most expensivavities of wastewater treatment
plants. For example, because of the Ocean BanfAd3?, sludge discharge to oceans is
now illegal. Similarly, the difficulty in sitting wnofills (biosolids only landfills) and the
reluctance of municipalities in co-disposing of gobds within municipal solid waste
(MSW) landfills makes surface disposadolitically and economically difficult.

Incineration of biosolids is a technically feasibjation but air quality concerns make this



publicly unacceptablen many areas. Therefore, beneficial use of bidsalhrough land
application represents a technically feasible ayulaly acceptable option for managing
biosolids (McFarland, 2001; USEPA, 2000).

Biosolids land application refers to the applicatof any form of bulk or bagged
biosolids to land for beneficial use. Biosolids nimeyapplied to agricultural land for food
production, to pasture and rangelands or to distiitands. These biosolids management
practices are considered as beneficial uses (Maf@r2001; USEPA, 2000). In order to
legally apply biosolids to land, any biosolids applmust meet six requirements
including a) general requirements, b) pollutantitém c) management practices, d)
operational standards covering pathogen and vetti@ction reduction requirements, €)
recordkeeping requirements, and f) reporting resments.

It should be noted that only nine heavy metals, @&, Cu, Pb, Hg, Mo, Ni, Se,
and Zn) are currentlyegulated for biosolids land application. Thesevigemetals are
regulated with concentration limits and loadingerlmits. Concentration limits refer to
limits of heavy metal concentration in biosolidsilhoading rate limits the rate at which
biosolids can be applied to land. Concentrationitémare further categorized into two
types including ceiling concentration limits andlpt@ant concentration limits (Table 1).
Ceiling concentration limits decide whether biodsliare qualified for land application
whereas pollutant concentration limits define bimsothat are exempted from meeting
pollutant loading rate limits (McFarland, 2001; USE 1995). The metal limits in soils
receiving biosolids land application are represeritg the cumulative pollutant loading

rate and annual pollutant loading rate (Table 2).



Table 1. Concentration limits for biosolids appliedands

Pollutant Ceiling concentration limits | Pollutant concentration limits"
(mg/kg)®® (mg/kg)
Arsenic 75 41
Cadmium 85 39
Copper 4300 1500
Lead 840 300
Mercury 57 17
Molybdenum 75 NASSS
Nickel 420 420
Selenium 100 36
Zinc 7500 2800

SAdapted from USEPA (1995) and McFarland (2001)
$Dry-weight basis

$S3USEPA is re-examining the limit
"Monthly average concentration

Table 2. Loading rate limits for land-applied bilids®

Cumulative pollutant loading | Annual pollutant loading
Pollutant rate limits rate limits
(kg/ha) (kg/ha)
Arsenic 41 2
Cadmium 39 1.9
Copper 1500 75
Lead 300 15
Mercury 17 0.85
Molybdenum NASS NASS
Nickel 420 21
Selenium 100 5
Zinc 2800 140

SAdapted from USEPA (1995) and McFarland (2001)
$SUSEPA is re-examining these limits

As reported by USEPA (2000), approximately 54%wastewater treatment
plants chose land application as an option forrtheosolids management. Land
application of biosolids steadily increased in 1880s due to decreasing availability and

increasing costs of landfill disposal methods (UBERO0O0O). In addition, biosolids



guality has been improved through the implementatbthe Nationwide Pretreatment
Program that requires commercial and industriattdisgers to treat or control poluttants
in their wastewater before discharge to Publiclyn@d Treatment Works (POTWSs). The
adoption of the 40 CFR Part 503 Rule led to a @bescy in procedures of biosolids land
application across the nation (USEPA, 2000).

Land application of biosolids has both advantages disadvantages. Advantages
of biosolids land application include improving Issiructure, reduction in soil erosion,
increases in vegetative growth and enhancing soikture infiltration. Disadvantages
include uncertainty about fate and transport of-matal pollutants, potential odors and
public perception about environmental impacts ofllapplication.Because biosolids are
rich in nutrients, land application is an efficiemay to recycle these nutrients onto soils.
In addition, land application of biosolids has avén capital investment than other
biosolids management technologies such as surfep®sal or incineration (USEPA,

2000).

Research Objectives

United States (U.S.) rangelands provide foragevitalife and livestock
production, habitat for native flora and fauna aradersheds for rural agriculture.
However, because of past grazing practices, tteasgelands are in a variety of
conditions ranging from severely degraded landscépéully functional ecosystems.
Poor rangeland management has led to increas@sail £rosion, 2) water quality

deterioration, and 3) wildfire frequency and extdrite overall goal for the present study



is to evaluate the fate of nitrogen (N), phosphd@R)s and metals from biosolids applied

to disturbed rangelands. The following list summesithe project’s objectives.

1. Monitor the nitrate disturbed soils with and without biosolids
amendments.

2. Conduct N mass balance.

3. Simulate nitrogen transport using the Root ZoneeaWNgluality Model
(RZWQM).

4. Monitor total phosphorus and bioavailable phospid@isen P).

5. Conduct P mass balance.

6. Calculate P-based agronomic rate.

7. Evaluate theffects of metals (Al, Ca, and Fe) on P leachahilit

8. Evaluate P mobility using empirical correlationgvibeen P loading rate
and P accumulation at soil surface.

9. Evaluate phosphorus leachability on biosolids aredngites using
Universal Soil Loss Equation and Phosphorus-SidexrnPSI).

10.Develop strategies to reduce N, P availability samchinimize N, P loss
from biosolids land application sites.

11.Investigate plant species at biosolids land apttinssites.

12.Evaluate the accumulation of regulated metals @&, Cu,, ammonia,
pH and electrical conductivity (EC) in Pb, Mo, e, and Zn) within

the soil profile of sites with and without biosdidmendments.



CHAPTER II

LITERATURE REVIEW

Soil Nitrogen

Nitrate and ammonia are assumed the only fornmstifgen that are available for
plant uptake in the present crop-growing year (Miztral, 2001). Therefore, the term
mineralization refers to the transformation of any organic N (@m@teins, nucleic acids,
or amino sugars from microbial cell walkg) these inorganic species. The mineralization
is mediated by microbial activities in soil and asrgianic form of N is converted into

NH,". Pierzynski, Sims, and Vance (2000) summarized\thmineralization process as

follows:
proteolysis, aminization
Organic N » R-NH, + CQO, + energy, by-products (1)
ammonification
R-NH —> NH; + H,O — NH4Jr + OH (2)

The mineralization of organic soil nitrogen hasrbéescribed by the first-order kinetic
model in which the change in mineralized N in se#pective to time was related to the
initial amount of organic N (Pierzynski, Sims, aviance, 2000).

NH4" can be taken up by plants or it will be conveited nitrate (NQ) through
the nitrification process. Nitrification is an abro process mediated by microbial

activity. NH," is first oxidized to nitrite (N@) by the bacteriunNitrosomonas. Nitrite is
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then oxidized to nitrate (N by the bacteriunNitrobacter. The overall ammonium
oxidation to nitrate is described as followed:
N + 3/20 — NO, + H,0 + 2H' (3)
NO*+ 1/2Q — NO3 4
Then NQ is taken up by plants or is converted tg s through denitrification.
Denitrification is an anaerobic process, whichubjsct to reducing conditions in soils.
The final product of denitrification process isragen gas.
AN@+ 4H" — 2N, + 50, + 2H,0 (5)
Additionally, NH;" may be lost as ammonia gas through volatilizatidrich is
strongly dependent on pH and temperature of soids sbome other soil properties. For
example, ammonia volatilization may be a significaitrogen-removal mechanism in
alkaline soils (i.e. soils with high pH), or caleaus soils, or soils with low cation
exchange capacities (CEC) and high temperature (oecipitation). The chemical
mechanism that facilitates ammonia volatilizatisméescribed in EqQ. 6:
NH'(ag) + OH < NHs(g) + HHO (pKa = 9.25) (6)
An increasing pH shifts the reaction to the rightl aesults in an increase of ammonia
gas. NH" may also be immobilized by soil microorganismserheld as exchangeable
ion by soil colloids or clays (Pierzynski, Simsdaviance, 2000). For a summary of the
soil nitrogen cycle, Figure 1 illustrates the pipad sources and sinks of nitrogen in soil.
Both organic and inorganic nitrogen are added dits during biosolids land
application. Then N may be converted to nitrate (NDthrough nitrification or N
may be lost as ammonia gas (NSierra, Fontaine, and Desfontainers, 2001; &hl.e

1999; Robinson and Polglase, 2000). Ammonia gesrisidered a greenhouse gas since
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N fertilizer
ll.\l Exgd by combustion, Soil surface with land-
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h

/ /
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Vs

> NH,* {soill

Figure 1. Nitrogen sink and pathways in soil. Aéaplrom Manahan (2001)

it forms transport aerosols in the atmosphere (MeadAssadian, and Lindemann,
2006). Wang, Kimberley, and Schlegelmilch (200®oreed that mineralization of
organic N during biosolids land application is degent on temperature and soil type,
which was demonstrated by their experiments atdifferent temperatures (30 and
20°C) and two soil types in New Zealand (volcanic soitl brown soil). A higher rate of
N mineralization was reported at higher temperatuxneralization of N also varies
between different types of biosolids applied tdss@®arker and Sommers, 1983). For
example, aerobically digested biosolids yieldedhbig\N mineralization (32.1%) than
anaerobically digested biosolids (15.2%) as thesevapplied to forest soils (Wang
Kimberley, and Schlegelmilch, 2003). There is condbat excess N from biosolids land
application with application rates significanthygher than estimated agronomic rate may

result in excess nitrate, which can cause an etevaf NO;™ in ground water due to its
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high leachability (Brady and Weil, 1996). Hences timiting factor in a biosolids land

application is excess N leachif@ogger et al., 2001).

In addition to temperature, pH values of soil®affect the mineralization rate of
N in biosolids-amended soils (Garau, Felipo, andzRie Villa, 1986). At extreme pH
values (>10 or < 4), microbial activity is inhibit@and N mineralization rates are reduced.
Beyond mineralization rates, pH also affects thaotab mechanisms such as

volatilization.

Soil Phosphorus

Like nitrogen, phosphorus must be in inorganiarerfor plant uptake. The
concentration of total P in soil varies from 50 1600 mg/kg, of which 70% is in
inorganic form in mineral soils (Pierzynski, Sinasy\d Vance, 2000). Soil inorganic P is
mainly transformed by the fixation of soluble P Mo through adsorption and
precipitation reactions and by the solubilizatidnPothrough desorption reactions and
mineral dissolution (Pierzynski, Sims, and Van&@)®. The phosphorus source in soil is
from biosolids, commercial fertilizers, animal maau plant residues, industrial and
domestic waste, or native forms of phosphorus ils,sehich is usually organic P.

Organic P will be mineralized by microorganistasnorganic Pwhich exists in
the environment under various forms with differeoxidation states. However,
orthophosphate #PO, and HPG?) is the predominant phosphorus species in sois an
it is usually available for plant uptake at neupbl. These soluble orthophosphates tend
to combine with metal ions (e.g., €aFe”, and AP") to form phosphate compounds. For

example, in acidic soils, orthophosphate is sodregrecipitated by Al and F&" while
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in alkaline soil, orthophosphate tends to reachv@aCQ to form relatively insoluble
hydroxyapatite as described in Eq. 7:
3HPQ? + 5CaCQ(s) + 2HO — Ca(POy)s(OH)(s) + 5HCQ + OH 7)

Conversely, immobilization is a process in whicletah phosphates release
soluble orthophosphate which is then converted badktganic P by microbial activities.
Both mineralization and immobilization are depicitedrigure 2.

Calcium phosphates are currently the most solablglant-available forms of P
that are found in soil. The other major forms imthg iron and aluminum phosphates
are insoluble and unavailable for plant uptake. E\osv, as calcium phosphates are taken
up by plants, replenishment of phosphorus occuestduthe shift of the equilibria with
absorbed phosphorus and phosphorus minerals.

Phosphorus is believed to significantly contribtibeeutrophication in surface
waters (Manahan, 2001; Pierzynski, Sims, and Va2@@Q). Eutrophication is caused by
excess nutrients in surface waters, which resalexcessive biomass growth. When they
die, the increased biomass will deplete dissolvadyenleading to fish kills (Pierzynski,
Sims, and Vance, 2000). Eutrophication not onlyseauecological damages but also
increases economic costs for surface water maintentor recreational and navigational
purposes. However, it is important that both excddsand P in surface waters are
minimized to control eutrophication. The ratio otdNP in the water body is an important
indicator to determine which nutrient is limitiniget eutrophication (Pierzynski, Sims, and
Vance, 2000). The overall soil P cycle is illas¢d in Figure 3.

Eutrophication of surface waters such as the Qralats and the Everglades has

been of particular interest because of they haseived long-term P application from
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Figure 2. Phosphorus transformation in soil.
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Figure 3. Soil P cycle. Adapted from Pierzynskin§j and Vance (2000)

fertilizers, manures, and biosolids (Daniel, Sheypland Lemunyon, 1998; Maguire,
Sims, and Coale, 2000). In addition, excess P tawsolids land application can be lost

through soil erosion or runoff, which contributesthe growth ofPfiesteria spp., which
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is believed to cause fish kills and human healtbbj@ms (Burkholder and Glasgow,
1997).

The total P concentration in biosolids is typigalld to 20 g per kg (USEPA,
1995; Peters and Basta, 1996). A goal of wastewtadatment plants is to reduce P
concentrations in their effluents to limit eutropdtion (Seyhan and Erdincler, 2003;
Hogan, McHugh, and Morton, 2001). Biosolids langhlagation typically is limited by
the rate atwhich biosolids Nprovides N requirement for crops (Elliott, Brandhd
O’Connor, 2005). However, given the typical nuttigmantities found in biosolids, it is
difficult to meet both the N-based and P-based ragroc rates at the same time.
Although P is an important nutrient for crops, essc® (dissolved and particulate P) can
lead to eutrophication in surface waters (Parry9819Cann, 1995). More intensive P
managements for biosolids land application, mamp@ication or commercial fertilizer
usage have been implemented across the nation (Magims, and Coale, 2000) to
address the concern of excess P from these practmeolito, Barbarick, and Norvell
(2007) proposed that the best management for lasslaind application should be based
on P loading. However, P has a variety of formsedelng on biosolids treatment
process. For example, extractable soil P and rudisBolved reactive P significantly
increased in soil amended with biosolids that wereduced by biological removal
process (Penn and Sims, 2002). In addition, bidelvitity of biosolids P is dependent on
several factors, e.g., addition of Fe, Al, or Catieatment processes can reduce P
solubility in biosolids (Lu and O’Connor, 2001).

Despite the potential environmental and econonmeoelits associated with

biosolids land application, questions still remaeygarding the fate and transport of
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biosolids constituents particularly when biosolate land applied at rates significantly
greater than the agronomic rate. Fitzpatrick e{2004) stated that the leaching of total
phosphorus from two sites in South Dakota increaseoh 46 to 92-cm depth not
because of an increase in biosolids application bbat because of changes in phosphorus

mobility and other soil properties.

Soil Trace Elements

Trace elements in soil originate from both natuaat anthropogenic sources
(Pierzynski, Sims, and Vance, 2000). For a longtisoil contamination has been caused
by the mining and smelting of trace elements. Eimissof trace elements from motor
vehicles partly contribute to trace element buitd4a soil. Smoke containing trace
elements is emitted into the atmosphere and ptatig then cycles trace elements back
to the soil. Fine particles from coal combustioa another source of trace elements in
soil as they are released into the atmosphere apdsded into soil by precipitation.
Additionally, land application of biosolids for beficial use or disposal strategy can
result in trace element accumulation in soil. Samyl, soil may be enriched with trace
elements from utilization of fertilizers, pestic&der manures for agricultural operations.

Although some trace elements are necessary fogrtheth of humans, animals,
organisms, and plants, excess trace elements asm® G number of adverse effects.
Human and animals are mainly exposed to trace elesnie soil through the food chain
route and through direct ingestion of soil parsc{ierzynski, Sims, and Vance, 2000).
Plants are adversely affected by trace elemensighr phytotoxicity which is defined as

reduced vyields or death of plants (Pierzynski, Siarsd Vance, 2000). Trace element
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enrichment in aquatic environments is primarilynfrasoil erosion, which leads to
reduction of the diversity, productivity, and ddgsof aquatic organisms (Pierzynski,
Sims, and Vance, 2000).

A general cycle of trace elements in soil is désd in Fig. 4. Plant uptake of
trace elements occurs from soil solution. The &atd transport of trace elements can be
highly affected by redox reactions which are of artpnce for some trace elements such
as As, Cr, Hg, Mn, and Se (Pierzynski, Sims, andcéa 2000). Volatilization is only
important for some trace elements including Hg, &s] Se.

Bioavailability of trace elements is an import&ely to predict the fraction of the
total trace element concentrations that is avasldbl plant uptake. Moreover, plants
usually uptake the soluble species of trace elesnantsoil solution, therefore trace
element bioavailability is related the concentmatend speciation of trace elements in
soil solution (Pierzynski, Sims, and Vance, 2000).addition, soil pH influences the
bioavailability of trace elements. For example availability of cationic metals increases
at decreasing pH whereas that of oxyanions is wanmable.

Biosolids application leads to a number of metgiplied to soil although metal
concentrations in biosolids are regulated by theCHR Part 503 rule before land
application (McBride, 1995; McFarland, 2001). Biadable forms of metals may be
toxic for crops and microbes (Sloan et al., 19%0y. example, cadmium (Cd) and zinc
(Zn) in biosolids were found to have the highesinplavailability as well as high
accumulation coefficients which increased theircamirations in plantgén sandy loam
soil at pH 6.5-7.2 (Seyhan and Erdincler, 2003;aBlet al., 1997; Davis and Stark,

1980). The plant availability of nickel (Ni), coppéCu), chromium (Cr), and lead (Pb)
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decreases in the respective order. The plant &#tyaof Cd and Zn is especially
enhanced with added organic matter (Almas and $Si@g01). However, if biosolids
completely decayed, it would be unlikely that bicd®derived metals in soil solution
totally became plant-available (Hurley, 1980). Aaially, plant uptake and leaching of
heavy metal in biosolids-amended soils may occuynidha due to organic matter
decomposition, which may result in phytotoxic effeground water contamination, and
even metal transfer into tlieod chain (Beckett and Davis, 1978). These effatsmore

likely long-term since the breakdown of organic taatfrom biosolids application is

relatively slow (Sloan, Dowdy, and Dolan, 1998).
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Figure 4. Soil trace element cycle. Adapted froerBinski, Sims, and Vance (2000)
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Solubility and phytoavailability of trace metalsaynbe reduced because of some
favorable properties of biosolids (e.g., high pHY a&ignificant amounts of sorbents (e.g.,
organic matter) (Basta, Ryan, and Chaney, 2005).example, previous researchers
(McCalla, Peterson, and Lue-Hing, 1977; Sommerdsdte and Yost, 1976) reported
that biosolids contained up to 50% natural organatter (NOM) by weight and up to
50% inorganic mineral forms by weight (e.g. silestphosphates, carbonates, and iron
(Fe), manganese (Mn), and aluminum (Al) oxideskt8aRyan, and Chaney (2005) also
stated that both sorption capacity and propertfdsoth soil and biosolids would affect
metal availability. Cu, Pb, Ni, and Zn were repdrte be strongly adsorbed in a variety

of soils (Buchter et al., 1998).

Previous researchers (Fresquez et al., 1991;ePétral., 1998) demonstrated that
arid rangeland production was improved due to dogaratter and trace metal addition
from biosolids land application as compared agdinstunamended soil. For example,
production and quality of native grass species aofado rangelands increased because

of one-time biosolids application at variety of $adids loading rates (Pierce et al., 1998).
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CHAPTER llI

MATERIAL AND METHODS

Study Site

The biosolids fieldstudy site is located in western Utah. The elewvatibthe site
is 1300 to 1800 m. The average annual precipitaidb0 to 200 mm, the mean annual
air temperature is 7 to 10, and the average frost-free period is 120 tod#@ (USDA,
2000) Permeability is moderately rapid in this soil. Aehle water capacity is moderate
(125 to 165 mm). The content of organic mattehim surface layer is 0.5 to 1.0 percent.
Runoff is slow, and the hazard of water erosioslight. The hazard of wind erosion is

moderate (USDA, 2000).

Soil Characterization

The rangeland soil is fine sandy loam with O tpescent slopes, which is deep
and well-drained soil on lake terraces and fan @ The rangeland formed in eolian
material, lacustrine sediments and alluvium derifredn mixed rock source@JSDA,
2000). The present vegetation in most areas ist@gtass, hornseed buttercup, and mouse
barley (USDA, 2000). The background soil chemistry of #edy site is given in Table

3. The soil replicates were taken in Septembe# 20Mr to biosolids land application.

Biosolids Land Application

Lime-stabilized, aerobically digested, and anaieailly digested biosolids were

used in this study, which came from Tooele City Wasiter Treatment Plant (WWTP),
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the Snyderville Basin Wastewater Treatment PlantMWP), and the Central Valley
Wastewater Treatment Plant (WWTP), respectivelye Tosolids compositions are
displayed in Table 4. In addition, the concentraiof nine heavy metals in biosolids
which are currently regulated under the 40 CFR B@BtRule are shown in Table 5.

The biosolids were land applied on 0.13-ha testispdeparated by buffer strips on
private rangeland located in western Utah at variapplication rates. Lime-stabilized
and aerobically digested biosolids were land applia December 2004 while
anaerobically digested biosolids were land applied April 2005. The biosolids
application rate was determined as the N-basednagriz rate which met the crop N

requirement.

Table 3. Soil background chemistry

Sample Depth bgs pH Total N N@N NH4N Bioavailable P EC SAR

ID (m) (%) (mg/kg) (mg/kg) (mg/kg) (dS/m)

Al 0.2 7.90 0.04 26.7 6.86 16.80 10.7 6.3p
A2 0.6 7.95 0.03 107.0 9.00 7.40 29.] 15.80
A3 0.9 7.86 0.03 135.0 6.33 16.20 43. 40.90
A4 1.2 7.76 0.05 146.0 9.44 5.00 44.4 54.40
A5 1.5 7.85 0.94 146.0 10.40 5.10 39. 53.90
Bl 0.2 8.26 0.07 21.8 22.40 11.80 14.9 168)00
B2 0.6 8.06 0.02 67.6 56.50 7.70 36. 27.80
B3 0.9 7.96 0.02 80.1 6.81 0.01 38.§ 58.10
B4 1.2 7.76 0.02 111.0 7.45 22.00 49. 39.50
B5 1.5 7.75 0.04 156.0 10.00 51.00 51.8 40.50
C1 0.2 8.26 0.04 104 7.78 6.90 4.9 210.50
Cc2 0.6 8.59 0.01 24.7 4.15 2.20 20. 18.70
C3 0.9 8.15 0.01 63.2 6.85 1.70 34. 39.00
C4 1.2 7.99 0.01 74.3 6.70 2.60 37. 47.30
C5 15 7.90 0.01 92.6 6.07 5.10 39.5 44.70

Bgs = Below ground surface
EC = Electrical Conductivity
SAR = Sodium Adsorption Ratio
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Table 4. Summary of biosolids compositions

Type of biosolids Moisture | Total N | NOs-N | NHs-N | Total P
(%) (%) | (mg/kg) | (mg/kg) | (Mg/kg)
Lime stabilized 82.5 0.89 1.22 1175 4900
Aerobically digested 6.9 5.41 1.71 2135 48100
Anaerobically digesteg 80.2 5.85 13.4 12500 25000

Table 5. Concentrations of regulated heavy mematgkg) in three types of biosolids

Pollutant Type of biosolids
Lime-stabilized | Aerobically digested | Anaerobicallydigested
Arsenic < 2 21
Cadmium 0.261 0.98 2
Copper 51 99 560.9
Lead 5 41 65.6
Mercury 0.185 1 3.2
Molybdenum 1.3 1.8 16.4
Nickel 2.8 2.1 38.5
Selenium < 2 21.9
Zinc 54 200 877.3

*Below detection limit

The nitrogen requirement for rangeland grassesragnfrom approximately 110
kg N/ha to over 450 kg N/ha depending on the speag well as vegetative density
(Johnson, 1989). Therefore, the agronomic rater{cntein/ha) for the surface application
of biosolids was determined based on the assumpliana healthy rangeland would
exhibit a nitrogen demand of 170 kg N/ha (USDA, @0 his nitrogen demand estimate
was based on the assumption that a healthy rardgelanld be dominated by perennial
grass species (McFarland, 2001).

A control plot, which served as a treatment penfamce baseline, was also
established and received no organic amendmenteréiiaally digested and aerobically

digested biosolids were land applied on test @btsventy times (20X), ten times (10X),
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five times (5X), and one time (1X) the estimatedoagmic rate. Due to low nitrogen
content in lime-stabilized biosolids, an unaccelgtédrge biosolids application rate was
found to be necessary for meeting the estimategetand nitrogen demand. Therefore,
lime-stabilized biosolids were land applied only HiX, 5X, and 1X the estimated
agronomic rate in order to avoid practical problemsociated with applying a relatively

thick layer of applied biosolids. Details are givarTable 6.

Soil Samplin

To facilitate the selection of random samplesheaicthe 0.13-ha test plots was
divided into 144 sections (or test plot sectionayihg physical dimensions of 3 meters
by 3 meters. Six subplots were randomly chosen feach test plot using the random
numbergenerator in Microsoft Excel program. It shouldrimed that sampling subplots
in each sampling activity were not replicated. Exact boundaries of each of the Om
test plots were established using a global positprsystem (GPS), which helps
providing information about biosolids applicationdase the land is ever sold.

Soil sampling at the lime-stabilized, aerobicatligested, and anaerobically
digested biosolids land application test plots wasducted in May 2006. However, in
2005, soil samples at lime-stabilized and aerolyiadigested biosolids test plots were
collected in May while those at anaerobically dtgdsbiosolids test plots were collected
in October. The control plot was always sampleah@hwith every sampling activity. Soil
samples were taken at 0.2, 0.6, 0.9, 1.2, and 1dgpths below the ground surface (bgs)
in each of the six subplot sections. The volumeaith soil sample is 0.5 liters. One (1)

borehole per test plot section was drilled usimgdard hand augers.



Table 6. Summary of biosolids land application sgtiry basis)

Multiple of
agronomic rate
(metric ton/ha)

Lime-stabilized
biosolids
(metric ton/ha)

Aerobically digested
biosolids
(metric ton/ha)

Anaerobically digested
biosolids
(mdric ton/ha)

1X 19.75 3.44 2.86
5X 98.73 17.22 14.29
10X 197.45 34.44 28.59
20X NA 68.88 57.17

Soil Sample Analysis

24

The soil sample analyses were done at Utah Statetdity Analytical

Laboratories (USUAL) using procedures describeGavlak et al. (2003). Soil pH and

electrical conductivity (EC) were measured usingtid S-1.00 with a soil saturated

paste. Sodium adsorption ratio (SAR) was calculatedn the concentrations of

dissolved Ca, Mg, and Na in a soil saturation pasteact. The cation concentrations

were determined via Method S-1.00 using atomic igiem spectrometry (AAS) or

inductively coupled plasma emission spectrometP(AES). The method detection

limit for the cations (Ca, Mg, and Na) is 0.02 mmdl (on a solution basis) (Gavlak et

al., 2003).

The samples were analyzed for

ammonium ANH using the KCI

Extraction/Exchangeable Ammonium Method (Gavlaklet2003). A solution of 2.0 N

KCl was used and ammonium was determined by sp#witometric technique. The

method detection limit is 0.2 mg kg Total N was determined using the automated

combustion method. Samples were combusted ina@n@ronment with an automated

resistance furnace. Total N was quantified usindpeamal conductivity detector. The

method detection limit is 0.0003 mg/kg N. Nitraté(Qs-N) was analyzed using KCI
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Extraction/Cd-Reduction Method. A solution of 2.0KCI was also used. Nitrate was
determined via its reduction to nitrite (M) by a cadmium reactor. Then nitrate is
diazotized with sulfanilamide and coupled to N-(&gthyl)-ethylenediamine
dihydrochlorine to form an azochromophore which Idoube measured
spectrophotometrically (at 520 nm). The detectiomitlof the method is 0.5 mg Ky
Plant available P was determined using the SodiigarBonate Method (Olsen Method)
(Gavlak et al., 2003). The bioavailability of ortpbosphate (P£P) was determined
using 0.5 N NaHC®@solution, which was adjusted to pH 8.5 (for mildlgidic soils) to
alkaline pH. The method detection limit is 2 mg'kgn a dry soil basis). Metal contents
(Al, Ca, Fe, Pb, P, Mo, Na, K, Cu, Ni, As, Se, &g in the samples were analyzed
using Open Vessel Digestion and Dissolution Metlifmit acid recoverable metals),
which followed closely the EPA 3050A Method (Edgdlf88; Gavlak et al., 2003). A
nitric extraction/dissolution along with heating arhot plate was utilized. Digest analyte
concentrations were determined using inductivelypted plasma atomic emission
spectrometry (ICP-AES). The method detection linaits 10 mg/kg for Ca, Mg, and P
and 2.5 mg/kg for Al, Cu, Fe, Mo, Pb, and Zn. Thetimd detection limits for Cd and Ni
are 1.5 and 7.5 mg/kg, respectively. The methodatien limits of As and Se were not

reported by the USUAL.

Biomass Sampling

To estimate the effect of land application of tivae-stabilized, aerobically
digested, and anaerobically digested biosolids egetative growth, biomass from each

of the six test plot sections as well as the cdonést plot were sampled. Biomass yields
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were determined by collecting vegetation usingaaddrd gas powered lawn mower. The
entire 9-ni test plot sections were mowed during biomass samplThe harvested

material was collected in plastic bags and weighedite to obtain an estimate of the
plant biomass (wet mass basis). The percentage ohaltter in biomass was analyzed by

Utah State University (USU) Analytical Laborator{gzavlak et al., 2003).

Plant Identification

Plant density on the test sites that receivedrityaof biosolids was determined
using the Line Intercept method (Bonham, 1989; @#hf 1941). A transect was
established and the plant crowns that overlappedtercepted the tape were recorded.
The total of the intercept measurements along rdaeséct line from all individuals of
each plant species was the cover percentage obpleaies. The total cover percentage
was obtained by totaling the cover percentageslfgolant species present at the study

site.

The Root Zone Water Quality Model (RZWQM)

The RZWQM model is the most complete simulatioogoam describing the fate
of nitrogen in land based waste management sysfeons the U.S. Department of
Agriculture — Agricultural Research Service. Thegrmamis available for public use with
online help as well as a publication (Ahuja et 2000) associated with the model. The
RZWQM model can predict nutrient transport (e.girogen), not only through the root

zone but also up to 1.2 m depth below ground serfac an agricultural system
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depending on agricultural management practicdadal irrigation; pesticide application;
manure and fertilizer applications).

The first version of the Root Zone Water Qualityodél (RZWQM) was
completed in 1992 by the U.S. Department of Agtio@ — Agricultural Research
Service (USDA-ARS) in response to a variety of @gtural management practices in
which control of water movement and chemical transs of importance (Ahuja et al.,
2000). The RZWQM developers stated that the smegbal of the model was to
establish the interactions among hydrology, plardwgh, management practice and
chemical fate.

The RZWQM is a one-dimensional model (i.e., vaitimto soil profile) that
integrates physical, chemical, and biological psses to simulate plant growth and
movements of water, nutrients and pesticides thraig@ root zone in an agricultural
cropping system (Ahuja et al., 2000). The simulai®typically executed on a unit-area
basis. There are a number of management practimés@enarios for the simulation,
which can be chosen by users depending on thecudimral system. The management
practices include methods and timing of fertilizeranure, and pesticide application;
methods and timing of water application; tillagetheels; surface residue recycling; and
various crop rotations (Ahuja et al., 2000).

The RZWQM model simulatesapid transport of surface-applied chemicals
within soil matrix and through macropores to deegepths. The transport of surface-
applied chemicals to runoff water wésrmulatedto specifically simulate pesticide

application to the cropping system.
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The RZWQM model has been calibrated, verified, aafthed by several external
users since 1992. The simulation by the RZWQM camittended up to 100 years using
automated execution of certain management operatispective to crop growth stage
(Ahuja et al., 2000).

The RZWQM output variables that were applicaldethis work were nitrate
(NOs-N) and ammonium (NEN) storage in the soil below the root zone (02-fn)
after biosolids amendments. Input data for biosobgbplication at the test sites were
treated as manure application for ammonia and idizZler application for nitrate. All
other information relating to the test sites inahgdsoil physical and chemical properties,
meteorology, and management practices could beeehieto the program according to

data availability.

Statistical Analysis

The experiment in this study was designed withsaudo replication due to
financial and time constraints. However, importiators that may affect the experiment
results are negligible without replication desigior example, the temperature and the
water content (by precipitation) were consideredldame among treatments because they
are close together. A pseudo replication desiga ron-independent replication of an
experiment due to sub-sampling on experimentalsumitmeasuring experimental units
over time.

Statistical analyses in this study were execugdgua “Fixed Effect Analysis of
Variance with One Treatment Factor” in the StatadtiAnalysis System (SAS-Version 8)

due to the unbalanced experimental design. Theriexpetal design in this study was
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considered unbalanced due to the unequal numbsrmsfreatments in each treatment as
shown in Figure 5.

The null hypothesis (§)l is that the biosolids treatment is not differénoim the
control at 95% confidence level (p-value is 5%)eMiternative hypothesis {His that

the biosolids treatment is different from the cohtt 95% confidence level. In other

words, the null hypothesis is rejected if p-valsi¢eiss than 5%.

Anaerobically Lime stabilized Anaerobically
digested biosolids biosolids digested biosolids

Figure 5. Layout of biosolids-amended test sites.
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CHAPTER IV

NITROGEN IN BIOSOLIDS-AMENDED RANGELANDS

pH

High pH (7.7-8.6) was found in soil backgroundhas study site (Table 3). Small
discernable pH changes occurred at lime-stabillaedolids-amended test sites in both
years (Table 7). This is presumably due to ldrge doses of lime added during the
biosolids processing. However, soil pH in aerollycdigested and anaerobically digested
biosolids-amended soils (Tables 8-9) remained umgde following land application of
biosolids. This was likely due to the buffering aajpy of the soil. Refer to Appendix A

for details about pH statistical analyses.

Table 7. Statistical analyses of pH in soil amena#t lime-stabilized biosolids

Year 1 Year 2
Multiple of Depth P-value Statistically different P-value Statistically different
agronomic rate (m) from the control from the caitrol

0.2 0.3785 no 0.0077 no

0.6 0.0328 higher 0.313 higher
X 0.9 <0.0001 higher 0.7478 lower

1.2 <0.0001 higher 0.8166 higher

1.5 0.0964 no 0.8968 no

0.2 1.0000 no 0.2005 no

0.6 0.0326 higher 0.1782) lower
5X 0.9 0.387 no 0.0586 no

1.2 0.7383 no 0.0567 no

1.5 1.0000 no 0.0005 no

0.2 0.9762 no 0.0015 no

0.6 0.0916 no 0.1045| no
10X 0.9 0.0803 no 0.0327 no

1.2 0.1463 no 0.0561 no

1.5 0.0078 lower 0.0008 lower
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Table 8. Statistical analyses of pH in soil amend#d aerobically digested biosolids

Year 1 Year 2
Multiple of Depth P-value Statistically different P-value Statistically different
agronomic rate (m) from the control from the catrol
0.2 0.6331 no 0.0038 lower
0.6 0.0962 no 0.2443 no
X 0.9 0.1658 no 0.4321 no
1.2 0.2969 no 0.7748] no
1.5 0.1944 no 0.6139 no
0.2 0.6022 no 0.1872 no
0.6 0.5201 no 0.0092 no
5X 0.9 0.1167 no 0.2128 no
1.2 0.537 no 0.1801 no
1.5 0.8396 no 0.0007| no
0.2 0.644 no 0.0174 no
0.6 0.4772 no 0.0246 no
10X 0.9 0.2183 no 0.0218 no
1.2 0.7982 no 0.0234 no
1.5 0.5772 no 0.0001] no
0.2 0.3548 no 0.3148 no
0.6 0.8642 no 0.6666) no
20X 0.9 0.3947 no 0.0738 no
1.2 0.742 no 0.0698 no
1.5 0.9474 no 0.0025 no

Electrical Conductivity (EC)

Electrical conductivity (EC), which measures satintent in soil, plays an
important role in plant growth. At high EC valudss difficult for plants to extract water
from the soil to support their growth. Soil thath@&ceived lime-stabilized biosolids had
unchanged EC in most cases (Table 10). Howevdnedbiosolids application rate equal
to the agronomic rate, EC in lime-stabilized bicdslamended test site was lower than
the control in both Year 1 and Year 2. At 5X anK1fe agronomic rate in year 2, EC
was higher at 0.6-1.5 m depths. In aerobically steg@ biosolids-amended test sites, EC

did not change in year 1 but changed slightly im2 (Table 11). EC values at 0.9-1.5
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m depths at the site receiving 1X application vagéee lower than the control while it was
higher at higher application rates (i.e., 5X, 1@d 20X the agronomic rate) at soil
depths ranging from 0.6 to 1.5 m. EC remained umgéd in both years in anaerobically
digested biosolids-amended sites following biosokgbplication (Table 12). The lower
EC values at the biosolids-amended test sites dmeild result of soil heterogeneity and
soil texture. Meanwhile, low precipitation couldsudt in high EC values at the biosolids
application sites since the salt content was raittlorough leaching. Details of statistical

analyses are found in Appendix B.

Table 9. Statistical analyses of pH in soil amend#l anaerobically digested biosolids

Year 1 Year 2
Multiple of Depth P-value Statistically different P-value Statistically different
agronomic rate (m) from the control from the catrol
0.2 0.6679 no 0.0154] no
0.6 0.2717 no 0.0473 no
X 0.9 0.1476 no 0.0317 no
1.2 0.1968 no 0.04 no
1.5 0.0865 no 0.0004] no
0.2 0.454 no 0.0238 no
0.6 0.6772 no 0.8767 no
5X 0.9 0.3021 no 0.1823 no
1.2 0.5481 no 0.1376 no
1.5 0.3035 no 0.0035] no
0.2 0.3919 no 0.0865| no
0.6 0.5946 no 0.1034 no
10X 0.9 0.4324 no 0.2186 no
1.2 0.4707 no 0.1651 no
1.5 0.922 no 0.0033 no
0.2 0.9229 no 0.0094 no
0.6 0.5591 no 0.17 no
20X 0.9 0.0853 no 0.2592 no
1.2 0.1408 no 0.1431 no
15 0.0051 higher 0.0293 lower
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Table 10. Statistical analyses of EC in soil amenaih lime-stabilized biosolids

Year 1 Year 2
Multiple of Depth P-value Statistically different P-value Statistically different
agronomic rate (m) from the control from the cantrol

0.2 0.009 lower 0.4395 no
0.6 0.0434 lower 0.1123 no

X 0.9 0.0136 lower 0.0093 lower
1.2 0.004 lower 0.0251 lower
1.5 0.0143 lower 0.0059 lower
0.2 0.0782 no 0.3963 no
0.6 0.818 no 0.0539 no

5X 0.9 0.9445 no 0.0927 no
1.2 0.5937 no 0.0256 higher
15 0.7606 no 0.0172 higher
0.2 0.1589 no 0.0707 no
0.6 0.9934 no 0.0468 higher

10X 0.9 0.59 no 0.0442 higher
1.2 0.575 no 0.0698 no
15 0.2135 no 0.1025| no

Nitrogen in Biosolids-amended Soil

The NH-N soil concentrations in the control plegmained fairly constant with
depths while N@ levels increased with depths. This could be erpldiby the soil
heterogeneity and by the fact that data were niated at the same subplots at each
sampling time. It should be noted that the soil gl@swere collected in Year 2 following
biosolids application. At the test site receivirighd-stabilized biosolids at 1X the

agronomic rate, NFHN levels were not statistically different from tbentrol (Figure 6a

and Table 13) and NEN level was statistically higher than the conabthe depth o1.5
m (Figure 7a and Table 14). This observasaggested that volatilization of ammonia at
the soil surface might have been significant. Tdraes pattern for NiHN level was found
at the 5X agronomic rate test site. Nitrificatiomght have occurred up to the soil depth

of 0.6 m as N@N levels were statistically higher than the cohttevels of NH-N were
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significantly lower than the control at 0.2-1.5 rapths at a loading rate equivalent to
10X the estimatedgronomic rate. The low NN at the soil surface (0.2 m) could be
due to nitrification. The N@N levels at 0.9-1.5 m depths were not differeninfrthe

control.

Ammonia volatilization at the soil surface likebccurred at the aerobically
digested biosolids-amended test site at test puisiving biosolids at 1X the estimated
agronomic rate (Figure 6b and Table 13). Lowerlkewé NH,-N were found at 0.2 m as
well as 0.9-1.5 m as compared with the control. imdale, NOG;-N accumulation only
existed at 0.9-1.5 m depths (Figure 7b and Tab)e WHich indicates nitrification was
occurring. Ammonia volatilization could have beégngicant on the plotseceiving 5X
the estimatedgronomic rate when NFN and NQ-N accumulations were not present at
the soil surface (0.2 m). The ¥ levels were significantly lower than the contabl0.9
and 1.5 m depths. The N@ levels at 0.2-1.5 m depths were the same asahiol. At
10X agronomic rate, NHN levels were found statistically lower than tlentol at up to
1.2 m of soil depth but levels of NON exhibited a reversed pattern at up to 0.6 nodf s
depth, which implied that nitrification could haeecurred. Differences in NEN were
not found at 0.9—1.5 m compared against the caoritesels of NH-N at 0.2-1.5 m were
not statistically different from the control whiteose of N@-N were greater than the
control at 20X agronomic rate. These observatiaggested that nitrification took place

at the site.

Statistical analyses indicated that nitrificatamuld be dominant at the soil pths in
most test sites exept that M accumulation was also found at 0.6-1.2 m depthsX

agronomic rate. NN concentrations at 1X agronomic rate could nopiesented due
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to data incomplete analysis. Again, nitrificationolpably occurred due to favorably
aerobic conditions at the soil surface (i.e. wedhded soil surface (0.2 m) as level of
NH4-N was not statistically different from the contmlanaerobically digested biosolids-
amended test site at 5X agronomic rate (Figure rét Bable 13). The finding was
consistent with N@N accumulation present at the soil surface athifusolids-amended
site (Figure 7c and Table 14). M@ did not accumulate at lower soil decondition).

Statistical reports are presented in AppendicesdCa

Table 11. Statistical analyses of EC in soil amenaigh aerobically digested biosolids

Year 1 Year 2
Multiple of Depth P-value Statistically different P-value Statistically different
agronomic rate (m) from the control from the catrol
0.2 0.2219 no 0.4319 no
0.6 0.6499 no 0.0834] no
X 0.9 0.2655 no 0.0301 lower
1.2 0.3547 no 0.0211 lower
15 0.3213 no 0.0287 lower
0.2 0.0584 no 0.3827| no
0.6 0.0604 no 0.0033 higher
5X 0.9 0.9798 no 0.0314 higher
1.2 0.2495 no 0.1066| no
1.5 0.367 no 0.4737 no
0.2 0.5488 no 0.1057| no
0.6 0.3701 no 0.0648 no
10X 0.9 0.8368 no 0.0063 higher
1.2 0.5742 no 0.0008 higher
1.5 0.5756 no 0.0094 higher
0.2 0.1434 no 0.182 no
0.6 0.6884 no 0.1536 no
20X 0.9 0.6989 no 0.0301 higher
1.2 0.9777 no 0.0074 higher
1.5 0.6627 no 0.067 no
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Table 12. Statistical analyses of EC in soil amenaigh anaerobically digested biosolids

Year 1 Year 2
Multiple of Depth P-value Statistically different P-value Statistically different
agronomic rate (m) from the control from the catrol
0.2 0.8425 no 0.054 no
0.6 0.0116 lower 0.1695 no
X 0.9 0.2015 no 0.0349 no
1.2 0.8563 no 0.0238| no
1.5 0.3403 no 0.0072, no
0.2 0.5884 no 0.2163 no
0.6 0.1791 no 0.7543 no
5X 0.9 0.1172 no 0.5677 no
1.2 0.7198 no 0.0964 no
1.5 0.6188 no 0.249 no
0.2 0.956 no 0.0934 no
0.6 0.6069 no 0.2193 no
10X 0.9 0.3802 no 0.8731 no
1.2 0.8756 no 0.7848 no
1.5 0.7146 no 0.5024 no
0.2 0.8248 no 0.9164 no
0.6 0.1434 no 0.8328 no
20X 0.9 0.3384 no 0.6097 no
1.2 0.6849 no 0.6647 no
1.5 0.5244 no 0.739 lower

Nitrogen Mass Balance

The nitrogen balance was calculated assumingtileall concentration at a depth
of 0.2 m reflected an average N concentration tjinout the 0.3 m soil depth. The mass
balance was then conducted over a control volumlep the first 0.3 m of soil. In
addition to a constant soil nitrogen concentratitve, N mass balance also assumed that
the soil bulk density throughout the 0.3 m of st@pth remained constant.

In Tables 15-17, the difference between the amotiit applied (kg/ha) and the
measured uptake of N by vegetation (kg/ha) is datlee nitrogen residual. N plant

uptake was calculated by multiplication of N cortcation in plant tissue (mg/kg) and
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Table 13. Statistical analyses of NN in biosolids application sites

Multiple of Depth P-value Statistically different
Biosolids agronomic rate (m) from the control
0.2 0.8976 no
0.6 0.6555 no
1X 0.9 0.4078 no
1.2 0.9313 no
15 0.9524 no
0.2 0.4552 no
0.6 0.6117 no
Lime-stabilized 5X 0.9 0.2674 no
1.2 0.2765 no
1.5 0.2064 no
0.2 <0.0001 lower
0.6 0.0097 lower
10X 0.9 0.0196 lower
1.2 0.0002 lower
1.5 0.0017 lower
0.2 0.0011 lower
0.6 0.0528 no
X 0.9 0.0325 lower
1.2 0.0145 lower
15 0.0049 lower
0.2 0.0006 lower
0.6 0.5133 no
SX 0.9 0.0342 lower
1.2 0.051 no
Aerobically digested L5 0.0028 lower
0.2 <0.0001 lower
0.6 0.042 lower
10X 0.9 0.0088 lower
1.2 0.0318 lower
1.5 0.4462 no
0.2 0.0731 no
0.6 0.0684 no
20X 0.9 0.079 no
1.2 0.0537 no
15 0.4747 no
0.2 NA NA
0.6 NA NA'
Anaerobically digested 1X 0.9 0.1121 no
1.2 <0.0001 lower
1.5 0.0023 lower

“The original data were missing.
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Table 13. Continued

Multiple of Depth P-value Statistically different
Biosolids agronomic rate (m) from the control

0.2 0.0734 no

0.6 0.002 lower

5X 0.9 <0.0001 lower
1.2 0.9648 no
1.5 0.9822 no

0.2 0.0031 higher
0.6 0.083 no

Anaerobically digested 10X 0.9 <0.0001 higher
1.2 0.1412 no

1.5 0.0011 higher

0.2 0.0123 higher

0.6 0.0155 higher

20X 0.9 0.0023 higher

1.2 0.0029 higher

1.5 <0.0001 higher

Table 14. Statistical analyses of NN in biosolids application sites

Multiple of Depth P-value Statistically different
Biosolids agronomic rate (m) from the control
0.2 0.2266 no
0.6 0.2461 no
X 0.9 0.1231 no
1.2 0.0592 no
1.5 0.0255 higher
0.2 0.0006 higher
0.6 0.0028 higher
Lime-stabilized 5X 0.9 0.5368 no
1.2 0.5831 no
1.5 0.8991 no
0.2 <0.0001 higher
0.6 0.0036 higher
10x 0.9 0.3832 no
1.2 0.4361 no
1.5 0.483 no
0.2 0.8599 no
Aerobically 1X 9.6 0.1785 'no
digested 0.9 0.04 higher
1.2 0.0205 higher
1.5 0.0023 higher
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Table 14. Continued

Multiple of Depth P-value Statistically different
Biosolids agronomic rate (m) from the control
0.2 0.7392 no
0.6 0.2658 no
5X 0.9 0.3161 no
1.2 0.2082 no
1.5 0.0998 no
0.2 0.0118 higher
0.6 <0.0001 higher
Aerobically digested 10X 0.9 0.2004 no
1.2 0.4143 no
1.5 0.3089 no
0.2 0.001 higher
0.6 <0.0001 higher
20X 0.9 0.0261 higher
1.2 0.0201 higher
1.5 0.0092 higher
0.2 <0.0001 no
0.6 0.004 no
X 0.9 0.0403 no
1.2 0.023 no
1.5 0.0032 no
0.2 0.0127 higher
0.6 0.0217 higher
SX 0.9 0.9833 no
1.2 0.7275 higher
Anaerobically digested L5 0.0713 no
0.2 0.0363 higher
0.6 0.0336 no
10X 0.9 0.5208 no
1.2 0.6387 no
1.5 0.1502 no
0.2 0.0653 higher
0.6 0.7046 no
20X 0.9 0.9942 no
1.2 0.1005 no
1.5 0.0275 higher

biomass yield (kg/ha) The nitrogen residual is cared to the nitrogen accumulation,
which is simply the measured N concentration (& th2 m depth) minus the N

concentration in the control multiplied by the vl of soil in the first 0.3-m depth.
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In all cases, the difference between the nitrogeidual measurement and the
nitrogen accumulation was significant. The largéetences may be attributed to the
following factors: nitrate movement to soil surfatge to higher evapotranspiration at the
study site, nitrogen volatilization as Nidue to wild fire, heterogeneity of the soll (i.e.
use of constant N and bulk density value throughbatsoil profile is inappropriate),
greater ammonia volatilization than predicted, pb& deposition from atmospheric

sources, removal of nitrogen through denitrificatidoss of nitrogen through wind

erosion, and transport of nitrogen to depths bedoivsurface (0.2 m).

Table 15. N mass balance in lime-stabilized biossimended soil

Lime stabilized biosolids
Multiple of N applied Plant uptake | N Residual | N acamulation
agronomic rate (kg/ha) (kg/ha) (kg/ha) (kg/ha)
1X 175.73 10.13 165.60 450.57
5X 878.67 5.46 873.21 525.22
10X 1757.35 4.42 1752.93 197.23
20X NA’ NA' NA" NA"

"Lime stabilized biosolids were not applied at 2Gtiraated agronomic rate due to their
low nitrogen concentration.

Table 16. N mass balance in aerobically digesteddbds-amended soil

Aerobically digested biosolids
Multiple of N applied Plant uptake N Residual N acamulation
agronomic rate (kg/ha) (kg/ha) (kg/ha) (kg/ha)
1X 186.10 7.01 14.71 -543.20
5X 931.60 6.04 12.48 -396.64
10X 1863.20 5.00 1858.20 -426.60
20X 3726.41 2.60 3723.81 489.80

Table 17. N mass balance in anaerobically digdsitesblids-amended soil

Anaerobically digested biosolids
Multiple of N applied Plant uptake N Residual | N acumulation
agronomic rate (kg/ha) (kg/ha) (kg/ha) (kg/ha)
1X 167.24 5.60 161.64 480.54
5X 836.18 3.48 832.7 239.73
10X 1672.37 2.81 1669.56 403.17
20X 3344.74 1.83 3342.91 737.70
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The Root Zone Water Quality Model (RZWQM) Simulatio

The storage of ammonium (MHand nitrate (NG) in biosolids-amended test sites
was simulated by the RZWQM model for a 1-year perim this simulation, total
accumulation of Ngjland NQ was predicted to a depth @p to 1.2 m below thground
surface (i.e. the maximum soil depth at which tH&ANRQM model was designed for
simulation). Based on model default choices, wintdreat crop was chosems the
simulated crop instead of cheatgrass, which igltreinant species on the rangeland test
sites. This decision was matlecause the RZWQM model was originally parametdrize
for corn, soybean, and winter wheat crops, andariwheat and cheatgrass have similar
growth patterns (Ransom, 2007).

The NH, and NQ storage from the field data were totaled from skmrage of
NH, at five soil depths (i.e. 0.2-, 0.6-, 0.9-, 1.and 1.5-m depths) at which the soil
samples were collected and analyzed for, [dRid NQ concentration. At each single soill
depth, accumulation of NHor NO; (kg/ha) was calculated based on its mass
concentration (mg/kg) and soil bulk density (1.48n%). The total NH or NO; storage

was the sum of NIdor NG; storage at each soil depth.

12in 2 54cm
1lin

NH, accumualtdn (kg/ha)= (NH, in biosolids- NH, in control)n; gNH I4 x depth(ft) x
g Soi

H 2
x1.4 9 1kgson. . 1kgNH, . Icm
cm3 1000gsoil 10° mgNH, 10°ha

12in 2 54cm
lin

NO, accumualtin (kg/ha)=(NO, in biosolids- NO, in control) mgN m Xdepth(ft)x
g SOi

2
x1.43 g 1kgSOI| 9 1ngO » Icm
cm3 1000gsoil 10°mgNO, 10° ha

The simulated storage of NHand NQ at the treatment sites that had received

lime-stabilized biosolids are shown in Table 18nglavith the results obtained from the
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field data. Significant differences between the wdated and field data were found in
both NH, and NQ storage.

The field NH, and NQ storage values were lower than the predicted salue
except that the field NHwas higher than the predicted value at 1X agrongate. The
negative values of the field NHstorage in some cases (Tables 18-20) were dueeto t
lower concentrations of Nfat the biosolids-amended test sites than the algoitt.

The simulated N storage in the test treatments amended with asibpi
digested biosolids was higher than the recofadd values (Table 19). The same pattern
was found for simulated NHresults as they were higher than the field datallat
biosolids application rates. Showing the same trewith the test sites receiving
aerobically digested biosolids, the simulated,NiHd NQ storage in the test treatments
amended with anaerobically digested biosolids (@a0) was higher than the field
values at all biosolids application rates .

The differences between the simulation resultsiftbe RZWQM model and the
field data could be due to a number of reasonst,Rlie NH and NQ storage from the
field data were only based on hlldnd NQ one-time mass concentrations, which were
analyzed from 2006 field samples, whereas the sitedINH, and NQ storages were
executed over a 1-year period (i.e. from the bagmmof 2006 until the end of 2006).
Secondly, as shown in Chapter 1V, the concentratafrNH, and NQ from the field data
did not exhibit a consistent trend at various sieipths and biosolids application rates.
The assumption of constant soil bulk density ated#int soil depths for NHand NQ
storage calculation in biosolids-amended treatrag@s$ could explain, at least in part, the

differences foundetween the field results and simulated resultstlyathe RZWQM
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program might have overstated rates of microbiat@sses needed for nitrification and
denitrification. Limited moist was present at théudy site as well as high
evapotranspiration, which did not favor microbieliaties for nitrogen mineralization.

Given the lack of field validated input parametessilable for the RZWQM
simulation, default values were used. Use of defaalues could explain the poor
correlation betweethe model simulation and the field data. As showTable 21, the
RZWQM requires an extensive level of detailed patemfor adequate simulation. Some
parameters (e.g. organic matter/N cycling) needetcalibrated for accurate simulations,
which is impossible in practical conditions (Malogieal., 2000). In addition, the various
moisture transporirocesses (e.g., runoff, percolation, etc.) sinedlan the RZWQM are
interelated meaning that a poor estimate in pammetlue for one process could
negatively impact the accuracy of another proc@slser researchers have found similar
results to the ones reported in this study. kenle, if a layer of low permeability is
encounteredthe model has been found to have difficulty in dating the soil NQ
profile (Ma et al., 1998a, 1998b; Nokers, Landa] &lanson, 1996; Jaynes and Miller,
1999).

In order to simulate Nstorage, the source code of the RZWQM must be
modified to address a biosolids-amended rangelarsters. For example, cropping
system and plant growth should be parameterizedrdicg to cheatgrassr other
appropriate vegetation. To date, all available n®dee solely for nutrient simulation in
typical agricultural cropping systems. Thereforayréque model for biosolids-amended
rangeland system needs to be develofgex.conduct future simulations focused on

biosolids application to disturbed rangelands, tbkowing performance objectives
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should be addressed: a) loading ktbiosolids application that does not pasesk NQ
contamination of ground water, b) change of;N&¥els at various soil depths, c) B
runoff flow and d)best timing and method application of biosolids.

Table 18. Nitrogen profile obtained from field dated the RZWQM model for soll
amended with lime-stabilized biosolids

NH,storage ‘ NG, storage
Biosolids application rate (kg NH; or NOg/ha)
(Multiple of agronomic rate) | Field sampling | Simulaion | Field sampling | Simulation
1X 7.38 0.55 72.03 363.34
5X 3.88 36.36 559.92 910.54
10X -23.16 125.57 772.05 1638.10
20X NA NA NA NA

Table 19. Nitrogen profile obtained from field dated the RZWQM model for soll
amended with aerobically digested biosolids

NH,storage ‘ NG, storage
Biosolids application rate (kg/ha)
(Multiple of agronomic rate) | Field sampling | Simulaion | Field sampling | Simulation
1X -8.66 0.43 115.23 363.30
5X -10.21 9.46 314.85 706.81
10X -21.57 125.21 804.46 1635.39
20X -4.42 1134.8 1473.80 4436.26

Table 20. Nitrogen profile obtained from field datad the RZWQM model for soill
amended with anaerobically digested biosolids

NH,storage ‘ NG, storage
Biosolids application rate (kg/ha)
(Multiple of agronomic rate) | Field sampling | Simulaion | Field sampling | Simulation
1X -27.86 0.59 761.57 363.37
5X -16.54 9.77 1047.91 706.22
10X 15.24 125.87 765.36 1635.21
20X 17.03 1142.61 453.66 4395.47

Table 21. Summary of RZWQM parameters needed

Parameters Default value Measured value
daily meteorology file from CLIGEN90 weather geater
breakpoint rainfall file from CLIGEN90 weatherrggator
snhowpack dynamics file From CLIGEN90 weather gatue
soil type X




Table 21. Continued

Parameters

Default
value

Measured value

particle density

X

bulk density

X

porosity

X

sand/silt/clay fraction

saturated hydraulic conductivity

field capacity water content

X

total macroporosity

x

fraction dead-end macropores

X

average radius of cylindrical pore

width of cracks

length of cracks

depth of cracks

hydraulics control

irrigation water chemistry

NA

rain water chemistry

albedo of dry soil

albedo of wet soil

albedo of crop at maturity

albedo of fresh residue

average daily sunshine fraction

wind measurement height

C:N ratio in slow residue pool

C:N ratio in fast residue pool

C:N ratio in fast soil humus pool

C:N ratio in transition soil humus pool

C:N ratio aerobic heterotrophs pool

C:N ratio in autotrophs pool

x |x |x [€ |*x [x |x [*
X Lo [ [ [x[>* < [x [> [* > I~

C:N ratio anaerobic heterotrophs poo

x

anhydrous NHapplied

P4
>

NA

volumetric water content

soil pH

soil CEC

fraction exchangeable ions (Ca, Na,
Mg...)

partial pressure CQyas

pesticide state

NA

initial residue profile

surface residue properties

crop selection

crop planting

NA

plant growth

manure inputs

substituted by biosolids inpu

47
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Table 21. Continued

Parameters Default value Measured value
irrigation NA NA
fertilization NA NA
pesticides NA NA
tillage NA NA

Biomass Yield

Biomass vyield in biosolids-amended test sites wamificantly affected by
biosolids land application as shown in Table 22onBass production in the test plots that
had received lime-stabilized, aerobically digested anaerobically digested biosolids at
different loading rates was significantly higher asmpared against the biomass
production in the control (132.7 + 94.1 kg/ha). Ttest plot that had received
anaerobically digested biosolids at the agronorate (i.e., 1X) was exceptional as its
biomass production was not statistically differéoim the control. Standard errors from
Six subplots were represented after “t” in eachadatdint. Biomass production did not
show any consistent trend with increasing biosohgglication rates, which may be
attributed to the high variability in biomass leveDespite the variabkeend in biomass
production, biosolids applications resulted enhanced biomass yield as compared

against the control.

Table 22. Biomass yields (kg/haj biosolids-amended test plots

Biosolids application rate
Biosolids type (Multiple of agronomic rate)
1X 5X 10X 20X
Lime stabilized biosolids 1169.1 £224.7 633.0 + 187.4 602.7 £61.1 NA
Aerobically digested biosolids 697.4 +170.0 778.3 + 159.9 772.3 +103]1 11823810
Anaerobically digested biosolids 251.9+79.9 495.6 +£100.7 462.4 £100{1 728.62.20

"Based on dry weight
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Plant Speciation

Nine plant types were identified at this studye ditcluding cheatgrass, mouse
barley, hornseed buttercup, fireweed, herb Soplualbous bluegrass, clasping
peppergrass, tall tumblemustard, and sticky pugptanium. The dominant species in the
control were found to be cheatgrass (45.3%) anade®d buttercup (45.3%). Mouse
barley was also present with a small percenta@®46.The other plan types appeared to
be negligible with their percentage ranged froro Q.84% (Tables 23-25).

Lime-stabilized biosolids supported the growth mbuse barley which was
illustrated by the increasing percentage of mowatep as increasing biosolids loading
rate (Table 23). In contrast, the hornseed butpergas dominant in the control but its
growth apparently declined significantly in sitést received lime stabilized biosolids.
Cheatgrass growth was highest in site that recelirad-stabilized biosolids at the
biosolids application rate equal to the agronomate.r However, as the biosolids
application rate increased, the percentage of greesgt declined to the level found in the
control plot. Fireweed had a greater populatiohigsolids-amended sites.

In sites that received aerobically digested bidsplthe dominant growth was
represented by mouse barley. Its percentage imlmssamended sites increases with
increasing biosolids application rates (Table ZA)ere was an exception at the 20X
agronomic rate when the percentage of mouse baleyeased. Cheatgrass showed
constant growth except at the sites that receil®osolids loading rate equivalent to
twenty times the agronomic rate. The hornseed toufpe percentage also declined in

biosolids-amended sites as compared with the dontro
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Cheatgrass growth in sites that received anaalbpicigested biosolids at
biosolids loading rates of 1X and 5X agronomic nases lower than that founich the
control (Table 25). However, cheatgrass populagppeared to be denser at higher
biosolids loading rates (i.e., 10X and 20X estirdasgronomic rate). The growth of
mouse barley and hornseed buttercup exhibited dhee drend with those in sites that
received lime-stabilized and aerobically digestedsdlids. The percentage of herb
Sophia was higher in sites that received biosolids at3X,and 10X agronomic rate.

There was apparently a nutrient competition amthegplant types in biosolids-
amended test sites. This was illustrated by theikm population of mouse barley in
sites that received lime-stabilized, aerobicallgedied, and anaerobically digested
biosolids. As mentioned previously, N concentrations in biosolids-amended sites in
this study were low even at high biosolids loadireges due to high ammonia
volatilization (Figure 6). Therefore, soil nitrogéne., NH;-N) pool was low, which
resulted in a competition among plants in ordesurvive. Nevertheless, nitrate (M)
concentrations in biosolids-amended sites (Figuees) were higher than the control at
0.2-0.6m depths, which could make up the deficientyavailable NH-N for plant
uptake within the root zone. Generally, the roatestarts at 0.2-m and ends at 1.2-m
soil depths, which varies among different planetyp

Cheatgrass and hornseed buttercup were found doreant species (45.3% for
each) while mouse barley contributed a small peagen(6.9%) in the control site. As
various types of biosolids were applied to soil different application rates, the

population of each plant type appeared to revéigeexample, mouse barley population
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increased significantly as compared with that & dontrol. The hornseed population
appeared to decline in biosolids-amended test Jitess cheatgrass population exhibited a
more complex change in which it increased in sitigls lime-stabilized and anaerobically
digested biosolids application while it decreasedsites with aerobically digested

biosolids application. This change of plant pogolatin biosolids-amended sites could

Table 23.Plant types (%) in soil amended with lime-stabiizgosolids

Biosolids application rate
(multiple of agronomic rate)
Plant type (%) Common name Control 1X 5X 10X
Bromus tectorum cheatgrass 45.3 72.5 51.5 46.5
Hordeum murinum mouse barley 6.9 18.4 35.2 32.0
Ranunculus testicul atus hornseed buttercup 45.3 4.2 10.6 12.9
Kochia scoparia fireweed 1.1 3.6 0.0 7.9
Descurainia sophia herb sophia 0.0 0.0 1.1 0.4
Poa bulbosa bulbous bluegrass 0.0 0.0 1.1 0.0
Lepidium perfoliatum clasping peppergrass 1.4 0.0 0.4 0.0
Ssymbrium altissimum tall tumblemustard 0.0 0.0 0.0 0.4
Geranium viscosi ssimum sticky purple geranium 0.0 1.2 0.0 0.0
Total 100 100 100 100

Table 24. Plant types (%) in soil amended with bealdly digested biosolids

Biosolids application rate
(multiple of agronomic rate)
Plant type (%) Common name Control 1X 5X 10X 20X
Bromus tectorum cheatgrass 45.3 45.3 41.7 26.7 41.6
Hordeum murinum mouse barley 6.9 22.8 31.8 38.7 25.7
Ranunculus testiculatus hornseed buttercup 45.3 30.9 24.4 31.4 24.3
Kochia scoparia fireweed 1.1 0.0 1.8 2.6 6.5
Descurainia sophia herb sophia 0.0 0.0 0.0 0.5 1.9
Poa bulbosa bulbous bluegrass 0.0 0.9 0.0 0.0 0.0
Lepidium perfoliatum clasping peppergrass 1.4 0.0 0.4 0.0 0.0
Ssymbrium altissimum tall tumblemustard 0.0 0.0 0.0 0.0 0.0
Geranium viscosissmum sticky purple geranium 0.0 0.0 0.0 0.0 0.0
Total 100 100 100 100 100




Table 25. Plant types (%) in soil amended with amigieally digested biosolids
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Biosolids application rate

(multiple of agronomic rate)
Plant type (%) Common name Control 1X 5X 10X 20X
Bromus tectorum cheatgrass 45.3 21.3 355 52.2 55.3]
Hordeum murinum mouse barley 6.9 58.6 37.6 25.8 35.1
Ranunculus testiculatus hornseed buttercup 45.3 16.7 24.1 17.4 9.3
Kochia scoparia fireweed 1.1 0.0 0.4 0.0 0.0
Descurainia sophia herb sophia 0.0 0.4 1.2 2.5 0.0
Poa bulbosa bulbous bluegrass 0.0 2.9 0.8 0.6 0.3
Lepidium perfoliatum clasping peppergrass 14 0.0 0.0 0.0 0.0
Ssymbrium altissimum tall tumblemustard 0.0 0.0 0.4 0.0 0.0
Geranium viscosissmum sticky purple geranium 0.0 0.0 0.0 1.6 0.0
Total 100 100 100 100 100
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CHAPTER V

PHOSPHORUS MOBILITY ON BIOSOLIDS-AMENDED RANGELANDS

Total P

Levels of total P in lime-stabilized biosolids-amed soil as a function of depth
are shown in Figure 8. In both Year 1 and 2, tBtabncentrations at the 10X agronomic
rate were statistically higher at the soil surfé@® m) than the control (Table 26). This
could be explained by the fatttat P forms precipitates with soil metal specieshsas
aluminum (Al), calcium (Ca), and iron (Fe). In soceses, total P levels were different
from the control at depths ranging from 0.6 to thZTable 26), which is attributable to
soil variability.

Figure 9 depicts the total P profiles from Yearmrdd Year 2 after aerobically
digested biosolids application. Total P in Yeae@ded to accumulate at the soil surface
(0.2 m) in test sites receiving biosolids at ragsivalent to 10X and 20X the estimated
agronomic rate (Table 27). In some cases, totaliéentrations in both years were found
to be significantly higher than the control at soil depthanging from 0.6-1.2 m.
However, levels of total P remained unchanged batwéear 1 and Year 2 (Figure 9),
which suggested that P was not lost through legdbéhow the root zone.

Accumulation of total P at the soil surface (0.2 im anaerobically digested
biosolids-amended sites was present in Year 2 eatafiplication rates of 5X to 20X
agronomic rate (Figure 10 and Table 28). Level®ot P in Year 1 were not statistically
different from the control in most cases. TheseeWels were also slightly lower than

those in Year 2. These findings suggested that smganic P in soil amended with
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anaerobically digested biosolids continued to beendlized in Year 2. The trend of total
P among test plots that had received three diftegres of biosolids could have been
affected by biological and chemical activity indiugl organic P mineralization. Refer to

Appendix E for details about phosphorus statisticellyses.
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Figure 8. Total P from soil amended with lime-skiabd biosolids as (a) at the end of
Year 1 and (b) at the end of Year 2. The dveos represent the standard errors.
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Table 26. Statistical analyses of total P in spieaded with lime-stabilized biosolids

Year 1 Year 2
Multiple of Depth P-value Statistically different P-value Statistically different
agronomic rate (m) from the control from the catrol
0.2 0.7323 no 0.7949 no
0.6 0.029 lower 0.9051 no
X 0.9 0.6323 no 0.9375 no
1.2 0.0434 higher 0.0187 higher
15 0.0018 higher 0.2267 no
0.2 0.6761 no 0.366 no
0.6 0.4354 no 0.0658 no
5X 0.9 0.0578 no 0.0003 higher
1.2 0.0018 higher 0.0006 higher
15 0.8797 no 0.0031 higher
0.2 0.0003 higher 0.0003 higher
0.6 0.0119 higher 0.0118 higher
10X 0.9 0.0154 higher < 0.0001 higher
1.2 0.3187 no 0.0134 higher
15 0.0313 higher 0.9308 no
o
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Figure 9. Total P from soil amended with aerobicdlbested biosolids as (a) at the end
of Year 1 and (b) at the end of Year 2. Therdbars represent the standard
errors.
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Figure 9. Continued.

Table 27. Statistical analyses of total P in soieaded with aerobically digested

biosolids
Year 1 Year 2
Multiple of Depth P-value Statistically different P-value Statistically different
agronomic rate (m) from the control from the cantrol
0.2 0.1628 no 0.8584 no
0.6 0.0013 lower 0.0735 no
X 0.9 0.2221 no 0.0863 no
1.2 0.7304 no 0.0032 higher
1.5 0.2329 no 0.0007 higher
0.2 0.0483 higher 0.8953 no
0.6 0.3269 no 0.479 no
5X 0.9 0.0024 higher 0.1538 no
1.2 <0.0001 higher < 0.0001 higher
1.5 0.0779 no 0.3872 no
0.2 0.6250 no 0.0499 higher
0.6 0.1750 no 0.0604 no
10X 0.9 0.7297 no 0.0098 higher
1.2 0.0009 higher 0.0011 higher
1.5 0.7393 no 0.4712 no
0.2 0.0416 higher 0.0006 higher
0.6 0.4889 no 0.1017 no
20X 0.9 0.1529 no < 0.0001 higher
1.2 0.2089 no 0.0009 higher
1.5 0.0020 lower 0.0875 no
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Table 28. Statistical analyses of total P in soikaded with anaerobically digested

biosolids
Year 1 Year 2
Multiple of Depth P-value Statistically different P-value Statistically different
agronomic rate (m) from the control from the catrol
0.2 0.4062 no 0.6243 no
0.6 0.2581 no 0.9921 no
X 0.9 0.9434 no 0.2342 no
1.2 0.0058 higher 0.0654 no
1.5 0.1256 no 0.3975 no
0.2 0.4084 no 0.0071 higher
0.6 0.8581 no 0.0048 higher
5X 0.9 0.6945 no 0.2354 no
1.2 0.0076 higher 0.0024 higher
15 0.0187 higher 0.7631 no
0.2 0.3377 no 0.0015 higher
0.6 0.949 no 0.104 no
10X 0.9 0.0717 no 0.3508 no
1.2 0.078 no 0.9795 no
1.5 0.7643 no 0.9376 no
0.2 0.7997 no 0.0061 higher
0.6 0.0853 no 0.7861] no
20X 0.9 0.0505 no 0.2295 no
1.2 0.8737 no 0.1569 no
1.5 0.1196 no 0.0339 higher
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Figure 10. Total P from soil amended with anaerallyaligested biosolids as (a) at the
end of Year 1 and (b) at the end of Yedrt& error bars represent the
standard errors based on variation of sbpkus.



58

1600
1400 ~
1200 ~
1000 ~
800 -
600 -
400 -
200

P in soil amended with
anaerobically digested
biosolids, mg/kg

0.0 0.5 1.0 1.5 2.0

Depth, m

—&— Control —&— IXagronomic rate —&— 5Xagronomic rate
—@— 10X agronomic rate —&— 20X agronomic rate

(b)

Figure 10. Continued.

Phosphorus Mass Balance

The P mass balance was conducted on the firahG8soil after biosolids were
surface applied. For the first acre-foot, P-acclatnon (kg/ha) was estimated using the P
concentration (measured at a depth of 0.2 m) mihasP concentration in the control
multiplied by the volume of soil. The P-accumuwatiwas compared to the P-residual
which was equal to the P applied (kg/ha) minusRhglant uptake (kg/ha) which was
calculated by multiplying measured P concentratioplant tissue (mg/kg) and biomass
yield (kg/ha). The P residual is equal to the dédfee between the amount of P applied
and the P plant uptake. P plant uptake at limeistad) biosolids sites were negligible,
however, the P accumulation were less than the atrmfuP residual at most biosolids
loading rates (Tables 29-31). The most likely causé this discrepancy were the
assumption of soil homogeneity, dilution of surfa@eby biosolids application, the
possibility of soil erosion (primarily through wirattion) as well as potential deposition

from dust storm.
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Table 29. P mass balance in lime-stabilized bidsedimended soil

Lime stabilized biosolids
Multiple of P applied | Plant uptake | P residual| P acamulation
agronomic rate (kg/ha) (kg/ha) (kg/ha) (kg/ha)
1X 96.75 1.21 95.54 -59.40
5X 483.76 0.52 483.24 160.99
10X 967.53 0.41 967.12 661.57
20X NA NA NA NA

Table 30. P mass balance in aerobically digestesbbds-amended soil

Aerobically digested biosolids
Multiple of P applied Plant uptake P-residual P acumulation
agronomic rate (kg/ha) (kg/ha) (kg/ha) (kg/ha)
1X 165.46 1.25 164.21 33.49
5X 828.28 1.06 827.22 -29.92
10X 1656.56 1.48 1655.08 398.97
20X 3313.13 1.58 3311.55 621.91

Table 31. P mass balance in anaerobically digdstsmlids-amended soil

Anaerobically digested biosolids
Multiple of P applied Plant uptake P - residual | Paccumulation
agronomic rate (kg/ha) (kg/ha) (kg/ha) (kg/ha)
1X 71.47 1.31 70.16 131.99
5X 357.34 1.18 356.16 515.94
10X 714.69 0.80 713.89 523.90
20X 1429.37 1.05 1428.32 878.20

Relationship Between Metals (Ca, Al, and Fe) ang&chability

The availability of P in biosolids or biosolids-anded soils is governed by
adsorption or precipitation reactions of inorgarc (Jenkins, Horwath, and Stutz-
McDonald, 2000; McCoy, Sikora, and Weil, 1986; Ciaet al., 1983; Taylor et al.,
1978). It is also believed that P in biosolids eosblids-amended soils is strongly
associated with Al and Fe rather than Ca. MenarJandtins (1972) stated that the effect
of Ca on immobilizing P in biosolids or biosolidsianded soils is not significant

because the solubility of calcium phosphates dseeaith pH below 10. To evaluate
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the leachability/availability of P from various kigids-amended soils in this study, the
molar ratio of P to Al+Fe was used (Jenkins, Hohyaind Stutz-McDonald, 2000). P
leachability is at low level if the molar ratio Bfto Al+Fe is below 1. In other words, P
leachability is controlled by aluminum/iron phospsasince the molar ratios of Fe to P
and Al to P are 1 in these precipitates (Jenkimswdth, and Stutz-McDonald, 2000).

The results in Tables 32-34 show that P leachgkiiom soils amended with
lime-stabilized, aerobically digested, and anaeally digested biosolids is low because
all [P]/(JAl]+[Fe]) ratios are below 1. This findgis important in terms of ground water
quality protectiorbecause there is concern that biosolids applicasitthbased on crop N
requirement results in excess P applied to sodssuch high P concentrations (Figures 8-
10) tend to remain on the soil surface (i.e., 0.8rmM.5 ft), there is still a possibility that
P on soil surface may be lost through soil erogtbrough overland moisture flow or
wind).

To date, there has been no established relatipristiveen Ca on P leachability
from biosolids land application sites. However, Was expected to rapidly precipitate P
given that the soil is alkaline and calcium phospi{&a(POs)>) is highly insoluble (K,
= 2.07 x 10°). Statistical analyses (Tables 26-28) suggested Eh accumulation
occurred within the first 0.3 m of soil depth. lontrast, at lower soil depth (e.g.1.5 m), P
concentrations were not statistically differentnfrdhe control. These findings were
consistent with the assumed reactivity of P withh 8t Fe, and Ca to form insoluble

precipitates.
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Table 32. [P]/[Al]+[Fe] in soil amended with limeabilized biosolids in Year 2

[P)/[AI]+[Fe]
Biosolids application rate (multiple of agronomicrate)
Depth (m) Control 1X 5X 10X
0.2 0.029 0.022 0.030 0.035
0.6 0.029 0.024 0.027 0.027
0.9 0.029 0.024 0.032 0.030
1.2 0.029 0.024 0.028 0.033
15 0.030 0.022 0.040 0.032

Table 33. [P]/[Al]+[Fe] in soil amended with aerodlly digested biosolids in Year 2

[P)/[Al+][Fe]

Biosolids application rate (multiple of agronomicrate)

Depth (m) Control 1X 5X 10X 20X
0.2 0.029 0.031 0.025 0.035 0.037
0.6 0.029 0.024 0.023 0.028 0.036
0.9 0.029 0.028 0.026 0.032 0.034
1.2 0.029 0.029 0.031 0.035 0.036
1.5 0.030 0.029 0.035 0.041 0.040

Table 34. [P]/[Al]+[Fe] in soil amended with anabically digested biosolids in Year 2

[P)/[AI]+[Fe]
Biosolids application rate (multiple of agronomicrate)

Depth (m) Control 1X 5X 10X 20X
0.2 0.029 0.028 0.033 0.032 0.041
0.6 0.029 0.029 0.029 0.029 0.028
0.9 0.029 0.022 0.026 0.033 0.032
1.2 0.029 0.023 0.029 0.032 0.032
1.5 0.030 0.025 0.029 0.030 0.042

Empirical Correlation Between P Loading Rate adcBumulation

The following correlations were built using lineaegression to plot P
accumulation versus P applied (i.e. at 1X, 5X, 18Xd 20X agronomic rate) for each
type of biosolids at 0.2 m depth (Figures 11-13je Tesulting linear equations{Ralues
ranged from 0.87 to 0.97) suggested that P accuiomlat the soil surface increases with
increasing P application. Therefore, over the tiscale of this study, biosolids land

application should not cause problem in terms lgfaéhability.
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Figure 11. Correlation between P loading rate aadd@mulation at the soil surface in
lime-stabilized biosolids-amended sites.
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aerobically digested biosolids-amended sites.
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Figure 13. Correlation between P loading rate aadd@mulation at the soil surface in
anaerobically digested biosolids-amended site

Potential P Loss from Soil Erosion

Even though the molar ratios of total P to thaltaf Al and Fe were below 1
(i.e., low leachability of P at this study site),nfay be also lost through soil erosion.
Therefore, the universal soil loss equation (Eqprésented in USDA (1998) was applied
to obtain the soil loss in this study. It shouldnaged that the calculation of soil loss was
relative since the universal soil loss equatiocoiprised of empirical factors.

A=RKxxLSxCxP (8)

where:
A: soil loss, metric tons/yr
R: rainfall and runoff factor
K: soil erodibility factor

LS: slope length and gradient factor
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C: cover and management factor

P: support practice factor

All parameters in the Eq. 8 were drawn from USDA98) based on the following facts
including a) the study site did not have any téamnd irrigation, b) the soil has a slope of
5%, c) the slope length is long and linear, anthd)soil is sandy loam. Therefore, R, K,
LS, C, and P were chosen as 10, 0.23, 0.6475, 0ab@b0.25, respectively. The soil loss
at the study site was calculated as followed:

A =10 x 0.23 x 0.6475 x 0.005 x 0.25 = 0.00186rim¢dns /ha-yr

A = 1.86 kg/ha-yr

The approximate soil loss at the study site is k@@er hectare per year. Hence, P loss

through soil erosion is minimized in this study.

Plant Available P (Olsen P)

In general, the highest plant available P (OlsgrdPcentrations were found in
soil surface (0.2 m) in soil amended with lime-dtabd, aerobically digested, and
anaerobically digested biosolids as seen in Figli#ed6, respectively. In a few cases,
plant available P also increased with increasimgdlids application rates. As displayed
in Tables 35-37, the statistical analyses did nemnahstrate accumulations of plant
available P at the depths of 0.6-1.5 m in all biiolseamended test sites (i.e., 0.6, 0.9, 1.2,
and 1.5 m). Moreover, the trend of plant availaBlén this study was similar to that
reported in grevious study (Fitzpatrick et al., 2004). Stat@tianalyses are presented in

Appendix F.
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Figure 14. Olsen P from soil amended with lime-ditaddl biosolids at the end of Year 2.
The error bars represent the standard errors.

Table 35. Statistical analyses of Olsen P in sogaded with lime-stabilized biosolids at
the end of Year 2

Multiple of Depth P-value Statistically different
agronomic rate (m) from the control

0.2 0.0244 higher
0.6 0.4451 no

X 0.9 0.4026 no
1.2 0.3497 no
15 0.2151 no
0.2 0.0066 higher
0.6 0.2923 no

5X 0.9 0.9095 no
1.2 0.3710 no
15 0.7907 no
0.2 <0.0001 higher
0.6 0.1121 no

10X 0.9 0.2880 no
1.2 0.7899 no
15 0.9411 no
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Figure 15. Olsen P from soil amended with aerobjiactibested biosolids at the end of
Year 2. The error bars represent the stanelaods based on variation of six
subplots.

Table 36. Statistical analyses of Olsen P in soiiaded with aerobically digested
biosolids at the end of Year 2

Multiple of Depth P-value Statistically different
agronomic rate (m) from the control
0.2 0.1938 no
0.6 0.1424 no
X 0.9 0.2428 no
1.2 0.2832 no
15 0.3210 no
0.2 0.3134 no
0.6 0.3682 no
5X 0.9 0.3089 no
1.2 0.2287 no
15 0.9248 no
0.2 0.0103 higher
0.6 0.4299 no
10X 0.9 0.4605 no
1.2 0.1687 no
15 0.5966 no
0.2 0.0003 higher
0.6 0.2421 no
20X 0.9 0.3228 no
1.2 0.5031 no
15 0.7302 no
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Figure 16. Olsen P from soil amended with anaesdlyidigested biosolids at the end of
Year 2. The error bars represent the stanetaotls based on variation of six
subplots.

Table 37. Statistical analyses of Olsen P in soiéiaded with anaerobically digested
biosolids at the end of Year 2

Multiple of Depth P-value Statistically different
agronomic rate (m) from the control
0.2 0.0065 higher
0.6 0.3854 no
X 0.9 0.4787 no
1.2 0.6436 no
15 0.3834 no
0.2 0.0187 higher
0.6 0.1421 no
5X 0.9 0.5500 no
1.2 0.5447 no
15 0.0292 higher
0.2 0.0259 higher
0.6 0.9073 no
10X 0.9 0.8608 no
1.2 0.8476 no
15 0.1037 no
0.2 0.0126 higher
0.6 0.3561 no
20X 0.9 0.8613 no
1.2 0.6175 no
15 0.7529 no
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Adsorption and Desorption of Soil P

The most available inorganic form of P is orthogttwate which is likely
adsorbed by iron hydroxide (Fe(Qj)n soil because iron hydroxide is naturally found
in large quantities (Evangelou, 1998). The avadatithophosphate fraction in total P
was not determined in this study. However, assuntivag any fraction of available
orthophosphate would be adsorbed by Fe@Odt)precipitated as FeRQOthere is the
potential thatlesorption will also occur in which orthophosphatesleased back to soils.
This is possible because the reduction of ke F€* is a favorable reaction described in
EqQ. 2 with the oxidation potential of +0.771 V (Malf and Eddy, 2003).

fe 6 - F&* (9)

Organic matter is probably the reducing agenttlies reaction that occurs under
saturated soil condition. Therefore, as the readhd=q. 2 proceeds to the right, sorbed P
is released back to the soils. The released Relylreacted with available €a AlI** in
soils to form calcium phosphate and aluminum phasglwhich is highly possible due to
the extremely low solubility constants X of calcium phosphate and aluminum
phosphate. At the standard condition (i.ef’,C2)5KSp of calcium phosphate and aluminum
phosphate are 2.07 x i0and 9.84 x 18", respectively, which indicates that calcium
and aluminum phosphates are insoluble. Therefose,s@n as orthophosphate is
desorbed, calcium and aluminum phosphates will kexipitated. As mentioned in
chapter Il, calcium phosphate is the most avail&édnie for plant uptake, thus it can refill
the available inorganic P pool in soils. The adg8orpdesorption and precipitation cycle
of soil P can at least minimize P leaching to gobwater due to the phosphate

formation, which greatly influences the P balantsail after biosolids amendments.
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Biosolids Application Rate Based on Phosphorus

Due to the increased concern over eutrophicataurs@d by excess P from N-
based biosolids application, there is growing igénin basing théiosolids application
rate on phosphorus instead of nitrogen. The egudtr P-based biosolids application
rate is presented in USEPA (1995) with the asswnptiat 50% of the inorganic P in

biosolids is available for plant uptake (USDA, 199ZFhe equation is described as

follows:
P
Agronomic rate fon - - = - : . (10)
acre ) crop-available P,Og per ton biosolids (dry basis)
where:

Peq adjusted crop phosphorus fertilizer requirembaiticre
Crop - available fOs: total Ib BOs per ton of biosolids (dry basis) multiplied by Ol&/ton
Total Ib of BOs per ton biosolids: Ib of phosphorus in biosolidgltiplied by 4.6, Ib/ton
4.6 is the factor used to convert Ib of P to IPgDs - mass weight ratio,Ps:P = 142 : 31

The P-based biosolids application rates were tatkedi using Eq. 10 for the three
types of biosolids used in this study. It is cl#aat the rangeland system would need
additional nitrogen fertilization for healthy grdwif biosolids were applied using the P-
based application rate as demonstrated in TablelrB&ddition, since biosolids are
relatively rich in phosphorus, use of a P-basedragnic rate approach will result in a
much larger land requirement for biosolids manageniEhese technical concerns result
in an increasing overall cost, whidltimately will be paid by the general public thgtu

increased wastewater fees (Brandt, Elliot, and @i@o, 2004; Shober and Sims, 2003).
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Table 38. Comparison of N-based and P-based bitssapiplication rates (dry basis)

N-based Biosolids application rate
Multiple of Lime-stabilized Aerobically digested Anaerobically digested
agronomic rate biosolids biosolids biosolids
(metric ton/ha) (metric ton/ha) (metric ton/ha) (meric ton/ha)
1X 19.75 3.44 2.86
5X 98.73 17.22 14.29
10X 197.45 34.44 28.59
20X NA 68.88 57.17
P-based Biosolids application rate
Multiple of Lime-stabilized Aerobically digested Anaerobically digested
agronomic rate biosolids biosolids biosolids
(metric ton/ha) (metric ton/ha) (metric ton/ha) (meric ton/ha)
1X 3.00 0.31 0.59
5X 15.00 1.53 2.94
10X 30.00 3.06 5.88
20X 60.00 6.11 11.76

Minimizing Nutrient Loss from Biosolids Land Appétion

Phosphorus loss from biosolids-amended sites le@s @ publicconcern as
biosolids are applied to meet crop N requiremehit® phosphorus loss can be higher if
biosolids application occurs at rates that excesttmated agronomic rate. Potential
phosphorus loss at this study site was evaluatediqusly using the molar ratio
[PJ/([Al]+[Fe]). These molar ratios were well belotvindicating that phosphorus loss
from biosolids land application was very low.

Another approach, e.g., Phosphorus Site IndeR,(B& be used to determine the
level of phosphorus movement from a site. The R&8ich takes into account site and
transport characteristics along with source and agament characteristics, was

developed specifically for the state of Marylangtotect sensitive watersheds such as
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the Chesapeake Bay (Coale, 2005). However, iticmoently a national approach. The
site and transport characteristics are comprisedsaff erosion, soil runoff class,
subsurface drainage, leaching potential, and pyiofi receiving water. Each component
except soil erosion is rated on a 0-8 scale wherep@esents very low level and 8
represents very high level using the informaticonfrthe Tooele Soil Survey (USDA,
2000). Soil erosion loss (ton/acre) is obtaineshgishe universal soil loss equation (Eq.
8). The total site and transport value is the sdith@ component values multiplied by a
scaling factor of 0.02. The source and managentgriacteristics include soil test P, P
fertilizer application rate, P fertilizer applicati method and timing, organic P
application rate, and organic P application metaod timing. The P fertilizer application
method and timing and the organic P applicationhoetand timing are rated on a 0-60
scale depending on the application method and gjrwhile the other components are
represented in IbJ®s/acre multiplied by their respective factors frame S| user guide
(Coale, 2005). The total of the five component galus the source and management
value.

Finally, the PSI value is the product of the taté and transport value and the
source and management value. Thus, P loss ratiogaisacterized using the PSI scale
where low potential P movement is represented by ¢?S0-50 and very high P
movement has PSI > 100. PSI values of medium agid Bi movements fall within the
ranges of 51-75 and 76-100, respectively.

Based on the PSI values of the biosolids-amendsti sites (Table 39), lime-
stabilized biosolids may be applied only at the d¢dxl agronomic rate in spite of a

medium potential loss. At higher application ratBsloss at lime stabilized biosolids-
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amended test treatments will be very high. Meareytapplication rate up to ten times
(10X) the N-based agronomic rate can be used fabamlly digested biosolids since P
loss level range from low to medium. Anaerobicaligested biosolids can be applied up
to five times (5X) the N-based agronomic rate respe to potential P levels at these
sites (low to medium).

It is clear that lime-stabilized biosolids exhibigher potential P compared to the
other types of biosolids when they are appliedhat 3ame biosolids application rates.
This is not surprising since significantly highen@unts of lime-stabilized biosolids were
applied to the test sites compared with those oftaeally digested and anaerobically
digested biosolids due to low nutrient levels (iM.and P) found in lime-stabilized
biosolids (Table 8). However, previous results afigptial P leaching based on the molar
ratio of [P)/[Al]+[Fe] indicated that P loss at ®e biosolids-amended sites at up to
twenty times (20X) the N-based agronomic rate veas [This finding agrees with the
potential P loss determined by the PSI values lsecdle excess P forms phosphate
precipitates with calcium, aluminum and iron. Akaine conditions, formation of
calcium phosphate is high because of its relatisatgll solubility constant (¥ = 2.07 x
10°%). These precipitates tend to remain immobile itsstue to their highly insolubility,

and biosolids application at this study site wasie-time application.

Table 39. Phosphorus Site Index (PSI) of biosdidsl application sites

Multiple of Lime-stabilized biosolids | Aerobically digested biosolids| Anaerobically digested biosolids
agronomic

rate PSI Potential P loss PSI Potential P loss PS Potential P loss

1X 74 Medium 25 Low 30 Low

5X 292 Very high 47 Low 73 Medium

10X 564 Very high 75 Medium 126 Very high

20X NA NA 130 Very high 233 Very high
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CHAPTER VI

METALS IN BIOSOLIDS-AMENDED SOILS

Cadmium (Cd), lead (Pb), and molybdenum (Mo) catre¢gions in biosolids-
amended soils are not presented here because #reybalow the detection limits (1.5,
2.5, and 2.5 mg/kg, respectively) in both Year #l aear 2. Metal levels in biosolids-
amended soils were compared with the regulatorytdiffTable 40). The cumulative
loading rate is a regulatory derived value giverkgiha. The regulation assumes that
only the first 30.5 cm of soil depth (plow layes)monitored. In addition, this is a large
one-time biosolids application scenario not a camus application. Given this
management approach, metal concentration limitsewdsrived from the regulatory
required cumulative loading rates assigned for edi¢he regulated metals.

Arsenic (As) in Year 1 did not accumulate at suitface in biosolids-amended

test plots. Statistical analyses demonstrateddesMedrsenic within soil surface were not

Table 40. Metal loading rate limits for land-appligiosolid$

Cummulative loading
rate limits
Metal | kg/ha mg/kg®
As 41 9
Cd 39 9
Cu 1500 344
Pb 300 69
Mo NASS NASS
Ni 420 96
Se 100 23
Zn 2800 642

TAdapted from USEPA (1995) and McFarland (2001)
SConverted to soil concentration assuming 30.5-cpthd@nd a bulk density of 1.43

g/cm3

SUSEPA is re-examining the limit
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different from the control (Tables 41-43). Thisear& behavior can be understood in
light of the impact of phosphorus on arsenic mopillt should be noted that arsenic
exists as As(lll) or As(V) in the soil environmeahnd As(lll) predominates in soil at
increasing pH. Soil pH is a key factor on the apgBon of As(lll) as a previous study
showed that the maximum adsorption of As(lll) byniroxide was at pH 7 (Pierce and
Moore, 1980). However, with high concentrationspbiosphorus in biosolids, arsenic
tends to become more mobile since phosphorus catade arsenic on adsorption sites.
This, at leastn part, explains the lack of arsenic accumulatiotinin the upper reaches
of the soil column. As(lll) is more leachable thas(V) due to its high solubility.
However, As(lll) could be oxidized to As(V) in tipeesence of manganese oxide serving
as the primary electron acceptor. As comparethéocontrol, arsenic concentrations in
lime-stabilized and aerobically digested biosokaisended soils were not statistically
different from the control at various soil depthscept at 1.5 m (Tables 41-42). In
anaerobically digested biosolids-amended test, st@sarsenic accumulation was found
except at the soil surface (0.2 m) at the 20X agmun rate site (Table 43). Arsenic
concentrationsn all biosolids-amended soils were below the catregion limit (Table
40). Details about statistical analyses are suna@diin Appendix G.

Copper (Cu) concentrations did not show a condistieend among biosolids-
amended test sites. Copper concentrationsiosolids-amended soils were found to be
well below the concentration limit from the 40 CIPRrt 503 rule (Table 40). Increasing
copper concentrations from Year 1 to Year 2 wetmdbin soils that had received lime-

stabilized biosolids meanwhile the opposite tremisted in soils that had received
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aerobically digested biosolids. In many cases, epggcumulation was found at 0.2 to
1.2 m depths (Tables 44-46). Statistical analyseslaown in Appendix H.

In most cases, nickel (Ni) exhibited a tendencyadoumulate at the soil surface
(0.2 m) (Tables 47-49). Nickel accumulation withime soil surface indicated nickel
immobility under oxidizing conditions. Nickel condeations decreased from Year 1 to
Year 2 in all biosolids-amended soils, possiblyigatlve of plant uptake. Vasquez (2008)
suggests that plant uptake of Ni occurred and lgnatls of Ni in plants in biosolids-
amended sites were below the tolerable limits. Addally, nickel is retained in soil
through adsorption to iron and manganese oxidegelisas organic matter (McLean and
Bledsoe, 1992). Most nickel concentrations werewehe cumulative loading rate limit.
Nickel in soil that had received lime-stabilizecb$wnlids at the loading rate equal to
agronomic rate was higher than the concentratiait In Year 1. Refer to Appendix | for
details about statistical analyses.

Soil amended with lime-stabilized biosolids had/do selenium (Se) level than
those in soils amended with aerobically digestesdiids at low biosolids loading rates
(1X and 5X) in Year 1 (Tables 50-52). However, tluéigh soil pH, selenium in the test
treatments with lime-stabilized biosolids amendmeart be more mobile than selenium
in the test treatments with aerobically digesteasbiids amendments. Within the soil
surface (0.2 m), statistical analyses suggestetdséslanium did not accumulate in the
biosolids-amended test sites, which suggests ggnif selenium mobility associated
with high soil pH and oxidizing conditions. In addition, tk&evated concentrations of
phosphorus (P) in biosolids added through land ieggbn could enhance selenium

mobility since phosphorus, especially phosphatengty adsorbs to soils and displaces
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selenium. In general, selenium in biosolids-amendmils was well below the
concentration limit from the 40 CFR Part 503 rubatistical analyses are reported in
Appendix J.

Zinc (Zn) exhibited a similar tendency as coppe@u)(in all biosolids-amended
soils. In some cases, zinc was dlsond to accumulate at soil surface in both Yeand
Year 2 following biosolids land application. Addnally, zinc was found to accumulate
at depths of 0.6-1.2 m in both years based onsstai analyses (Tables 53-55).
However, zinc concentrations were well below thacemtration limit (Table 40). High
soil pH in biosolids-amended rangelands is favardbt Zn adsorption. Also, hydrolyzed
species of zinc, which occurs at pH > 7.7, arengfio adsorbed to the soil surface
(McLean and Bledsoe, 1992). Refer to Appendix Kstatistical analysis reports.

There was no trend for all metals (As, Cu, Ni, Znd Se) in biosolids-amended
soils at the end of Year 1 and Year 2 followingdoiads application. This was not
surprising given the impact on localized environtaknonditions on metal mobility and
leaching. The concentrations of metals in this wegte below the concentration limits
from the 40 CFR Part 503 rule for biosolids-amendeds (Table 40). This may be
explained by the facthat metals in biosolids are regulated before tbeyld be land
applied (Table 5). Other research (Vasquez, 2008yests that levels of metal in plants
at this study site were well below the plant tdbdedimits. Thus, biosolids application in
this study did not pose any risk to human heahimals, or the environment with respect
to potential metal accumulation. The study siteusthdoe safe for future cattle grazing

since this was the goal of applying biosolids s thisturbed rangeland.
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Table 41. Statistical analyses of arsenic (As)nretstabilized biosolids-amended soil

Multiple of Depth P-value Statistically different
agronomic rate (m) from the control

0.2 0.5113 no
0.6 0.1804 no

X 0.9 0.4393 no
1.2 0.7742 no
15 0.0007 lower
0.2 0.3472 no
0.6 0.8155 no

5X 0.9 0.8801 no
1.2 0.3645 no
15 0.0011 lower
0.2 0.6705 no
0.6 0.7306 no

10X 0.9 0.6419 no
1.2 0.6543 no
15 0.0074 lower

Table 42. Statistical analyses of arsenic (As)arphically digested biosolids-amended

Soil
Multiple of Depth P-value Statistically different
agronomic rate (m) from the control
0.2 0.4208 no
0.6 0.0468 lower
1X 0.9 0.1750 no
1.2 0.4105 no
15 0.0021 lower
0.2 0.2488 no
0.6 0.1992 no
5X 0.9 0.4844 no
1.2 0.5463 no
15 0.0012 lower
0.2 0.2289 no
0.6 0.2043 no
10X 0.9 0.1467 no
1.2 0.3732 no
15 0.0005 lower
0.2 0.9640 no
0.6 0.1955 no
20X 0.9 0.7488 no
1.2 0.6807 no
15 0.0017 lower
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Table 43. Statistical analyses of arsenic (As)naesobically digested biosolids-amended

soil
Multiple of Depth P-value Statistically different
agronomic rate (m) from the control

0.2 0.9035 no
0.6 0.1756 no

X 0.9 0.1271 no
1.2 0.7800 no
1.5 0.3471 no
0.2 0.3524 no
0.6 0.3812 no

5X 0.9 0.1499 no
1.2 0.1463 no
15 0.3706 no
0.2 0.1536 no
0.6 0.0852 no

10X 0.9 0.8092 no
1.2 0.1198 no
1.5 0.4015 no
0.2 0.0088 higher
0.6 0.1063 no

20X 0.9 0.3127 no
1.2 0.0645 no
15 0.4065 no

Table 44. Statistical analyses of copper (Cu)nrelistabilized biosolids-amended soil

Year 1 Year 2
Multiple of Depth P-value Statistically different P-value Statistically different
agronomic rate (m) from the control from the catrol

0.2 0.3614 no 0.2543 no
0.6 0.8046 no 0.1573 no

X 0.9 0.3503 no 0.6169 no
1.2 0.4731 no 0.1911 no
1.5 0.7027 no 0.1089 no
0.2 0.016 lower 0.0007 lower
0.6 0.0985 no 0.107 no

5X 0.9 0.3909 no 0.1778 no
1.2 0.2206 no 0.0019 lower
15 0.3888 no 0.0112 lower
0.2 0.9688 no NA NA
0.6 0.386 no <0.0001 lower

10X 0.9 0.9149 no <0.0001 lower
1.2 0.9344 no <0.000] lower
1.5 0.6305 no 0.0421 lower
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Table 45. Statistical analyses of copper (Cu) nolaieally digested biosolids-amended

solil
Year 1 Year 2
Multiple of Depth P-value Statistically different P-value Statistically different
agronomic rate (m) from the control from the caitrol
0.2 0.2728 no NA NA
0.6 0.1969 no NA NA
X 0.9 0.1342 no NA NA
1.2 0.6474 no NA NA
1.5 0.2635 no NA NA
0.2 0.3145 no NA NA
0.6 0.9401 no NA NA
5X 0.9 0.029 higher 0.0007 lower
1.2 0.132 no <0.0001 lower
1.5 0.5829 no NA NA
0.2 0.2308 no 0.9158 no
0.6 0.0003 higher 0.2326) no
10X 0.9 0.0019 higher 0.0285 lower
1.2 0.0042 higher 0.0015 lower
1.5 0.0211 higher NA NA
0.2 0.0007 higher NA NA
0.6 0.0103 higher NA NA
20X 0.9 0.0307 higher NA NA
1.2 0.0951 no 0.0125 lower
15 0.2491 no 0.0124 lower

Table 46. Statistical analyses of copper (Cu) imeanbically digested biosolids-amended

solil
Multiple of Depth P-value Statistically different P-value Statistically different
agronomic rate (m) from the control from the catrol
0.2 0.3669 no NA NA
0.6 0.0008 no 0.0078 lower
X 0.9 0.9823 no 0.6389 no
1.2 0.1072 no 0.3141 no
15 0.0728 no 0.0529 no
0.2 0.8211 no 0.4825 no
0.6 0.0245 no 0.3786 no
5X 0.9 0.4181 no 0.9132 no
1.2 0.0341 no 0.1847 no
1.5 0.3887 no 0.7502 no
0.2 0.2862 no <0.0001 lower
10X 0.6 0.3391 no 0.1027 no
0.9 0.5175 no 0.0736 no




Table 46. Continued

Multiple of Depth P-value Statistically different P-value Statistically different
agronomic rate (m) from the control from the catrol
10X 1.2 0.8175 no <0.0001 lower
1.5 0.5644 no 0.012 lower
0.2 0.9335 higher NA NA
0.6 0.0113 no NA NA
20X 0.9 0.6728 no NA NA
1.2 0.0998 no NA NA
1.5 0.3604 no NA NA
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Table 47. Statistical analyses of nickel (Ni) md-stabilized biosolids-amended soll

Year 1 Year 2
Multiple of Depth P-value Statistically different P-value Statistically different
agronomic rate (m) from the control from the catrol

0.2 0.8742 no 0.691 no
0.6 0.6132 no 0.1254 no

X 0.9 0.7991 no 0.0056 lower
1.2 0.0581 no 0.5393 no
1.5 0.9841 no 0.4693 no
0.2 0.0044 lower 0.0015 lower
0.6 0.1331 no 0.0023 lower

5X 0.9 0.5876 no <0.0001 lower
1.2 0.0138 lower <0.000] lower
15 0.3344 no <0.000] lower
0.2 0.0288 lower 0.0454 lower
0.6 0.0977 no 0.0215 lower

10X 0.9 0.0818 no 0.02 lower
1.2 0.0112 lower 0.0041 lower
1.5 0.1092 no 0.2273 no

Table 48. Statistical analyses of nickel (Ni) imaecally digested biosolids-amended

solil
Year 1 Year 2
Multiple of Depth P-value Statistically different P-value Statistically different
agronomic rate (m) from the control from the catrol

0.2 0.0023 lower 0.2236 no
0.6 0.0077 lower 0.0546 no

X 0.9 0.7313 no 0.0077 lower
1.2 0.4268 no 0.0145 lower
15 0.0088 lower 0.5846 no

5X 0.2 0.4089 no 0.0079 lower
0.6 0.0762 no 0.0043 lower




Table 48. Continued

Year 1 Year 2
Multiple of Depth P-value Statistically different P-value Statistically different
agronomic rate (m) from the control from the catrol
0.9 0.7087 no 0.0001 lower
5X 1.2 0.1873 no <0.000 lower
1.5 0.0118 lower NA NA
0.2 0.0429 lower 0.0448 lower
0.6 0.0051 lower 0.5301 no
10X 0.9 0.0029 lower 0.0393 lower
1.2 0.5655 no 0.1422) no
1.5 0.0024 lower 0.0004 lower
0.2 0.0309 lower 0.1336 no
0.6 0.0677 no 0.129 no
20X 0.9 0.9937 no 0.0134 lower
1.2 0.0986 no <0.000 lower
1.5 0.4966 no NA NA
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Table 49. Statistical analyses of nickel (Ni) iraarobically digested biosolids-amended

solil
Year 1 Year 2
Multiple of Depth P-value Statistically different P-value Statistically different
agronomic rate (m) from the control from the catrol
0.2 0.1122 no 0.4932, no
0.6 0.0006 lower 0.0189 lower
X 0.9 0.6333 no 0.8856 no
1.2 0.7607 no 0.0341 lower
1.5 0.0012 lower 0.0051 lower
0.2 0.0156 lower NA NA
0.6 0.0351 lower NA NA
5X 0.9 0.6629 no NA NA
1.2 0.5846 no NA NA
1.5 0.0014 lower NA NA
0.2 0.0094 lower NA NA
0.6 0.0147 lower NA NA
10X 0.9 0.2462 no NA NA
1.2 0.5203 no NA NA
15 <0.0001 lower NA NA
0.2 0.3919 no NA NA
0.6 0.0027 lower NA NA
20X 0.9 0.5765 no NA NA
1.2 0.6718 no NA NA
15 0.0003 lower NA NA
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Table 50. Statistical analyses of selenium (Séjne-stabilized biosolids-amended soil

Multiple of Depth P-value Statistically different
agronomic rate (m) from the control

0.2 NA NA
0.6 NA NA

X 0.9 0.1698 no
1.2 0.1223 no
15 0.0461 lower
0.2 0.5927 no
0.6 NA NA

5X 0.9 0.6031 no
1.2 0.4901 no
1.5 0.2281 no
0.2 0.1633 no
0.6 0.382 no

10X 0.9 0.5961 no
1.2 0.2427 no
1.5 0.5362 no

Table 51. Statistical analyses of selenium (Sa@giobically digested biosolids-amended

solil
Multiple of Depth P-value Statistically different
agronomic rate (m) from the control

0.2 0.4243 no
0.6 0.3605 no

X 0.9 0.3914 no
1.2 0.9954 no
1.5 0.1484 no
0.2 0.2292 no
0.6 0.3753 no

5X 0.9 0.2519 no
1.2 0.1435 no
1.5 0.9378 no
0.2 0.1835 no
0.6 0.3827 no

10X 0.9 0.3977 no
1.2 0.0423 higher
1.5 0.8708 no
0.2 0.8167 no
0.6 0.3814 no

20X 0.9 0.884 no
1.2 0.744 no
1.5 0.586 no




Table 52. Statistical analyses of selenium (Sa@nimerobically digested biosolids-

amended soll
Multiple of Depth P-value Statistically different
agronomic rate (m) from the control

0.2 0.2836 no
0.6 0.9062 no

1X 0.9 0.4883 no
1.2 0.6169 no
15 0.0079 lower
0.2 0.7338 no
0.6 0.4807 no

5X 0.9 0.105 no
1.2 0.1222 no
1.5 0.3875 no
0.2 0.4802 no
0.6 0.4576 no

10X 0.9 0.7759 no
1.2 0.3294 no
1.5 0.534 no
0.2 0.0821 no
0.6 0.2092 no

20X 0.9 0.0492 higher
1.2 0.0449 higher
1.5 0.4522 no

Table 53. Statistical analyses of zinc (Zn) in kstabilized biosolids-amended soill

Year 1 Year 2
Multiple of Depth P-value Statistically different P-value Statistically different
agronomic rate (m) from the control from the catrol
0.2 0.1748 no 0.0618] no
0.6 0.4042 no <0.000] higher
X 0.9 0.1333 no 0.0005 higher
1.2 0.845 no <0.0001 higher
1.5 0.4838 no 0.0502 no
0.2 0.3498 no 0.3681] no
0.6 0.8913 no 0.2848 no
5X 0.9 0.4725 no 0.0746 no
1.2 0.0144 higher 0.0226 higher
1.5 0.8193 no 0.5948 no
0.2 0.0222 higher 0.0489 lower
10X 0.6 0.6989 no 0.5101] no
0.9 0.3468 no 0.5751] no
1.2 0.3582 no 0.0163 lower




Table 53. Continued

Year 1 Year 2
Multiple of Depth P-value Statistically different P-value Statistically different
agronomic rate (m) from the control from the catrol
10X 15 0.5608 no 0.041§ lower
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Table 54. Statistical analyses of zinc (Zn) in &erally digested biosolids-amended soill

Year 1 Year 2
Multiple of Depth P-value Statistically different P-value Statistically different
agronomic rate (m) from the control from the caitrol
0.2 0.3119 no 0.0002 lower
0.6 0.0052 lower 0.0003 lower
X 0.9 0.7309 no 0.0014 lower
1.2 0.0533 no 0.5943 no
15 0.0415 higher 0.0046) lower
0.2 0.1446 no 0.8291 no
0.6 0.0759 no 0.8747 no
5X 0.9 0.1873 no 0.6647 no
1.2 0.0192 higher 0.003 higher
15 0.6985 no 0.0167 lower
0.2 0.6262 no 0.3586 no
0.6 0.8964 no 0.5941 no
10X 0.9 0.8871 no 0.4456 no
1.2 0.0022 higher 0.4445 no
15 0.4991 no <0.0001 lower
0.2 0.0904 no 0.251 no
0.6 0.2846 no 0.2405 no
20X 0.9 0.4503 no 0.3763 no
1.2 0.2574 no 0.0861 no
15 0.3995 no <0.0007 lower

Table 55. Statistical analyses of zinc (Zn) in aobieally digested biosolids-amended

solil
Year 1 Year 2
Multiple of Depth P-value Statistically different P-value Statistically different
agronomic rate (m) from the control from the catrol
0.2 0.2351 no 0.2934 no
0.6 0.0007 lower 0.0971 no
X 0.9 0.4761 no 0.899 no
1.2 0.0621 no 0.077 no
1.5 0.9402 no 0.5774 no
5X 0.2 0.9454 no 0.5329 no
0.6 0.7263 no 0.7375 no




Table 55. Continued

Year 1 Year 2
Multiple of Depth P-value Statistically different P-value Statistically different
agronomic rate (m) from the control from the catrol
0.9 0.7596 no 0.8228 no
5X 1.2 0.0136 higher 0.3692 no
15 0.2456 no 0.0422 lower
0.2 0.125 no 0.1636 no
0.6 0.2236 no 0.9471] no
10X 0.9 0.0412 lower 0.0011 lower
1.2 0.0132 higher 0.0049 lower
15 0.0576 no 0.0019 lower
0.2 1 no 0.3735 no
0.6 0.0275 lower 0.0002 lower
20X 0.9 0.0557 no NA NA
1.2 0.2007 no NA NA
1.5 0.8027 no NA NA
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CHAPTER VII

CONCLUSIONS AND ENGINEERING SIGNIFICANCE

Conclusions

Soil pH remained unchanged after biosolids langliegtion, which could likely
due to the presence of carbonate in large quasntitiesoils. Electrical conductivity (EC)
also did not change in most biosolids-amended.ditesome cases, EC was higher than
the control, which could be attributed to low ppe@tion that helped preventing salt
content from leaching. Many biosolids-amended sitege found to have low NN and
high NGs-N within the soil surface (0.2 m) compared witle &tontrol, which may have
been the result of ammonia volatilization and fidation. Due to high soil pH, high
ambient temperature and low precipitation, voladilion of ammonia was favorable at
the study site. Meanwhile, nitrification was enheshdy well-drained soil condition (i.e.,
aerobic condition). The high NN levels were also due to the historical use efshte
as an animal feeding and holding area since thg-Ml@oncentrations in the soil
background was found as high as 156 mg/kg. Thenpatgground water source may not
be affected due to the following reasons includipghe potential ground-water source is
24 m below ground surface, b) the quality of thdepbal ground-water source is
considered poor, and c) evapotranspiration is nguehter than precipitation at the study
site and d) nitrate is likely lost as nitrogen glaough the denitrification process. The
nitrogen balance at biosolids-amended sites wadumbed within the soil surface using
total N concentrations. Significant differencesvieen the amount of N residual and N

accumulation existed at all biosolids loading rat€ee most likely reasons for the
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discrepancies could be wind erosion, greater amaneoiiatilization than predicted, soil
heterogeneity and atmospheric deposition.

The Root Zone Water Quality Model (RZWQM) simubeti results were not
consistent with the field study results. The sirtiola had to use most of the default
parameters for a typical agricultural cropping sgstfrom the RZWQM, which resulted
in inadequate prediction of nitrogen (e.g. NN and NQ-N) storage at various soil
depths in biosolids-amended rangelands. For apjatepsimulation, the model needs to
be modified specifically for rangeland systems.

Cheatgrass, mouse barley, and hornseed butterergodominant plant specias
the biosolids-amended sites. Even though theseespae invasive, their dominance can
still benefit the disturbed rangelands by a) redgcisoil erosion, b) increasing
phosphorus retention, c) enhancing slodlinage, and d) improving forage productivity.

Total P accumulated within the soil surface (0)2mmany of biosolids-amended
sites, an observation thebuld be attributed to the formation of phosphatxipitates at
the soil surface. In addition, P accumulation withire teoil surface increases with
increasing P loading rate. Phosphorus leaching masmal based on its potential
reactions with calcium (Ca) and the molar ratiostafl phosphorus to the total of
aluminum (Al) and iron (Fe). Calcium phosphate {€8&),) is favorable in alkaline
condition and extremely insoluble &= 2.07 x 1063). The [PJ/([Al]+[Fe]) ratios were
well below 1, which indicated low phosphorus ledslig. It should be noted that a
molar ratio higher than 1 indicates high phosphéeashability.

The Phosphorus Site Index (PSI) was also used veduae phosphorus

leachability from biosolids-amended sites. Limebdized biosolids should be land
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applied at rates that do not exceed Nwbasedagronomic rate because of potential
phosphorus loss compared with other types of bidsdk.g., aerobically digested and
anaerobically digested biosolids). From a phospharontrol standpoint, aerobically
digested biosolids may be best as they can beezppp to ten times (10 X) agronomic
rate with only a medium potential phosphorus loss.

Plant available phosphorus (Olsen P) showed ackation at thesoil surface in
biosolids-amended test plots, which was beneffoiaplants in terms of nutrient uptake.
Downward movement of plant available P in soils wasfound, which helped minimize
phosphorus leachability to ground water from bimsebmended sites. It is
recommended that total P and plant available Pssmilplescontinue to be taken in the
next two or three years for a completely compiledala set from thene-time biosolids
land application. The amount of P residual and €umalation at the soil surface was
significantly different at all biosolids applicatiorates, which may be due to wind
erosion, dilution effects from biosolids, soil hetgeneity, and external deposition.

P-based agronomic rates were significantly lowamtthe N-based agronomic
rate, which leads to an increasing overall costtduagdditional nitrogen fertilization and
much larger land needed. However, in terms of egguy limitations to biosolids land
application, to date, biosolids must be appliechgi$he N-based agronomic ratexcept
where a disturbed site is being restored.

The results from this study confirm that biosoliaisd application is safe in terms
of regulatedmetal accumulation as specified under 40 CFR RaBtRBule. Cadmium
(Cd), lead (Pb), and molybdenum (Mo) were all betbwir detection limits in the test

sites that had received biosolids at various apfiio rates. The other five metals (As,
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Cu, Ni, Se, and zZn) were well below the standardt$. Overall, metal concentrations in
biosolids-amended soils did not exceed the regiilatats.

In summarythe largevariability in the field data can be attributed domplex
chemical and biological activities within the saNith the time and financial constraints,
the field sampling activitywas designed with a pseudo replication approach.
Nevertheless, N, P, and regulated metal concemtiiin biosolids-amended test plots
did not likely threaten human health and the surding environment from thene-time

biosolids land application.

Engineering Significance

A previous study on this site (Desai, 2006) wasdcmted only on nitrogen
mobility; therefore, this study was mocemprehensive in terms of its focus utrient
mobility from biosolids application including nitgen, phosphorus, and regulated metals
from biosolids land application in disturbed raragels in western Utah. Moreover, this is
the first time that phosphorus mobility in biosgldmended rangelands has been studied.
The study suggested that phosphorus should noé @psoblem from one-time biosolids
land application using N-based application ratesweler, to adequately ensure that
surface accumulated phosphorus is not mobilizedveyland moisture flow and/or wind
erosion, engineering controls would have to be idemed as part of any biosolids land
application design. For example, elimination of esgive slopes on the land application
sites through grading and/or the installation d€tledasins or berms may be necessary to

minimize problems associated with overland moistle. Also, the establishment of an
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adequate vegetative cover will be a key goal togaii¢ concerns regarding the transport
of phosphorus through wind erosion.

As shown in chapter IV, nitrate (N@) storage below the root zone at the
biosolids application sites increases with incnegsoil depth. This observation means
that nitrate has potential to leach deeply into sb#. Therefore, biosolids application
rates should be limited to the agronomic rate. @ilse, other practical management
practices to reduce nutrient loss, e.g., nitroged phosphorus, by surface runoff and
subsurface flow need to be implemented if biosolggplication rates exceed the
agronomic rate.

Lime-stabilized biosolids should be only appligditee N-based agronomic rate
while anaerobically digested biosolids can be aoblip to ten times (10X) agronomic
rate based on the PSI values to avoid excessiveppboous losses. This will also
minimize nitrate leaching below the root zone. Arcally digested biosolids may be the
best biosolids when they can be applied one (1X¢ndimes (10X) agronomic rate since
the P loss from these biosolids range from low &dimm PSI levels. All management
practices as stated previously to reduce nutr@sd &t biosolids-amended sites should be
considered as part of biosolids application design.

Nitrogen (i.e., NB-N and NQ-N) simulation in biosolids-amended soils has been
tested for the first time using the Root Zone W&earlity Model, but the RZWQM was
inadequate for simulating these conditions. Theegfa unique model to predict nutrient
movements (i.e., N and P) in soil systems with dlids amendment is needed. The

model should be capable of predicting fate of euats in biosolids-amended soils for
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long terms (e.g., 10-30 years after biosolids aagibn), which will be especially

meaningful for long-term application of biosolids.
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Appendix A. Statistical analyses of pH in biosolasended soil

A.l. Lime-stabilized biosolids-amendedIsoi

Year 1 Year 2
Multiple of Depth Mean value Coefficient | Fvalue| Man value Coefficient | F value
agronomic rate (m) variable variable

0.2 8.45 6.25 0.98 8.56 3.34 9.3(

0.6 8.62 3.50 10.27 8.68 4.75 1.0

X 0.9 8.66 1.27 267.24 8.64 7.73 0.11

1.2 8.51 1.08 323.52 8.18 5.61 0.04

1.5 8.09 4.54 4.69 7.99 3.48 0.0

0.2 8.66 6.54 0.00 8.64 3.15 1.7§

0.6 8.64 3.61 10.30 8.53 4.00 1.99

5X 0.9 8.04 3.61 0.94 8.26 5.14 4.15

1.2 7.85 1.02 0.13 8.05 4.21 4.2

1.5 7.77 1.15 0.00 7.88 1.76 18.9

0.2 8.65 5.95 0.00 8.52 3.26 14.6

0.6 8.65 5.36 4.88 8.51 4.23 2.99

10X 0.9 8.04 1.46 5.43 8.23 5.13 5.41
1.2 7.88 0.72 3.24 8.05 4.11 4.24

1.5 7.79 0.15 24.50 7.90 1.59 17.1]
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A.2. Aerobically digested biosolids-amended soil

Year 1 Year 2
Multiple of Depth Mean value Coefficient | Fvalue| Man value Coefficient | F value
agronomic rate (m) variable variable

0.2 8.55 6.29 0.27 8.54 3.39 11.4

0.6 8.58 461 4.69 8.70 5.23 1.44

X 0.9 8.23 5.45 2.87 8.47 6.18 0.65
1.2 8.01 4.42 1.44 8.19 5.25 0.04

1.5 7.86 1.90 2.42 7.96 3.10 0.24

0.2 8.78 5.84 0.32 8.61 4,50 1.94

0.6 8.32 3.56 0.50 8.45 4.00 8.74

5X 0.9 8.03 1.68 3.98 8.30 5.74 1.64
1.2 7.86 0.85 0.45 8.07 4.79 1.94

1.5 7.77 0.97 0.05 7.89 1.69 17.6

0.2 8.54 7.28 0.25 8.57 3.54 7.03

0.6 8.32 3.51 0.61 8.47 4.19 6.14

10X 0.9 8.00 1.68 2.13 8.22 5.12 6.45
1.2 7.85 1.14 0.07 8.03 4.27 6.37

1.5 7.78 0.52 0.37 7.88 1.69 26.9

0.2 8.43 6.63 1.09 8.65 3.57 1.04

0.6 8.26 4.34 0.03 8.58 5.22 0.14

20X 0.9 7.99 2.09 0.91 8.26 5.46 3.64
1.2 7.87 3.09 0.12 8.05 4.40 3.79

1.5 7.76 1.50 0.00 7.90 1.71 12.8
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A.3. Anaerobically digested biosolids-amended soil

Year 1 Year 2
Multiple of Depth Mean value Coefficient | Fvalue| Man value Coefficient | F value
agronomic rate (m) variable variable

0.2 8.56 6.71 0.21 8.56 3.63 7.34

0.6 8.38 3.48 1.62 8.49 3.91 4.6

X 0.9 8.19 4.42 3.21 8.23 5.12 5.54
1.2 7.90 1.17 2.39 8.04 413 5.04

1.5 7.82 0.78 5.12 7.89 1.62 19.7

0.2 8.48 6.39 0.69 8.58 3.33 6.24

0.6 8.28 3.52 0.20 8.60 5.16 0.0

5X 0.9 7.99 1.73 1.40 8.30 5.32 1.94
1.2 7.88 1.82 0.43 8.08 4.27 2.44

1.5 7.75 0.36 1.39 7.90 1.80 117

0.2 8.45 6.60 0.92 8.60 3.71 3.34

0.6 8.34 5.34 0.33 8.49 4.86 2.94

10X 0.9 8.10 6.07 0.76 8.29 6.01 1.64
1.2 7.89 1.89 0.63 8.08 433 2.17

1.5 7.77 1.01 0.01 7.91 1.60 11.9

0.2 8.64 6.42 0.01 8.53 3.94 8.74

0.6 8.30 3.40 0.41 8.53 4.10 2.04

20X 0.9 8.02 1.30 5.18 8.31 5.57 1.37
1.2 7.90 1.02 3.36 8.07 441 2.37

1.5 7.85 0.45 31.14 7.91 2.41 5.7
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Appendix B. Statistical analyses of EC (dS/m) iodolids-amended soil

B.1. Lime-stabilized biosolids-amended soil

Year 1 Year 2
Multiple of Depth Mean value Coefficient | Fvalue| Man value Coefficient | F value
agronomic rate (m) variable variable
0.2 1.50 21.74 22.49 1.89 146.35 0.68
0.6 6.85 72.56 8.50 13.73 94.18 2.82
X 0.9 21.59 54.72 17.75 21.59 57.12 8.7p
1.2 22.52 37.05 35.55 25.78 44.41 6.1
1.5 26.06 39.21 17.21 29.72 34.41 10.95
0.2 3.03 31.07 5.54 2.67 107.44 0.7
0.6 13.40 46.99 0.06 21.74 58.29 4.3B
5X 0.9 42.35 35.11 0.01 30.96 35.86 3.20
1.2 44.83 18.87 0.34 34.30 27.10 6.0p
1.5 45.05 28.06 0.11 38.37 19.10 7.06
0.2 2.87 36.70 2.99 3.21 92.40 3.7
0.6 12.73 90.72 0.00 21.86 57.48 4.64
10X 0.9 38.87 32.69 0.34 31.78 35.63 4.77
1.2 44,98 19.20 0.37 33.62 28.75 3.78
1.5 48.63 17.95 2.18 37.23 19.57 3.00
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B.2. Aerobically digested biosolids-amended soil

Year 1 Year 2
Multiple of Depth Mean value Coefficient F value Mean value Coefficient | F value
agronomic rate (m) variable variable

0.2 1.78 33.01 2.09 3.34 93.86 4.3]
0.6 10.88 86.66 0.24 13.36 97.08 3.41

X 0.9 32.07 58.02 1.67 2258 56.67 5.6
1.2 35.66 47.11 1.09 25.81 4257 6.58

1.5 35.84 4550 1.28 30.61 36.81 5.7

0.2 3.09 29.11 6.90 2.96 111.67 1.6
0.6 20.70 36.17 6.73 25.03 53.38 11.49

5X 0.9 41.77 29.02 0.00 32.74 39.52 5.5
1.2 4755 18.05 1.81 34.13 37.44 2.99
1.5 4755 21.21 1.03 36.11 2221 0.54

0.2 2.30 28.47 0.43 3.28 105.41 3.1
0.6 15.96 48.46 1.02 21.86 62.44 3.98
10X 0.9 40.70 32.85 0.05 33.54 33.49 9.89
1.2 45.12 20.29 0.37 36.69 25.96 17.28

1.5 45.70 20.54 0.37 38.54 19.02 8.8

0.2 2.62 25.24 3.30 2.30 120.94 0.0
0.6 13.75 40.60 0.19 21.07 70.77 2.28

20X 0.9 39.73 32.12 0.17 33.44 43.63 5.6
1.2 43.02 35.11 0.00 35.90 29.47 9.41
1.5 45.38 23.15 0.22 38.44 26.38 3.84




B.3. Anaerobically digested biosolids-amended soil

Year 1 Year 2
Multiple of Depth Mean value Coefficient | Fvalue| Man value Coefficient | F value
agronomic rate (m) variable variable

0.2 6.53 116.18 0.04 1.89 144.97 0.6

0.6 18.28 36.09 19.48 20.66 66.80 2.0

X 0.9 29.37 46.98 2.33 32.30 37.47 5.3
1.2 34.23 30.89 0.04 34.52 28.02 6.2

1.5 39.12 14.57 1.17 38.88 18.80 9.4

0.2 7.22 77.40 0.35 2.70 109.57 0.8

0.6 25.53 27.32 2.65 18.12 80.04 0.1

5X 0.9 32.20 22.02 3.97 28.94 45.77 0.3
1.2 33.37 32.41 0.15 33.36 31.01 3.1

1.5 39.65 22.75 0.29 36.98 25.13 1.4

0.2 5.98 69.88 0.00 3.09 94.96 2.94

0.6 26.93 52.74 0.31 20.70 75.91 1.6

10X 0.9 31.81 48.11 0.97 28.04 51.02 0.0
1.2 33.89 51.20 0.03 31.13 44,58 0.0

1.5 38.51 50.53 0.15 33.77 35.02 0.4

0.2 5.43 84.60 0.06 2.99 105.37 1.9

0.6 26.30 19.82 3.30 17.90 86.63 0.0

20X 0.9 34.68 21.34 1.18 26.44 53.15 0.2
1.2 36.25 18.31 0.19 29.57 42.46 0.2

1.5 39.20 21.83 0.49 34.34 40.36 0.1
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Appendix C. Statistical analyses of WN (mg/kqg) in biosolids-amended soil

C.1. Lime-stabilized biosolids-amended soil

Multiple of Depth Mean value | Coefficient F value
agronomic rate (m) variable

0.2 2.27 32.59 0.02

0.6 2.68 60.17 0.21

X 0.9 3.80 86.18 0.72

1.2 2.72 34.94 0.01

1.5 3.00 52.20 0.00

0.2 2.33 25.79 0.59

0.6 2.67 57.62 0.27

5X 0.9 2.96 65.82 1.32

1.2 2.54 35.15 1.27

1.5 2.72 44.76 1.73

0.2 1.80 22.06 45.93

0.6 2.09 70.01 8.63

10X 0.9 2.53 73.44 6.73
1.2 2.14 33.96 22.53

1.5 2.31 46.90 14.09




C.2. Aerobically digested biosolids-amended soil

Multiple of Depth Mean value Coefficient F value
agronomic rate (m) variable

0.2 1.94 25.94 16.24

0.6 2.29 67.61 4.42

X 0.9 2.61 71.64 5.48
1.2 2.42 30.29 7.77

1.5 2.38 46.49 10.61

0.2 1.91 26.79 18.45

0.6 3.05 83.73 0.45

5X 0.9 2.61 71.80 5.36
1.2 2.50 30.78 4.62

15 2.33 48.04 12.43

0.2 1.75 26.63 48.31

0.6 2.30 68.56 5.01

10X 0.9 2.00 12.75 11.84
1.2 2.50 31.58 5.90

1.5 2.32 37.45 0.64

0.2 2.02 38.72 3.71

0.6 2.35 68.36 3.90

20X 0.9 2.69 77.64 3.52
1.2 2.48 34.30 4,50

1.5 2.81 54.57 0.54
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C.3. Anaerobically digested biosolids-amended soil

Multiple of Depth Mean value | Coefficient F value
agronomic rate (m) variable
0.2 NA NA NA
0.6 NA NA NA
X 0.9 2.94 72.43 2.94
1.2 1.94 36.91 41.30
1.5 2.38 47.71 13.76
0.2 2.18 21.23 3.92
0.6 1.98 12.93 20.42
5X 0.9 1.84 13.42 55.65
1.2 2.17 34.99 0.00
1.5 2.22 27.85 0.00
0.2 2.45 17.36 13.14
0.6 2.15 11.88 3.92
10X 0.9 2.39 9.79 57.18
1.2 2.30 25.29 2.87
1.5 2.54 14.03 20.28
0.2 2.56 28.90 8.25
0.6 2.31 15.87 7.75
20X 0.9 2.41 16.69 14.93
1.2 2.83 24.70 15.25
1.5 2.87 15.94 42.32
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Appendix D. Statistical analyses of W@ (mg/kq) in biosolids-amended soil

D.1. Lime-stabilized biosolids-amended soil

Multiple of Depth Mean value | Coefficient F value
agronomic rate (m) variable

0.2 9.00 132.97 1.58

0.6 29.56 102.99 1.45

X 0.9 54.50 80.58 2.65

1.2 68.40 67.49 413

1.5 93.59 52.14 6.06
0.2 26.74 106.51 18.20

0.6 38.92 67.54 12.47

5X 0.9 70.74 58.23 0.40

1.2 87.99 48.22 0.31

1.5 11452 36.84 0.02

0.2 33.27 85.97 31.56

0.6 36.20 61.99 11.61

10X 0.9 73.10 61.24 0.80
1.2 89.67 47.19 0.64

1.5 119.87 4356 0.52




D.2. Aerobically digested biosolids-amended soil

Multiple of Depth Mean value Coefficient F value
agronomic rate (m) variable

0.2 6.75 129.90 0.03

0.6 18.92 102.18 1.98

X 0.9 50.83 82.30 4.99
1.2 65.07 67.99 6.61

1.5 86.76 51.41 13.05

0.2 7.00 129.83 0.11

0.6 28.90 98.10 1.33

5X 0.9 58.84 74.65 1.07
1.2 74.79 56.54 1.72

15 101.02 42.81 3.05

0.2 18.97 138.87 8.08

0.6 50.91 57.20 32.01

10X 0.9 77.14 62.46 1.78
1.2 90.31 52.89 0.70

1.5 121.24 38.14 1.11

0.2 17.69 94.34 16.21

0.6 60.87 59.74 38.11

20X 0.9 94.38 7254 6.01
1.2 113.61 60.50 6.67

1.5 147.14 46.14 8.78
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D.3. Anaerobically digested biosolids-amended soil

Multiple of Depth Mean value | Coefficient F value
agronomic rate (m) variable

0.2 18.34 66.41 34.08

0.6 36.28 63.14 11.29

X 0.9 84.35 57.17 4.98
1.2 103.16 44.23 6.33
1.5 140.86 31.64 12.01

0.2 11.89 97.05 7.88

0.6 38.07 90.64 6.46

5X 0.9 66.25 70.47 0.00
1.2 87.23 61.96 0.13

1.5 134.21 47.65 3.73

0.2 10.71 103.46 5.22

0.6 37.58 97.05 5.40

10X 0.9 72.29 74.25 0.43
1.2 80.10 61.48 0.23

1.5 101.23 4857 2.28

0.2 9.74 101.08 3.92

0.6 24.84 86.77 0.15

20X 0.9 66.34 83.83 0.00
1.2 70.45 66.39 3.04

1.5 95.45 47.08 5.88
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Appendix E. Statistical analyses of total P (mg/fikgbiosolids-amended soil

E.1. Lime-stabilized biosolids-amended soil

Year 1 Year 2
Multiple of Depth Mean value Coefficient F value Man value Coefficient | F value
agronomic rate (m) variable variable

0.2 741.84 14.02 0.12 706.36 19.49 0.0f
0.6 607.55 11.73 6.49 575.38 22.16 0.0[L

X 0.9 613.13 13.57 0.24 590.60 17.53 0.01
1.2 548.20 10.81 5.35 601.13 21.26 6.8/
1.5 610.23 4.96 17.63 613.96 16.68 1.5B
0.2 727.81 15.21 0.19 728.83 14.52 0.8)
0.6 656.30 20.80 0.66 603.47 15.44 3.9p

5X 0.9 650.37 13.09 459 676.61 16.44 20.45
1.2 579.03 13.22 17.69 619.48 16.90 18.(I)O
1.5 591.39 15.41 0.02 649.75 15.21 12.97
0.2 876.56 18.05 28.51 779.88 11.20 21.48
0.6 674.55 10.66 9.40 621.47 16.54 8.0)

10X 0.9 663.22 13.41 8.51 673.47 12.85 31.91
1.2 539.63 15.13 1.10 593.67 17.53 7.7B
1.5 609.46 8.04 6.26 593.70 13.66 0.01L




E.2. Aerobically digested biosolids-amended soil

Year 1 Year 2
Multiple of Depth Mean value Coefficient | Fvalue| Man value Coefficient | F value
agronomic rate (m) variable variable
0.2 699.81 20.45 2.27 715.83 15.75 0.0B
0.6 571.86 15.68 19.47, 542.26 17.65 3.97
X 0.9 593.31 20.70 1.70 620.75 15.22 3.34
1.2 532.70 23.34 0.13 609.63 18.27 11.96
1.5 597.32 6.55 1.61 641.00 10.83 17.47
0.2 777.55 14.34 5.06 709.37 19.35 0.0p
0.6 650.21 11.10 1.06 586.51 19.34 0.5B
5X 0.9 673.09 11.79 16.14] 614.76 14.86 2.24
1.2 604.53 11.70 45.11 644.51 15.30 36.35
1.5 601.18 6.17 3.86 573.28 22.64 0.7p
0.2 720.63 24.95 0.25 753.10 15.28 4.5p
0.6 619.11 12.41 2.13 605.99 16.26 4.0B
10X 0.9 615.31 12.78 0.13 656.65 20.16 8.5p
1.2 570.10 10.18 21.40 610.05 16.86 16.11
1.5 587.19 5.50 0.12 601.84 13.39 0.5p
0.2 785.06 16.14 5.46 775.83 11.45 18.36
0.6 627.78 13.35 0.52 1035.81 154.46 3.01
20X 0.9 591.98 18.34 2.39 686.45 13.33 38.39
1.2 503.35 19.53 1.80 633.01 20.34 16.45
1.5 544.03 11.96 17.23 617.96 13.58 3.31
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E.3. Anaerobically digested biosolids-amended soil

Year 1 Year 2
Multiple of Depth Mean value Coefficient | Fvalue| Man value Coefficient | F value
agronomic rate (m) variable variable
0.2 720.83 14.32 0.75 700.67 20.16 0.2p
0.6 623.78 11.26 1.44 572.66 15.98 0.0p
X 0.9 620.92 12.60 0.01 608.20 12.95 1.5
1.2 558.82 10.29 12.20 578.63 17.41 3.91
1.5 597.77 5.25 2.79 605.04 14.29 0.7p
0.2 750.68 13.83 0.74 765.03 13.36 9,50
0.6 640.04 11.40 0.03 622.51 14.65 10.49
5X 0.9 625.20 12.42 0.16 608.09 12.90 1.5p
1.2 557.47 10.38 11.08] 605.96 16.62 13.00
1.5 605.99 5.99 7.85 597.24 15.52 0.0p
0.2 753.37 13.94 1.01 765.84 10.95 14.61
0.6 637.03 11.17 0.00 601.08 16.37 2.97
10X 0.9 591.11 14.54 4.06 577.81 15.30 0.9p
1.2 1040.31 151.30 3.85 545.86 18.38 0.00
1.5 590.48 4.75 0.09 593.21 8.87 0.01
0.2 731.36 13.81 0.07 801.97 21.19 9.9p
0.6 614.55 11.89 3.65 577.92 19.24 0.0B
20X 0.9 590.49 13.48 4.94 574.22 14.84 1.5p
1.2 526.93 10.96 0.03 570.58 17.81 2.21L
1.5 581.02 4.86 2.90 656.24 25.12 5.3
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Appendix F. Statistical analyses of Olsen P (mgikd)iosolids-amended soil

F.1. Lime-stabilized biosolids-amended soil

Multiple of Depth Mean value | Coefficient F value
agronomic rate (m) variable

0.2 8.48 79.33 6.18

0.6 3.81 76.52 0.61

X 0.9 3.86 118.49 0.74

1.2 4.74 77.30 0.93

1.5 5.12 40.88 1.67

0.2 6.65 34.67 10.43

0.6 3.69 78.82 1.19

5X 0.9 4.43 104.26 0.01

1.2 478 75.80 0.85

1.5 5.67 39.24 0.07
0.2 12.82 57.64 37.96

0.6 3.44 83.32 2.85

10X 0.9 3.68 123.50 1.21
1.2 5.16 73.91 0.07

1.5 5.54 40.12 0.01




F.2. Aerobically digested biosolids-amended soil

Multiple of Depth Mean value Coefficient F value
agronomic rate (m) variable

0.2 6.31 43.42 1.84

0.6 3.47 81.33 2.38

X 0.9 3.60 125.97 1.47
1.2 4.66 77.93 1.23

1.5 5.21 40.64 1.05

0.2 6.04 35.42 1.09

0.6 3.74 77.39 0.86

5X 0.9 3.72 121.85 1.10
1.2 458 78.45 157

15 5.53 37.69 0.01

0.2 7.63 59.44 8.78

0.6 3.78 81.16 0.66

10X 0.9 3.93 117.68 0.57
1.2 4.49 83.16 2.09

1.5 5.39 42,55 0.29

0.2 7.69 37.70 22.76

0.6 3.62 77.66 1.48

20X 0.9 3.74 121.29 1.04
1.2 4.92 74.23 0.47

1.5 5.69 36.74 0.12
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F.3. Anaerobically digested biosolids-amended soil

Multiple of Depth Mean value | Coefficient F value
agronomic rate (m) variable

0.2 7.44 47.39 9.99

0.6 3.77 74.75 0.80

X 0.9 3.96 116.01 0.53
1.2 5.04 72.86 0.22

1.5 5.24 41.13 0.80

0.2 8.00 69.93 6.95

0.6 5.58 96.84 2.38

5X 0.9 4.98 104.19 0.38
1.2 5.01 79.48 0.39

1.5 6.62 42.09 5.81

0.2 6.78 39.32 6.03

0.6 413 71.60 0.01

10X 0.9 4.38 106.85 0.03
1.2 5.21 72.06 0.04

1.5 6.23 36.91 2.98

0.2 8.61 72.36 7.88

0.6 3.75 74.36 0.90

20X 0.9 4.38 107.22 0.03
1.2 5.02 72.99 0.26

1.5 5.68 38.53 0.10
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Appendix G. Statistical analyses of As (mag/kq) iodolids-amended soil

G.1. Lime-stabilized biosolids-amended soil

Multiple of Depth Mean value | Coefficient F value
agronomic rate (m) variable

0.2 4.62 12.89 0.52

0.6 5.71 17.68 2.63

X 0.9 8.10 27.20 0.74

1.2 7.74 17.35 0.09

1.5 10.29 9.45 90.54

0.2 4.54 12.84 1.13

0.6 6.48 15.17 0.06

5X 0.9 8.76 19.71 0.03

1.2 7.07 17.00 1.04

1.5 10.20 11.01 71.57

0.2 4.68 13.14 0.21

0.6 6.20 19.26 0.14

10X 0.9 9.24 19.10 0.25
1.2 7.85 17.77 0.23

1.5 11.16 12.74 25.11

117



G.2. Aerobically digested biosolids-amended soil

Multiple of Depth Mean value Coefficient F value
agronomic rate (m) variable
0.2 10.78 151.81 0.80
0.6 5.33 17.08 8.07
X 0.9 7.71 22.44 2.71
1.2 7.15 15.86 0.84
1.5 10.64 11.23 49.63
0.2 4.45 13.94 1.82
0.6 5.80 16.04 2.36
5X 0.9 8.31 21.77 0.59
1.2 7.89 14.78 0.43
15 10.65 9.63 66.99
0.2 437 16.72 2.01
0.6 5.80 16.12 2.30
10X 0.9 7.60 22.90 3.23
1.2 8.10 15.95 1.00
1.5 10.20 8.88 109.57
0.2 4.82 22.95 0.00
0.6 5.81 15.58 2.41
20X 0.9 8.55 27.14 0.12
1.2 7.85 19.15 0.20
1.5 10.87 9.57 56.94
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G.3. Anaerobically digested biosolids-amended soil

Multiple of Depth Mean value | Coefficient F value
agronomic rate (m) variable

0.2 3.78 8.36 0.02

0.6 4.45 16.91 2.70

X 0.9 7.11 16.72 3.69
1.2 6.87 17.10 0.09

1.5 25.56 162.98 1.13

0.2 4.27 27.64 1.11

0.6 10.02 125.86 0.97

5X 0.9 7.26 14.73 3.16
1.2 7.37 11.82 3.24

1.5 26.51 157.28 1.02

0.2 411 11.81 3.09

0.6 5.64 13.01 5.18

10X 0.9 8.16 14.16 0.07
1.2 7.93 18.84 3.89

1.5 27.70 150.59 0.88

0.2 4.38 7.21 22.85

0.6 6.17 23.16 432

20X 0.9 9.30 28.83 1.33
1.2 9.47 28.01 6.41

1.5 27.90 149.36 0.86




Appendix H. Statistical analyses of Cu (mag/kq) indolids-amended soil

H.1. Lime-stabilized biosolids-amended soil
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Year 1 Year 2
Multiple of Depth Mean value Coefficient F value Man value Coefficient | F value
agronomic rate (m) variable variable
0.2 1.91 59.94 1.06 13.46 162.20 1.4
0.6 2.97 84.73 0.07 12.70 195.18 2.2
X 0.9 3.36 136.67 1.12 7.80 67.48 0.2
1.2 2.41 137.33 0.63 11.07 143.76 1.8p
1.5 1.43 180.98 0.17 13.92 164.14 2.8B
0.2 1.22 58.79 16.06 7.18 39.32 17.61
0.6 1.70 67.53 4.60 5.70 53.90 2.9
5X 0.9 0.72 235.88 0.92 6.50 55.77 1.99
1.2 1.78 161.62 2.10 5.91 42.13 13.75
1.5 0.96 236.90 0.93 5.79 60.34 8.22
0.2 2.36 85.46 0.00 NA NA NA
0.6 4.87 112.28 0.95 453 43.40 39.07
10X 0.9 1.29 156.72 0.01 5.12 47.88 29.92
1.2 3.68 150.89 0.01 5.18 37.70 48.43
15 3.08 186.25 0.27 6.02 64.75 438
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H.2. Aerobically digested biosolids-amended soil

Year 1 Year 2
Multiple of Depth Mean value Coefficient | Fvalue| Man value Coefficient | F value
agronomic rate (m) variable variable
0.2 3.32 53.60 1.61 NA NA NA
0.6 1.94 61.67 2.39 NA NA NA
X 0.9 3.15 73.36 3.51 NA NA NA
1.2 412 77.31 0.24 NA NA NA
1.5 3.19 82.83 1.88 NA NA NA
0.2 4.14 89.77 1.32 NA NA NA
0.6 2.80 107.62 0.01 NA NA NA
5X 0.9 4.29 49.86 11.10 5.34 54.26 17.49
1.2 6.32 58.36 3.57 5.37 44.84 26.79
1.5 1.27 191.03 0.36 NA NA NA
0.2 5.67 100.26 1.99 9.35 111.03 0.01
0.6 7.94 14.11 131.18 16.57 291.78 1.50
10X 0.9 7.72 27.48 53.60 5.90 61.29 5.8
1.2 10.46 27.77 34.68 5.75 46.43 14.72
1.5 5.54 44.09 13.59 NA NA NA
0.2 12.98 21.10 89.65 NA NA NA
0.6 8.34 36.31 20.81 NA NA NA
20X 0.9 6.09 57.88 10.71 NA NA NA
1.2 6.40 51.91 5.80 5.93 54,50 7.9]
1.5 4.90 112.66 1.82 5.81 60.08 7.94




H.3. Anaerobically digested biosolids-amended soil

Year 1 Year 2
Multiple of Depth Mean value Coefficient | Fvalue| Man value Coefficient | F value
agronomic rate (m) variable variable
0.2 9.80 17.26 1.03 NA NA NA
0.6 9.04 6.55 82.67 5.17 53.79 9.24
X 0.9 8.00 36.82 0.00 8.37 151.30 0.2
1.2 8.72 13.96 4.28 10.07 150.24 1.0
1.5 8.71 16.46 5.86 6.09 64.53 4.3]
0.2 10.60 9.57 0.06 9.49 29.05 0.5
0.6 10.75 3.13 12.37 6.09 52.83 0.82
5X 0.9 9.00 31.05 0.81 7.42 47.05 0.0
1.2 8.99 11.24 10.01 8.36 47.13 1.92
1.5 9.29 22.83 0.93 7.24 55.82 0.1
0.2 11.38 15.46 1.51 6.43 35.80 50.4
0.6 9.25 48.42 1.18 5.67 55.14 3.0
10X 0.9 6.73 63.39 0.50 6.25 55.23 3.6
1.2 7.45 31.58 0.06 5.25 39.87 39.7
1.5 10.51 14.36 0.39 5.81 60.04 8.0P
0.2 10.54 10.46 0.01 NA NA NA
0.6 10.26 5.21 19.79 NA NA NA
20X 0.9 8.51 34.48 0.21 NA NA NA
1.2 8.48 10.72 4,55 NA NA NA
1.5 10.72 13.07 1.06 NA NA NA
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Appendix |. Statistical analyses of Ni (mg/kq) ilv$olids-amended soil

I.1. Lime-stabilized biosolids-amended soil
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Year 1 Year 2
Multiple of Depth Mean value Coefficient F value Man value Coefficient | F value
agronomic rate (m) variable variable

0.2 116.46 14.25 0.03 33.78 131.33 0.1p
0.6 124.67 11.72 0.30 23.78 62.01 2.6p

X 0.9 116.55 11.96 0.07 21.97 3157 10.40
1.2 118.70 10.69 6.93 28.81 115.02 0.3p
1.5 111.24 18.21 0.00 31.63 119.29 0.5p
0.2 98.50 8.19 33.66 21.01 72.94 14.44
0.6 111.95 18.60 3.54 18.96 76.68 13.18

SX 0.9 115.63 8.87 0.35 17.46 32.21 76.45
1.2 112.52 10.29 17.59 17.37 28.03 96.43
1.5 104.98 12.94 1.20 18.82 31.21 69.31
0.2 100.68 12.32 11.17 24.26 74.34 4.71L
0.6 111.32 16.99 4.63 20.62 81.61 6.4p

10X 0.9 105.17 13.02 5.35 20.01 65.53 6.6p
1.2 105.83 13.79 19.81 19.30 56.17 11.18
1.5 96.08 18.61 4.22 24.18 55.12 1.58




I.2. Aerobically digested biosolids-amended soil

Year 1 Year 2
Multiple of Depth Mean value Coefficient | Fvalue| Man value Coefficient | F value
agronomic rate (m) variable variable

0.2 93.76 7.12 95.67 26.58 74.98 1.60
0.6 97.93 13.09 41.07 22.21 72.27 4.3p
X 0.9 113,53 26.80 0.14 21.02 43.44 9.2B
1.2 121.03 25.88 0.78 20.48 51.92 7.5
1.5 88.52 13.08 22.75 25.56 59.13 0.3
0.2 114.70 6.72 0.85 22.62 71.39 9.21
0.6 112.95 13.67 5.65 19.48 76.81 11.43
5X 0.9 116.80 6.79 0.16 18.69 45.34 2495
1.2 126.27 7.41 2.52 17.94 34.56 51.41

1.5 89.35 13.58 19.23 NA NA NA
0.2 97.21 17.55 8.57 24.61 69.12 4.7%
0.6 100.84 11.84 30.91 25.64 77.07 0.4
10X 0.9 96.85 8.31 41.85 21.69 48.84 5.04
1.2 122.44 31.63 0.39 31.61 81.79 2.4p
1.5 84.09 11.57 46.18 20.83 41.23 20.94
0.2 97.14 15.80 10.67 25.42 80.17 2.5p
0.6 108.22 17.94 6.19 23.25 72.69 2.5p
20X 0.9 118.22 29.44 0.00 20.66 52.26 7.7B
1.2 113.80 18.60 4.60 18.23 38.82 36.40

1.5 104.05 22.13 0.56 NA NA NA
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1.3. Anaerobically digested biosolids-amended soil

Year 1 Year 2
Multiple of Depth Mean value Coefficient | Fvalue| Man value Coefficient | F value
agronomic rate (m) variable variable
0.2 26.23 9.20 412 39.64 191.16 0.49
0.6 24.32 4,00 98.72 20.52 81.03 6.8P
X 0.9 23.93 13.89 0.27 25.21 73.74 0.0p
1.2 25.38 5.43 0.11 20.05 68.37 5.37
1.5 16.83 11.43 68.62 22.07 41.07 10.92
0.2 26.90 3.00 16.33 NA NA NA
0.6 27.08 3.42 9.81 NA NA NA
5X 0.9 25.17 11.05 0.22 NA NA NA
1.2 25.82 3.99 0.35 NA NA NA
1.5 17.46 12.66 62.48 NA NA NA
0.2 26.78 2.83 22.00 NA NA NA
0.6 25.08 7.56 16.91 NA NA NA
10X 0.9 22.85 14.09 1.84 NA NA NA
1.2 24.87 9.80 0.50 NA NA NA
1.5 18.33 6.37 281.99 NA NA NA
0.2 60.15 135.55 0.92 NA NA NA
0.6 25.90 3.40 43.46 NA NA NA
20X 0.9 23.90 12.38 0.37 NA NA NA
1.2 25.27 6.37 0.21 NA NA NA
1.5 18.31 9.17 135.66 NA NA NA




Appendix J. Statistical analyses of Se (mag/kq)igsblids-amended soil

J.1. Lime-stabilized biosolids-amended soil

Multiple of Depth Mean value | Coefficient F value
agronomic rate (m) variable

0.2 NA NA NA
0.6 NA NA NA

X 0.9 0.22 113.69 2.80

1.2 0.13 122.05 3.82

1.5 0.27 84.73 8.15

0.2 0.24 117.07 0.34

0.6 5.25 234.33 1.06

5X 0.9 0.32 112.68 0.32

1.2 0.19 114.87 0.58

1.5 0.36 87.43 2.02

0.2 0.51 56.32 2.91

0.6 5.50 223.91 0.96

10X 0.9 0.46 61.30 0.33

1.2 0.34 46.25 1.88

1.5 0.62 50.39 0.46
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J.2. Aerobically digested biosolids-amended soil

Multiple of Depth Mean value Coefficient F value
agronomic rate (m) variable

0.2 0.22 112.72 0.79

0.6 5.25 234.71 1.06

X 0.9 0.28 110.66 0.92
1.2 0.25 131.59 0.00

1.5 0.33 83.61 3.19

0.2 0.43 48.69 2.01

0.6 5.42 227.15 0.99

5X 0.9 0.54 48.18 1.79
1.2 0.38 44.16 3.30

15 0.55 45.07 0.01

0.2 0.44 45.06 2.58

0.6 5.51 223.55 0.96

10X 0.9 0.50 52.13 0.90
1.2 0.44 35.69 8.65

1.5 0.55 42.56 0.03

0.2 0.34 91.73 0.06

0.6 5.49 224.16 0.97

20X 0.9 0.42 87.54 0.02
1.2 0.29 91.98 0.12

1.5 0.46 74.33 0.35
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J.3. Anaerobically digested biosolids-amended soil

Multiple of Depth Mean value | Coefficient F value
agronomic rate (m) variable

0.2 0.33 49.74 1.53

0.6 0.40 2431 0.02

X 0.9 0.32 38.69 0.58
1.2 0.28 26.92 0.29

1.5 0.41 24.36 24.25

0.2 0.26 47.06 0.13

0.6 0.44 29.98 0.60

5X 0.9 0.34 21.63 4.36
1.2 0.22 26.98 3.82

1.5 0.55 22.85 0.94

0.2 0.30 60.91 0.60

0.6 0.44 27.32 0.67

10X 0.9 0.30 45.18 0.09
1.2 0.31 35.23 1.23

1.5 0.63 15.25 0.46

0.2 0.37 36.00 5.33

0.6 0.46 21.00 2.24

20X 0.9 0.42 28.77 7.80
1.2 0.43 33.35 8.30

1.5 0.67 27.97 0.69
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Appendix K. Statistical analyses of Zn (mag/kq) indwlids-amended soil

K.1. Lime-stabilized biosolids-amended soil
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Year 1 Year 2
Multiple of Depth Mean value Coefficient F value Man value Coefficient | F value
agronomic rate (m) variable variable
0.2 40.04 9.69 2.71 83.56 11457 4.0
0.6 115.12 177.58 0.87 52.80 17.11 42.47
X 0.9 34.00 14.78 3.53 54.50 23.48 1811
1.2 32.09 13.18 0.04 50.49 19.24 36.42
1.5 36.76 7.77 0.59 76.18 109.81 4.49
0.2 40.40 12.91 1.12 53.07 18.88 0.86
0.6 36.93 19.37 0.02 45.11 25.71 1.2p
5X 0.9 39.44 12.37 0.63 48.38 20.21 3.6
1.2 37.37 8.94 17.12 44.62 17.90 6.36
1.5 34.81 30.94 0.06 45.68 23.39 0.29
0.2 50.13 10.07 13.17 49.11 13.87 4,54
0.6 37.80 6.96 0.17 42.13 17.73 0.4
10X 0.9 40.63 15.68 1.13 45.88 13.78 0.38
1.2 30.49 9.58 1.08 38.58 15.50 7.21
15 34.72 12.75 0.40 42.78 24.50 4.9




K.2. Aerobically digested biosolids-amended soil

Year 1 Year 2
Multiple of Depth Mean value Coefficient | Fvalue| Man value Coefficient | F value
agronomic rate (m) variable variable
0.2 44,53 9.55 1.47 46.48 13.74 22.46
0.6 34.70 2.85 53.98 37.03 20.79 21.97
X 0.9 38.55 13.05 0.14 40.88 16.73 14.44
1.2 35.30 8.93 9.62 40.68 15.60 0.3
1.5 39.38 7.38 8.77 44.09 10.56 10.84
0.2 48.09 15.32 3.28 51.81 15.10 0.05
0.6 39.80 6.31 5.67 43.21 20.70 0.0
5X 0.9 41.07 12.07 2.52 45.76 14.43 0.2
1.2 40.64 14.15 14.39 44.68 13.17 12.17
1.5 36.76 14.32 0.17 42.79 20.22 7.15
0.2 44.73 21.66 0.28 50.37 14.60 0.89
0.6 37.29 2.92 0.02 42.34 16.22 0.3
10X 0.9 38.15 12.59 0.02 44.47 13.95 0.61
1.2 39.40 6.80 49.13 42.00 14.36 0.6P
1.5 34.77 10.38 0.55 42.38 11.86 29.40
0.2 54.42 23.85 4.94 50.25 12.78 1.4p
0.6 40.52 15.51 1.52 41.45 18.00 1.49
20X 0.9 40.09 17.59 0.75 46.21 13.28 0.88
1.2 39.26 35.61 1.74 44.27 22.33 3.34
1.5 40.43 29.35 0.89 42.25 11.30 30.46
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K.3. Anaerobically digested biosolids-amended soil

Year 1 Year 2
Multiple of Depth Mean value Coefficient | Fvalue| Man value Coefficient | F value
agronomic rate (m) variable variable
0.2 48.52 11.15 1.95 50.14 15.21 1.18
0.6 41.90 3.61 90.44 40.78 18.27 3.11
X 0.9 44.43 11.93 0.62 45.41 14.91 0.0p
1.2 44.10 10.24 6.59 43.23 15.34 3.61
1.5 46.95 14.16 0.01 47.13 10.82 0.3P
0.2 51.50 6.53 0.01 52.41 15.82 0.41
0.6 47.47 412 0.14 42.59 16.62 0.12
5X 0.9 45.72 6.81 0.11 45.04 13.82 0.0
1.2 43.67 5.73 17.74 42.12 13.32 0.85
1.5 46.37 3.11 1.85 44,58 12.60 4.87
0.2 52.88 3.07 3.75 90.31 176.48 2.1B
0.6 46.57 4.39 2.07 42.88 17.31 0.0
10X 0.9 42.83 6.36 8.81 41.03 15.69 15.67
1.2 43.32 5.27 17.99 38.31 14.16 10.47
1.5 48.03 1.67 6.97 44.53 7.70 13.79
0.2 51.60 2.45 0.00 49.39 28.27 0.84
0.6 45,53 3.54 11.50 31.73 45.27 22.44
20X 0.9 4258 7.64 7.14 NA NA NA
1.2 41.58 8.53 2.34 NA NA NA
1.5 46.95 423 0.07 NA NA NA
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