
Long-Term Study on Landscape Irrigation Using Household Graywater - Experimental Study      

Water Environment Research Foundation
635 Slaters Lane, Suite G-110  n Alexandria, VA 22314-1177

Phone: 571-384-2100  n Fax: 703-299-0742  n Email: werf@werf.org
www.werf.org

WERF Stock No. 06CTS1CO

Sept. 2012

Long-Term Study on Landscape Irrigation
Using Household Graywater - 

EXPERIMENTAL STUDY

Water Reuse

Co-published by

Co-published by

The American Cleaning Institute
1331 L Street NW, Suite 650
Washington, D.C.  20005
Phone: 202-347-2900
Fax: 202-347-4110
www.cleaninginstitute.org



 
 
 

L

 

 
 

 
 
 
 
 

L
LAND

HO

LONG

DSCA

OUSE

E

0

G-TER

APE IR

HOLD

EXPERIM

Sybil 
Larry A.

Ya
Mary

Masoud

The Urb
Colorado

2

6-CTS-1C
 
 

 

RM ST

RRIGA

D GR
 

MENTAL S
 
 
 

by: 
 

 Sharvelle (P
 Roesner (Co
aling Qian 

y Stromberge
d Negahban A

 
 

ban Water Ce
o State Unive

 

2012 
 
 

CO 

TUDY

ATION

RAYW

STUDY

PI) 
o-PI) 

er 
Azar 

nter 
ersity 

Y ON 
N US

WATER

SING 

R  



ii 
 

The Water
quality res
corporation
water and w
commitme
addressing
 
For more i
635 Slaters
Tel: (571) 
 
This report
 
The Ameri
manufactu
oleochemic
dedicated t
ability of it
public by d
child care a
for scientif
 
For more i
1331 L Str
Tel: 202-34
 
© Copyrig
rights reser
American 
Library of 
 
This report
Environme
Water Res
(CMHC), L
(WBMWD
the aforem
any warran
in this repo
to the use o
this report.
 
Colorado S
 
The resear
Agency (E
Foundation
does not en
WERF, no
reproductio
 
This docum
names or c
omission o
product eff

r Environment 
earch for its su
ns, academia, i
wastewater uti

ent to cost-effec
g water quality 

nformation, co
s Lane, Suite G
384-2100   Fax

t was co-publis

ican Cleaning I
rers of househo
cal producers; 
to advancing p
ts members to 
developing and
and health prof
fically sound p

nformation, co
reet NW, Suite 
47-2900      Fa

ght 2012 by the
rved. Permissio
Cleaning Instit
Congress Cata

t was prepared
ent Research F
ources Capacit
Los Angeles D

D). Neither WE
mentioned organ
nty, express or 
ort or that such
of, or for dama
. 

State University

ch on which th
EPA) through C
n (WERF). Ho
ndorse any pro

ot EPA. Funds a
on, printing, or

ment was revie
commercial pro
of products or t
fectiveness or a

Research Foun
ubscribers throu
industry, and th
lities, industria
ctive water qua
issues as they 

ontact: Water E
G-110   Alexan
x: (703) 299-07

shed by The Am

Institute (ACI)
old, industrial 
and chemical d
ublic understan
formulate prod

d sharing inform
fessionals, edu
ublic legislativ

ontact: The Am
650, Washing

ax: 202-347-41

e Water Enviro
on to copy mus
tute (ACI). 
alog Card Num

d by the organiz
oundation (WE
ty Developmen

Department of P
ERF, ACI, NDW
nizations, the o
implied, with r

h use may not in
ages resulting f

y 

his report is bas
Cooperative Ag
wever, the view
ducts or comm
awarded under
r distribution. 

ewed by a pane
oducts or servic
trade names ind
applicability. 

ndation (WERF
ugh a diverse p
he federal gove
al corporations
ality solutions. 
impact water r

Environment R
ndria, VA 2231
742   www.we

merican Clean

) is the home o
and institution
distributors to 
nding of the sa
ducts that best 
mation about in

ucators, media a
ve and regulato

merican Cleanin
gton, DC 20005
10   www.clea

nment Researc
st be obtained 

mber: 20129339

zation(s) name
ERF), the Ame
nt Project (NDW
Power and Wat
WRCDP, CMH
organization(s)
respect to the u
nfringe on priv
from the use of

sed was develo
greement No. X
ws expressed i

mercial services
r the Cooperati

el of independe
ces does not co
dicates nothing

F), a not-for-pr
public-private p
ernment. WER
, environmenta
WERF is dedi

resources, the a

Research Found
4-1177 

erf.org   werf@

ning Institute (A

f the U.S. Clea
nal cleaning pro
the cleaning pr

afety and benef
meet consume
ndustry produc
and consumers

ory judgments a

ng Institute (AC
5 
aninginstitute.o

ch Foundation 
from the Wate

900 

d below as an 
erican Cleaning
WRCDP), Can
ter (LADPW), 
HC, LADPW, W
 named below,
use of any info
vately owned ri
f, any informat

oped, in part, by
X-830851-01 w
in this documen
s mentioned in
ive Agreement 

ent experts sele
onstitute endor
g concerning W

 

rofit organizati
partnership bet

RF subscribers 
al engineering
icated to advan
atmosphere, th

dation 

@werf.org 

ACI). 

aning Product I
oducts; their in
roduct industry
fits of cleaning
er needs. ACI s
cts with the tec
s. ACI technica
about industry 

CI) 

org 

and the Ameri
er Environment

account of wor
g Institute (AC
nada Mortgage
 and West Bas
WBMWD, me
, nor any perso

ormation, appar
ights; or (b) as
tion, apparatus,

y the United S
with the Water 
nt are not nece

n this publicatio
t cited above w

ected by WERF
rsement or reco
WERF's, ACI’s

ion, funds and 
tween municip
include munic
firms, and oth

ncing science a
he lands, and qu

IndustriesTM, re
ngredients and 
y. Established 
g products and 
serves both its 
chnical commu
al programs pr

y products and i

ican Cleaning I
t Research Fou

rk sponsored b
CI), the Nationa
e and Housing 
sin Municipal W
embers of WER
on acting on the
ratus, method, 
ssumes any liab
, method, or pr

States Environm
Environment R

essarily those o
on. This report 

were not used fo

F and ACI. Me
ommendations 
s, or EPA's pos

manages water
pal utilities, 
ipal and region

hers that share a
and technology
uality of life. 

epresenting 
finished packa
in 1926, ACI i
protecting the 
members and t

unity, policy ma
rovide the foun
ingredients.  

Institute (ACI)
undation and th

by the Water 
al Decentralize
Corporation 
Water District 
RF or members
eir behalf: (a) m
or process disc

bilities with res
rocess disclose

mental Protecti
Research 
of the EPA and

is a publicatio
or editorial serv

ention of trade 
for use. Simila

sitions regardin

r 

nal 
a 
y 

aging; 
is 

the 
akers, 

ndation 

). All 
he 

ed 

s of 
makes 
closed 
spect 

ed in 

on 

d EPA 
on of 
vices, 

arly, 
ng 



Long-Term Study on Landscape Irrigation Using Household Graywater – Experimental Study  iii 
 

 

 
Research Team 

Principal Investigators (PIs): 
Sybil Sharvelle, Ph.D. (PI) 
Colorado State University – Department of Civil and Environmental Engineering 

Larry Roesner, Ph.D., P.E. (Co-PI) 
Colorado State University – Department of Civil and Environmental Engineering 

 
Project Team:  
Yaling Qian, Ph.D. 
Colorado State University – Horticulture and Landscape Architecture 

Mary Stromberger, Ph.D. 
Colorado State University – Soil and Crop Sciences 

Masoud Negahban Azar 
Colorado State University – Department of Civil and Environmental Engineering 

 
WERF Project Subcommittee 

Drew C. McAvoy, Ph.D., Chair 
Consultant, Procter and Gamble Company 

Nicholas J. Ashbolt, Ph.D. 
U.S. Environmental Protection Agency 

Alvaro J. DeCarvalho 
Consultant 

Ali Harivandi, Ph.D. 
University of California Cooperative Extension 

Herschel (Chip) A. Elliott, Ph.D., P.E. 
Penn State University 

Jay A. Garland, Ph.D. 
U.S. Environmental Protection Agency 

 

 

 

 

ACKNOWLEDGMENTS 



iv 
 

 

WERF P
V
C

K
A

R
C

G
W

C
C

 
Water E

D
D

Je
S

 
Project 

The Rese
making t
 
Water En
American
National 
U.S. Env
Canada M
Los Ange
West Bas

 
 
 
 
 
 
 

Project Stee
Victoria Cros
City of Los An

Kathleen Stan
American Cle

Raymond Ehr
Community E

Gus Meza 
West Basin M

Cate Sorocza
Canada Mort

nvironmen

Daniel M. Wo
Director of R

eff Moeller, 
Senior Progra

Funders 

earch Team g
his research 

nvironment R
n Cleaning I
Decentraliz

vironmental P
Mortgage an
eles Departm
sin Municipa

ering Comm
ss 
ngeles Depa

nton 
eaning Instit

rhard 
Environmenta

Municipal Wa

n 
tgage and H

nt Research

oltering, Ph.
esearch 

P.E. 
am Director

gratefully ac
possible: 

Research Fo
Institute 
ed Water Re
Protection A

nd Housing C
ment of Pow
al Water Dis

 

mittee 

artment of Po

tute® 

al Center – 

ater District

Housing Corp

h Foundatio

.D. 

r 

cknowledges

oundation 

esources Cap
Agency 
Corporation

wer and Wate
strict 

ower and Wa

Washington 

t

poration 

on Staff 

s the followi

pacity Devel

er 

 

Water 

University

ing organiza

lopment Proj

ations for the

oject 

eir support inn 



Long-Term Study on Landscape Irrigation Using Household Graywater – Experimental Study  v 
 

 
 

 

Abstract:  

As water supply becomes more limited throughout the world, there is a growing interest 
in innovative approaches to water resources sustainability. One approach that is gaining 
popularity is household graywater reuse for residential landscape irrigation. 

Graywater irrigation systems offer many benefits, however the use of such systems has 
not become widespread due to concerns about safety issues. While some states have begun to 
legalize and regulate the practice of graywater reuse for residential landscape irrigation, little 
guidance based on scientific data has been provided for the safe operation of graywater irrigation 
systems. Limited scientific data is available on the fate of graywater chemical and 
microbiological constituents and the effect of these constituents on plant health after graywater is 
applied for irrigation. The objective of this research project was to elucidate information on the 
fate and occurrence of graywater constituents and their potential impacts on soil quality, 
groundwater quality, and plant and human health as a result of its application for residential 
landscape irrigation. This project began in May 2008 and included a series of experimental 
studies. The experimental studies were conducted in three parts: existing household systems, new 
household systems, and greenhouse studies. The research team found that most landscape plants 
are healthy under long-term graywater irrigation compared to freshwater irrigation. Among 22 
plant species evaluated, the research team only observed three species (avocado, lemon tree, and 
Scotch pine) that were sensitive and showed reduced growth, leaf burning, or reduced fruit 
production under long-term graywater irrigation. Graywater irrigation resulted in accumulation 
of surfactants and antimicrobials in soil as well as increased sodium. Of note is that the sodium 
increase after five or more years was not high enough in any of the sampling locations to raise 
concern about soil quality or plant health. There is potential for salts, including nitrogen and 
boron, to leach through soil when graywater is applied for irrigation.  

 

Benefits: 

 Provides science-based data on effects of graywater irrigation on soil quality and plant health 
which can be applied to make informed decisions on graywater reuse. 

 Addresses leaching of graywater chemical constituents through soil and potential for 
groundwater contamination. 

 Provides scientifically sound conclusions as both field studies and controlled studies in a 
greenhouse were conducted. 

 
Keywords: Graywater irrigation, graywater reuse, leaching, soil quality. 
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EXECUTIVE SUMMARY 

 
 
 As water supply becomes more limited throughout the world, there is a growing interest 
in innovative approaches to sustainable water resources. One approach that is gaining popularity 
is household graywater reuse for residential landscape irrigation. However, there are potential 
risks associated with this approach, and those risks are largely unquantified. Application of 
graywater may result in increased levels of pathogens in surface soil, negative impacts to soil 
quality, potential groundwater contamination, or negative impacts to plant health. Graywater 
irrigation systems offer many benefits, however the use of such systems has not become 
widespread due to concerns about safety issues. While some states have begun to regulate the 
practice of graywater reuse for residential landscape, little guidance based on scientific data has 
been provided for the safe operation of graywater irrigation systems. Limited scientific data is 
available on the fate of graywater chemical and microbiological constituents and the effect of 
these constituents on plant health after graywater is applied for irrigation. The objective of this 
research project was to elucidate information on the fate and occurrence of graywater 
constituents and their potential impacts on soil quality, groundwater quality, and plant and 
human health as a result of its application for residential landscape irrigation. 

 Experimental studies were conducted in three parts: existing household systems, new 
household systems, and greenhouse studies. Field studies were conducted on both households 
with existing systems and households with newly installed systems. Four households were 
selected in AZ, CA, CO, and TX where graywater was applied for more than five years. In 
addition, new graywater irrigation systems were installed at three households (AZ, CA, and CO). 
Baseline samples were collected at the households with newly installed systems prior to 
initiation of graywater irrigation. Households with newly installed systems were monitored for 
two to four years. At all households studied, soil samples were collected in areas irrigated with 
graywater and in a control area with similar vegetation irrigated with a source of freshwater. 
Plant health was monitored in addition to analysis of tissues to evaluate impacts to plant health. 
In addition to the field studies, a greenhouse experiment was conducted to evaluate the impact of 
graywater application to plants and to monitor leachate from graywater irrigated soils. 

Results from the field study on existing and new household systems showed that most 
plants are healthy under long-term graywater irrigation. Among 22 plant species evaluated, the 
research team only observed three species (avocado, lemon tree, and Scotch pine) that were 
sensitive and showed reduced growth, or leaf burning, or reduced fruit production under 
graywater irrigation. 

Graywater irrigation was found to significantly increase sodium in households with 
graywater systems in place for more than five years (P<0.05), however not to levels of concern 
for plant health or soil quality. Graywater irrigation was also found to significantly increase 
surfactants in soil at households with graywater reuse systems in place for more than five years. 
In addition, soil collected from households with newly installed graywater systems had 
significantly higher surfactant concentration than control areas irrigated with graywater (P<0.05). 
Surfactant concentration did not continually increase with duration of graywater irrigation. 
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irrigated areas be avoided. Placing a mulch layer over drip emitters where graywater is applied 
appears to be a good control to minimize human contact with graywater irrigated soil. 

The research team found that most plants were healthy under long-term (more than five 
years) graywater irrigation. However, avocado, lemon tree, and Scotch pine are sensitive to 
graywater irrigation and not recommended when graywater is the only source of irrigation water. 
Results from the greenhouse study showed that N present in graywater was beneficial for plant 
growth. Supplemental fertilizer can be reduced or eliminated where graywater is applied for 
irrigation. 
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CHAPTER 1.0 
 

INTRODUCTION 
 

 As communities throughout the United States and abroad are becoming interested in 
innovative approaches to sustainable water resources, household graywater reuse for residential 
landscape irrigation is gaining popularity. In a typical household, graywater (near 28 gallons per 
person per day) is nearly 50% of the total wastewater generated. If used for irrigation of a typical 
residential landscape, it could supply about 30% of the demand, and with increasing emphasis on 
xeriscape in the semi-arid West, it has the potential to supply 100% of the irrigation demand in 
some areas. A study conducted by the Soap and Detergent Association (SDA) in 1999 revealed 
that 7% of U.S. households were reusing graywater (NDP Group, 1999). Another study in the 
same year (Little, 1999) found that 13% of the households in Arizona used graywater for 
irrigation. The most utilized source was from clothes washers (66%). Some states, including 
California, Arizona, and New Mexico have regulated the practice.  

 There are potential risks associated with graywater reuse for irrigation. The physical, 
chemical, and microbial characteristics of graywater are highly variable based upon the sources 
connected to the collection system, household inhabitants, household chemicals used by the 
residents for personal hygiene and house cleaning, personal care, plus medications and waste 
products disposed of in sinks (Eriksson et. al., 2002). Application of graywater may result in 
negative impacts to plant health, negative impacts to soil quality, increased levels of pathogens 
with human health implications, or potential groundwater contamination with chemical and viral 
constituents present in graywater. The potential risks were evaluated and methods of graywater 
application that minimize these risks were explored.  

1.1  Graywater Impacts to Plant Health  

 Changes in soil chemistry resulting from graywater application may affect plant health. 
Some studies have shown negative impacts to plant health resulting from graywater irrigation, 
while others have shown that graywater constituents may have a positive effect on plant health 
(City of Los Angeles, 1992; Rianallo et al., 1988; Bubenheim et al., 1997). Further research is 
required to adequately understand the effects of graywater irrigation on a range of plant species. 

1.2 Graywater Impacts to Soil Quality and Groundwater 

 In addition, application of graywater for irrigation may impact soil chemistry. When 
graywater is reused for irrigation, chemical constituents of concern include nutrients (nitrogen 
(N) and phosphorus (P)), metals, total salts, boron (B), and personal care product ingredients. A 
previous study by Pinto et al. (2009), showed no significant differences in total N and P in soils 
irrigated with graywater compared to soil irrigated with freshwater. Salts are a concern for reuse 
water and their accumulation has been problematic at some sites irrigated with reclaimed 
wastewater (Qian and Mecham, 2005). Graywater may contain elevated sodium compared to 
potable water (Jeppesen, 1996). A study conducted by the City of Los Angeles (1992) showed 
that sodium increased in soil after irrigation with graywater; however, negative effects on plant 
growth and quality of landscape plants were not observed. B is another concern because it is 
toxic to plants when presents in irrigation water at 1.8 mg L-1or more (Mahler, 2009; Blevins and 
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1.4 Project Objective and Approach 

 While graywater reuse for household irrigation is widespread, potential effects on soil 
quality, groundwater quality, and plant health have not been adequately assessed. The 
application of any irrigation water will introduce chemicals to the soil and potentially have short- 
and long-term effects. This potential depends on application rate, chemical concentrations in the 
water, biodegradation rate of the chemical, sorption, leaching, and plant uptake. Graywater 
chemical constituents can potentially migrate to groundwater, surface water, and drinking water 
sources. In addition, pathogens present in graywater may persist and pose human health risks. 
Current research has not addressed impacts of graywater chemical constituents and pathogens on 
soil quality, groundwater quality, and plant health. In addition, household graywater has not been 
adequately characterized. This research report describes scientific experiments to alleviate these 
information gaps regarding household graywater irrigation.  

Phase 1 of the project, a literature review and synthesis, was completed in March 2006 
and is available from Water and Environment Research Foundation (WERF 03CTS18CO; 
Roesner et al., 2006). The final report contains a comprehensive synthesis of the current state of 
the knowledge on graywater reuse for landscape irrigation at the household level. The report also 
identifies information gaps for future research, a number of which are being addressed through 
Phase 2. The objective of the research reported here (Phase 2) was to elucidate information on 
the fate and occurrence of graywater chemical constituents and pathogens and their potential 
impacts on soil quality, groundwater quality, and plant and human health as a result of its 
application for residential landscape irrigation. Field studies (Chapter 2.0) were the focus of 
research efforts to ensure data was collected that can be directly used by regulatory agencies and 
home owners interested in graywater irrigation application. Because field conditions are highly 
variable rendering data interpretation complex, a set of greenhouse studies was conducted to 
determine the fate of graywater constituents when applied for irrigation (Chapter 3.0). Leachate 
water quality and soil quality were both evaluated during the greenhouse experiments. 
Quantitative data collected on the fate of graywater constituents and effects on plant health will 
provide scientific data that has been lacking on the impacts of graywater reuse. This information 
should be of use to those who make decisions on graywater regulations. 
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 CHAPTER 2.0 
 

FIELD EXPERIMENTS ON LONG-TERM 
EFFECTS OF GRAYWATER REUSE 

  
2.1  Introduction 

The objective of field experiments was to elucidate information on the fate and 
occurrence of graywater chemical and microbial constituents and their potential impacts on soil 
quality, groundwater quality, and human and plant health. Field experiments included two parts. 
First, soil and plant samples were collected from several household sites that have been using 
graywater for irrigation for more than five years and compared with analogous soil and 
landscaping that has been irrigated with potable water. Since it was expected that the operating 
protocols for these systems were not well documented, the second part of the study included new 
applications of graywater to selected sites. These sites were operated in a controlled manner for 
one to two years to determine changes to soil and plant health that might occur due to graywater 
irrigation. During these field experiments, graywater samples, soil samples, and plant samples 
were collected at each sampling location. 

2.2  Experiment Setup 

A total of seven households were included in this study. Four households with existing 
graywater systems were included in the first part of the study, located in Bisbee, AZ, Escondido, 
CA, Fort Collins, CO, and Dallas, TX (Table 2-1). One sampling event was conducted at both 
the CA and AZ sites, two sampling events were conducted in TX, and three in CO. Sampling 
events occurred near the end of the dry season in each location, when accumulation of graywater 
constituents in soil would have been highest. Three households, with newly installed graywater 
systems included in the second part of the study, were located in Phoenix, AZ, Cotati, CA, and 
Fort Collins, CO. Six sampling events were conducted in AZ, four sampling events were 
conducted in CA and five sampling events were conducted in CO, respectively. At the 
households with existing graywater systems, only soil samples were collected. At the households 
with newly installed graywater systems both soil and graywater samples were collected. At each 
household, soil samples were collected in areas irrigated with graywater as well as control areas 
with analogous soil and landscaping that were irrigated with freshwater. Plant samples were 
collected from both graywater and freshwater irrigated areas at each household. Of note is that 
irrigation in the control areas varied (Tables 2-2 and 2-3). Control area irrigation water is 
referred to as freshwater throughout Chapter 2.0 and of note is that freshwater was not 
necessarily potable water.  
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2.2.1 Description of Households with Existing Systems 

A summary of the graywater systems at households studied where graywater was applied 
for irrigation for five years or more is included in Table 2-2.  
 

Table 2-2. Summary of Graywater Systems at Households with Existing Systems. 

Location 

Duration of 
Graywater 
Irrigation 
(years) 

System 
Description 

Irrigation 
Method 

Irrigation 
Frequency 

Source of 
Irrigation 
Water in 
Control 
Area 

Escondido, CA  10 
Storage, slow 

sand filter, pump 
Submerged 

Drip 
Daily  Municipal 

Fort Collins, 
CO 

5 
Storage, course 
filter, pump 

Hose 
Application 

Manual 
application as 

needed 
Municipal 

Dallas, TX  31 
No storage, direct 
connect from 

washing machine 

Hose 
Application 

With operation 
of washing 
machine 

Municipal 

Bisbee, AZ  5  No storage 

Collected 
and 
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Buckets 

Manual 
application as 

needed 

Harvested 
Rainwater
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were evaluated for their health. Plant types examined in this study included typical trees, shrubs, 
bedding plants, and turfgrasses.  

For data collected from the existing households, significance of the effect of graywater 
irrigation on soil surfactant concentration, SAR, and E. coli was determined at the 95% 
confidence interval using a two-way analysis of variance (ANOVA). Replicate samples were not 
collected at any sampling event and were collected more than one time only at the CO and TX 
households (Table 2-1). The two-way ANOVA was applied with irrigation type and sampling 
event as the two factors to address variability among sampling locations and at the same location, 
but different time. Of note is that data collected from the CA sampling location with an existing 
graywater system was not included in the statistical analysis. Data collected from this site was 
difficult to interpret and freshwater irrigated areas appeared to be exposed to graywater as a 
result of highly sloped terrain and shallow depth to bedrock. At households with new graywater 
irrigation systems installed, multiple samples were collected at the same household. Therefore, to 
compare the values of means between graywater and freshwater-irrigated areas at these 
households, a paired t-test was conducted. Population means comparison was conducted by least 
significant difference (LSD; P≤0.05). 

2.3  Effects on Plant Health 
Plants were evaluated for the following criteria: crown density, dieback, foliage color, 

foliar burn, foliar necrosis, leaf size, insect and disease presence, and overall quality. For 
evergreen conifers, the research team also collected data on the number of years of needle 
retention and year-to-year growth increments. 

2.3.1  Households with Existing Systems 

 The research team evaluated and collected plant samples from four households in 
different locations (CO, TX, CA, and AZ) that have been using graywater for irrigation for many 
years and compared those plant samples with those that have been irrigated with fresh water. The 
households in CA, TX, and AZ were evaluated once in 2008-2009. The household in CO was 
evaluated twice (first in 2008 and again in 2010). Based upon the overall evaluation, plants were 
classified for their relative tolerance levels to the use of graywater irrigation. Plants that 
exhibited some improvements or no changes under graywater irrigation were placed in tolerant 
category. Plants that appeared healthy with only slight change in one to two evaluation criteria 
were placed in moderate tolerant category. Plants that exhibited a small degree of decline were 
placed in moderately sensitive category; whereas plants that exhibited significant decline were 
ranked as sensitive to graywater irrigation.  
 
 The researcher’s evaluations demonstrated that while most of the plants evaluated for this 
study were tolerant to graywater irrigation, some were found to be sensitive (Table 2-4). Tolerant 
plants were healthy and did not exhibit any apparent changes with regards to growth, leaf size, 
color, canopy density, or number of blooms when graywater was used as the irrigation source.  
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Figure 2-8. St. Augustine Grass (Upper Panel), Rose of Sharon (Middle Panel), and Euonymus 
Under Freshwater Irrigation (Left Panel) and Graywater Irrigation (Right Panel). 

These Plants Exhibited Some Improvements or No Changes under Graywater Irrigation. 
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more foliar burn at the leaf margins. Graywater-irrigated hybrid rose showed 10-20% more 
powdery mildew.  

 Despite the fact that two years of irrigation with graywater is a short period for a 
confident assessment of tolerance level, our field evaluation suggested that bermudagrass, peach, 
Black-eyed Susan, and Canna lily were tolerant of graywater irrigation. Lemon and hybrid rose 
were sensitive to graywater irrigation. These results are in agreement with findings from the 
existing household study (Section 2.4.1). 

  In 2008, 2009, and 2010, plant samples were analyzed for the mineral content. Leaf 
samples for all the plants described above were collected. Samples were processed and analyzed 
using methods described in the existing households plant tissue analysis (Appendix B, Table 
B-2). 

 Graywater-irrigated bermudagrass, lemon tree, peach tree, lemongrass, and canna lily all 
had higher chloride content than the control samples collected in January 2010 (Appendix B, 
Table B-2). Graywater-irrigated bermudagrass, lemon, and peach tree leaves also had higher 
sodium content (Appendix B, Table B-2). Interestingly, the research team did not see persistent 
trends for samples collected in June 2009 and 2010. 

From the household in Cotati, CA, the research team evaluated and collected plant 
samples three times: baseline and one and two years after graywater application. However, the 
graywater plants were heavily mulched with horse manure and straw at the bases of the plants by 
the home owner. For the Fort Collins, CO household, the research team evaluated and collected 
plant samples twice (September 2010 and 2011). At this location the graywater-irrigated plants 
are located along a border fence under a canopy of several established trees in the back yard. 
Plants in the front yard of the house are subjected to freshwater irrigation. The confounding 
environmental factors in CA and CO prototype households made the comparison of plants 
irrigated with freshwater and graywater inconclusive. The results of plant tissue analyses were 
summarized in Appendices B-3 and B-4, respectively.  

2.3.3  Summary of Effects on Plant Health 

 In this project, the approach of using landscapes that have been using graywater for 
irrigation for many years were effective in evaluating plant health and response to graywater 
irrigation. The research team found that most plants were healthy under long-term graywater 
irrigation. Among 22 plant species evaluated, the research team only observed three species 
(avocado, lemon tree, and Scotch pine) that were sensitive and showed reduced growth, or leaf 
burning, or reduced fruit production under graywater irrigation. The research team did not 
observe consistent Na, Cl, and B accumulation in most of the field evaluated species.  

 For the new prototype household study, the AZ site provided the most reliable results. 
Graywater irrigation had positive impacts (higher shoot growth, better density, color, less degree 
of winter dormancy and overall quality) on bermudagrass, peach, and black-eyed Susan. Canna 
lily did not show differences between graywater and control treatments. Graywater irrigation had 
negative impacts on lemon and hybrid Rose. For the CA and CO new household sites, 
confounding environmental factors (such as manure application to graywater irrigated plants and 
different light exposure) made the comparison of plants irrigated with freshwater and graywater 
inconclusive. 
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Table 2-5. Quality of Graywater Samples. 
(n: number of sampling events) 

Parameters  AZ (n=1)  CA (n=3)  CO (n=3) 

pH 6.6  7.5±0.6  6.7±0.4 

 ‐‐‐‐‐‐‐‐‐‐ µS cm‐1 ‐‐‐‐‐‐‐‐‐‐ 

EC 1654  1212±748  945±85 

 ‐‐‐‐‐‐‐‐‐‐ Eh, mV ‐‐‐‐‐‐‐‐‐‐ 

ORP 220  162±20  159±14 

 ‐‐‐‐‐‐‐‐‐‐ mg L‐1 ‐‐‐‐‐‐‐‐‐‐ 

BOD5 317  214±13  178±25 

COD 580  391±13  349±39 

DOC 271  220±10  173±14 

TSS 75  27±8.5  35±4.7 

TDS 930  571±38  354±92 

TN 73.8  27.3±2.8  23.0±1.2 

NH4-N 64.9  18.6±1.6  15.4±2.0 

NO3-N 1.35  0.9±0.1  0.5±0.1 

Total P 16.4  7.0±2.3  6.0±1.6 

PO4-P 18.2  8.8±2.0  8.7±3.8 

SO4 282.0  100.8±14.7  59.0±15.4 

Cl 26  33.5±4.9  21.7±4.0 

Br 0.9  0.6±0.1  0.5±0.2 

Ca 8.9  9.1±1.6  5.3±0.7 

Mg 4.9  3.7±0.8  3.4±0.4 

Na 35  39.0±11.3  40.2±4.1 

K 9.7  9.5±2.5  13.7±4.2 

Co ≤0.01  ≤0.01  ≤0.01 

Cu ≤0.01  ≤0.01  ≤0.01 

Fe 0.01  ≤0.01  ≤0.01 

Zn 0.15  ≤0.01  0.15±0.04 

Ni ≤0.01  ≤0.01  ≤0.01 

V 0.01  ≤0.01  ≤0.01 

Mo ≤0.01  ≤0.01  ≤0.01 

Cr ≤0.01  ≤0.01  ≤0.01 

Se ≤0.001  ≤0.001  ≤0.001 

B 0.04  0.05±0.02  0.07±0.03 

SAR 2.3  2.8±0.5  3.3±0.8 

 

 

 

 



 

2-18 

 

Source 

Domestic 
(unspecified

Bath, dish 
washing and
laundry 

Shower and
laundry 

Shower, Ha
wash, bath,
laundry 

 

2.5 E

 G
and inter

2.5.1  A

S
provides 
reclaimed
graywate

2.5.1.1 H

 G
graywate
locations
not notab
compared
detection
graywate

Pa
 
LA
AS
AE
 
TC
TC

pH 

d) 
8.1 ± 0.1

d  6.3 ‐ 7.0 

d 
6.7 ‐ 7.6 

nd‐
6.3 ‐ 8.1 

Effects on S

General soil q
resting result

Accumulati

AR is a mea
an index of 

d water irrig
er irrigation. 

Households w

Graywater SA
er samples an
s with existin
bly different 
d to the fresh

n, resulting in
er irrigation o

Table 2-6. Su
(n: n

arameter 

AS (C10-13) 
S/AES (EO0-3) 
E (C12, EO0-9) 

CS 
CC 

T

Chemical 
Oxygen 
Demand 

(mg L‐1) 

  ‐ 

702 ‐ 984 

278 ‐ 435 

310 ‐ 580 

Soil Quality

quality param
ts are highlig

ion of Sodiu

asure of Na c
sodic condit

gation (Qian 

with Existin

AR is expect
nalyzed in th
ng graywater
at the CA an

hwater-irriga
n SAR near 
on soil SAR

urfactants and A
number of samp

A

‐‐‐‐‐‐

‐‐‐‐‐

Table 2-7. Hous

Total 
Nitrogen 

(mg L‐1) 

19 ± 1.6 

25.0 – 45.2 

‐ 

21.8 ‐ 73.8 

y 

meters for al
ghted here. 

um (Na) an

concentration
tions in soil.
and Mecham

ng Systems

ted to range 
his study (Ta
r systems an
nd CO samp
ated area. In
zero. Result

R (P≤0.05), w

 

Antimicrobials 
pling events; ND

Z (n=1) C

‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐mg
0.7 10
3.9 3
ND 0.8

‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐ µg
5.4 6.4
6.8 8.4

sehold Graywat

Total 
Phosphorus 

(mg L‐1) 

31 ± 6 

1.72 ± 27 

0.24 ‐ 1.2 

4.4 ‐ 16.4 

ll sampling l

nd Boron (

n relative to
. Sodium acc
m, 2005) and

from 2.3-5.9
able 2-7). SA
nd irrigation 
pling location
n AZ, Na con
ts from the A
with an avera

 in Graywater S
: not detected) 

CA (n=3)

g L‐1 ‐‐‐‐‐‐‐‐‐‐‐‐‐‐
0.5±2.0
.3±0.9
8±0.01
g L‐1 ‐‐‐‐‐‐‐‐‐‐‐‐‐‐
4±0.7
4±1.0

ter Quality. 

Sodium 
Adsorption 

Ratio 

5.9 

‐ 

4.2 ‐ 5.8 

2.3 ‐ 4.1 

locations are

(B) 

 other salts (
cumulation h
d is also a po

9 based on v
AR and EC v
water treatm
ns in the gra
ncentrations 
ANOVA ind
age SAR of 0

Samples. 

CO (n=3) 

‐‐‐‐‐‐‐ 
10.0±2.2 
3.5±1.0 
0.7±0.2 

‐‐‐‐‐‐‐ 
3.5±1.2 
9.4±4.6 

Anionic 
Surfactants 

(mg L‐1) 

34 ± 8.2 

4.7 – 15.6 

‐ 

4.6 ‐ 16.7 

e reported in 

(Ca and Mg)
has been a p
otential conc

values from t
varied amon
ment (Figure 
aywater-irrig
were below
icated a sign
0.8±0.6 in gr

Reference 

Wiel‐Shafran 
et al., (2006) 

Gross et al 
(2007) 

Finely et al., 
(2009) 

Current 
Study 

Appendix C

), and thus 
roblem for 

cern for 

the literature
g sampling 
2-10). SAR

gated area 
w the limits o
nificant impa
raywater 

C, 

e and 

R was 

f 
act of 



 

Long-Term
 

irrigated 
between 
receiving

Fig

 T
irrigation
propertie
freshwate
in surface
those me

H
TX and C
graywate

In
which ca
were sim
graywate
concentra
freshwate

H
and soil c
et al., 199
concentra
graywate
extractab
collected
water ext

m Study on Lan

soils and 0.6
the two trea

g graywater i

gure 2-10. SAR 

The househol
n and provid
es (soil organ
er-irrigated s
e soils (0-15

easured in co

Hot water ext
CO househol
er-irrigated s

nter-annual v
an impact ext

milar between
er-irrigated s
ations in gra
er-irrigated s

Hot water-ext
concentratio
97). Plant sp
ations, inclu
er-irrigated s
ble B concen
d from 0-15 c
trable B abo

ndscape Irrigat

6±0.4 in fres
atment areas 
instead of fr

 and EC in Soil 

ld with an ex
es one case 
nic matter co
soils (P≤0.05

5 cm) was gr
ontrol soil (F

tracted B var
lds (Figure 2

soil than in fr

variability m
traction of B
n the two soi
soil (AZ and 
aywater-irrig
soil, down to

tractable B i
ns of 5-8 mg

pecies sensiti
uding those m
soil samples 
ntrations high
cm freshwat
ve 5 mg kg-1

tion Using Hou

shwater irrig
at each hous
eshwater (Fi

 Samples Colle

xisting system
study where

ontent, SAR
5). At the TX
reater under 
Figure 2-8). 

ried among s
2-11). Hot w
freshwater-irr

may be a resu
B from soil. O
il areas (CA 
CO 2010; F

gated soil col
o 90 cm in d

is a good ind
g kg-1or high
ive to B can 

measured at t
collected fro
her than 5 m
er-irrigated a
1 (Figure 2-1

usehold Grayw

gated soils. In
sehold, exce
igure 2-10). 

ected from Hous

m in TX had
e there were 

and B conce
X household
graywater ir

sampling loc
water B conce

rigated soil d

ult of differin
Otherwise, h
and CO 200

Figure 2-11).
llected from 

depth. 

dicator of pla
her is consid
certainly sh

this househo
om 0-15, 15-

mg kg-1 (Figu
area in TX (

11). 

water – Experim

n contrast, s
ept in CA wh

 

seholds with Ex

d the longest
significant d
entration) be

d with an exi
rrigation, wit

cations, and 
entrations in
despite the l

ng soil condi
hot water ext
09; Figure 2-
. In 2009, ho
TX exceede

ant available
dered toxic to
how toxicity 
old. At the 20
-30, 30-46, a

ure 2-11). Of
(2009) and C

mental Study  

oil EC was g
here EC was

xisting Graywa

t history of g
differences in
etween grayw
isting system
th values tw

even betwee
n TX were 4
large inter-an

itions among
tractable B c
-11), or sligh
ot water-extr
ed levels me

e B at the tim
o many plant
symptoms a
009 samplin
and 46-61 cm
f note is soil 
CO (2010) al

generally sim
 lower in soi

ater Systems. 

graywater 
n several soi
water- and 

m, the SAR r
wo to 22 time

en years at th
5-50% great
nnual variab

g sample dat
concentration
htly lower in
ractable B 
easured in 

me of sampli
t types (Nab

at lesser 
ng event at T
m had hot w
samples 

lso contained

2-19 

milar 
il 

 

il 

ratio 
es 

he 
ter in 

bility.  

tes 
ns 

n the 

ng, 
ble 

TX, 
water 

d hot 



 

2-20 

Figure

 

2.5.1.2 H

W
collected
varied fro
restrictio
locations
(Figure 2
and fresh
sampling
different 
irrigated 
Figures 2
sampling
(Figures 
increasin

e 2-11. B Measu

Households w

Water quality
d from house
om 900-170
ns for use as

s with new g
2-12). While
hwater-irriga
g location (P

sampling ev
areas compa

2-13 and 2-1
g locations. S
2-12 through

ng trend of S

red in Surface 

with Newly 

y data (SAR 
eholds with n
0 S cm-1, a
s irrigation w
raywater sys
SAR was h

ated soil at th
>0.05). SAR
vents. No sig
ared to the fr
4). SAR wa

Similar trend
h 2-14) and 
AR or EC in

Soil Samples C

Installed Sy

and EC; Tab
newly install
and thus wou
water (based 
stems, highe
igher than 3 
his location, 
R varied at th
gnificant diff
reshwater-irr
s measured b

ds were note
when SAR w

n soil with ti

Collected from H

ystems 

ble 2-5) indi
led systems 
uld be catego

on Ayers an
est SAR was 

in the soil s
no significa

he CA and C
ference was 
rigated areas
below 2 in a
d for EC as 
was higher s
me at any of

Households wit

icates that gr
SAR ranged
orized as non
nd Wescott, 
 measured a

samples colle
ant difference
CO househol

observed fo
s at these ho
all of the soil
SAR at thes
so was EC. T
f the three ho

th Existing Gra

raywater irri
d from 2.3-5
ne to slight o
1994). Amo

at the AZ sam
ected from b
e was observ
lds and even
or SAR in the
ouseholds (P>
l samples at 
se sampling l
There was no
ouseholds. 

 

aywater System

igation water
.9 while EC 
or moderate 
ong the samp
mpling locat
both graywat
ved at this 

n between 
e graywater-
>0.05; 
these two 
locations 
o notable 

ms. 

r 

pling 
ion 
ter 

-



 

Long-Term
 

 

Figure 2-13

m Study on Lan

Fig

3. SAR and EC 

ndscape Irrigat

gure 2-12. SAR a
AZ Sa

(FW

 Measured in So
(FW

tion Using Hou

and EC Measur
mpling Locatio

W: freshwater-irrig

oil Samples Co
W: freshwater-irrig

usehold Grayw

red in Surface S
on with New Gra
gated, GW: gray

ollected from CA
gated, GW: gray

water – Experim

Soil Samples C
aywater System

ywater-irrigated) 

A Sampling Loc
ywater-irrigated) 

mental Study  

ollected from 
m. 
 

cation with New
 

w Graywater Sy

2-21 

 

 

ystem. 



 

2-22 

Figure 2-14

 

4. SAR and EC  Measured in So
(FW

 

oil Samples Co
W: freshwater-irrig

ollected from CO
gated, GW: gray

O Sampling Loc
ywater-irrigated) 

cation with New
 

w Graywater Sy

 

ystem. 



 

Long-Term
 

H
AZ, CA a
accumula
field stud
2010 and
B was alw

 

m Study on Lan

Hot water ext
and CO hou
ation of B w
dy. Except gr
d freshwater-
ways below 

ndscape Irrigat

tractable B v
seholds with

was observed 
raywater and
-irrigated soi
5 mg kg-1.  

Figure 2-1
Collected from

 

tion Using Hou

varied among
h newly insta
in the areas

d freshwater
il sample co

15. B Measured
m Sampling Lo

usehold Grayw

g sampling l
alled graywa
 irrigated wi
r-irrigated so
llected from

 in Surface Soi
ocations with Ne

water – Experim

locations, an
ater systems
ith graywate
oil samples c

m CO in July 

il Samples (0-15
ew Graywater S

mental Study  

nd even betw
 (Figure 2-1

er during the
collected fro
2010, hot w

5 cm) 
Systems. 

AZ 

CA 

CO 

ween years at
5). However
 course of th
m AZ in Jun

water extractb

 

2-23 

t the 
r, no 
his 
ne 
bable 



 

2-24 

2.5.1.3 S

R
irrigation
with new
with gray
graywate
sodium to
for impac
between 
irrigated 

2.5.2  Im

O
described

2.5.2.1  H

O
freshwate
collected
some sam
freshwate
was 7.3%
from the 
freshwate
locations

2.5.2.2  H

In
compared
levels we
compared

T
soil NO3-
However
NO3-N le
graywate
NO3-N c
under fre
were ave

ummary 

Results from 
n on increase

wly installed 
ywater comp
er irrigation a
o accumulat
cts to soil qu
different sam
with graywa

mpact to O

OM in the sur
d below. 

Households 

OM in the sur
er irrigation 

d from AZ, C
mpling event
er-irrigated a

% in graywat
TX samplin
er-irrigated s
s and no con

Households 

n AZ and CO
d to soil rece
ere not notab
d to the fresh

The AZ and C
-N levels we
r, these trend
evels may re
er impact. W
ontent was h

eshwater (13
eraged and th

the existing 
ed SAR com
systems, SA

pared to fresh
at these loca
te in soil. So
uality and pla
mpling even
ater during th

Organic Co

rface soil of 

with Existin

rface soil (0-
at the TX ho

CA, and CO 
ts graywater
areas had hig
ter-irrigated 
ng site. In 20
soil. TN and
sistent trend

with Newly

O, graywater
eiving freshw
bly different 
hwater-irriga

CO househo
ere elevated 
ds also occur
eflect previou

Within the AZ
higher under
.0±6.2 and 6

his differenc

households
mpared to fres
AR was not f
hwater. How

ations was th
il SAR was
ant health. B

nts. However
he course of

ontent and 

f households 

ng Systems

-15 cm) was
ousehold (A
sampling loc

r-irrigated ar
gher OM (A
soil compar

009, the valu
d TP varied a
d was observ

y Installed S

r-irrigated su
water respec
at the CA sa

ated area. 

lds with new
under grayw
rred during t
us managem

Z and CO ho
r graywater i
6.8±3.9 mg k
e at the CO 

 

indicated a 
shwater irrig
found to be s
wever, of not
hree years an
below 5 at a

B varied amo
r, no accumu
f this field st

Nutrients

with existin

s greater und
Appendix C, T

cations with
eas had high

Appendix C, T
ed to 2.8% i
es were 4.5%

among grayw
ed for nutrie

Systems 

urface soil co
ctively (Appe
ampling loca

w graywater 
water irrigati
the baseline 

ment history o
ouseholds wi
irrigation (42
kg-1) when a
sampling loc

significant i
gated areas (
statistically d
te is that the 
nd that may n
all sampling 
ong sampling
ulation of B w
tudy. 

ng and newly

der graywate
Table C-4). 

h existing gra
her OM in ot
Tables C-1 t
in freshwater
% in graywa
water and fre
ents (Append

ontained 20-
endix C, Tab
ation in the g

systems wer
ion over time
sampling ev
or inherent s
ith new gray
2.6±40.4 and

all samples a
cation was s

impact of gra
(P<0.05). Fo
different in a
longest dura

not be enoug
events, belo
g locations, 
was observe

y installed sy

er irrigation c
OM varied i
aywater syst
ther samplin
to C-3). In 2
r-irrigated so

ater-irrigated
eshwater irri
dix C; Table

-50% and 35
bles C-5 and
graywater-ir

re the only h
e (Figures 2-
vents, and thu
site differenc

ywater system
d 30.2±15.0 

after graywat
significant (P

aywater 
or the househ
areas irrigate
ation of 
gh time for 
ow the thresh
and even 

ed in the area

ystems are 

compared to
in soil sampl
tems. While 
ng events 
2008, OM co
oil collected

d and 2.5% in
igated sampl
es C-1 to C-4

5-53% more 
d C-7). OM 
rrigated area 

households w
-16 and 2-17
us elevated
ces rather th
ms, surface s
mg kg-1) tha

ter irrigation
P≤0.05). 

holds 
ed 

hold 

as 

o 
les 
at 

ontent 
d 
n 
ling 
4).  

OM 

 

where 
7). 

an a 
soil 
an 
n 



 

Long-Term
 

 

 

 

 

m Study on Lan

Figur

Figure
Ne

ndscape Irrigat

re 2-16. Extracta
New Graywate

e 2-17. Extracta
ew Graywater S

tion Using Hou

able NO3-N Mea
er System, Sam

able NO3-N Mea
System, Sample

usehold Grayw

asured in Soils 
mpled Over Time

asured in Soils 
ed Over Time a

water – Experim

 from the AZ Ho
e and at Variou

 from the CO Ho
and at Various D

mental Study  

ousehold with a
us Depths. 

ousehold with a
Depths (cm). 

a 

a 

2-25 

 

 



 

2-26 

2.5.2.3 S

T
consisten
from AZ 
higher ni
for both t
irrigation

2.5.3  A

A
newly in

2.5.3.1 H

Surfacta
 A
used in h
industria
surfactan
products
each hou
cm) samp
ratios of 
detected 
sampled.

W
surfactan
highly slo
In surfac
system) w
samples r
graywate
Total sur
(Figure 2

D
surfactan
location, 
irrigated 
(Section 
resulting 
with grou
(Ying 20
according
reach dee
In additio
in deeper
surfactan

ummary 

TN and TP va
nt trend was 

and CO sam
itrate than fre
the existing 
n impacted O

Accumulati

A discussion 
stalled syste

Households w

ants 
A large comp
household cle
l application

nts, AE are th
. Measured c

usehold were
ples collecte
AE:AES:LA
in soil collec
 

With the exce
nt concentrat
oped and mi
e soil sampl
were 219±79
respectively
er irrigation s
rfactant comp
2-18).  

Depth soil sam
nt concentrat

total surfact
area in 2008
2.5.1.3) dete
in slower bi

undwater at 
006; Boluda-
g to data rep
eper soil if su
on LAS is no
r soil (Krueg
nts in the dee

aried among
observed for

mpling locati
eshwater-irr
households 

OM.  

ion of Surfa

of surfactan
ems follows. 

with Existin

ponent of the
eaning produ
ns). Among t
he most com
concentratio
e summed to 
ed from hous
AS are variab
cted from gr

eption of the
tion than fres
igration of g
es, the avera
9 and 55±56
 (data collec
significantly
position mea

mples were 
tion decrease
tants concen
8 (Figure 2-1
ermined for 
iodegradatio
the 2009 sam
Botella et al

ported by Bo
ufficient wa
ot readily bio
ger et al., 199
eper soil sam

g graywater a
r nutrients. H
ions with ne
rigated soil s
and new ins

factants and

nts and antim

ng Systems

e organic com
ucts, cosmet
the anionic s

mmonly used
n of LAS (C
determine t

seholds with
ble among a
raywater-irri

e CA househ
shwater-irrig
raywater int
age total surf
 µmol kg-1 in

cted from CA
y impacted su
asured in sur

collected fro
ed with soil d
ntration incre
19). This ma
this soil and

on. In fact, so
mpling event
l., 2010). Ho

oluda-Botella
ater is applied
odegradable
98; Scotts an

mples observ

and freshwat
However, gr
wly installed
amples. OM
tallations an

d Antimicr

microbials in 

mpounds in 
tics, detergen
surfactants L
d surfactants 
C10-13), AES
otal surfacta

h existing sys
ll locations, 
igated and fr

hold, graywa
gated soil sam
to areas not i
factants (ove
n graywater-

A sampling l
urfactant con
rface soil sam

om househol
depth in CO
eased substan
ay be a result
d/or potential
oil samples b
t. It is expec

owever, the s
a et al. (2010
d to the soil

e under anaer
nd Jones, 20
ed in TX. 

ter irrigated 
raywater-irri
d graywater 

M was variab
nd there was 

robials 

both househ

graywater is
nts, lubrican

LAS and AE
in househol
S (C12 EO0
ant concentra
stems (Figur
AS/AES wa

reshwater-irr

ater-irrigated
amples (Figu
irrigated by 
er all sites w
-irrigated an
location excl
ncentration i
mples varied

lds in TX an
O samples. H

ntially with 
t of the very
l anaerobic c
below 30 cm
cted that surf
sorption of L
0). As a resu
in addition t
robic conditi
00). This ma

sampling lo
igated sampl
systems had
le among sa
no indicatio

holds with ex

s surfactants
nts (and other
ES and amon
ld cleaning a
0-3), and AE
ation in surfa
re 2-16). Wh
as the domin
rigated areas

d areas conta
ure 2-18). Th
graywater w

with an existi
nd freshwate
luded). Resu
in surface so
d at each sam

nd CO (Figur
However, at th

soil depth in
y high infiltra
conditions in

m were found
factants will 
LAS was rev
ult, anionic su
to high infilt
ions which m
ay explain th

ocations and 
les collected
d significant
ampling loca
on that grayw

xisting and 

. Surfactants
r miscellane
g the nonion

and personal
E (C12 EO0-9
face soil (0-1
hile the relati
nant surfacta
s at all locati

ained higher 
he CA site w
was a possibi
ng graywate

er-irrigated so
ults indicated
oil (P<0.05).
mpling locat

re 2-19). Tot
he TX samp

n the graywa
ation rate 
n the deeper 
d to be satura
adsorb to so

versible 
urfactants m
tration capac
may have ex
he occurrenc

no 
d 
ly 

ations 
water 

s are 
eous 
nic 
 care 
9) at 

15 
ive 

ant 
ions 

was 
ility. 
er 
oil 
d that 
 
ion 

tal 
pling 
ater-

soil, 
ated 
oil 

may 
city. 
xisted 
ce of 



 

Long-Term
 

In
observed
concentra
notable c
µmol kg-

soil samp

T
Toxicity 
sediment
effect” co
AES and 
ranged fr

W
observed
would res
currently
would res

In
usually o
concentra
dependen
plants (G
irrigation
concentra

Figure 2-

m Study on Lan

nterestingly, 
d in samples c
ation was low

concentration
1). At this sa

ples (30-100 

The risk pose
studies have

t, yet this dat
oncentrations

d LAS respec
rom 4.6 to 16

While concen
d effect conce
sult in toxici

y unavailable 
sult in toxici

n addition to 
occur above 2
ation measur
nt on the rate

Garland et al.,
n in this study
ation. 

18. Total Surfac

ndscape Irrigat

the increasin
collected at t
wer in the de
ns of surfacta
ampling locat
cm; Figure 2

d by surfacta
e been condu
ta is not avail
s were repor

ctively (DK-E
6.7 mg L-1 in

ntrations of su
entrations, m
ity to organis
and at this t

ity to soil org

effects on so
250 mg L-1 o
red in grayw
e of degradat
, 2000). Whi
y (Table 2-4)

ctants in Surfac

tion Using Hou

ng trend of su
the 2009 TX
epth samples
ant were dete
tion, LAS w
2-19).  

ants present i
ucted for aqua
lable for soil

rted for stream
EPA 2001). T

n the graywat

urfactants in
more relevant
sms which ty
ime it is diff
ganisms. 

oil ecology, 
of surfactant 
ater samples
tion of the su
ile some plan
), it is not po

ce Soil Samples

usehold Grayw

urfactant con
X sampling ev

 (30-100 cm
ected in the d

was the domin

in graywater
atic organism
l inhabiting o
m mesocosm
The concent
ter samples c

n graywater a
t would be to
ypically inha
ficult to deter

is the potent
(Bubenheim

s (Table 2-7)
urfactants as 
nts were iden
ossible to link

s Collected from

water – Experim

ncentration w
vent (Figure 

m) compared t
depth sample
nant surfacta

r-irrigated so
ms and organ
organisms. T

ms at 0.22, 0.
tration of ani
collected in t

are much hig
o determine c
abit the soil e
rmine if surf

tial for phyot
m et al., 1997)

. The direct p
well as the to

ntified to be 
k this sensiti

m Households 

mental Study  

with soil dep
2-19). While
to surface sa
e at the TX s
ants measured

oil is difficult
nisms which 
The lowest “n
.25 and 0.29 
ionic surfacta
this study (T

gher than the 
concentration
environment.
factant conce

toxicity. Phy
), well above
phytotoxic e
oxic thresho
sensitive to g
ivity to soil s

 with Existing G

pth was not 
e surfactant 
amples (0-15
ite in 2009 (
d in the dept

t to assess. 
inhabit 

no observed 
mg L-1 for A

ants generall
Table 2-7). 

reported no 
ns in soil, wh
. This data is
entrations in 

ytotoxic effec
e surfactant 
effect will be
old of individ
graywater 
surfactant 

Graywater Syste

2-27 

5 cm), 
(78 
th 

AS, 
ly 

hich 
s 
soil 

cts 

e 
dual 

 

ems. 



 

2-28 

F

 F
(and othe
cleaning 
potassium
with exis
2011). A
stearic ac
different 
irrigated 
areas fatt
soil samp
41±11, an
group of 

Antimicr
T

triclocarb
Antimicr
detected 
surface s

C
1.20 to 6
applicatio
maximum
higher in

Figure 2-19. Tot

atty acid sal
er miscellane
products cov

m. Fatty acid
sting graywa

Analyzed fatty
cid, palmitol
at this samp
area and no 

ty acids dete
ples respectiv
nd 31±7 mg
fatty acids m

robials 
Two common
ban (TCC) a
robial concen
at four of th
oil samples 

Cha and Cupp
5.10 µg kg-1

on rate of 3.
m observed c
n graywater-i

tal Surfactants 

lts (soaps) ar
eous industri
ver chain len

ds were analy
ater system a
y acids in th
leic acid, and
pling location

significant d
ected were 16
vely. In the 
 kg-1 in 0-15

measured in 

nly used anti
and triclosan 
ntrations in s

he five sampl
and were be

ples (2009) h
1 TCC in pre
25 dry tons p
concentratio
irrigated soil

 in Graywater-Ir

re used in ho
ial applicatio
ngths of C10
yzed in the s

at the last two
he soil sampl
d erucic acid
n in the gray
difference w
65±27, 43±1
freshwater-i

5, 15-30 and 
the soil sam

imicrobial ag
(TCS) were

surface soil 
ling events (
elow detectio

have reporte
viously ame
per acre. In 

on of TCS wa
ls tested here

rrigated Depth S

  
ousehold clea
ons), and co
0-22 predom
soil samples 
o sampling e
les included 
d. Fatty acid 
ywater-irriga
was observed
10, and 28±8
irrigated area
30-100 cm s

mples, palmit

gents in pers
e measured in
samples (0-1

(Table 2-8). A
on limits in d

ed concentrat
ended soil sa
surface soil 
as 6.3 µg kg
e than observ

Soil Samples C

aning produc
atings. Uses

minantly with
collected fr

events (Sept
lauric acid, 
concentratio

ated area com
d (P>0.05). In
8 mg kg-1 in 
as, fatty acid
soil samples
tic acid was t

sonal care pr
n graywater 
15 cm) irriga
Antimicrobi
depth sample

ations of 0.05
amples with 
receiving gr

g-1and TCC w
rved by Cha 

Collected from C

cts, cosmetic
s in househol
h counter ion
rom CO sam
tember 2010
myristic acid
ons were not
mpared to th
n the graywa
0-15, 15-30 

ds detected w
s respectively
the most dom

roducts inclu
and soil sam

ated with gra
ials were onl
es. 

5 to 1.02 µg 
an estimated
raywater for 
was 9.1 µg k
and Cupples

CO and TX. 

cs, lubricant
ld detergents
ns of sodium

mpling locatio
0 and Septem
d, palmitic a
t notably 

he freshwater
ater-irrigated
and 30-100 

were 159±17
y. Among th
minant. 

uding 
mples. 
aywater wer
ly detected i

kg-1 TCS an
d biosolids 
irrigation, th

kg-1. TCS wa
s (2009) in 

 

ts 
s and 

m and 
on 

mber 
acid, 

r-
d 
 cm 

7, 
he 

re 
in 

nd 

he 
as 



 

Long-Term Study on Landscape Irrigation Using Household Graywater – Experimental Study  2-29 
 

biosolids amended soil, while, TCC concentration was lower. The risk posed by the presence of 
antimicrobials in soil is difficult to assess. Results from a preliminary assessment conducted by 
Canadian Environmental Protection Agency (CEPA, 2012) concluded that current levels of TCS 
in personal care products do not pose a risk to human health. However, the amount of TCS that is 
released into the environment can affect plants and animals in lakes, streams and rivers. The 
main concern is linked to antibacterial resistance. However, based on available information, 
there is no clear link between use of products containing TCS and antibacterial resistance 
(Chemical Substances, Chemicals Management Plan, 2012). While a predicted no-effect 
concentration of 115 ng L-1 has been derived for aquatic organisms, such toxicity studies have 
not been conducted for soil organisms. 

Table 2-8. Antimicrobials Detected in the Surface Soil Samples. 
(0-15 cm; ND: not detected) 

Sampling 
Location 

TCS  TCC 

µg kg‐1 

AZ  3.8  6.3 
CO (2009)  3.5  9.1 
CO (2010)  6.3  8.4 
TX (2009)  ND  2.8 

 

2.5.3.2 Households with Newly Installed Systems 

The effects of soil quality due to accumulation of surfactants and antimicrobials from 
graywater use at households with newly installed systems are described in this section. 

Surfactants  

Soil samples were analyzed for LAS (C10-13), AES (C12 EO0-3), AE (C12 EO0-9), and 
fatty acids at each household. Concentrations of LAS (C10-13), AES (C12 EO0-3), and AE (C12 
EO0-9) were measured as µmol kg-1, summed and referred to as total surfactants in soil samples.  

Figure 2-20 summarizes the surfactant concentration in soil samples collected from AZ. 
At this sampling location, average total surfactants in surface soil samples (0-15 cm) were 
453±114 and 122±33 µmol kg-1 in graywater-irrigated and freshwater-irrigated areas 
respectively. Results at this sampling location showed that total surfactants in surface soil 
samples irrigated with graywater were significantly higher than in soil samples irrigated with 
freshwater (P≤0.05). 

The trend of total surfactants in surface soil samples collected from the AZ household 
over the course of study was investigated (Figure 2-21). Results showed that after initiation of 
graywater irrigation, total surfactants in surface soil samples increased from 145 µmol kg-1 
(baseline sampling event) to an average of 453±114 µmol kg-1 over the next five sampling 
events. Despite the increase of total surfactants in surface soil samples, total surfactants reached 
a steady level before and after graywater irrigation seasons (Figure 2-21). While average total 
surfactants was 337±63 µmol kg-1 in surface soil samples collected in January and March (after 
the monsoon season and during limited irrigation), average total surfactants were 537±69 µmol 
kg-1 in surface soil samples collected near the end of the dry, intense (June of each year). Results 
indicated that surfactants substantially increased after graywater irrigation during late spring and 
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2.5.4.2 Households with Newly Installed Systems 

 Table 2-10 demonstrates the results of infiltration tests conducted at households with 
newly installed graywater systems. While at some sampling events, infiltration rates were higher 
in graywater-irrigated and for other sampling events higher infiltration was observed in 
freshwater-irrigated soil. No consistent trends were observed in terms of infiltration rates 
observed in graywater and freshwater-irrigated areas, and consistent with results from the 
households with existing systems (Section 2.5.4.1), there was no indication that long-term 
irrigation with graywater resulted in a substantially decreased infiltration rate.  

Table 2-10. Infiltration Rate at Households with Newly Installed Graywater Systems. 
(cm hr-1; *: baseline sampling; n: number of tests; a, a: no significant difference (P>0.05), 

a, b: significant difference difference between GW and FW irrigated areas (P≤0.05)) 

Sampling Location  Irrigation  Date

AZ  
 

Oct '08*
(n=1)

June '09
(n=2)

Jan '10
(n=2)

Jun '10 
(n=2) 

Mar '11
(n=3)

GW  10.4 16.0±5.3a 19.8±10.9a 46.7±5.6a  7.1±7.6a

FW  10.7 6.6±1.8a 4.3±3.6a 7.6±2.8b  17.5±19.3a

CA  
 

Oct '10*
(n=3)

May '11
(n=3)

Oct '11
(n=3)    

GW  13.46±8.1b 10.9±1.5a 95.0±16.2a  

FW  78.7±27.9a 83.8±61.0a 76.2±20.3b  

CO  
 

Sep '09*
(n=2)

Jul '10
(n=2)

Sep '10
(n=2)

Jul '11 
(n=3) 

Sep '11
(n=3)

GW  43.2±3.0b 50.1±4.5a 132.1±59.7a 17.0±13.7b  39.9±53.0a

FW  101.6±4.3a 83.8±1.6a 94.0±18.0a 111.8±24.9a  99.1±4.3a

 

2.5.4.3 Summary 

Results from this research indicate no long-term impact of graywater irrigation on soil 
infiltration capacity. Soil infiltration rate may be influenced by irrigation water quality as well as 
soil texture. For example, an increase in soil sodicity can reduce water infiltration rates into soil 
(Oster and Shcroer, 1979). Borselli et al. (2001) reported that a silty clay soil was more affected 
by the sodium content of irrigation water than a silt loam soil with respect to infiltration. The 
onset of clay swelling and dispersion is dependent on not only the sodium content and SAR of 
the soil but also on the overall salt content and hence ionic strength of the soil solution. For 
example, an increase in soil sodicity can reduce water infiltration rates into soil (Oster and 
Shcroer, 1979). 

Results from this research (Table 2-8) indicate no long-term impact of graywater 
irrigation to soil infiltration capacity, even in Texas where graywater was applied for more than 
30 years and was likely applied at a high rate due to the method of application. Also of note is 
that in CO where clay content was between 34-56%, infiltration rate was consistently higher in 
areas irrigated by graywater. 
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E. coli was detected more consistently at the TX soil site. In 2008, E. coli were more 

numerous in the graywater-irrigated area than in the freshwater irrigated area. MPN estimates 
were elevated in the 30-100 cm depth increment as well, indicating that E. coli leached from 
graywater-irrigated surface soils (Figure 2-30). This pattern was not observed, however, for the 
2009 sampling event.  

 

Figure 2-30. E. coli MPNs in TX Household Soils, Sampled Over Time and at Various Depths. 

A two-way ANOVA was conducted where all of the sampling events were included to 
evaluate the impact of graywater irrigation on observed E. coli estimates. While E. coli were 
sometimes detected in graywater-irrigated areas, graywater irrigation did not significantly impact 
E. coli estimates across soil locations (P<0.05). E. coli were detected in potable water-irrigated 
areas as well as graywater-irrigated areas, and sometimes in even high numbers in potable water-
irrigated areas.  

 Enterococci were detected in all existing household soil samples (0-15 cm depth; Figure 
2-31), but there was no consistent trend between the two irrigation treatments. Enterococci were 
more numerous in graywater- than freshwater-irrigated surface soil only at the CA site, the CO 
site in 2011, and the TX site in 2008 (Figure 2-31; y-axis is log-scaled). There was no evidence 
of enterococci leaching through the soil profile at the CO site (Figure 2-32). In the graywater-
irrigated area at the TX site, enterococci counts increased with soil depth down to 30 cm, but 
declined to very low values in soil deeper than 30 cm from the surface (Figure 2-33). 
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Figure 2-33. Enterococci Estimates for TX Household Soils, Sampled Over Time and at Various Depths. 

2.6.2   Households with New Installations 

E. coli were sporadically detected in soils from households with new graywater systems. 
E. coli were consistently more numerous in graywater-irrigated soil than freshwater-irrigated soil 
at the AZ site, where MPNs were concentrated within the first 15 cm of soil (Figure 2-34). 
However, high baseline counts in October 2008 confound the interpretation of graywater impacts 
at this household. 

In contrast, E. coli numbers in graywater-irrigated soil from the CA site in October 2011 
(two feet from graywater irrigation line) were elevated above baseline values from September 
2008 (Figure 2-35). Similarly, E. coli were more abundant in graywater-irrigated soil at the 
CO site in July 2011 compared to September 2009, when baseline samples were collected 
(Figure 2-36). In addition, relatively high estimates of E. coli in the 15-30 and 30-100 cm depth 
increments at the CO site in July 2011 indicate leaching graywater-born E. coli from the surface. 

 

 Figure 2-34. E. coli MPNs in Soils, Sampled Over Time and at Various Depths 
from the Newly Established AZ Household Graywater System. 
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CHAPTER 3.0 
 

GREENHOUSE STUDIES ON GRAYWATER IRRIGATION 
 

3.1  Introduction 

Due to difficulties that exist in determining the migration pathways and leaching of 
contaminants in graywater-irrigated soil through field studies, it was important to make 
assessments under controlled conditions. Controlled conditions eliminate environmental effects 
and variability such as climatic variability, the presence of pets, and the variability in graywater 
application rate and composition. Consequently, greenhouse experiments were set up to evaluate 
the possible impacts of graywater irrigation on leaching of chemical constituents in soil-plant 
systems. Synthetic graywater was applied instead of actual graywater to ensure consistency and 
repeatability of the graywater used for irrigation. Leachate was analyzed for surfactants, salts, 
nutrients, and other general water quality parameters. After one year of graywater application, 
soil was analyzed for surfactants, salts, and other physico-chemical parameters. In addition to the 
soil and leachate analyses, plant health evaluation was also conducted to assess the effect of 
graywater application on four different plant types used in the experiments. 

 
3.2  Experiment Setup 

A total of 38 custom plant pots were constructed with polyvinylchloride (PVC) pipe. The 
setup of the columns containing plants was a two-chamber system in which the top 55 cm 
contained the soil and plant biomass and the bottom 5 cm served as a drainage layer (Figure 3-1). 
The pipes were exposed to sunlight for a period of six weeks to minimize degradation of PVC 
and subsequent release of toxins into plant columns during the experiments.  

A native sandy loam soil was obtained from Pioneer Sand Company (Fort Collins, CO.) 
and used for the experiments. The soil composition was 65% sand, 17% silt, and 18% clay 
(Table 3-1). Soil was added to the plant columns and compacted to reach the bulk density of 1.5 
g cm-3. During the course of experiments, two types of turfgrasses and two types of shrubs were 
studied (Figures 3-2). The turfgrasses used were bermudagrass (a warm season grass) and tall 
fescue (a cool season grass). The shrubs used were Meyer lemon (a citrus) and emerald gaiety 
euonymus (a shrub). Eight columns were planted with each plant type and six columns were left 
unplanted as controls (containing only soil). 

Of the eight columns used for each plant, four were irrigated with graywater and the other 
four were irrigated with potable water. Of note is that because irrigation water for the greenhouse 
experiment controls was potable water, it is referred to as potable water throughout Chapter 3.0, 
rather than freshwater as referred to in Chapter 2.0. Of the six columns without plants, three were 
irrigated with potable water and three were irrigated with synthetic graywater. All the plants and 
grasses were planted in October 2010 and were irrigated with potable water for the first five 
months of the study. The duration of the experiments was 17 months from February 2010 to June 
2011. Temperature was controlled at 20-25oC in the greenhouse. 
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Table 3-3. Synthetic Graywater and Potable Water Analysis. 

(NM-not measured) 

Parameter 
Synthetic 
graywater 

Potable 
water 

pH 7.4 7.1 
EC (µS cm-1) 1050 120 
TDS (mg L-1) 609.5 73 
COD (mg L-1) 378 NM 
TN (mg L-1) 3.88 0.18 
TP (mg L-1) 0.8 NM 
B (mg L-1)  0.5 ≤0.1 
Alkalinity (mg L-1 as CaCO3 ) 158 30 
SAR 0.8 NM 

 
 

3.3  Leachate Production 
Leachate generation was monitored and leachate volume was recorded during the course 

of experiments (Figure 3-3). Between October 2009 and February 2010, irrigation for both sets 
of columns (columns to be irrigated with graywater and the control columns) was done with 
potable water. In February 2010, irrigation with graywater was initiated for columns designated 
for synthetic graywater irrigation. Starting from March 2010, the leachate volume generated 
from the graywater-irrigated columns was less than that generated from the potable water-
irrigated columns. 

The trend of lower leachate volume for the graywater-irrigated columns compared to the 
potable water-irrigated columns was observed for both shrubs and grasses. The difference 
between generated leachate collected as percentage of irrigation water from potable water-
irrigated columns (42.8±18.9%) versus graywater-irrigated columns (19.8±11.2%) was 
statistically significant (P ≤ 0.05). One cause of higher water uptake in graywater-irrigated plants 
may be higher growth rate of these plants. Graywater irrigated plants had significantly higher 
above ground biomass than potable water irrigated plants (P≤0.05; Section 3.6.1). The graywater 
irrigated plants had larger leaf size and canopy cover, and the grasses had a larger canopy cover 
as well, thus leading to larger uptake of water. Of note is that there was no significant difference 
in leachate generated in unplanted columns irrigated with potable water (25.4±0.6%) compared 
to graywater (26.1±1.4%; P>0.05), which supports the hypothesis that plant growth contributed 
to higher water uptake in planted graywater irrigated columns. Less leachate was collected in late 
spring and summer (April through July in 2010 and March through May in 2011; Figure 3-3) due 
to longer daylight hours and higher plant growth, which caused higher evapotranspiration. 
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Although grown in the Na and Cl rich environment in this study, lemon maintained lower levels 
of Na and Cl, likely via mechanisms such as Na and Cl exclusion, regulation of transport to 
shoots, organismal Na and Cl compartmentations (Tester and Davenport, 2003).  

For the beneficial elements, the research team observed a decreased Mg content in lemon 
and an increased leaf Mg accumulation in tall fescue, bermudagrass and Euonymous, in response 
to graywater irrigation (Figure 3-19). Graywater irrigation increased leaf Ca content in 
Euonymous and bermudagrass, while decreased Ca in lemon and tall fescue (Figure 3-19). 
When compared with the potable water irrigated plants, tissue K content increased in all plants 
(Figure 3-19). 

Tissue P content increased in the two grasses, but decreased in the two shrubs in response 
to graywater irrigation. Except for Euonymous where no change occurred, all species had 
increased tissue total N content under graywater irrigation; this was in agreement with the 
nitrogen deficiency appearance (yellow leaves and slow growth) observed for potable water 
irrigated plants (Figure 3-19).  

 
Table 3-5. Crown Density and Foliar Color of Two Shrubs and Turf Quality of Two Turfgrasses 

Subjected to Two Different Irrigation Waters. 

Type of 
Plant  

Species 
Irrigation Water 

Gray water 
Potable 
water 

  Crown density 
Shrub Lemon 3.38 b*A** 2.50 bB 

Euonymous 4.69 aA 3.38 aB 

  Foliar color 
Shrub Lemon 3.31 bA 2.50 bB 
 Euonymous 4.56 aA 3.50 aB 

   
  Turf quality 
Grass Bermuda  5.13 bA 3.63 bB 

Tall Fescue 6.25 aA 4.56 aB 

 
*Lower case letter in the same column within the same plant 
type followed by different letters are significantly different at 
P ≤ 0.05.  
**Upper case letter in the same row followed by different 
letters are significantly different at P ≤ 0.05. 

 
 

In many plants, the reduction in tissue P, Ca, and Mg are associated with nutrient 
imbalance under saline environments. Despite the lesser increase of tissue Cl and B under 
graywater irrigation, it appears that lemon is the plant most affected by graywater irrigation in 
this study – it exhibited decreased Ca, P, and Mg content. This coincided with the fact that lemon 
showed the least growth increase stimulated by the N and P present in synthetic graywater. This 
is also consistent with field study results indicating sensitivity of lemon trees to graywater 
irrigation (Section 2.4).  
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and soil analysis showed a potential leaching of salts into the deeper soil as higher EC values 
were measured in graywater-irrigated soil samples than potable water-irrigated soil samples.  

 B was higher in the leachate collected from graywater-irrigated columns than in the 
leachate collected from potable water-irrigated columns. An increasing trend was observed for 
average B leached from graywater-irrigated columns. Despite the higher B content in graywater-
irrigated soil samples than potable water-irrigated soil samples, B was still below the 
deteriorative level for plant growth of 5 mg kg-1 in all soil samples. More leaching was observed 
for B when grasses were present in the columns.  

 Less than 19% of added surfactants leached through columns. However, the amount of 
surfactant leached increased over the 17-month duration of experiment. Continuous irrigation 
with synthetic graywater resulted in accumulation of surfactants in surface soil samples. No 
accumulation of surfactants was observed in deeper soil samples. Graywater-irrigated surface 
soil samples had higher organic matter compared to freshwater irrigated soil, consistent with 
trends observed for surfactants. Concentrations of surfactant in surface soil at the end of this 
study ranged from 940 to 2212 µmol kg-1, higher than observed in the field study (Section 2.5.3). 
Soil collected in the field was exposed to rainwater and this likely explains the higher 
concentrations observed in the greenhouse study where the only water received by graywater 
irrigated plants was synthetic graywater. Concentrations observed in the greenhouse study 
columns is representative of the high end of what would be observed in real world soil irrigated 
with graywater. Even at these concentrations, plant toxicity was not noted.  

 In conclusion, graywater irrigation represented beneficial effects on plant growth and 
added nitrogen to the soil. Results showed that soil-plant systems were capable of removing 
considerable amount of surfactants from the graywater. However, decreased surfactant retention 
over time raises concern over migration of surfactants to groundwater when graywater is applied 
for irrigation over a long duration. Results also raised concern over the leaching potential of salts, 
including N and B, into the deeper soil and possibly to groundwater. While SAR and B values 
were not accumulated in the soil samples above the harmful levels for plants health, further 
investigation are still required to evaluate the effect of graywater irrigation on soil quality.  
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CHAPTER 4.0 
 

SUMMARY AND CONCLUSIONS 
 

4.1  Graywater Effects on Plant Health 
The research team found that most plants were healthy under long-term (more than five 

years) graywater irrigation. Among 22 plant species evaluated, the researchers only observed 
three species (avocado, lemon tree, and Scotch pine) that were sensitive to graywater irrigation, 
exhibited through reduced growth, or leaf burning, or reduced fruit production under graywater 
irrigation. Lemon trees also showed some early indications of toxicity in the greenhouse study. 
The research team did not observe consistent Na, Cl, and B accumulation in most evaluated 
species in the field. 

For the new installation household study, the most confident results were obtained from 
the AZ site. Graywater irrigation had positive impacts (higher shoot growth, better density, color, 
less degree of winter dormancy and overall quality) on bermudagrass, peach, and black-eyed 
Susan. Canna lily did not show differences between graywater and control treatments. Graywater 
irrigation had negative impacts on lemon and hybrid rose, consistent with other results. For the 
CA and CO new household sites, other confounding environmental factors made the comparison 
of plants irrigated with freshwater and graywater inconclusive. Nevertheless, the research team 
observed no negative impacts on most of the evaluated landscape plants.  

Due to the much greater nutrient content in the synthetic graywater for the greenhouse 
study, synthetic graywater-irrigated plants exhibited greater plant biomass and enhanced density, 
color, and quality when compared to potable water irrigated plants. No visual symptoms of toxic 
effects were observed. 

4.2  Graywater Chemical Constituent Accumulation in Soil and Potential 
to Leach to Groundwater 

 Sodium accumulation has been a problem for reclaimed water irrigation and is also a 
concern for graywater irrigation. While SAR was sometimes larger in graywater-irrigated 
compared to freshwater-irrigated soil, SAR was always below 5 in soil samples, low enough to 
prevent any harmful effect for plants’ water uptake. However, greenhouse studies indicated a 
potential for salts in graywater to leach through soil, potentially migrating to groundwater. 

 While B accumulation was not observed in graywater-irrigated areas at housheolds with 
newly installed systems over two years of monitoring, elevated B was observed at the household 
in TX where graywater was applied for irrigation for 31 years. In the greenhouse study, B was 
significantly higher in soil in graywater-irrigated columns compared to potable water-irrigated 
columns. However, in the greenhouse study B was still below the deteriorative level for plant 
growth of 5 mg kg-1 in all soil samples. Overall, results do indicate a potential for B 
accumulation in soil when applied in graywater for irrigation.  

 In general, field results did not indicate significant differences in nutrient content of soil 
when graywater was applied for irrigation. AZ and CO households with new graywater systems 
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those areas where detected. TCS was higher than has been observed in biosolids amended soil 
(Cha and Cupples, 2009). A concern associated with high concentrations of antimicrobials in soil 
would be decreased microbial activity. Further investigation is warranted to determine the effect 
of graywater irrigation on antimicrobial concentration in soil and the impact this may have to soil 
microbiology and the potential formation of antibiotic resistant genes.  

 For many of households in the field study, observed infiltration rates were higher in areas 
irrigated with graywater compared to freshwater. However, data was too variable to make strong 
conclusions on the impact of graywater irrigation on infiltration. Infiltration tests were also 
conducted on planted columns in the greenhouse study. Here, infiltration rates were always 
higher in graywater irrigated columns and the difference was statistically significant in unplanted 
columns (P<0.05). Based on combined results from the field and greenhouse studies, it can be 
concluded that long-term graywater irrigation may increase soil infiltration rate. 

As a summary on effects of graywater irrigation to soil quality, graywater irrigation 
resulted in accumulation of surfactants and antimicrobials in soil as well as increased SAR. 
Surfactant concentration did not increase with duration of graywater irrigation and greenhouse 
studies showed a large portion of surfactants added are biodegraded. More research is required to 
determine the impacts of antimicrobial accumulation. While SAR did increase in soil irrigated 
with graywater, the increase was not high enough in any of the sampling locations to raise 
concern about soil quality or plant health. 

To summarize the potential for graywater constituents to leach into groundwater, there is 
a potential for salts, N, and B to leach through soil when graywater is applied for irrigation. A 
portion of the applied N is uptaken by plants, but leaching of N was still observed. While a low 
percentage of surfactants added to greenhouse columns leached through, leaching increased with 
the duration of the study (17 months). More research is required to determine if leaching of 
surfactants would continue to increase over time.  

4.3 Graywater Effects on Fecal Indicator Bacteria in Soil 
In this study the research team found no strong, consistent effect of graywater on 

estimates of E.	coli or enterococci in soil. However, it is known that graywater has the potential 
to contaminate the environment with human-associated fecal organisms, including E. coli and 
enterococci. Contamination was inconsistent and depended on the household, sampling date, and 
depth of soil sampled. In addition, E. coli and enterococci were detected in freshwater-irrigated 
soils, indicating sources other than graywater for fecal indicators detected in the environment. 
Quantitative microbial risk assessment may be another way to evaluate risk associated with 
pathogens resulting from graywater irrigation, such as the work conducted by Maimon et al. 
(2010).  

4.4  Recommendations for Graywater Irrigation 

 No major concerns were identified in this study that would render reuse of graywater 
following best management practices unsafe for human activities. The state of Arizona has set the 
standard for graywater irrigation best management practices and these practices are recommended in 
many states (http://www.azdeq.gov/environ/water/permits/download/graybro.pdf). It is well 
established that the levels of fecal coliform in graywater exceed allowable criteria set by regulatory 
agencies for discharge of wastewater, and for natural waters subject to body contact. But there is 
controversy regarding whether indicator organism counts are an accurate indicator of actual health 
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Group A: Project Management 
 
A3: Project Organization and Schedule 
 
Key Contacts 
 
1. Dr. Larry Roesner, Professor, Water Resources and Water Quality Engineering 
     Address: Department of Civil Engineering 
  1372 Campus Delivery 
  Colorado State University 
  Fort Collins, CO 80523-1372 
  Phone: 970-491-7430 
  larry.roesner@colostate.edu 
 
2. Dr. Sybil Sharvelle, Assistant Professor, Environmental Engineering 
     Address: Department of Civil Engineering 
  1372 Campus Delivery 
  Colorado State University 
  Fort Collins, CO 80523-1372 
  Phone: 970-491-6081 
  sybil.sharvelle@colostate.edu 
 
3. Dr. Mary Stromberger, Associate Professor, Soil Microbiology 
     Address: Department of Soil and Crop Sciences 
  1170 Campus Delivery 
  Colorado State University 
  Fort Collins, CO 80523-1170 
  Phone: 970-491-5283 
  mary.stromberger@colostate.edu 
 
4. Dr. Yaling Qian, Associate Professor, Turfgrass Science 
     Address: Department of Horticulture and Landscape Architecture 
  1173 Campus Delivery 
  Colorado State University 
  Fort Collins, CO 80523-1173 
  Phone: 970-491-7079 
  yaling.qian@colostate.edu 
 
Participant Responsibilities 
CSU has assembled a strong team that includes a blend of expertise in both practical engineering 
problems and science. Three of the principal team members have direct experience with 
household graywater reuse, and/or reuse of wastewater treatment plant effluent for landscape 
irrigation. In addition, three of the principal team members were involved with Phase I of this 
project, Literature Review and Draft Experimental Plan. Dr. Larry Roesner will serve as 
Principal Investigator. Dr. Roesner has expertise in Water Quality Engineering and will lend his 
expertise in graywater system design and reuse. Dr. Sybil Sharvelle will be Co-PI and Project 
Manager; she will be the principal point of contact with the WERF Project Manager. Dr. 
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levels of pathogens and viruses, negative impacts to soil quality, potential groundwater 
contamination with chemical constituents present in graywater, or negative impacts to plant 
health. These risks should be further evaluated and methods of graywater application that 
minimize these risks should be understood.  
 
A number of studies have inferred fecal contamination of graywater via the presence of indicator 
organisms (e.g., Novotny, 1990; Rose et al., 1991; Christova-Boal et al., 1996; Casanova et al., 
2001; and Ottoson et al., 2003). A primary concern is the possibility of graywater irrigation 
being a pathway for the spread of human diseases. However, the fate of pathogens after 
graywater application is not well understood and their persistence could result in human health 
risks. 
 
In addition, application of graywater for irrigation may impact soil chemistry. Potential effects of 
graywater on soil chemistry include changes in pH, salinity, and concentrations of chemicals, 
specifically organics and metals, introduced by the graywater. Very few published studies were 
found that evaluated these changes in the soil. The Gray Water Pilot Project in the City of Los 
Angeles, CA (1992) conducted research on eight voluntary residential sites retro-fitted with 
graywater systems for the purpose of residential sub-surface irrigation. Results showed an 
increase in sodium levels (Na+) and in the Sodium Adsorption Ratio (SAR).  
 
Changes in soil chemistry may also affect plant health. Some studies have shown negative 
impacts to plant health resulting from graywater irrigation, while others have shown that 
graywater constituents may have a positive effect on plant health (City of Los Angeles, 1992; 
Rianallo et al., 1988; Bubenheim et al., 1997). Further research is required to adequately 
understand the effect of graywater irrigation on plant health. 
 
While graywater reuse for household irrigation is widespread, potential effects on soil quality, 
groundwater quality, and plant health have not been adequately assessed. The application of any 
irrigation water will introduce chemicals to the soil and potentially have short- and long-term 
effects. This potential depends on application rate, chemical concentrations in the water, 
biodegradation rate of the chemical, sorption, leaching, and plant uptake. Graywater chemical 
constituents can potentially migrate to groundwater, surface water, and drinking water sources. 
In addition, pathogens and viruses present in graywater may persist and pose human health risks. 
Current research has not addressed impacts of graywater chemical constituents and pathogens on 
soil quality, groundwater quality, and plant health. In addition, household graywater has not been 
adequately characterized. The study proposed herein describes scientific experiments to alleviate 
these information gaps regarding household graywater irrigation.  
 
Objective 
The objective of this research project is to elucidate information on the fate and occurrence of 
graywater chemical constituents and pathogens and their potential impacts on soil quality, 
groundwater quality, and plant and human health as a result of its application for residential 
landscape irrigation. Field and greenhouse studies will be the focus of our research efforts so that 
data collected can be directly used by regulatory agencies and home owners interested in 
graywater irrigation application. Households in different climatic regions will be selected so that 
recommendations relevant to these climatic regions can be made. Quantitative data collected on 
the fate of graywater constituents and effects on plant health will provide a factual based 
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Soil and Plant testing laboratory performance criteria and analytical instrumentation tolerable 
limits are addressed in the Appendix. Briefly, reagent blanks will be used with each sampling 
batch, along with ten percent duplicates per batch. An in-house soil and plant standard will also 
be utilized, both of which have been analyzed > 25x to assure quality. ICP-AES and Alpkem and 
LECO-1000 tolerable limits = 10%, pH meter must be within +/- 0.05 units during standard 
analysis, EC meter will be calibrated with 0.01M KCl solution.  
 
For statistical analysis, the research team will conduct analysis of variance tests followed by least 
significant difference procedure to separate treatment means, using a probability level of both 
90% and 95%. The experimental design for the existing household study is a split plot block 
design, with household locations serving as blocks (n=4), graywater versus potable water as 
main treatments (n=2) and sampling depth as the split effect (n=3). The experiment design for 
the new household/prototype study is a repeated measures split plot block design because 
samples are collected over time. The experimental design for the greenhouse study is a complete 
randomized two-way factorial design, with plant species (n=4) as one factor and water treatment 
(graywater vs. potable water) as the second factor. All univariate analyses will be performed 
using SAS statistical software (SAS Institute Inc., Cary, NC). Multivariate analysis of microbial 
community structure will be performed using the PC-ORD statistical software (MjM Software, 
Gleneden Beach, OR). 
 
A7: Special Training Requirement/Certification 
 
Not applicable. 
 
A8: Documentation and Records 
 
Homeowners will be required to maintain a log of all household products used that enter into the 
graywater irrigation system. In addition, the owners of households with newly installed 
graywater systems will be required to measure the volume of graywater produced on a daily or 
weekly basis and alert Colorado State University researchers if landscape appears to be 
unhealthy.  
 
The most current QA Project Plan, SOPs, and other documents will be distributed to the other 
investigators via email immediately after changes are made. A brief description of the QA 
modifications will also be attached to the email.  
 
Field and greenhouse notebooks will be kept for documenting sampling events, including soil, 
water and plant sample collections, notes on plant visual inspections, and other relevant 
information. Laboratory notebooks will be used to document water quality, soils, microbial, and 
plant data. The data will be transferred to MS Excel and saved on both a hard drive and a CD-
RW. Test method raw data and QC sample records will be saved directly to disk, a hard drive, 
and a CD-RW disk.  
 
SAS model input and output files will be documented and saved along with all collected 
analytical data.  
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Figure 3. Average Monthly Precipitation for Sites Selected in AZ. 

 

 
Figure 4. Average Monthly Precipitation for Sites Selected in CO. 

 

 
Figure 5. Average Monthly Precipitation for Sites Selected in TX. 

 
 
Sampling Strategy (Household Studies) 
The research team will coordinate with household owners to schedule sampling dates and times. 
At each household, plant and soil samples will be collected from a landscape area irrigated with 
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estimation of surface soil infiltration rate; it is commonly used for estimating infiltration rate on 
soils proposed for use as stormwater infiltration facilities. 
 
SOP for Plant Biomass Sampling (New Installation and Existing Household Studies) 
Plant types to be examined and sampled include trees, shrubs, bedding plants, and turfgrasses. 
Landscape plants will be evaluated for their health and growth as follows: 
 
Trees: Trees are to be evaluated in late summer; after the flush of growth has matured, for: 
1) Health: Tree health will be assessed by developing health indexes based on the following 
criteria: crown density (1-5 scale), dieback from tip (absent or present), foliage color (chlorosis) 
(1-5 scale), suckers or water sprouts (absent or present), presence of insects, disease, and 
gummosis (absent or present), number of years of needle retention (factor of stress and genetics 
for evergreens). 
2) Growth: For woody plants, historical growth data will be examined and measured by 
evaluating bud scales and internodal lengths for four representative branches per tree. These 
evaluations will provide information on year-to-year growth variations and the trend of the 
growth rate changes over time.  
3) The percent foliar burn (leaf scorch and necrosis) will be estimated visually.  
4) Leaf size: Average leaf size will be determined by measuring with LI-COR 3100 leaf area 
meter. 
 
Shrubs: Shrubs may require pruning; instructions for pruning will be provided to the 
homeowners. Shrubs are to be evaluated in summer for: 
1) Health: Shrubs will be assessed by developing health indexes based on the following criteria:  
crown density, shoot dieback, foliage color (chlorosis), presence of insects or disease, and 
number of years of needle retention for needled evergreens. 
2) Growth: The current year’s growth will be measured on four representative stems. 
3) The percent foliar burn (leaf scorch and necrosis) will be estimated visually.  
4) Leaf size: Average leaf size will be determined by a LI-COR 3100 leaf area meter. 
 
Bedding plants: Bedding plants will be planted for each experiment year. Within each household 
pair (graywater irrigated vs. potable water irrigated), bedding plants can be planted at the same 
time with the same species and cultivars. Bedding plants are to be evaluated in early to late 
summer for:   
1) Health: Bedding plant health will be assessed based on the following criteria: crown density, 
dieback from tip, foliage color (chlorosis), and presence of insects or disease. 
2) Growth (vigor): plant size (height and diameter) will be measured. Bloom will be measured by 
counting the number of blooms on representative plants and estimating overall percent bloom. 
3) The percent foliar burn (leaf scorch and necrosis) will be estimated visually.  
4) Leaf size: Average leaf size will be determined by a LI-COR 3100 leaf area meter. 
 
Turfgrass: During evaluation years, turfgrass maintenance, including mowing frequency, 
fertilization, aeration, and weed control will be standardized for each pair of the landscapes. 
Turfgrass will be evaluated as follows: 
1) Turf Quality: turfgrass quality will be assessed based on canopy color, shoot density, 
uniformity, presence of weeds, disease, or insects. Turf quality will be evaluated based on a 1 to 
9 scale.  
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Stromberger’s lab, soil cores per each household location × treatment × sampling depth 
combination will be weighed, mixed together and then homogenized by hand. A subsample of 
each soil will immediately be analyzed for total coliforms, E. coli, and enterococci in Dr. 
Stromberger’s lab. Another subsample of each soil will be collected for surfactant and 
antimicrobial analysis and delivered to Dr. Sharvelle’s lab; this sample will be stored in a freezer 
when extraction can not take place immediately upon arrival.  
 
A third subsample from soils of the existing household study will be shipped overnight to 
EMLab Pand K Laboratories in San Bruno, CA for most probably number (MPN) enumeration 
of Clostridium perfringens. As stated in the proposal, soils and graywater from the new 
household/prototype study will not be analyzed for Clostridium perfringens because of budget 
constraints. The research team chose to analyze soils from the existing household studies only 
for this particular pathogen, because these soils will have the longest history in receiving 
graywater, with more time for this pathogen to accumulate to detectable numbers. 
 
The remaining soil will be passed through a 2-mm sieve to remove roots and coarse fragments. 
The sieved soil will then be subdivided into three portions and stored in zip-lock freezer bags 
under conditions appropriate to a given analysis. Soil subsamples will be immediately analyzed 
for gravimetric water content. Subsamples for dehydrogenase enzyme activity will be stored at 
4ºC prior to analyses, which will begin within two days of sampling. Soil subsamples for 
physical and chemical analysis will be air-dried and stored at room temperature prior to the 
analyses. All soil samples will be preserved at their respective storage facilities until all data has 
been collected, reviewed, statistically analyzed, and reported.  
 
Plant Samples 
On the same day as soil sampling, plant samples in paper bags will be packed into a cardboard 
box and will be transported by airplane as luggage (if project personnel return to CSU the same 
day) or shipped overnight (if project personnel do not return to CSU the same day) to Colorado 
State University. If plant tissue is succulent, plant tissue will be packed in a cooler with ice packs 
for deliver. Samples collected in Colorado will be transported by CSU personnel authorized by 
the principal investigators. Samples will be transported in their original containers. Shipping:  If 
possible, ship samples the same day. Immediately after sample arrives in the lab, lightly rinse 
foliage with distilled water prior to oven drying the samples to eliminate dust or aerially 
deposited salts.  
 
Greenhouse Study Leachate and Plant Samples 
Leachate and greenhouse soil samples will be placed in a cooler on ice and walked over to Dr. 
Sharvelle’s laboratory immediately after collection. Plant samples will be placed in paper bags 
and walked over to Dr. Qian’s laboratory after collection. 
 
B4: Analytical Methods Requirements 
 
Graywater Samples 
Graywater samples will be analyzed for standard water and wastewater parameters by 
methods as outlined in Greenberg et al., (1992). Analysis will include biochemical oxygen 
demand (BOD), chemical oxygen demand (COD), total organic carbon (TOC), TSS, TDS, pH, 
oxidation reduction potential (ORP), conductivity, total nitrogen (TN), ammonia (NH4-N), 
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Table 1. Methods for Analysis of Standard Wastewater Parameter and Metals. 
 

Parameter Method Description
BOD SM 5210 B 5 day BOD test

COD SM 5220 D 
Closed Reflux, Colorimetric 

Method 

TOC SM 5310 B 
High Temperature 

Combustion 

TSS SM 2540 D TSS Dried at 103-105°C 
TDS SM 2540 C TDS Dried at 180°C 
pH SM 4500 H Electometric Method 

ORP SM 2580 ORP Electrode
conductivity SM 2510 Conductivity Meter 

TN SM 4500 N In-Line UV/Persulfate 
Digestion and Oxidation 

with Flow Injection Analysis 

NH4-N SM 4500 NH3 D Ammonia-Selective 
Electrode Method

NO3-N SM 4110 B Ion Chromatography 
NO2-N SM 4110 B Ion Chromatography 

TP SM 4500-P C Vanadomolybdophoshoric 
Acid Colorimetric Method 

PO4 SM 4110 B Ion Chromatography 
hardness SM 2340 C EDTA Titrimetric Method 

metals SM 3120 Metal by Plasma Emission 
Spectroscopy 

 
	
 
Soil Samples 
Soil samples for surfactant and antimicrobial analyses: An extraction step will be required for 
analysis of surfactants and antimicrobials in all soil samples. The soil extraction method 
described by Dyer et al., (2006) was modified for recovery of surfactants from the soil samples. 
Modifications included using 30 g of soil and changing the shaking, sonication and 
centrifugation to 20 min (1 min manual plus 19 min mechanical), 10 min, and 10 min 
respectively. In addition, instead of acetonitrile and methanol/ethyl acetate/water, only methanol 
was used for the extraction. Soil samples were dried and weighed after extraction and 
concentrations in soil samples are reported per mass of dry soil. Soil moisture for all samples 
was within the range of 2-5%. Subsequent analysis will be conducted by LC-MS. This method 
may be optimized for analysis of surfactants in soil samples. Prior to our first sample collection, 
the research team will run experiments in the lab with soils having similar characteristics to that 
expected to be collected at study sites. Known concentrations of surfactants will be injected into 
these soil samples and the research team will determine the recovery rate of these surfactants 
based on the described extraction method. If needed, the method will be modified to improve the 
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dilution series. Then, 1 mL of each dilution will be added to the center of duplicate agar plates. 
An additional 15 mL TSC agar without egg yolk will be poured into each dish and mixed with 
inoculum by gently rotating dish. When agar has solidified, plates will be placed in upright 
positions in an anaerobic jar. Anaerobic conditions will be established, and the jar(s) will be 
placed in a 35°C incubator for 20-24 h. After incubation, plates will be removed from the 
anaerobic jar, and plates containing 20-200 black colonies will be selected for counting. 
 
Soil samples for physical and chemical analyses: Soil texture (particle size) will be determined 
on each sample using the hydrometer method described by Gee and Bauder (1986). Soil bulk 
density will be calculated based on the volume of the removable soil core liner (based on 
sampling depth), the mass of the field-moist core, and the gravimetric moisture content of the 
soil core, determined on a subsample. Air-dried soil samples (~500 g) will by analyzed by CSU’s 
Soil, Water, and Plant Testing Laboratory for multiple chemical properties. Soil samples from 
the surface (0-20 cm depth, where the research team expect graywater to have the greatest 
impacts) will be analyzed for pH, electrical conductivity (EC), organic matter, total C, total N, 
extractable NH4-N, NO3-N, P, B, Ca/Mg/K for effective cation exchange capacity (CECe), and 
Na for sodium adsorption ratio (SAR; calculated by the ratio of Na to Ca+Mg). Soil pH will be 
determined by the saturated paste method (Method 21a of USDA Handbook No. 60, 1954) and 
soil EC will be determined by the saturated paste method of Rhoades (1996). Percent organic 
matter will be determined by the modified Walkley-Black method described by Nelson and 
Sommers (1996). Total C and N will be determined using a LECO CHN-1000 automated 
analyzer (LECO, St. Joseph, MI) according to the protocols of Nelson and Sommers (1996). 
Exchangeable soil NH4-N and NO3-N were extracted in 2 M KCl according to Mulvaney (1996) 
and analyzed on a Perstorp Enviroflow flow injector (Perstorp Analytical, Inc., Silver Spring, 
MD). The method of Kuo (1996) will be used for colorimetric determination of Mehlich III 
extractable P, K, Zn, Mn, Fe, and Cu. Concentrations of Ca, Mg, Na, and K will be analyzed on 
an inductively coupled plasma-atomic emission (ICP) spectrophotometer (Thermo Jarrell Ash 
Corp., Franklin, MA) from a saturated paste extract as described by Sumner and Miller (1996) 
for SAR and CECe determination. Boron will be measured in soil samples with the hot water 
extraction method according to Gupa (1967). Air-dried soil samples from the deeper depths (20-
60 cm and 60-100 cm depths) will be analyzed for EC, NO3-N, B, and SAR according to the 
methods listed above to determine salt and N leaching potential and therefore potential 
groundwater impacts. Analytical methods for soil chemical and physical analyses will be done 
according to procedures found in the Quality Assurance Plan for the CSU Soil, Water, and Plant 
Testing Laboratory (see appendix). The appendix provides the Quality Assurance Plan for Soil 
Testing@. Balances used for weighing biomass will be calibrated on a daily basis adhering to 
existing lab QC procedures. Check weights are routinely used to test balance performance. 
Calibration procedures will follow the protocols found in the Quality Assurance Plan for the 
CSU Soil, Water, and Plant Testing Laboratory (see appendix). 
 
Plant Samples 
Prior to analyses, leaves will be separated based on age and be subjected to tissue analysis. The 
research team will oven dry plant biomass samples at 70C to constant mass, and then the 
research team will store them at a designated storage site at CSU. After the biomass 
determinations, dried samples will be ground in a Wiley mill. Approximately 1 g of screened and 
dried sample will be used for ion analysis (Na, Ca, Mg, K, B, and other metal ions) by 
inductively-coupled plasma atomic emission spectrophotometry (ICP-AES). Chloride content 
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Procedure: Duplicate or triplicate samples of a given analyte will be analyzed each time that a 
batch of samples is analyzed. A minimum of 5% of the samples analyzed will be duplicates or 
triplicates for each sample run. 
Acceptance Criteria: Measurement of replicate samples should not vary by more than 10%. 
Corrective Action: If measurement of replicate samples varies by more than 10%, samples are 
initially reanalyzed to determine whether instrument failure was the cause. If replicate samples 
still vary by more than 10%, samples are completely reanalyzed beginning with either an 
extraction or digest. 
 
Graywater and Greenhouse Leachate Sample Checks 
Applications: Analysis of COD, TOC, TN, NH4-N, NO3-N, NO2-N, TP, PO4, metals, surfactants, 
and antimicrobials. 
Procedure: Samples of known concentration will periodically be tested each time that a batch of 
samples is analyzed. A minimum of 5% of the samples analyzed will be sample checks for each 
run. 
Acceptance Criteria: Measurement of known concentration samples should be outside of the 
known value by more than 10%. 
Corrective Action: If check samples are outside of the known value by more than 10%, samples 
are initially reanalyzed to determine whether instrument failure was the cause. If check samples 
are still outside of the known value by more than 10%, samples are completely reanalyzed 
beginning with either an extraction or digest. 
 
Graywater and Greenhouse Leachate Sample Matrix Spikes 
Applications: Analysis of TN, NO3-N, NO2-N, PO4, surfactants, and antimicrobials 
(chromatography methods). 
Procedure: Tested samples are spiked with a known concentration of analyte. This will be 
conducted once at least every three hours of instrument operation. 
Acceptance Criteria: The concentration measured in the sample should be the same as a 
nonspiked sample plus the amount spiked within 10%. 
Corrective Action: In the case that the concentration measured in the spiked sample should be 
the same as a nonspiked sample plus the amount spiked within 10%, the most likely cause is that 
the sample peak was incorrectly identified. In this case, a complete set of standards will be run 
again to evaluate the time of elution for various analytes. Any samples that may have been 
misidentified will be analyzed again. 
 
Graywater and Greenhouse Leachate Sample Internal Standards  
Applications: Analysis of surfactants and antimicrobials (LC-MS methods) 
Procedure: Known values of specified internal standards are added to standards and samples. 
Acceptance Criteria: The recovery rate of the analyte of interest is calculated and should be 
more than 60%. 
Corrective Action: When the recovery rate of the analyte is more than 60%, measured values of 
analyte are corrected to account for the recovery rate. When the recovery rate is less than 60%, 
sample extraction and concentration procedures are repeated until an acceptable recovery rate is 
achieved. 
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Soil and Plant Samples 
See the Appendix for instrument/equipment testing, inspection, and maintenance requirement  
criteria.  
 
B7: Instrument/Equipment Calibration and Frequency  
 
None of the field equipment requires calibration 
 
Graywater and Greenhouse Leachate Samples 
TOC/TN Analyzer: The TOC/TN analyzer is calibrated at the beginning of each run with known 
concentrations of organic carbon and nitrogen. Five calibration levels are used for each 
instrument run. Anhydrous primary-standard -grade potassium biphthalate is used for calibration 
of organic carbon, anhydrous sodium carbonate is used for calibration of inorganic carbon, and 
sodium nitrate or potassium nitrite are used for calibration of total nitrogen. 
 
IC: A calibration curve is run at the beginning and end of each IC run. Five calibration levels are 
used for each instrument run. Anions used for calibration include sodium nitrate, potassium 
nitrite, and trisodium phosphate.  
 
ICP: Calibration is run according to the Soil, Water, and Plant Testing Laboratory (see 
Appendix) 
 
LC-MS: A calibration curve is generated at the beginning, end, and every 3 hours during 
operation of the LC-MS. Five calibration levels are used at each time of calibration. High purity 
surfactants will be obtained from Procter and Gamble for generation of calibration curves. High 
purity antimicrobials are available from Sigma-Aldrich.  
 
Meters: Meters for analysis of pH, ORP, conductivity, and NH4-N analysis will be calibrated 
each time samples are analyzed. 
 
Soil and Plant Samples 
See the Appendix for instrument/equipment calibration and frequency criteria.  
 
B8: Inspection/Acceptance Requirements for Supplies and Consumables  
 
All sample containers will be inspected for closure and holes prior to transportation to CSU in 
order to avoid contamination. Throughout laboratory analyses procedures, containers will be also 
inspected to ensure complete closure and lack of holes, and if necessary containers will be 
replaced.  
 
B9: Data Acquisition Requirements (Non-Direct Measurements)  
 
The research team will not be collecting data from existing data sources.  
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Group C: Assessment and Oversight 
 
C1: Assessments and Response Actions 
 
See the appendix for procedures for corrective actions and parties responsible for implementing 
corrective actions. Individuals involved in sampling will meet prior to sampling to discuss 
procedures to ensure consistency. 
 
C2: Reports to Management 
 
The research team will provide WERF with reports and updates updates according to the 
schedule below. Reports will document graywater quality and effects of graywater irrigation on 
soils and plants relative to irrigation with potable water. In addition, annual reports will present 
the status of each project goal and milestone progress, including adjustments to completion dates 
if necessary. Results and conclusions will be summarized in a final report for WERF by February 
14, 2011.  
 
Year One (2/15/2008-2/14/2009) Date Due: 
Site Selection and Sampling Plan Report 6/6/2008 
Revised Site Selection and Sampling Plan Report 7/7/2008 
Progress Report 10/15/2008 
Annual Report 2/1/2009 
 
Year Two (2/15/2009-2/14/2010) Date Due: 
Letter of Progress 6/15/2009 
Progress Report 10/15/2009 
Annual Report (Greenhouse Studies) 2/1/2010 
 
 
Year Three (2/15/2010-2/14/2011) Date Due: 
Progress Report 6/15/2010 
Letter of Progress 10/15/2010 
Draft Final Report 12/15/2010 
Final Report 2/14/2011 
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APPENDIX B 

PLANT ANALYSIS 
 

Table B-1. Shoot Mineral Content of Different Landscape Plants Grown on Sites under 
Long-Term (more than 5 years) Graywater (GW) Irrigation vs. Freshwater (FW) Irrigation. 

State Plant Treatment 
Shoot Mineral Content (mg/kg)  

 Cl   B   Ca  Cu  Fe   K   Mg  Mn   Na   P   Si  K/Na 

               

AZ Saltbush GW N/A 55 11611 10 80 32805 4843 81 86 2413 252 383 

AZ Saltbush FW 19295 60 14301 11 109 39040 4908 95 73 1792 348 533 

AZ Mallow GW 13674 61 9231 12 190 16875 1860 56 144 1713 645 117 

AZ Mallow FW 6908 124 36906 12 265 9835 2147 94 70 2387 936 140 

AZ 
Honey 
mesquite 

FW 23144 19 13441 12 45 8235 1882 51 66 1532 92 125 

AZ 
Honey 
mesquite 

GW 13095 22 17326 6 81 7200 2485 52 94 1628 186 77 

AZ Tobacco tree GW 30471 68 45521 12 53 6535 3854 83 206 2226 298 32 

AZ Tobacco tree FW 44842 83 50746 21 58 14365 2342 171 110 4813 305 130 

AZ Desert daisy GW 15564 57 16451 11 317 28045 4097 85 68 2209 1179 410 

AZ Desert daisy FW 9914 32 19846 12 139 27270 4014 55 48 2082 445 570 

AZ Hackberry GW 2311 93 33211 5 54 6560 3896 124 52 1117 2250 126 

AZ Hackberry FW 872 29 26191 8 82 11160 3104 89 80 1549 1184 139 

               

CO Scotch pine GW 431 27 5756 2.6 70.4 4595 13570 17.5 27 1016 312 174 

CO Scotch pine  FW 324 100 8163 14.0 65.0 3274 1836 43.8 114 842 478 29 

CO Juniper GW 233 42 10595 8.3 60.7 6105 2875 18.0 31 1845 737 196 
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36 10272

74 4387

55 6058
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ral Content (mg/kg
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g) 
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1049 340 
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2487 738 

4311 2970 
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3160 3049 

1859 966 
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1284 1295 
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1159 924.9 
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State Plant Treatment 
Shoot Mineral Content (mg/kg)  

 Cl   B   Ca  Cu  Fe   K   Mg  Mn   Na   P   Si  K/Na 

TX St. Augustine FW 15974 7.7 8016 8.5 
119.

9 
21600 2027 52.9 9403 2267 2330 2.3 

TX St. Augustine FW 23359 6.4 7477 7.5 97.2 20290 2007 32.0 11440 2314 2764 1.8 

TX 
St. 
Augustinegrass 

GW 25805 7.4 6862 9.1 
117.

6 
17375 1872 51.2 12845 3038 2670 1.4 

TX 
St. 
Augustinegrass 

GW 19389 6.5 6482 7.6 97.3 15420 1797 34.1 10770 4339 2972 1.4 

TX Privet GW 4019 33 19450 8.6 71.6 19910 3217 121 17 1923 1776 1176 

TX Privet FW 3895 25 26060 6.0 43.6 5353 2148 180 232 861 1512 23 

CA Hass Avocado GW 5840 10 10810 5.1 99.8 3930 5542 114 79 1232 1657 50 

CA Hass Avocado FW 14220 41 11790 10.4 95.5 15640 6133 146 89 1461 3359 176 

CA 
Wintercreeper 
Euonymous 

GW 3570 77 26570 8.2 96.2 17935 3374 34.5 961 4345 2304 19 

CA 
Wintercreeper  
Euonymous 

FW 1868 72 20550 11.7 
108.

7 
21540 2831 22.4 450 4324 2268 48 

CA 
Yellow Bush  
Daisy  

GW 51987 120 13800 7.0 
149.

0 
16790 4245 112 22430 2195 2853 0.75 

CA 
Yellow Bush  
Daisy  

FW 27652 62 21140 2.8 231 15750 4730 107 7335 1345 2277 2.1 

CA 
Yellow Bush  
Daisy  

FW 11527 64 15370 4.1 378 14510 4000 81 6386 2249 4068 2.3 

CA 
California  
Valeriana  

GW 23359 74 15700 12.7 64.4 26790 6532 52.6 3890 2034 4804 6.9 
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50.5 279 
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20.5 147 1

 P   Si  K

3195 3281 

1467 2758 

2260 496 

  

1545 6 2

2035 4.5 1

3045 6.5 2
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1125 8.5 1

1205 11 1

4595 21 6

3158 20.5 1

3035 13 3

3170 14 1

8650 33 11
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4.1 
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Table B-2. Comparison of Mineral Content (mg/kg) of Landscape Plants Sampled at the AZ New Household. 
Samples Were Collected for Graywater (GW) and Freshwater (FW) Irrigated Plants in 2008, 2008, and 2010. 

State Plant Water Cl B Ca Cu Fe K Mg Mn Na P
  mg kg-1 

  2008-Baseline
AZ Bermudagrass  5534 10 7516 7.1 188 22060 2728 77 845 4027 
AZ Lemon grass  6398 39 6972 3.1 44 19860 2490 16 251 1462 
AZ Orange  115 129 27400 6.4 45 14790 2607 18 86 1577 
AZ Lemon  342 244 34570 6.2 76 14290 2430 30 36 984 
      2009- June      
AZ Bermudagrass FW 5328 6 5286 5.8 55 15530 1870 58 488 5466 

AZ 
Bermudagrass 
(mowed) 

FW 
4381 8 5416 4.5 102 13970 1808 66 607 4640 

AZ Bermudagrass GW 14716 9 8271 6.5 67 17550 1821 58 1418 3122 
AZ Lemon grass FW 13440 174 35436 8.6 37 20290 2055 15 125 1501 
AZ Lemon grass GW 13324 28 4761 7.8 26 20395 1921 25 751 2178 
AZ Lemon FW 1019 65 8076 3.0 23 18985 2640 78 598 2235 
AZ Lemon GW 460 85 36531 5.0 47 13815 2254 11 70 1450 
AZ Peach FW 2146 56 14496 6.6 62 17525 3644 22 155 2455 
AZ Peach GW 1892 56 22311 8.4 63 22065 3536 31 71 2401 

AZ 
Black eyed 
susan 

FW 
41517 146 53746 13.9 49 22190 4408 112 619 2391 

AZ 
Black eyed 
susan 

GW 36581 288 63596 9.6 56 16895 4952 220 173 2395 

   
   2010-January 

 
 

    

AZ Bermudagrass GW 16737 9 4578 3.2 75 5878 1913 89 2171 1462 

AZ 
Bermudagrass 
(mowed) 

FW 
5685 6 2717 11.1 183 3415 1560 43 590 3683 

AZ Lemon grass GW 20417 12 4550 4.8 43 9875 5027 65 328 1052 
AZ Lemon grass FW 18575 10 3097 3.3 36 9634 2580 77 447 1461 
AZ Lemon GW 5030 121 16400 10.3 63 8558 2906 12 124 1637 
AZ Lemon FW 1593 112 13350 9.9 42 7201 1739 16 59 1217 
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FW 
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GW 
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FW 
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GW 644
FW 698

 

Cl B

5 21 
1 20 
3 54 
9 49 
  
  

9 6 

5 7 

0 15 
2 12 
1 73 
9 125 
2 32 
2 43 
5 59 
8 55 

5 220 

9 199 

9 124 
7 121 

 

Ca Cu

10700 11.7
8545 6.3
2972 1.4
2635 11.7

 
 201

3177 5.1

3124 5.2

1973 10.2
2149 5.4

16060 4.7
18110 5.5
8642 10.3
6066 6.3
3071 6.3
2685 8.0

25435 10.9

27870 9.4

10615 7.1
9889 4.8

 

 

 

Fe
mg kg-1

87.8 
93.5 
53.3 
52.0 

 
0-June 

65.0 

64.2 

29.2 
28.1 
35.9 
54.8 
75.0 
68.9 
51.1 
43.0 

66.3 

48.6 

43.1 
50.4 

K Mg
 

9251 5494
10340 4552
15480 4448
18040 4307

 
 

13975 2020

8565 2048

12240 1854
11945 1492
7210 2813
7528 2680

10420 5403
12885 4558
22365 4026
19060 3300

11264 7692

10152 8487

6222 4416
7566 4509

g Mn

4 46 
2 37 
8 216 
7 51 
  
  

0 62 

8 58 

4 44 
2 55 
 11 

0 20 
 16 

8 26 
6 317 
0 155 

2 93 

7 140 

6 68 
9 102 

Na P

54 2729 
43 2345 

2028 1500 
5678 1241 

  
  

744 463 

758 3252 

154 2835 
629 1634 
56 1366 
60 1159 
67 1576 
75 2128 

1764 2206 
4334 1683 

135 1836 

177 2071 

71 2037 
373 1456 
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Table B-3. Comparison of Mineral Content (mg/kg) of Landscape Plants Sampled at the CA New Household. 
Samples Were Collected for Graywater (GW) and Freshwater (FW) Irrigated Plants in 2008, 2010, and 2011. 

State Plant Water Cl B Ca Cu Fe K Mg Mn Na P 
   mg kg-1 

     September 2008 (Baseline) 
 

     

CA Pear  585 22 22390 3.7 78 11360 4246 91 109 1526 

CA Bermudagrass  3681 8 8348 2.2 66 8839 2396 87 214 2287 

CA Apple  6373 23 20800 3.3 80 4567 5751 43 96 1437 

CA Edible Fig  1954 169 33000 2.4 125 17890 9049 84 413 2148 

     October 2010       

            

CA Pear GW 825 23 19280 5 77 14278 6958 70 76 2066 

CA Pear FW 528 16 19530 4 56 6300 7220 33 103 1366 

CA Bermudagrass GW 6769 3 4997 2 101 17640 3250 215 317 3425 

CA Bermudagrass FW 3165 3 7850 2 73 10770 5830 133 221 2386 

CA Apple GW 549 23 19398 4 70 8690 6620 46 98 3574 

CA Apple FW 625 24 15580 4 130 11700 6765 45 101 3265 

CA Edible fig GW 820 98 36340 2 116 12345 9300 74 389 1520 

CA Edible fig FW 1788 130 37420 3 144 19730 10365 74 463 2187 

CA Mallow GW 2856 99 29860 7 173 26430 8200 179 74 8445 

CA Mallow FW 1822 71 35940 6 257 25270 9710 281 250 4157 

     October 
2011

       

CA Pear GW 5812 7.7 6898 1.7 111 20655 2478 98 367 3227 

CA Pear FW 511 25.9 22860 5.5 79 6508 5245 34 91 1842

CA Bermudagrass GW 2510 116 37830 1.5 104 13290 7570 93 493 1751 

CA Bermudagrass FW 2451 124 35370 7.1 112 19740 9423 87 378 1602 

CA Apple GW 839 25 22100 6 81 10159 4457 92 115 1921 

CA Apple FW 450 16 23300 5 55 6255 4558 40 82 1443 

CA Edible fig GW 389 29.4 17170 5.59 90.9 10290 4679 45 89 3152 

CA Edible fig FW 637 19.9 13340 6.96 123 8045 4111 52 131 2593 

CA Mallow GW 6747 62.6 27690 9.29 211 27220 6447 318 169 4584 

CA Mallow FW 3883 75.8 31120 5.38 170 20780 6040 131 87 5002 
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GW 
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2010 44 
998 39 

2657 38 
3895 58 
234 71 

998 39 

3193 73 
1665 47 
3459 81 
4646 29 
5515 40 

  
1890 65 
1587 46 
324 88 
421 89 

4151 85 
2331 65 
6448 72 
5792 93 

 

g/kg) of Landscape
r (GW) and Freshwa
Ca   Cu

September  20
25225 
21725 
17660 
19325 
40900 

21725 

24560 
20565 
28280 
21373 
23035 

Septembe
21830 
21230 
54200 
48210 
25430 
21910 
26570 
31230 

e Plants Sampled at 
ater (FW) Irrigated P
u   Fe  

mg kg
010  

7 149
22 99
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9 159
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22 99

15 93
11 140
3 85
3 65
3 45

er  2011 
6 100

18 93
5 134
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8 82
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4 66

 the CO Prototype H
Plants in 2010 and 2

 K   Mg
g-1 

  
23665 4
18380 
17215 
16615 
28175 

18380 
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8955 4

29103 4
26450 

 
30480 
21380 
25640 
33400 4
33120 
34180 
19710 
8839 2

Household. 
2011. 
g  Mn  N

 
4303 67 
3740 20 
7110 29 
8035 17 
5815 52 

3740 20 

6320 52 
3942 25 
4423 32 
4715 16 
3753 14 

  
1723 54 
1621 21 
3128 67 
4072 52 
3020 53 
1893 37 
3212 20 
2609 22 

Na  P  

 
54 2804 
45 9535 
47 2821 
58 2441 
51 4549 

45 9535 

77 3079 
65 2617 
19 2056 
62 2815 
44 2255 

  
60 3373 
48 7667 
39 3837 
77 5297 
68 2545 
53 2796 
27 1335 
22 1981 
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APPENDIX C 

SOIL ANALYSIS 
 

Table C-1. Soil Physical and Chemical Properties at the AZ Household with an Existing Graywater Irrigation System. 
 

Date Depth 
Irrigation 
Type Sand Silt Clay Texture CEC 

Organic 
Matter 

Total 
C 

Total 
N 

NH4-
N 

NO3-
N pH EC 

      (%)   meq 100 g-1 (%) mg kg-1   S cm-1 

Jun ‘09 

0-15 Freshwater 78 12 10 Sandy loam 5.31 5.4 5.9 0.48 1.8 86.3 7.5 500 
0-15 
recent 

Graywater 

61 24 15 Sandy loam 4.18 2.4 4 0.17 0.6 23.4 7.5 500 

0-15 (0-2) 58 23 19 Sandy loam 3.03 1.5 2.6 0.08 0.6 34.9 7.6 1600 

0-15 (2-3) 42 28 30 Clay loam 2.98 1.6 3 0.09 0.9 10.5 7.9 500 

0-15 (3-4) 61 19 20 Sandy clay loam 3.28 1.5 2.9 0.08 0.3 8 8 400 

Date Depth 
Irrigation 
Type SAR B P K Zn Fe Mn Cu 

        mg kg-1 

Jun ‘09 

0-15 Freshwater 1 0.29 1.4 471 61.4 83 126 3.1 

0-15 recent 

Graywater 

1.9 0.31 2.7 507 17.8 72 236 3.9 

0-15 (0-2) 0 0.02 2.2 654 2 3.2 8 9.5 

0-15 (2-3) 0.2 0.01 1.3 371 2.1 3.6 5.4 8.5 

0-15 (3-4) 0.3 0.01 2.2 360 1.4 3.3 3.3 9.7 
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25.9 

K Zn Fe M

mg kg-1 

3 6.3 331 1

3 6.1 347 

hold with an Existin

Organic 
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4.6 2.16 

3.2 1.31 

Mn Cu 

06 5.7 

81 6 
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Total 
N 
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N 

mg kg

0.19 3.2 
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Table C-3. Soil Physical and Chemical Properties at the CO Household with an Existing Graywater Irrigation System. 
(Nd: not determined) 

Date Depth 
Irrigation 
Type Sand Silt Clay Texture CEC 

Organic 
Matter 

Total 
C 

Total 
N 

NH4-
N 

NO3-
N pH EC 

      (%)   meq 100 g-1 (%) mg kg-1   S cm-1 

Oct ‘09 

0-15 

Freshwater 36 28 36 Clay loam 21.8 2.9 2.2 0.12 6.9 2.2 7.5 500 

Graywater 39 27 34 Clay loam 20.5 1.8 1.6 0.11 4.9 1.6 7.6 500 

15-30 

Freshwater 24 24 52 Clay Nd Nd Nd Nd Nd 2.1 Nd 500 

Graywater 18 26 56 Clay Nd Nd Nd Nd Nd 2.5 Nd 1100 

30-
100 

Freshwater 16 28 56 Clay Nd Nd Nd Nd Nd 1.5 Nd 1200 

Graywater 20 26 54 Clay Nd Nd Nd Nd Nd 2.4 Nd 1100 

Sep ‘10 

0-15 

Freshwater 40 28 32 Clay loam 20.6 5.2 3.4 0.19 4.7 4.9 7.3 500 

Graywater 32 29 39 Clay loam 20.7 1.5 1.6 0.1 1.7 3.2 7.7 300 

15-30 

Freshwater Nd Nd Nd Nd Nd Nd Nd Nd Nd 3.3 7.9 400 

Graywater Nd Nd Nd Nd Nd Nd Nd Nd Nd 3.4 8 400 

30-
100 

Freshwater Nd Nd Nd Nd Nd Nd Nd Nd Nd 3.8 8 400 

Graywater Nd Nd Nd Nd Nd Nd Nd Nd Nd 3.1 7.6 400 

Sep ‘11 

0-15 

Freshwater 22 26 52 Clay 23.1 2.3 2.073 0.11 1.7 0.67 7.2 576 

Graywater 16 28 56 Clay 23.1 1.7 1.521 0.1 0.88 1.5 7.8 432 

15-30 

Freshwater 14 26 60 Clay 
Nd Nd Nd Nd Nd

1.3 8 300 

Graywater 14 26 60 Clay 
Nd Nd Nd Nd Nd

0.8 8 400 

30-60 Freshwater 4 38 58 Clay 
Nd Nd Nd Nd Nd

0.7 8.1 400 

30-60 

Graywater 

8 34 58 Clay 
Nd Nd Nd Nd Nd

1.1 7.9 300 
60-
100 8 28 64 Clay 

Nd Nd Nd Nd Nd
0.8 8.1 800 
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0.8 4.7 

1.3 Nd 
N

1.9 Nd 
N

1.9 Nd 
N

2.2 Nd 
N

0.3 0.68 

0.6 0.7 

0.8 0.94 
N

1 0.95 
N

1.6 0.86 
N

0.7 0.63 
N

3.1 0.89 
N

es at the CO Househ
stem, continued. 
ntinued) 

P K Zn 

mg kg-

44 289 1.9

12 325 0.9
Nd Nd Nd

Nd Nd Nd

Nd Nd Nd

Nd Nd Nd

144 299 4.2

81 355 1.4
Nd Nd Nd

Nd Nd Nd

Nd Nd Nd

Nd Nd Nd

27 208 3

41 303 2.7
Nd Nd Nd

Nd Nd Nd

Nd Nd Nd

Nd Nd Nd

Nd Nd Nd

hold with an 

Fe Mn C

-1 

30.7 7.1 

15.7 5.4 
Nd Nd N

Nd Nd N

Nd Nd N

Nd Nd N

98 64 

57 55 
Nd Nd N

Nd Nd N

Nd Nd N

Nd Nd N

62.9 48.5 2

54.9 46.7 4
Nd Nd N

Nd Nd N

Nd Nd N

Nd Nd N

Nd Nd N

Cu 

2.8 

2.4 
Nd

Nd

Nd

Nd

6.2 

4.7 
Nd

Nd

Nd

Nd

.49 

4.17 
Nd

Nd

Nd

Nd

Nd
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Table C-4. Soil Physical and Chemical Properties at the TX Household with an Existing Graywater Irrigation System. 
(Nd: not determined) 

Date Depth 
Irrigation 
Type Sand Silt Clay Texture CEC 

Organic 
Matter 

Total 
C 

Total 
N 

NH4-
N 

NO3-
N pH EC 

      (%)   meq 100 g-1 (%) mg kg-1   S cm-1 

Sep ‘08 

0-15 

Freshwater 43 26 31 Clay loam 45.5 2.8 1.78 0.13 6.9 9.9 7.5 500 

Graywater 47 24 29 Sandy clay loam 47.7 7.3 6.85 0.3 7.2 8 7.5 500 

15-30 

Freshwater 33 31 36 Clay loam Nd Nd Nd Nd Nd 13.6 7.8 400 

Graywater 10 28 62 Clay Nd Nd Nd Nd Nd 3.5 7.8 400 

30-100 

Freshwater 21 37 42 Clay Nd Nd Nd Nd Nd 5.3 8.2 400 

Graywater 28 24 48 Clay Nd Nd Nd Nd Nd 2.5 8 300 

Oct ‘09 

0-15 

Freshwater 50 32 18 Loam 34.8 2.5 10.3 0.65 5.8 21.3 7.4 700 

Graywater 47 27 26 Sandy clay loam 34.5 4.5 6.8 0.4 5.7 20.6 7.4 700 

15-30 

Freshwater 10 24 66 Clay Nd Nd Nd Nd Nd 2 
Nd

300 

Graywater 12 28 60 Clay Nd Nd Nd Nd Nd 4.8 
Nd

400 

30-46 

Freshwater 8 24 68 Clay Nd Nd Nd Nd Nd 3.2 
Nd

300 

Graywater 4 28 68 Clay Nd Nd Nd Nd Nd 2.9 
Nd

500 

46-61 

Freshwater 4 26 70 Clay Nd Nd Nd Nd Nd 2.1 
Nd

400 

Graywater 8 24 68 Clay Nd Nd Nd Nd Nd 2.5 
Nd

600 

61-76 

Freshwater 8 24 68 Clay Nd Nd Nd Nd Nd 2.3 
Nd

300 

Graywater 8 24 68 Clay Nd Nd Nd Nd Nd 1.7 
Nd

400 

76-91 

Freshwater 4 26 70 Clay Nd Nd Nd Nd Nd 2.3 
Nd

400 

Graywater 6 24 70 Clay Nd Nd Nd Nd Nd 2.1 
Nd

500 

 
 
 



 

C-6 
 

 
 
 

D

  

Table C-4

Date Depth

  

Sep ‘08 

0-15

15-3

30-10

Oct ‘09 

0-15

15-3

30-4

46-6

61-7

76-9

4. Soil Physical and
Existing Gray

(Nd

h 
Irrigation 
Type 

  

5 

Freshwater 

Graywater 

30 

Freshwater 

Graywater 

00 

Freshwater 

Graywater 

5 

Freshwater 

Graywater 

30 

Freshwater 

Graywater 

46 

Freshwater 

Graywater 

61 

Freshwater 

Graywater 

76 

Freshwater 

Graywater 

91 

Freshwater 

Graywater 

 

d Chemical Properti
ywater Irrigation Sys
: not determined; con

SAR B 

  

1 0.29 

1.9 0.31 

1.5 26.3 

1.4 24.5 

3.3 24.6 

1.8 25.1 

<0.1 6.1 

1.1 8.8 

0.4 2.6 
N

2 10 
N

0.7 2.4 
N

2.4 9.2 
N

1.9 1.6 
N

1.7 5.2 
N

1.7 1.2 
N

2.1 3.6 
N

2.7 1.1 
N

2.5 3.3 
N

es at the TX Househ
stem, continued. 
ntinued) 

P K Zn

mg kg

1.4 471 61.4

2.7 507 17.8

0.6 309 15.9

0.6 313 6.4

0.1 219 8.4

0 183 2

2.8 389 36.6

1.1 366 19.1
Nd Nd Nd

Nd Nd Nd

Nd Nd Nd

Nd Nd Nd

Nd Nd Nd

Nd Nd Nd

Nd Nd Nd

Nd Nd Nd

Nd Nd Nd

Nd Nd Nd

hold with an 

Fe Mn 

g-1 

4 82.6 126 

8 71.5 236 

9 63.4 106 

4 57.8 137 

4 38.7 68.7 

2 29 48.7 

6 14.5 18.2 

1 18.1 7.7 
Nd Nd N

Nd Nd N

Nd Nd N

Nd Nd N

Nd Nd N

Nd Nd N

Nd Nd N

Nd Nd N

Nd Nd N

Nd Nd N

Cu 

3.1 

3.9 

3.7 

5.4 

3.4 

2.6 

3.4 

3.7 
Nd

Nd

Nd

Nd

Nd

Nd

Nd

Nd

Nd

Nd
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Table C-5. Soil Physical and Chemical Properties at the AZ Household with a New Graywater Irrigation System. 
(Nd: not determined) 

Date Depth 
Irrigation 
Type Sand Silt Clay Texture CEC 

Organic 
Matter 

Total 
C 

Total 
N 

NH4-
N 

NO3-
N pH EC 

      (%)   meq 100 g-1 (%) mg kg-1   S cm-1 

Oct ‘08 0-15 

Freshwater 43 41 16 Loam 29 3.2 1.7 0.17 3 2.6 7.9 1800 

Graywater 45 41 14 Loam 31.3 4.7 2.5 0.21 6.2 36.2 7.5 600 

Jun ‘09 

0-15 

Freshwater Nd Nd Nd Nd 7.66 2 1.9 0.16 6.1 7.2 7.6 800 

Graywater 59 Nd 16 Nd 5.4 4 2.2 0.14 6.5 11.3 7.4 1000 

15-30 

Freshwater Nd Nd Nd Nd Nd Nd Nd Nd Nd 2.3 Nd 500 

Graywater Nd Nd Nd Nd Nd Nd Nd Nd Nd 5.4 Nd 600 

30-100 

Freshwater Nd Nd Nd Nd Nd Nd Nd Nd Nd 1.4 Nd 600 

Graywater Nd Nd Nd Nd Nd Nd Nd Nd Nd 3.4 Nd 700 

Jan ‘10 

0-15 

Freshwater 66 22 12 Sandy loam 17.5 2.4 1.6 0.19 0.6 10.8 7.6 600 

Graywater 66 21 13 Sandy loam 18 4 2.8 0.27 4.1 54.5 7.3 2000 

15-30 

Freshwater 36 36 28 Clay loam Nd Nd Nd Nd Nd 1.5 Nd 500 

Graywater 38 32 30 Clay loam Nd Nd Nd Nd Nd 18.4 Nd 1900 

30-100 

Freshwater 64 18 18 Sandy loam Nd Nd Nd Nd Nd 1.2 Nd 400 

Graywater 50 22 28 Sandy clay loam Nd Nd Nd Nd Nd 8.4 Nd 1400 

Jun ‘10 

0-15 

Freshwater 60 24 16 Sandy loam 16 2.5 1.5 0.16 4.6 8.3 7.7 600 

Graywater 54 32 14 Sandy loam 17 3.6 2.6 0.2 5.6 16 7.4 700 

15-30 

Freshwater Nd Nd Nd Nd Nd Nd Nd Nd Nd 5.4 7.8 400 

Graywater Nd Nd Nd Nd Nd Nd Nd Nd Nd 9.7 7.5 800 

30-100 

Freshwater Nd Nd Nd Nd Nd Nd Nd Nd Nd 3.8 7.8 700 

Graywater Nd Nd Nd Nd Nd Nd Nd Nd Nd 4.9 7.9 800 
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Date D

    

Mar ‘11 

Jun ‘11 
 
 
 
 

Depth 
Irrig
Typ

  

0-15 

Fres

Gray

15-30 

Fres

Gray

30-100 

Fres

Gray

0-15 

Fres

Gray

15-30 

Fres

Gray

30-100 

Fres

Gray

gation 
e Sand 

(

hwater 53 

ywater 66 

hwater 36 

ywater 36 

hwater 40 

ywater 40 

hwater 58 

ywater 64 

hwater 42 

ywater 42 

hwater 34 

ywater 38 

 

Silt Clay 

(%) 

31 16 Sa

17 17 Sa

36 28 C

34 30 C

32 28 C

28 32 C

26 16 Sa

18 18 Sa

26 32 C

34 24 

34 32 C

34 28 C

 

Texture 

  me

andy Loam 

andy Loam 

Clay Loam 

Clay Loam 

Clay Loam 

Clay Loam 

andy Loam 

andy Loam 

Clay Loam 

Loam 

Clay Loam 

Clay Loam 

CEC 
Organ
Matte

eq 100 g-1 

17.1 3.2

18 4.2

Nd Nd

Nd Nd

Nd Nd

Nd Nd

17 4.1

16.9 5.1

Nd Nd

Nd Nd

Nd Nd

Nd Nd

nic 
er 

Total 
C 

Tot
N

(%) 

2.476 0.2

3.297 0.3

Nd Nd

Nd Nd

Nd Nd

Nd Nd

2.982 0.2

2.871 0.2

Nd Nd

Nd Nd

Nd Nd

Nd Nd

tal 
N 

NH4-
N 

NO
N

mg kg-1

21 2.5 21

31 5.7 10

d Nd 1

d Nd 4

d Nd 0

d Nd 0

28 2.4 17

25 2.2 22

d Nd 1

d Nd 1

d Nd 0

d Nd 1

O3-
N pH 

  S

1.8 7.6 

8.3 7 1

2 7.85 

.2 7.5 

.9 7.8 

.1 8.07 

7.1 7.7 

2.8 7.5 1

.2 7.85 

.3 7.62 

.5 8.09 

1 7.8 

EC 

S cm-1 

900 

1800 

810 

500 

300 

720 

900 

1100 

510 

570 

830 

500 
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Table C-5. Soil Physical and Chemical Properties at the AZ Household with a 
New Graywater Irrigation System, continued. 

(Nd: not determined) 

Date Depth 
Irrigation 
Type SAR B P K Zn Fe Mn Cu 

        mg kg-1 

Oct ‘08 0-15 

Freshwater 3.7 37 107 390 18.2 223 165 5.8 

Graywater 4.5 37 234 504 19.9 170 145 4.7 

Jun ‘09 

0-15 

Freshwater 3.7 0.03 16 313 4.6 5.9 6.8 4.1 

Graywater 3.9 0.03 27 311 8.9 15.2 11 5.5 

15-30 

Freshwater 3.6 0.01 Nd Nd Nd Nd Nd Nd 

Graywater 3.4 0.02 Nd Nd Nd Nd Nd Nd 

30-100 

Freshwater 3.8 0.01 Nd Nd Nd Nd Nd Nd 

Graywater 3.3 0.02 Nd Nd Nd Nd Nd Nd 

Jan ‘10 

0-15 

Freshwater 3.6 3.1 7.8 252 5.5 6.8 2.6 3.8 

Graywater 3.4 3.4 7.2 355 7.9 11.3 5.7 11 

15-30 

Freshwater 4.3 1.3 Nd Nd Nd Nd Nd Nd 

Graywater 5.3 2.9 Nd Nd Nd Nd Nd Nd 

30-100 

Freshwater 5.4 0.8 Nd Nd Nd Nd Nd Nd 

Graywater 5.2 1.6 Nd Nd Nd Nd Nd Nd 

Jun ‘10 

0-15 

Freshwater 3.1 6.7 106 329 4.4 32 131 6.7 

Graywater 2.4 7.5 148 391 28 43 115 7.5 

15-30 

Freshwater 3.5 Nd Nd Nd Nd Nd Nd Nd 

Graywater 5.8 Nd Nd Nd Nd Nd Nd Nd 

30-100 

Freshwater 3.9 Nd Nd Nd Nd Nd Nd Nd 

Graywater 6 Nd Nd Nd Nd Nd Nd Nd 
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D

  

Date Depth

  

Mar ‘11 

0-1

15-

30-1

Jun ‘11 

0-1

15-

30-1

 
Irrigation
Type 

  

15 

Freshwate

Graywater

30 

Freshwate

Graywater

100 

Freshwate

Graywater

15 

Freshwate

Graywater

30 

Freshwate

Graywater

100 

Freshwate

Graywater

 

n 
SAR B 

  

er 1.6 0.51

r 1.6 0.39

er 2.6 0.39

r 1.7 0.33

er 5.7 0.29

r 1.8 0.21

er 2.8 1

r 2.7 0.47

er 3.2 0.33

r 3 0.4

er 6 0.69

r 2.5 0.26

 

P K Z

mg k

87 319 3.

92 355 75

Nd Nd Nd

Nd Nd Nd

Nd Nd Nd

Nd Nd Nd

131 355 5.

112 313 

Nd Nd Nd

Nd Nd Nd

Nd Nd Nd

Nd Nd Nd

Zn Fe Mn 

kg-1 

.79 35.6 101 

5.4 113 64 

d Nd Nd 

d Nd Nd 

d Nd Nd 

d Nd Nd 

.75 36.1 105 

34 68.7 77 

d Nd Nd 

d Nd Nd 

d Nd Nd 

d Nd Nd 

Cu 

4.4 

8.8 

Nd 

Nd 

Nd 

Nd 

8.4 

8.6 

Nd 

Nd 

Nd 

Nd 
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Table C-6. Soil Physical and Chemical Properties at the CA Household with a New Graywater Irrigation System. 
(Nd: not determined) 

Date Depth 
Irrigation 
Type Sand Silt Clay Texture CEC 

Organic 
Matter 

Total 
C 

Total 
N 

NH4-
N 

NO3-
N pH EC 

      (%)   meq 100 g-1 (%) mg kg-1   S cm-1 

Sep ‘08 
0-15 

Freshwater 51 28 21 Loam 27 1.1 0.8 0.1 3.1 1.7 6.3 400 

Graywater 43 31 26 Loam 23.7 4.8 3.1 0.24 7 2.5 6.2 600 

Oct ‘10 

0-15 Freshwater 40 35 25 Loam 15 3.7 2 0.18 2.9 12 5.8 300 

0-15, 2 

Graywater 

39 30 31 Clay loam 20.2 2.2 1.4 0.15 1.4 3.9 6.2 400 

0-15, 8 41 27 32 Clay loam 20.5 2 1.4 0.13 1.8 4.4 6.6 500 

0-15, 15 41 35 24 Loam 19.6 4.6 2.6 0.23 3.2 5.3 6.3 700 

15-30 Freshwater Nd Nd Nd Nd Nd Nd Nd Nd Nd 2.9 5.6 200 

15-30, 2 

Graywater 

Nd Nd Nd Nd Nd Nd Nd Nd Nd 5.3 6.6 400 

15-30, 8 Nd Nd Nd Nd Nd Nd Nd Nd Nd 3.7 6.2 200 
15-30, 
15 Nd Nd Nd Nd Nd Nd Nd Nd Nd 7.2 6.4 500 

May ‘11 

0-15 Freshwater 41 29 30 Clay Loam 16.7 5.1 2.508 0.2319 2.2 22.8 7.5 1100 

0-15, 2 

Graywater 

32 33 35 Clay Loam 20.1 4.3 2.14 0.196 3.4 7.1 5.8 400 

0-15, 8 
Nd Nd Nd Nd Nd Nd Nd Nd Nd Nd Nd Nd

0-15, 15 
Nd Nd Nd Nd Nd Nd Nd Nd Nd Nd Nd Nd

15-30 Freshwater 16 34 50 Clay Nd Nd Nd Nd Nd 0.3 7.1 312 

15-30, 2 

Graywater 

Nd Nd Nd Nd Nd Nd Nd Nd Nd 0.39 6.2 130 

15-30, 8 20 32 48 Clay Nd Nd Nd Nd Nd 0.32 6.3 190 
15-30, 
15 14 40 46 Clay Nd Nd Nd Nd Nd 0.24 6.3 190 



 

C-12 
 

Date D

    

 
Oct ‘11 

0-

0-

0-

0-

15

15

15
15
15

 

Depth 
Irrigatio
Type 

  

-15 Freshwat

-15, 2 

Graywa-15, 8 

-15, 15 

5-30 Freshwat

5-30, 2 

Graywa5-30, 8 
5-30, 
5 

on 
Sand Silt

(%)

ter 20 44

ater 

14 42

16 40

34 32

ter 20 28

ater 

20 32

20 32

16 32

 

 Clay Textu

 

36 
Silty C

Loam

44 Silty C

44 Cla

34 Clay L

52 Cla

48 Cla

48 Cla

52 Cla

 

ure CEC

meq 100 g
Clay 
m 15.4 

Clay 18.5 

ay 22.1 

Loam 16.5 

ay ND 

ay ND 

ay ND 

ay ND 
 

Organic 
Matter 

T

g-1 (

3.9 2

3.8 1

3.2 1

4.3 2

Nd 

Nd 

Nd 

Nd 

Total 
C 

Total 
N 

N

(%) 

2.068 0.1996 

1.897 0.1749 

1.793 0.1655 

2.314 0.217 

Nd Nd 

Nd Nd 

Nd Nd 

Nd Nd 

NH4-
N 

NO3-
N p

mg kg-1 

2.6 12.4 5

1.3 1.8 6

0.88 10.9 6

2.8 4.5 7

Nd 1.2 7

Nd 3 6

Nd 6.1 7

Nd 1.9 7

H EC 

  S cm-1 

.8 400 

.6 400 

.4 380 

.2 530 

7 410 

.4 380 

.2 530 

.1 310 
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Table C-6. Soil Physical and Chemical Properties at the CA Household with a 
New Graywater Irrigation System, continued. 

(Nd: not determined) 

Date Depth 
Irrigation 
Type SAR B P K Zn Fe Mn Cu 

        mg kg-1 

Sep ‘08 
0-15 

Freshwater 0.5 0.7 30 419 3.6 242 134 3.7 

Graywater 0.4 0.3 247 662 36 <0.01 252 7.5 

Oct ‘10 

0-15 Freshwater 0.5 3 189 278 55 286 35 3 

0-15, 2 

Graywater 

0.7 4.3 179 367 1.9 277 63 4.3 

0-15, 8 0.5 4.2 159 569 1.8 238 66 4.2 

0-15, 15 0.3 4.9 219 661 27 315 24 4.9 

15-30 Freshwater 1.6   
Nd Nd Nd Nd Nd Nd

15-30, 2 

Graywater 

1.5  
Nd Nd Nd Nd Nd Nd

15-30, 8 0.6  
Nd Nd Nd Nd Nd Nd

15-30, 
15 0.5   

Nd Nd Nd Nd Nd Nd

May ‘11 

0-15 Freshwater   0.47 112 313 34 68.7 77.15 8.637 

0-15, 2 

Graywater 

  0.15 105 324 47.2 200 40.3 4.393 

0-15, 8   
Nd Nd Nd Nd Nd Nd Nd

0-15, 15   
Nd Nd Nd Nd Nd Nd Nd

15-30 Freshwater 0.73 0.19 Nd Nd Nd Nd Nd Nd 

15-30, 2 

Graywater 

0.63 0.21 Nd Nd Nd Nd Nd Nd 

15-30, 8 0.59 0.2 Nd Nd Nd Nd Nd Nd 
15-30, 
15 0.53 0.23 Nd Nd Nd Nd Nd Nd 
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Date

  

Oc

e Depth 

  

ct ‘11 

0-15 

0-15, 2 

0-15, 8 

0-15, 15

15-30 

15-30, 2

15-30, 8
15-30, 
15 

 

Irrigation 
Type S

  

Freshwater 

Graywater 

Freshwater 

Graywater 

 

SAR B 

 

0.4 1.114 

0.34 0.8587 

0.45 0.7114 

0.27 0.521 

0.33 0.4134 N

0.59 0.485 
N

0.45 0.2841 
N

0.32 1.311 
N

P K Zn 

mg kg

108 389 11

110 378 12.7

171 394 16.8

174 418 25.8

ND ND ND 
Nd Nd Nd

Nd Nd Nd

Nd Nd Nd

Fe Mn 

g-1 

191 34.86

172 25.87

222 41.51

251 23.35

ND ND 
Nd Nd

Nd Nd

Nd Nd

Cu 

3.143 

3.647 

4.234 

3.172 

ND 
Nd

Nd

Nd
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Table C-7. Soil Physical and Chemical Properties at the CO Household with a New Graywater Irrigation System. 

(Nd: not determined) 

Date Depth 
Irrigation 
Type Sand Silt Clay Texture CEC 

Organic 
Matter Total C 

Total 
N 

NH4-
N 

NO3-
N pH EC 

      (%)   meq 100 g-1 (%) mg kg-1   S cm-1 

Sep ‘09 0-15 

Freshwater 50 27 23 Sandy clay Loam 19.4 2.9 1.9 0.22 9.2 4.9 7.4 500 

Graywater 64 20 16 Sandy loam 20 5.2 3.8 0.41 6.3 16.4 7 600 

Jul ‘10 

0-15 

Freshwater 60 19 21 Sandy clay loam 19.5 2.6 2.2 0.2 4.4 8.1 7.7 300 

Graywater 61 18 21 Sandy clay loam 20.7 4.3 2.9 0.25 5.5 21 7.4 500 

15-30 

Freshwater Nd Nd Nd Nd 
Nd Nd Nd Nd Nd

7.6 7.7 400 

Graywater Nd Nd Nd Nd 
Nd Nd Nd Nd Nd

5.3 7.7 300 

30-
100 

Freshwater Nd Nd Nd Nd 
Nd Nd Nd Nd Nd

5.9 7.8 300 

Graywater Nd Nd Nd Nd 
Nd Nd Nd Nd Nd

5 7.9 300 

Sep ‘10 

0-15 

Freshwater 57 23 20 Sandy clay loam 20.9 4.3 3.2 0.25 2.3 11 7.6 800 

Graywater 58 22 20 Sandy clay loam 22.2 7.4 3.7 0.28 5.9 51 7 800 

15-30 

Freshwater Nd Nd Nd Nd 
Nd Nd Nd Nd Nd

6.1 7.6 300 

Graywater Nd Nd Nd Nd 
Nd Nd Nd Nd Nd

10.7 7.4 500 

30-
100 

Freshwater Nd Nd Nd Nd 
Nd Nd Nd Nd Nd

4.1 7.9 300 

Graywater Nd Nd Nd Nd 
Nd Nd Nd Nd Nd

5.4 7.8 300 

Jul ‘11 

0-15 

Freshwater 50 21 29 
Sandy Clay 

Loam 20.8 2.7 2.03 0.19 3.2 6.1 7.8 400 

Graywater 46 31 23 Loam 23.4 5.8 3.96 0.32 4 17.8 7.3 600 

15-30 

Freshwater 20 32 48 Clay 
Nd Nd Nd Nd Nd

4.4 7.9 300 

Graywater 28 28 44 Clay 
Nd Nd Nd Nd Nd

2.1 7.7 300 

30-
100 

Freshwater 12 38 50 Clay 
Nd Nd Nd Nd Nd

1 8 200 

Graywater 10 30 60 Clay 
Nd Nd Nd Nd Nd

1.2 8.1 300 
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Date D

    

Oct ‘11 

0

1

 
 

Depth 
Irrigation
Type 

  

0-15 

Freshwate

Graywater

15-30 

Freshwate

Graywater

30-
100 

Freshwate

Graywater

n 
Sand Silt

(%) 

r 52 12 

r 36 26 

r 12 36 

r 18 32 

r 2 44 

r 10 34 

 

Clay Text

36 Sandy

38 Clay L

52 Cla

50 Cla

54 Silty 

56 Cla

 

ture CE

 meq 10

y Clay 20.

Loam 21.

ay Nd

ay Nd

Clay Nd

ay Nd

C 
Organic 
Matter 

00 g-1 

2 3.3 

9 5.1 

d Nd 

d Nd 

d Nd 

d Nd 

Total C 
Tota

N

(%) 

2.04 0.202

2.89 0.251

Nd Nd

Nd Nd

Nd Nd

Nd Nd

al NH4-
N 

NO3
N

mg kg-1 

2 2.2 1.8

1 0.19 30.8

Nd 1.7

Nd 12.6

Nd 1.2

Nd 15.9

-
pH EC

  S cm

7.3 530

8 7.5 500

8.1 300

6 7.7 400

7.9 300

9 7.9 400

C 

m-1 

0 

0 

0 

0 

0 

0 
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Table C-7. Soil Physical and Chemical Properties at the CO Household with a New Graywater Irrigation System. 
(Nd: not determined) 

Date Depth 
Irrigation 
Type SAR B P K Zn Fe Mn Cu 

        mg kg-1 

Sep ‘09 0-15 

Freshwater <0.1 1.7 4 251 3.9 19.7 8.1 5.3 

Graywater <0.1 2.6 4.7 349 14.4 24.1 5.9 3.1 

Jul ‘10 

0-15 

Freshwater 0.3 5.1 23 326 23 93 61 5.1 

Graywater 0.4 4.1 61 410 22 60 74 4.1 

15-30 

Freshwater 0.6 
Nd Nd Nd Nd Nd Nd Nd

Graywater 1.1 
Nd Nd Nd Nd Nd Nd Nd

30-
100 

Freshwater 0.7 
Nd Nd Nd Nd Nd Nd Nd

Graywater 1.1 
Nd Nd Nd Nd Nd Nd Nd

Sep ‘10 

0-15 

Freshwater 1.4 4.8 100 573 13 61 63 4.9 

Graywater 0.3 5 177 361 26 92 70 5 

15-30 

Freshwater 0.4 Nd Nd Nd Nd Nd Nd Nd 

Graywater 0.5 Nd Nd Nd Nd Nd Nd Nd 

30-
100 

Freshwater 0.7 Nd Nd Nd Nd Nd Nd Nd 

Graywater 0.8 Nd Nd Nd Nd Nd Nd Nd 

Jul ‘11 

0-15 

Freshwater 0.2 0.15 17 187 4.77 54.8 50 8.8 

Graywater 0.2 0.53 118 449 31.5 80.6 57 3.7 

15-30 

Freshwater 0.3 0.09 
Nd Nd Nd Nd Nd Nd

Graywater 0.3 0.19 
Nd Nd Nd Nd Nd Nd

30-
100 

Freshwater 0.4 0.11 
Nd Nd Nd Nd Nd Nd

Graywater 0.7 0.11 
Nd Nd Nd Nd Nd Nd
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Oct ‘11 

0-1

15-3
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100

th 
Irrigation 
Type 

  

5 
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30 

Freshwater 

Graywater 

-
0 

Freshwater 

Graywater 

 

SAR B 

  

0.2 0.53 

0.3 0.7 1

0.3 0.41 
N

0.4 0.56 
N

0.3 0.45 
N

0.4 0.48 
N

 

P K Zn 

mg kg-

19 356 7.7

168 347 23
Nd Nd Nd

Nd Nd Nd

Nd Nd Nd

Nd Nd Nd

Fe Mn C

1 

58.1 55 3

70.6 41 3
Nd Nd N

Nd Nd N

Nd Nd N

Nd Nd N

Cu 

3.5 

3.5 
d

d

d

d
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APPENDIX D 

INDICATOR ORGANISMS 
Table D-1. Total Coliform and Fecal Indicator Counts from Soils (sampled to various depths) 

Receiving Freshwater or Graywater at Households with Existing Graywater Systems. 

Year State Treatment Depth Total 
coliforms

E. coli Enterococci Clostridium 
perfringens

    --------------MPN g-1 soil-------------- CFU g-1 soil
2009 AZ Fresh 0-15 cm 533,000 <1 75,105 <10
        
  

Graywater  
(recent site) 0-15 cm 62,323 3 699 <10 

        
  

Graywater 
(historic site) 

0-15 cm (0-2’) 17,195 <1 2,091 <10

   0-15 cm (2-3’)   2,668 <1 1,065 <10
   0-15 cm (3-4’)      131 <1   747 <10
        
2008 CA Fresh 0-15 cm 69,574 <1 150 <10
        
  Graywater 0-15 cm 82,884 <1 803 <10
        
2009 CO Fresh 0-15 cm 14,528 1 366 <10
   15-30 cm   3,462 <1   50 <10
   30-10 cm      216 <1   24 <10
        
  Graywater 0-15 cm 28,297 1 94 <10
   15-30cm  4,434 <1 50 <10
   30-100cm      958 <1 <1 <10
        
2010 CO Fresh 0-15 cm        19 <1   86 Nd
   15-30 cm         38 <1   62 Nd
   30-100cm       156 <1   74 Nd
        
  Graywater 0-15 cm     1604   1   63 Nd
   15-30 cm           6 <1   11 Nd
   30-100 cm     2005 <1   23 Nd
        
2011 CO Fresh 0-15 cm      1,615 <1   30 Nd
   15-30 cm         274 <1   18 Nd
   30-100cm           23 <1   11 Nd
        
  Graywater 0-15 cm 55,900   1   43 Nd
   15-30 cm 4,016 <1   18 Nd
   30-100 cm 14,944 <1   12 Nd
        
2008 TX Fresh 0-15 cm   5,640 136 14,000 375
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Table D-2. Total Coliform and Fecal Indicator Counts from Graywater or Soil Irrigated with 
Freshwater or Graywater at the AZ Household with a New Graywater System. 

Year Water or 
Soil 

Soil 
Treatment 

Soil 
Depth

Total 
coliforms

E. coli Enterococci 

    -----------MPN g-1 soil or ml-1 water-----------
Oct. 2008 Soil Fresh 0-15 cm 427,600    6     1,733
  Graywater 0-15 cm 152,600 637 >28,987
     
June 2009 Graywater N/A 242,000 502 155,000
     
 Soil Fresh 0-15 cm   24,430   <1     2,555
   15-30 cm     2,204   <1        702
   30-10 cm        256   <1          51
     
  Graywater 0-15 cm   20,663   28     9,639
   15-30cm 175,935    1     2,184
   30-100 cm   24,079  <1        226
     
Jan. 2010 Graywater N/A       210 <1            3
     
 Soil Fresh 0-15 cm    7,002   1     2,720
   15-30 cm    4,668   1        751
   30-10 cm       633 <1         17
     
  Graywater 0-15 cm  56,766 10     1,079
   15-30cm    5,158 <1     2,928
   30-100 cm    2,735 <1        235
     
June 2010 Graywater  N/A       624   1            2
     
 Soil Fresh 0-15 cm  36,290 11          35
   15-30 cm  13,180   8          98
   30-100 cm    3,420 <1         152
     
  Graywater 0-15 cm       160   2         905
   15-30cm       355   2        554
   30-100 cm          9 <1          38
     
March 
2011 

Graywater  N/A >241,960 57,940 53

 Soil Fresh 0-15 cm 1,249,163 <1 356
   15-30 cm        74 <1 269
   30-100 cm 99 <1 223
     
 Soil Graywater 0-15 cm 137,973 133 5,415
   15-30 cm 860 4 1,264
   30-100 cm 226 3 58
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Table D-3. Total Coliform and Fecal Indicator Counts from Graywater or Soil Irrigated with 
Freshwater or Graywater at the CA Household with a New Graywater System. 

Year Water or 
Soil 

Soil 
Treatment 

Soil 
Depth

Total 
coliforms

E. coli Enterococci 

    -----------MPN g-1 soil or ml-1 water-----------
Oct. 2008 Soil Fresh 0-15 cm 31,258 <1         149
  Graywater 0-15 cm 23,369 30         460
     
Oct. 2010 Graywater N/A        880 <1            2
    
 Soil Fresh 0-15 cm   15,619 <1        446
  

15-30 cm
 

    4,523 <1        130

  Graywater, 
2’ from 
leachfield 

0-15 cm     1,057 <1      1,781
  15-30cm         485 <1         237

     
 

 
Graywater, 
8’ from 
leachfield 

0-15 cm         887 <1        476
 15-30cm      3,488 <1          25

     
May 2011 Graywater  N/A 909 <1 <1
     
 Soil Fresh 0-15 cm 213 <1 150
   15-30 cm 15 <1 25
     
 

 
Graywater, 
2’ from 
leachfield 

0-15 cm
15-30 cm 

4,319
65

<1 
<1 

743
75

     
 

 
Graywater, 
8’ from          
leachfield 

0-15 cm
15-30 cm 

24,982
60

<1 
<1 

214
61

     
Oct. 2011 Graywater  N/A <1 <1 <1
     
 Soil Fresh 0-15 cm 1,771 <1 910
   15-30 cm 3,902 <1 386
     
 

 
Graywater, 
2’ from 
leachfield 

0-15 cm
15-30 cm 

1,476
16

112 
<1 

5,989
1,234

     
 

 
Graywater, 
8’ from          
leachfield 

0-15 cm
15-30 cm 

3,579
39

<1 
<1 

7,410
551

MPN = most probable number, N/A = not applicable 
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