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New Contributions to Ground-Water
Science from the NAWQA Program

> Nationwide summaries of existing information

> Nationwide study design =% Occurrence =—=p Prediction
> Investigation of previously un(der)examined contaminants

> Nationwide investigation of trends

> Effects of environmental factors (e.g., reduction-oxidation, or
redox conditions) on water quality

> Use of solute transport-and-fate models to predict ground-water
quality in multiple settings around the Nation
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Nationwide Summaries of Existing Information

Summaries of environmental characteristics, ground-water quality
and contaminant sources in 52 major hydrologic basins (Study Unlts)
across the Nation — A few examples -

tal Basing
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Nationwide Summaries of Existing Information

Ancillary data to support data interpretation - Examples

» Topography and watershed boundaries

» Geology

» Climate

» Soil properties

» Hydrology (e.g., runoff, recharge, streamflow, base-flow, etc.)
» Ecoregions

» Geochemistry

» Population

» Land use

» Water use

» Contaminant releases (e.g., pesticides, nutrients, MTBE, etc.)

- (http://water.usgs.gov/nawqa-only/gis/gis data.html)




Nationwide Summaries of Existing Information

Chemical inputs — Nutrients
(Ruddy and others, 2006)
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Nationwide Summaries of Existing Information

Chemical inputs — Pesticides
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Nationwide Summaries of Existing Information

Chemical inputs — VOCs
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Nationwide, multi-scale, nested study design
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Nationwide, multi-scale, nested study design
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Nationwide, multi-scale, nested study design
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Nationwide, multi-scale, nested study design
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Nationwide, multi-scale, nested study design
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How representative are the NAWQA results?




Frequency of detection at or
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How representative are the NAWQA results?
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How representative are the NAWQA results?

Atrazine

50

MNAWQA - Shallow gw (agric)
— NAWQA - Shallow gw (urban)
— NAWQA - Drinking-water aquifers

Midwest pesticide study

® Previous studies

20 |

Alachlor

10 R study

- National Pesticide .__

Frequency of detection at or
above given concentration, in percent

(4] Ll

'Study (EPA) - Dom

N

Atrazine study

National Pesticide

0.001 0.01

Concentration, in micrograms per liter

0.1 1

Study (EPA) — Comm_]

10

Frequency of detection at or
above given concentration, in percent

50

Metolachlor

40

30

20

[ °
I National Pesticide
‘Study (EPA)

T L LR T T T T
— NAWQA - Shallow gw (agric)
— NAWQA - Shallow gw (urban)
—— NAWQA - Drinking-water aquifers
Midwest pesticide study j
@ Previous studies

Metolachlor
study

N

| Alachlor \
o [ study == \r
0.001 0.01 0.1 1 10

Concentration, in micrograms per liter

Detection frequencies (for pesticides) found to be
generally consistent with those from previous studies

(Barbash and others, 1999)



National Assessments of Contaminant Occurrence

Pesticides (Major aquifers)

Atrazine

Major aquifers

EXPLANATION
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National Assessments of Contaminant Occurrence
Pesticides (Agricultural areas)

Atrazine Metolachlor
Agricultural

EXPLANATION
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National Assessments of Contaminant Occurrence
VOCs

EXPLANATION
Total concentration, in micrograms
per liter
Mo detection or less than 0.02
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10 or greater
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National Assessments of Contaminant Occurrence

Arsenic

(Ryker, 2001)



Nationwide Predictions of Contaminant Occurrence

(Statistical approaches)

Nitrate Concentrations Predicted in Shallow Ground Water
Using a Nonlinear Regression Model
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Nationwide Predictions of Contaminant Occurrence

(Statistical approaches)

Frequencies of Atrazine Detection in Shallow Ground Water
Predicted Using a Nonlinear Regression Model
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Nationwide Predictions of Contaminant Occurrence

(Statistical approaches)

Probability of Detecting a VOC in Untreated Ground Water
(where 5 or more people per sq. km. use ground water)
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Unprecedented Analytical and Spatial Scope
Allows Analysis of Broad Issues

> Co-occurrence among contaminant groups

> Investigation of previously un(der)examined
compounds

« Study of newly introduced compounds

« Comparisons of detection patterns between
degradates and parent compounds

> Examination of factors affecting occurrence and
persistence




Co-occurrence Among Contaminant Groups

Nitrate, pesticides and VOCs in 1255 domestic wells
and 242 public water supplies across the Nation
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Co-occurrence Among Contaminant Groups

Nitrate, pesticides and VOCs in 1255 domestic wells
and 242 public water supplies across the Nation
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Large-Scale Assessments of Previously
Un(der)examined Contaminants

> Methyl tert-butyl ether (MTBE)
> Acetochlor
> Glyphosate (Round-Up)

> Prometon

> Several pesticide degradates (e.g., from acetochlor, alachlor,
metolachlor, cyanazine, fipronil)

> Wastewater compounds (on the horizon)




Large-Scale Assessments of New Contaminants
The world’s first continent-wide solute transport experiment!

Acetochlor Concentrations in Ground Water, 1994-1998
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Large-Scale Assessments of New Contaminants
The world’s first continent-wide solute transport experiment!

Acetochlor or degradate concentration, ugflL

Concentrations of Acetochlor and its Degradates

in Ground Water, 1994-1998
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Broad scope of degradates included most of the principal
reactions involved in pesticide transformation

Biofic or NAWQA example
Reaction Type Exampie Abiotic? (Reference)
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Broad scope of degradates included most of the principal
reactions involved in pesticide transformation

Biotic or NAWGQA example
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Many degradates detected more often
than their parent compounds

Herbicide degradates in shallow
ground water in agricultural areas
of the Upper lllinois River Basin
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Metolachlor

Metolachlor ESA
Metolachlor OA

Atrazine
Deethyldeisopropyl atrazine
Deisopropyl atrazine
Hydroxyatrazine
Deethylhydroxyatrazine
Deisopropylhydroxyatrazine

10 20 30 40

Frequency of detection, as percentage of
wells with 0.05 micrograms per liter or greater

uinEn el

(Groschen and others, 2004)



Kog: in Mifliliters Per Gram

Factors Associated with Contaminant Detections

Previous studies suggested that chemical properties
are poor predictors of pesticide detections
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(Barbash and Resek, 1996)



Factors Associated with Contaminant Detections

During the NAWQA program, physical and chemical properties were again
found to be only moderately reliable predictors of occurrence

(A) Maryland Study Site (B) Nebraska Study Site
30 T = | T
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20+ o m g . - ) o
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' 15 - o o -1 - O o o
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3 — 10F o - o
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";n'; g 0 I = i ! |
= E (C) California Study Site (D) Washington Study Site
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; = |
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EXPLANATION

B Parent pesticide detected in ground-water sample

O Parent pesticide not detected in ground-water sample

- Four ag areas examined for the ACT studies
(Steele and others, 2008)




Factors Associated with Contaminant Detections

Pesticide detection frequencies found to be related to use and persistence
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F R%=0.22 (P = 0.0028)°
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Herbicide detection frequencies
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(Barbash and others, 1999)




Factors Controlling Persistence

Biotic or NAWQA example

Reaction Type Exampie Abiotic? (Reference)
Nucleophilic substitution ho  Ha .ri:‘
- By water (hydrolysis) ”\ﬂ TN SN Abiatic Upper Micwest
X { \/T:\ L (mastly)  (KelhoRf and afhers 2003}
atrazine hydroegy atrazine
(HYA)

Y = m Yoo }_/
- By glutathione snzyme . A Q—R + }_{ Biatic Hudson Rivar Basi
{GSH)

(Phiips and odhers, 1098)

metolachl metolachlor metalachlar
achior ethanesulfonic oxanilic
acid (MESA) acid (MOA)
¢l W0 cl
N‘}‘N ? N’}'N g”g
o | =N L - |
Adition o by ™ “j‘l‘“N’J"ﬁ' o Abiotic U Midwest
(hydration) J b H (Kalkroff and othere, 2003)
Cyanazine Cyanazine amide

-
n
Elimination n ! Abiptic San Joadquie Tutave Basin
(st pdrabaloganation) .W -)_ (Burow and others, 1993)

1.2-dibromao-3-chlara- 1.2-dibromopropene
propane (CBCP) (DEF)

I o R o~
3 <

Abiofic  Acatian-Pontchartrain Basin
{Demehech and others, 2004)

fipronil desulfinyl fipranil
o le\N
w0y 20gead
Dealkylation H"rr’LN:L’ﬁ Sy /l\ _H Biofic  White River Basin
A L W {Cavter and athars, 1985)
atrazine o~ H

desthyl atrazine
(DEA)

Oxidation =, | " —H*‘ﬂ\\j( Ablotic  Lower Tennassss River Basin
) |
"y

n o (mostly)  (Waodside snd others, 2004)

aldicarb aldicarb sulfone

n a =
Reductive . A A . Biotlc et smassn
dehalogenation \/J\ A )\ {Tesoriero and alfwrs, 2001}

1,2-dichleropropane 1-chloropropane + 2-chloropropane




Factors Controlling Persistence

Biotic or NAWQA example

Reaction Type Exampie Abiotic? (Reference)
Nucleophilic substitution ho  Ha .ri:‘
- By water (hydrolysis) ”\ﬂ TN SN Abiatic Upper Micwest
X { \/T:\ L (mastly)  (KelhoRf and afhers 2003}
atrazine hydroegy atrazine
(HYA)

Y = m Yoo }_/
- By glutathione snzyme . A Q—R + H Biatic Hudson Rivar Basi
{GSH)

(Phiips and odhers, 1098)

metolachl metolachlor metalachlar
clachior ethanesulfonic oxanilic
acid (MESA) acid (MOA)
: HaO i
N* "N ’ N'}L'N g”z
o | =N L - |
Adition o by ™ warky lyyo Abiotic U Midwest
(hydration) J b J i (Kalkroff and othere, 2003)
Cyanazine Cyanazine amide

-
n
Elimination n ! Abiptic San Joadquie Tutave Basin
(st pdrabaloganation) .W -)_ (Burow and others, 1993)

1.2-dibromao-3-chlara- 1.2-dibromopropene
propane (CBCP) (DEF)

I o R o~
3 <

Abiofic  Acatian-Pontchartrain Basin
{Demehech and others, 2004)

fipronil desulfinyl fipranil
o 4
. " qN oy 200.0—4H' N'J\N
atrazine === DEA | Desikyiation S Sy [ Biotic | whits River Basi
A - WO {Cartar and afhars, 1095)
atrazine o~ H
desthyl atrazine
DEA)

Oxidation =, | " —H*‘ﬂ\\j( Ablotic  Lower Tennassss River Basin
) |
"y

n o (mostly)  (Waodside snd others, 2004)

aldicarb aldicarb sulfone

n a =
Reductive . A A . Biotlc et smassn
dehalogenation \/J\ A )\ {Tesoriero and alfwrs, 2001}

1,2-dichleropropane 1-chloropropane + 2-chloropropane




Frequency that ratio

was equaled or exceeded,
as a percentage of sites or studies
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Factors Controlling Persistence

Ratio of DEA to atrazine concentrations (extent of reaction) increases
with increasing soil contact time

National overview of deethylatrazine/atrazine
ratio in streams and ground water
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Ground Water
Agricultural land use
e [ ajor aquifers
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White River, Indiana
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= Transformation of atrazine to DEA appears to

occur primarily in soils

(Gilliom and others, 2006)



Use of Subsurface Residence Times
to Understand Changes in Ground-Water Quality

Wisconsin
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(Tesoriero and others, 2007)



Use of Ground-Water Residence Times to Study Geochemical Processes

Formation of DEA favored in areas with thicker unsaturated zones

Western Lake Michigan (WI) San Joaquin Valley (CA)
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- (Tesoriero and others, 2007)



Evolution of Redox Conditions in Ground Water
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(Tesoriero, personal communication, 7/29/05)



Effects of Redox Conditions on Persistence

Blotic or  NAWQA example
Reaction Type Example Abiotic? (Reference)

Nucleophilic substitution < wo  HCl
2

o
- By water (hydrolysis) u\‘%u - “\;E\",J\N,ﬁ Abiotic Uipier Micwes!
e L

(rmostly)  (KaWhoff snd ofhers, 2003}

atrazine hydroxyatrazine
(HYA)
‘'m m Yo ?_/
- By glutathione snzyme PR j + '\._{ Biatic Hudson Rivar Basit
{GEH) (Philtips and otfers, 1998)
metolachlor metclachlor
metolachlor ethanesulfonic axanilic
acid (MESA) acid (MOA)
jl\ o cl
N= "N ’ NAN 5: Ha
- | =N L N |
Addition H-N I“u‘lu}f&: ”"']‘J"““N"J‘ NBI’ "o Abiotic Linper Midwest
(hydration) J h h (Kalkhoff and ofers, 3003)
Cyanazins Cyanazine amida
-
]
Efimination n ! Abictic San Josquin-Tutare Basin
(detydrahalogenation) .\/J\/. '—>_ (Burow amd others, 1938)
1,2-dibromao-3-chlono- 1.2-dibromeprepens
propane (DBCP) (DBP)

| ]
L - we,
‘q
Phatolysis < I — B I Abiofic  Acadian-Pontchartrain Basin
[(Devicheck and others, 2004
Fy
fipronil desulfiryl fipronil
=] Cl
% oy e h
Dealkylation " oy A Biofic  White River Basin
A - N [Carter and alhers, 1995)
atrazine o H

deethyl atrazine
(DEA)
0z i
o il .
Oxidation =, . \ -~ ABIOHE  Lowsr Tewassse River Sasin
N - ' imostly)  (Weodside and others, 2004
e Lo o :
aldicarb aldicarb sulfone
u
. | | - - .
Reductive " \)\ L_i. Nt /J\ Biotic Puget Spund Basin
dehalogenation (Tescriero and albars, 2001)
1,2-dichloropropane 1-chloropropane + 2-chloropropane

- 1,2-dichloropropane == 1-chloropropane + 2-chloropropane
(DCP [fumigant]) (1-CP) (2-CP)



Scaling up from the Laboratory to the Field

Dechlorination of DCP to CP Requires Iron-Reducing Conditions
(Flow-system study in northwestern Washington)

Wells in Iron-reducing Zone

Wells in Oxygen-

and

Nitrate-reducing Zones

Flow
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(Tesoriero and others, 2001)



First National Map of Redox Conditions

EXPLANATION
Principal aquifers and reference number

@ Basin and Range (1) & High Plains - northern (11)

California Coastal (2) ‘& High Plains - central (12)

Gambrian-Ordovician (3) & High Plains - southern (13)
& Central Valley (4) Mississippi Embayment - Texas Coastal Uplands (14-15)
= Coastal Lowlands (5) New York and New England crystalline (16)
® Edwards-Trinily (6) & MNorthern Allantic Coastal Plain (17)

Floridan (7) o Ozark Plateau (18)
[ Extent of Glacial deposits Piedmont and Blue Ridge crystalline and carbonates (19)

Glacial deposits - east (8) & Western Volcanics (20)

Glacial deposits - central (9)
Glacial deposits - west (10)

Redox state of aquifer,
as percentage of samples

Mixed_
Anaxic

Suboxic -

(McMahon and Chapelle, 2007)



Consistent with previous studies, nitrate concentrations
were lower under more reducing conditions

ha
o

ABC A-B AABABC ABBABC

O, reducing
POCXA Mixed redox
A Mn{IW-Fe{III}ISDf- reducing

o
=

—
o
|

MCL

)
T

Nitrate concentration (mg/L as N)
-] (-]

(McMahon and Chapelle, 2007)



Consistent with laboratory studies, the more heavily
chlorinated (oxidized) VOCs were detected more frequently
in oxic than in anoxic ground waters

1,1,1-Trichloroethane (TCA)
Bromodichloromethane
Trichloroethene (TCE)
Chloroform

Perchloroethene (PCE)
Methyl tert-butyl ether (MTBE)
Toluene
1,24-Trimethylbenzene
Methylene chloride

Chloromethane

more persistent in

oxic o
1

|
more persistent in
4 anoxic conditions

onditions

ﬂ.1 1 1 IIIIII'1

RATIO OF DETECTION FREQUENCIES
(OXIC/ANOXIC), IN PERCENT

IIII'I1I|ﬂ 1 1

11 I1IHD

(Zogorski and others, 2006)



Scaling up from the Laboratory to the Field

Dechlorination of Chloroform With Onset of Anoxic Conditions

Detection frequency at an assessment level of
0.02 microgram per liter, in percent
O Chloroform Ground-water flow
O Methylene chloride
[] Chloromethane
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iy = e

v = il
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20 ~Confinpes:
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Confin
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Young Oxic Water

Old Anoxic Water

(Zogorski and others, 2006)



Prediction of Contaminant Occurrence in Ground Water

Solute Transport-and-Fate Simulations
(Burow and others, 2008; McMahon and others, 2008)
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Putting It All Together

Proposed System for Predicting Ground-Water Vulnerability
to Surface-Derived Contamination Across the United States
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(Barbash, 2006)
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Atrazine concentration, in micrograms per liter {ug/L)

Comparisons of Vadose-Zone Model Predictions
Against Field Observations

(White River Basin, Indiana — Uncalibrated simulations)
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Use of GIS-Linked Modeling to Predict Ground-Water Vulnerability
to Surface-Derived Contamination Across the United States

System for running unsaturated zone simulations at multiple sites

Data Gathering Data Management Simulations
| | K |
. Input
Spatial Data »  ArcGIS Relational Database File L InputFiles
Site Location Geneiator
Soils 1 Related Tables !
Land Use
ArcSDE . I
Crops “* |Site Characteristics
etc. RZWQM
Soils Properties
Tabular Data > :
- . Management Practices
Pesticide Properties X
Plant Properties ; ;
gy Simulation Summary « Output | Output Files
Processor
National Scale Spatial data stored in Microsoft's SQL Server 2003 Combination of SQL Root Zone Water
datasets collected ArcGIS geodatabases selected for relational database statements and CZNET  Quality Model (RZWGQM)
programs used to used to simulate
Spatial data imported Spatial data processed SQL statements used to manage data create input files for pesticide leaching
into a GIS (ArcGIS) using Tools in and generate model input data model and to summarize through the unsaturated
Arc Toolbox simulation results zone at a site

Tabular data imported

into tables in relational_ Data transferred between
database (SQL Server) ArcGIS and relational
database using
ArcSDE software

Contact information:

Frank Voss, US Geological Survey, 934 Broadway, Suite 300, Tacoma, WA 98402, phone (253) 552-1689 email fdvoss@usgs.gov
Jack Barbash, US Geological Survey, 934 Broadway, Suite 300, Tacoma, WA 98402, phone (253) 552-1610 email jbarbash@usgs.gov




New Contributions to Ground-Water
Science from the NAWQA Program

> Nationwide summaries of existing information

> Nationwide study design =% Occurrence =—=p Prediction
> Investigation of previously un(der)examined contaminants

> Nationwide investigation of trends

> Nationwide study of factors and processes controlling sources,
transport and fate of contaminants (e.g., redox conditions)

> Use of solute transport-and-fate models to predict ground-water
quality in multiple settings around the Nation




Vat’s Next?

> Continued investigation of trends in ground-water quality

> Increased emphasis on the use of solute transport-and-
fate models to:

* Predict ground-water trends
* Predict ground-water vulnerability to contamination

> Examination of other previously un(der)examined sources,
such as:

« Confined animal feeding operations (CAFOs)
 Road salt
« Septic systems

> Examination of other previously un(der)examined contaminants,
such as:

 Pharmaceuticals

 Personal care products

- Additional pesticides and degradates

« Pesticide adjuvants (“inert” ingredients)




