Water Resources Institute
Annual Technical Report
FY 2008

Water Resources Institute Annual Technical Report FY 2008

1

Introduction
The University of Wisconsin Water Resources Institute (WRI) is based at UW-Madison as an academic unit
of the university’s Graduate School and works with its Office of Research & Sponsored Programs to ensure
compliance with university, state and federal guidelines. WRI is housed in the UW-Madison Aquatic Sciences
Center (ACS), the administrative home of both WRI and the UW Sea Grant Institute. The staff at ACS
provides support for WRI administration, research and outreach activities. The WRI also supports a library
containing more than 26,000 volumes covering all major water topics.
With nearly 65% of its current base budget targeted for research, the WRI supports a total of 24 individual
research projects that address a wide range of water-related issues and problems. Research projects fall into
the following four thematic areas: groundwater, surface water, groundwater/surface water interactions and
drinking water initiatives. Participants in WRI-supported projects include faculty, staff and students at UW
System campuses at Madison, Milwaukee, Stevens Point, Green Bay; UW-Extension; Wisconsin Geological
and Natural History Survey; Beloit College, Wisconsin Department of Natural Resources, U.S. Geological
Survey, and individuals in private industry.
In May 1984, Comprehensive Groundwater Protection legislation for Wisconsin (1983 Act 410, Wisconsin
Statutes) was signed into law. One of the provisions of the bill was to establish a state Groundwater
Coordinating Council (GCC) appointed by the legislature and the governor. Advisory to the GCC is the
Groundwater Advisory Council (GRAC), which is appointed by the UW-Madison Chancellor. Because
groundwater protection is deemed a priority issue by the WRI, the GRAC serves as an important advisory
committee for the WRI. Composed of a diversity of representatives with a great deal of scientific, political
and administrative experience, the GRAC has helped the WRI identify current and anticipated water problems
and issues and establish priorities for initiating research projects.
Since July 1989, the state has provided line item funding for groundwater research to the UW System. This
Groundwater Research Program, administered by the WRI, currently funds 18 projects that provide a balanced
program of laboratory, field, and computer-modeling studies and applications designed to preserve or improve
groundwater quality. Charged with the primary mission to plan, develop and coordinate research programs
that address present and emerging water-related and land-related issues, the WRI has developed a
broadly-based statewide program of basic and applied research that has effectively confronted a spectrum of
societal concerns.
Institute staff; UW System faculty, staff and students; state administrators and other public officials; industry,
and the public have come to rely on the WRI for objective, timely scientific information about water resources
issues. The WRI ensures that this information reaches these individuals through its strong information
dissemination/technology transfer program. An integral part of the WRIs total program is the training of
students. Research projects have provided support and training for graduate and undergraduate students
pursuing degrees in a wide range of disciplines. As established by Wisconsin’s Groundwater Law of 1984, the
state provides $300,000 annually to the UW System to support groundwater research and monitoring. In 1989,
the WRI became the UW System’s lead institution for coordinating the calls for proposals and peer reviews
for distribution of the funds. To avoid duplication and better target groundwater research funding, several
other state agencies (the departments of Commerce, Natural Resources, and Agriculture, Trade and Consumer
Protection) agreed to partner with the WRI to establish an annual Joint Solicitation for Groundwater Research
and Monitoring. This annual solicitation has funded more than 300 groundwater research and monitoring
projects since its inception and has helped establish Wisconsin as a leader in groundwater research.
The results of the Wisconsin Groundwater Research and Monitoring Program (WGRMP) are recognized
internationally, and WRI plays an important role in coordinating project reporting and making all technical
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reports available though our institute’s library and website. Given the limited funding available through the
annual 104(B) allocation, the Wisconsin WRI has decided to use its funds to participate in the WGRMP by
supplementing this funding source and providing additional opportunities for groundwater research in the UW
System.
Our priorities for research are established annually by the Wisconsin Groundwater Research Advisory
Council (GRAC), and they are included as part of the Joint Solicitation. The GRAC is our institute’s advisory
council and also convenes to make project funding decisions. All proposals submitted to the Joint Solicitation
receive a rigorous external peer review (coordinated by the WRI) and a thorough relevancy review by the
Research Subcommittee of the state’s Groundwater Coordinating Council. We believe that partnership with
other state agencies provides us with the ability to fund highly relevant research and allows our limited funds
for 104(B) to be leveraged to the fullest extent.
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Research Program Introduction
None.

Research Program Introduction
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Grant No. 04HQGR0034 The Role of Dissolved Organic
Carbon in Aquatic Mercury Cycling The Transport, Fate
and Cycling of Mercury in Watersheds and Air Sheds
Basic Information
Grant No. 04HQGR0034 The Role of Dissolved Organic Carbon in Aquatic Mercury
Cycling The Transport, Fate and Cycling of Mercury in Watersheds and Air Sheds
Project Number: 2005WI150S
Start Date: 11/15/2003
End Date: 9/14/2008
Funding Source: Supplemental
Congressional
District:
Research
Not Applicable
Category:
Focus Category: None, None, None
Descriptors:
Principal
Jim Hurley
Investigators:
Title:

Publication
1. Gorski, P.R., DE. Armstrong, J.P. Hurley and M.M. Shafer. 2006. Speciation of aqueous
methylmercury influences uptake by a freshwater alga (Selenastrum capricornutum). Environmental
Toxicology and Contamination. 25 (2): 534-540.
2. Branfireun, B.A., D. P. Krabbenhoft, H. Hintelmann, R. J. Hunt, J. P. Hurley, and J.W.M. Rudd.
2005. The Transport And Speciation Of Atmospheric Mercury In A Boreal Forest Wetland: A Stable
Mercury Isotope Approach. Water Resources Research, v. 41, W06016, oi:10.1029/2004WR003219,
2005.
3. Hall, B.D., H. Manolopoulos, J.P. Hurley, J. J. Schauer, V.L. St. Louis, D. Kenski, J. Graydon, C.L.
Babiarz, L.B. Cleckner, and G.J. Keeler. 2005. Methyl and total mercury in precipitation in the Great
Lakes region. Atmospheric Environment. 39(39):7557-7569.
4. Stoor, R.W., J.P. Hurley, C.L. Babiarz and D.E. Armstrong. 2006. Subsurface Sources of
Methylmercury to Lake Superior from a Wetland-Forested Watershed. Science of the Total
Environment. 368(1) pp99-110
5. Chadwick, S.P., C.L. Babiarz, J.P. Hurley and D.E. Armstrong. 2006. Influences of iron, manganese,
and dissolved organic carbon on the hypolimnetic cycling of amended mercury. Science of the Total
Environment. 368(1) pp177-188
6. Reed Harris , Marc Amyot , Christopher Babiarz , Ken Beaty , Paul Blanchfield , R. A. (Drew)
Bodaly , Brian Branfireun , Cynthia Gilmour , Jennifer Graydon , Andrew Heyes , Holger Hintelmann
, James Hurley , Carol Kelly , David Krabbenhoft , Steve Lindberg , Robert Mason , Michael Paterson
, Cheryl Podemski , Art Robinson , Ken Sandilands , George Southworth , Vincent St. Louis and
Michael Tate. 2007. Whole-Ecosystem Study Shows Rapid Fish Mercury Response to Changes in
Mercury Deposition. Proc. Nat. Acad. Sci. v104 pp16586-16591
7. Engle, M.A., Tate, M.T., Krabbenhoft, D.P., Kolker, A., Olson, M.L., Edgerton, E.S., DeWild, J.F.,
and McPherson, A.K. 2008. Characterization and cycling of atmospheric mercury along the central
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Annual Progress Report
Selected Reporting Period: 3/1/2008 - 2/28/2009
Submitted By: Jim Hurley
Submitted: 6/11/2009

Project Title
WR08R005: The Transport, Fate and Cycling of Mercury in Watersheds and Air Sheds

Project Investigators
James Hurley, University of Wisconsin Sea Grant Institute

Progress Statement
The project team continues to make good progress towards understanding the sources and cycling of mercury in
airsheds and watersheds. During the past year we conducted studies in two coastally situated settings: Weeks Bay,
Alabama, and Cape Romaine, South Carolina. In addition, to add to the interpretation of our results, our project has
begun development of a generally applicable dry-phase mercury deposition model that will facilitate estimates of
ionic and elemental mercury to surfaces. The model is calibrated by the use of atmospheric mercury speciation
measurements made in the field.

Principal Findings and Significance
Description
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Our results show that in coastal settings, the intersection of terrestrially based mercury
emission sources interacting with chemical oxidants formed in the marine boundary layer
result in exacerbated mercury deposition in the near coastal environments. These finds
have direct implications for water-resource rich ecosystems along the East Coast of the
US, and people who fish in those waters. Also, the application of the mercury depositon
model developed by this project to these field settings provides a scientifically based
explanation for why coastal areas in the southeastern US are among the highest mercury
deposition zones.

6/11/2009 1:36 PM
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Journal Articles & Other Publications
Publication Type

Peer-Reviewed Journal Article/Book Chapter

Title

Characterization and cycling of atmospheric mercury along the central U.S. Gulf of Mexico
Coast

Author(s)

Engle, M.A., Tate, M.T., Krabbenhoft, D.P., Kolker, A., Olson, M.L., Edgerton, E.S., DeWild,
J.F., and McPherson, A.K.

Publication/Publisher

Applied Geochemistry 23 (2008), pp. 419–437.

Year Published

2008

Volume & Number

23

Number of Pages

19

Description
Any Additional Citation
Information

NOTE: Your report is not complete until you click on the Submit Report button.
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Identifying High-Infiltration and Groundwater Recharge
Areas
Basic Information
Title: Identifying High-Infiltration and Groundwater Recharge Areas
Project Number: 2006WI146G
Start Date: 9/1/2006
End Date: 6/30/2009
Funding Source: 104G
Congressional District: 2nd
Research Category: Ground-water Flow and Transport
Focus Category: Models, Groundwater, Water Quantity
Descriptors:
Principal Investigators: Stephen J. Ventura, John Norman, Cynthia A. Stiles

Publication
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Annual Progress Report
Selected Reporting Period: 3/1/2008 - 2/28/2009
Submitted By: Jim Hurley
Submitted: 6/11/2009

Project Title
WR06R004: Identifying High-Infiltration and Groundwater Recharge Areas

Project Investigators
John Norman, University of Wisconsin-Madison
Cynthia Stiles, University of Wisconsin-Madison
Stephen Ventura, University of Wisconsin-Madison

Progress Statement
In Summer 2007, we measured infiltration rates at 20 locations in a watershed in western Dane County. The sites
were selected with a random spatial pattern in the watershed. Sites were selected to represent nine classes
created from the combination of two variables with three levels each: estimated Ksat (low, medium and high) and
land use (agricultural, residential and open). For this stratification, Ksat estimates were made using the textural
class and bulk density of the surface horizon for the corresponding soil mapping units in the NASIS database. A
table of national averages for Ksat in each textural class of both high and low bulk density was used to estimate
Ksat. Land uses categories were determined from a GIS data layer developed by the Dane County Regional
Planning Commission from 2005 orthophotos.
At each site, two infiltration measurements were made using steel frames (1m long, 0.5m wide, 0.3m deep and
0.3cm thick), which were placed 2 to 3 meters apart. A pond depth of approximately 5cm was established and
maintained in each frame until the steady-state infiltration rate is reached, defined as three consecutive readings
within 10% of each other with no clear trend. After the infiltration measurements were completed, soil cores
(7.5cm diameter) were taken by hand at four depths: 0-15cm, 15-30cm, 30-45cm, and 45-60cm from the center of
each frame. Soil samples (0-15cm) were analyzed in the laboratory for particle size (hydrometer method), bulk
density and organic matter. Steady-state infiltration rates (assumed to be the average of the last three
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measurements taken) were converted to Ksat using the equations given by Reynolds (1993).

Principal Findings and Significance
Description

Fieldwork for the project only began in May 2007, so results and impacts have not yet
been generated. The test infiltrometer described above is a UW innovation. Thus far, it
appears to be superior to traditional methods for measuring in-field infiltration. It was
vetted with a multi-agency group of infiltration specialists at the recent national
conference of the National Cooperative Soil Survey. This group thought it was a useful
direction and may eventually incorporate it or similar idea in national soil testing
standards.

Description

For the 40 infiltration measurements taken in 2007, the average calculated Ksat
steady-state infiltration rate was 221mm/hr. Ksat values ranged from 931mm/hr (a
forested site that has been undisturbed since 1937) to 21 mm/hr (an agricultural field
that has been planted in corn since 1975). The average Ksat value calculated for three
land use categories was 90 mm/hr for Agriculture, 220 mm/hr for Residential and 274
mm/hr for Open land. The high average Ksat values for residential land can be attributed
to two extraordinarily samples – high infiltration rates measured above a septic system
and in a mulched garden area with large trees.
The data collected for this project in 2007 suggest that topographic and land cover data
improve our ability to predict measured infiltration rates in Dane County compared to
using soil properties alone. Best subsets regression was done to identify the best
predictors among multiple soil properties. For this data set, percent organic matter,
percent sand, and texture (R-squared adjusted: 0.18) provided the strongest regression,
though this is still a generally weak model. When terrain variables calculated from a
Digital Elevation Model (DEM) and land cover data were added to the analysis, the
highest R2 (adjusted) value increased to 0.67 for the model that used the following
predictors: percent organic matter, percent clay, elevation, aspect, planform curvature,
and land cover. While this model still only accounts for about two-thirds of the variability
of measured Ksat values, this analysis suggests that predictions of infiltration rates should
be based on land cover and topographic information in addition to soil properties. Land
cover information appears to be particularly valuable. In the regression analyses
performed on the 2007 data, land cover was the best single predictor of measured
infiltration rates.

Committees, Memberships & Panels
Group Name

National Cooperative Soil Survey

Description

This work was presented and discussed during an ad hoc committee meeting in Madison,
WI.

Start Date

6/6/2007

End Date

6/7/2007

Interactions
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Description

We have been in contact with Chuck Dunning, a Hydrologist at the USGS Water Science
Center in Middleton, Wisconsin. Chuck is leading a project to establish a state standard
for measuring infiltration rates in Wisconsin in order to design management practices to
promote infiltration of stormwater runoff. He is planning to determine if a single-ring
infiltrometer (10 inch diameter) is an appropriate device for such a standard. At three of
the locations where we measured infiltration rates in 2007, a student working with Chuck
joined us and measured infiltration rates using both a single and double-ring infiltrometer.

Event Date

9/1/2007

Other Project Support
Source

National Center for Rural Geospatial Innovations (USDA-CSREES)

Dollar Value

$1

Description

In-kind technical and GIS support for the project.

Start Date
End Date

Partners
Name/Organization

Michelle Richardson

Affiliation

Dane County Land and Water Resources Department

Affiliation Type

Local & State

Email

michelle.richardson@co.dane.wi.us

Description

Michelle provided the GIS data layers of land use and parcels in Dane County. These were
used extensively in the site selections for the infiltration measurements made in 2007.

Presentations & Public Appearances
Title

Identifying High Infiltration and Ground Water Recharge Areas in Dane County, Wisconsin
- an Integrated Field/GIS Study.

Presenter(s)

Stiles, Cynthia A.

Presentation Type

Professional meeting

Event Name

National Cooperative Soil Survey Conference.

Event Location

Madison, WI.

Event Date

6/6/2007

Target Audience

Federal agency

Audience Size

20

Description

This presentation provided and overview of the goals of the project and the field work
planned for 2007.

Students & Post-Docs Supported
Student Name
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Kathleen Arrington
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Campus

University of Wisconsin-Madison

Advisor Name

Steve Ventura

Advisor Campus

University of Wisconsin-Madison

Degree

PhD

Graduation Month

May

Graduation Year

2009

Department

Soil Science

Program

Soil Science

Thesis Title
Thesis Abstract

NOTE: Your report is not complete until you click on the Submit Report button.
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Grant No. 07HQGR0025 Effectiveness of Engineered
Covers: From Modeling to Performance Monitoring
Basic Information
Grant No. 07HQGR0025 Effectiveness of Engineered Covers: From Modeling to
Performance Monitoring
Project Number: 2006WI179S
Start Date: 12/1/2006
End Date: 2/28/2009
Funding Source: Supplemental
Congressional
2
District:
Research Category: Engineering
Focus Category: Solute Transport, Models, None
Descriptors: landfills
Principal
Craig H Benson
Investigators:
Title:

Publication

Grant No. 07HQGR0025 Effectiveness of Engineered Covers: From Modeling to Performance Monitoring
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Completion Report

Submitted By: Craig Benson
Submitted: 6/1/2009
Start Date: 12/1/2006
End Date: 2/28/2009

Project Title
WR06R005: Effectiveness of Engineered Covers: From Modeling to Performance Monitoring

Project Investigators
Craig Benson, University of Wisconsin-Madison

Results
The objective of this project was to gather information needed to project the long-term performance of final covers and to
interpret the performance of the landfill final cover test sections that were constructed and monitored as part of the Alternative
Cover Assessment Program (ACAP). This information was gathered as we exhumed 24 of the 27 ACAP test sections along with
two full-scale final covers at operating landfills.
Field and laboratory testing has shown that the hydraulic properties of final cover soils change in response to pedogenic
processes that affect soil structure. These changes occur fairly rapidly (within 3-5 yr) and their magnitude is a function of the
initial structure of the soil (larger changes in hydraulic properties occur for soils that are denser and less conductive when
initially placed). An overall loosening of the soil occurs, which results in an increase in saturated hydraulic conductivity, as well as
a change in soil water storage capacity. In addition, the hydraulic properties converge to a relatively narrow band after several
years of weathering. In particular, regardless of the initial condition, the saturated hydraulic conductivity ultimately falls within
10-5 to 10-3 cm/s, van Genuchten’s alpha parameter falls within 0.01-0.1 kPa-1, and van Genuchten’s n parameter falls within
1.2-1.5.
These findings have two important practical implications for alternative covers. First, the universally narrow ranges for the
hydraulic properties reduce the uncertainty in predictions of long-term cover performance and build confidence in alternative
cover technology. Second, the findings suggest that alternative cover soils should not be densely compacted, and should be
constructed with less plastic fine-textured soils when possible. Adopting both of these recommendations for cover soil selection
and placement will result in covers that undergo smaller changes in hydraulic behavior over time, and therefore will exhibit more
uniform performance over time.
Changes in the properties of geosynthetic materials have been less significant (except for geosynthetic clay liners). Wide-width
tensile strengths, melt flow indices, and oxidation induction times of the geomembranes have remained essentially unchanged
during the ACAP study. Small reductions (2x) in the transmissivity of geocomposite drainage layers have been observed. The
permittivity of the overlying and underlying geotextiles in geocomposite drainage layers has also diminished modestly (2-3x) due
to intrusion of fines. These changes are not significant enough to affect performance in the near term. However, performance
may be affected over decades or centuries, which can be important for wastes with very long life spans (e.g., radionuclides).
Interface shear strengths have remained essentially unchanged. However, appreciable reductions in the ply adhesion of
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geocomposite drainage layers have been observed at several sites, which may have implications for long-term stability.
Significant increases in the hydraulic conductivity of geosynthetic clay liners (GCLs) have been observed in some cases, even if
the GCL is covered by a geomembrane. The increases in hydraulic conductivity are due to replacement of native Na in the
bentonite with divalent cations (predominantly Ca, but also Mg) combined with dehydration of bentonite surfaces or lack of
sufficient hydration prior to cation exchange. For most sites where the GCL is covered by a geomembrane, low hydraulic
conductivity can be maintained by ensuring the subgrade water content is at least 10% and that the total cation charge per
mass (TCM) in the subgrade is less than 0.8 cmol+/kg. However, this recommendation does not ensure universal success. At
two sites where the GCL was covered with a geomembrane, preferential flow was observed in GCLs even though they were
sufficiently hydrated. The preferential flow paths appear to form in response to cation exchange in bentonite surrounding
bundles of needle-punching fibers.

Impacts
No answer has been submitted for this question.

Most Significant Benefit/Application
No answer has been submitted for this question.

Follow-Up
A draft final report for this project has been submitted. After review and revision, the final report needs to receive widespread
dissemination.
The findings from the study need to be published in peer-reviewed journals. Six journal manuscripts have been drafted from this
project and will be submitted for review and publication.
A webinar series should be developed to present the findings from this study to a broad audience.

Awards, Honors & Recognition
Title

J. James Croes Medal

Event Year
Recipient
Presented By

ASCE

Description

Committees, Memberships & Panels
Group Name

US Department of Energy

Description

Chair, Independent Technical Review Committee for On-Site Disposal Facilities

Start Date
End Date

Group Name

ASTM
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Description

D18 Executive Committee

Start Date
End Date

Group Name

Geo Institute

Description

Board of Governors

Start Date
End Date

Interactions
Description

This project is a collaborative effort between the US Nuclear Regulatory Commission, US National
Science Foundation, US Department of Energy, US Environmental Protection Agency, and the
Environmental Research and Education Foundation. The Desert Research Institute of Reno, NV and
California Polytech University are collaborators

Event Date

Other Project Support
Source

Multilple Agencies

Dollar Value

$1

Description

This project is benefiting from funding being provided by the following agencies as part of a
collaborative effort to understand the temporal evolution of the characteristics of landfill final covers:
US National Science Foundation, US Nuclear Regulatory Commission, US Department of Energy, US
Environmental Protection Agency, and the Environmental Research and Education Foundation.

Start Date
End Date

Partners
Name/Organization

William H. Albright

Affiliation

Desert Research Institute

Affiliation Type
Email

bill@dri.edu

Description

Co-PI

Presentations & Public Appearances
Title

Design and Construction of Alternative Covers

Presenter(s)

Craig H. Benson, and William H. Albright Presentation Type: Workshop Event Name: Event location:
Event Date: February 2008 Target Audience: Audience Size: 100 Description:

Presentation Type
Event Name

Design and Construction of Alternative Covers

Event Location

Portland, OR

Page 3 of 5

Event Date

2/1/2008

Target Audience
Audience Size

100

Description

3-d workshop for engineering consultants, state regulators, and federal regulators

Students & Post-Docs Supported
Student Name

Matthew Bennett

Campus

University of Wisconsin-Madison

Advisor Name

Craig Benson

Advisor Campus

University of Wisconsin-Madison

Degree

Masters

Graduation Month

December

Graduation Year

2009

Department

and Environmental Engineering

Program

Geo Engineering

Thesis Title
Thesis Abstract

Student Name

Seunghak Lee

Campus

University of Wisconsin-Madison

Advisor Name

Craig Benson

Advisor Campus

University of Wisconsin-Madison

Degree

Post Doc

Graduation Month

April

Graduation Year

2009

Department

Civil and Environmental Engineering

Program

Geo Engineering

Thesis Title
Thesis Abstract

Student Name

A. Hakan Oren

Campus

University of Wisconsin-Madison

Advisor Name

Craig Benson

Advisor Campus

University of Wisconsin-Madison

Degree

Post Doc
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Graduation Month

August

Graduation Year

2009

Department

Civil and Environmental Engineering

Program

Geo Engineering

Thesis Title
Thesis Abstract

Student Name

Joseph Scalia

Campus

University of Wisconsin-Madison

Advisor Name

Craig Benson

Advisor Campus

University of Wisconsin-Madison

Degree

PhD

Graduation Month

May

Graduation Year

2010

Department
Program
Thesis Title
Thesis Abstract

Student Name

Paul Schlicht

Campus

University of Wisconsin-Madison

Advisor Name

Craig Benson

Advisor Campus

University of Wisconsin-Madison

Degree

Masters

Graduation Month

December

Graduation Year

2009

Department

Civil and Environmental Engineering

Program

Geo Engineering

Thesis Title
Thesis Abstract
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Enhanced Reductive Dechlorination of Chlorinated
Aliphatic Hydrocarbons: Molecular and Biochemical
Analyses
Basic Information
Enhanced Reductive Dechlorination of Chlorinated Aliphatic Hydrocarbons:
Molecular and Biochemical Analyses
Project Number: 2007WI164B
Start Date: 7/1/2006
End Date: 6/30/2008
Funding Source: 104B
Congressional
2nd
District:
Research Category: Water Quality
Focus Category: Toxic Substances, Geochemical Processes, None
Descriptors:
Principal
Bill Hickey
Investigators:
Title:

Publication
1. Lepore, B.J. and Barak, P. 2009. A Colorimetric Microplate Method for Determining Bromide
Concentrations. Soil Sci Soc Am J, 73: 1130-1136.
2. Lepore, B.J., Morgan, C.L.S., Norman, J.M. and Molling, C.C. 2009. A Mesopore and Matrix
Infiltration Model Based on Soil Structure. Geoderma. (accepted).
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PROJECT SUMMARY
Title – Enhanced Reductive Dechlorination of Chlorinated Aliphatic Hydrocarbons:
Molecular and Biochemical Analyses
Project I.D. – WR06R002
Investigators – Principal Investigator – Dr. William Hickey; Professor; Dept. Soil Science,
Molecular and Environmental Toxicology, University of Wisconsin – Madison.
Research Assistant – Ms. Ameesha Shetty, Graduate student, Molecular and Environmental
Toxicology
Period of contract – July 2006 to June 2008.
Background/need – Chloroalkenes are widespread groundwater contaminants for which
enhanced reductive dechlorination (ERD) via electron donor augmentation can serve as an
effective, in situ bioremedial strategy. A major goal of ERD is to stimulate late stage
dechlorination reactions, which are needed to prevent accumulation of toxic intermediates.
Establishment of methanogenic conditions is important for the onset and support of late stage
dechlorination processes that involve reduction of dichloroethene (DCE) to vinyl chloride (VC),
and VC reduction to the non-toxic end-point compound, ethene. However, little is known about
the composition of microbial communities that are active in late-stage dechlorination.
Elucidating the structure and function of microbial communities associated in the field with late
stage dechlorination reactions could help establish a mechanistic foundation that would advance
the science of ERD, and consequently enhance the effectiveness with which the process might be
applied and managed.
Objectives - 1) Delineate the microbial community dynamics induced by soluble carbohydrate
augmentation in field samples and during progress in ERD. 2) Elucidate the composition of
communities that effect complete dechlorination of CAH in field samples.
Methods – Cells in the groundwater samples were collected by filtration and DNA was extracted
from them to use in Automated Ribosomal Intergenic Spacer Analysis (ARISA) in order to
determine microbial community diversity. PCR was done using fluorescently labeled primers,
and then the profile of fluorescent peaks for each sample was determined. ARISA however
provides information of community diversity but does not define community structure since
organisms cannot be identified. 16S-ITS clone libraries were set up for identification of the
organisms represented by major peaks on the community profiles, or were consistently present
over time. The DNA extracted from the groundwater samples was used to amplify the 16S-ITS
regions of the template. These were then used for ligation and transformation to set up the clone
libraries. The clones were screened and the ones that contained the ARISA fragment of interest
were sequenced. Sequence similarities with the 16S gene were used for organism identification.
These clone libraries were used to identify some of the major peaks seen in the microbial
community profiles. The time period during which this study was undertaken was September
2006 to July 2008.
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Results and Discussion – Microbial community diversity was studied in locations that differed
from each other by the stage of dechlorination. The community profile at these locations was
studied over the span of a year as ERD continued. In the locations showing late stage
dechlorination, the predominant species were affiliated with Clostridia, Bacteroidetes,
Mollicutes and Spirochaetes. This corresponded with the other studies on microbial
characterization of reductive dechlorination sites. These communities were absent in the location
demonstrating only early stage processes. At this site, the predominant classes there were Delta
proteobacteria and epsilon proteobacteria. Therefore a distinct community profile was
associated with VC stalling conditions. The community dynamics was studied and the profile did
not change substantially within a location over the period of 1 year.
Conclusions - Distinct community profiles seem to be associated with early and late stage of
dechlorination. The species that are previously known to be affiliated with dechlorination sites
are not observed in the location showing stalling of dechlorination at vinyl chloride. Late stage
processes are preferred since it does not lead to the accumulation of toxic by-products.
Therefore, understanding the difference in microbial communities stimulated in areas showing
early and late stage processes is imperative. This study also gives an insight into populations
other than dechlorinators in a field site undergoing ERD. A greater understanding of the role
played by these species is needed for complete and successful ERD treatment.
Key words – Trichloroethylene, Bioremediation, Enhanced Reductive Dechlorination
Funding – University of Wisconsin System Groundwater Research Program; U.S. Geological
Survey
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INTRODUCTION - Chlorinated aliphatic hydrocarbons (CAH) such as perchloroethylene
(PCE), trichloroethylene (TCE), and trichloroethane (TCA) are toxicants and pervasive
groundwater contaminants. Thus, sites with CAH-impacted groundwater are one of the most (if
not the most) commonly targeted locations for cleanup, for which bioremediation utilizing
enhanced reductive dechlorination (ERD) mediated by anaerobic bacteria has become a major
process for in situ treatment.
Reductive dechlorination involves sequential removal of chlorines from CAH, ultimately
resulting in the non-toxic end-products ethene or ethane. Under natural conditions, the process
frequently stalls, resulting in accumulation of cis-dichloroethylene (c-DCE) and vinyl chloride
(VC). Since VC is considered more toxic than any of its parent compounds, a major goal of ERD
is to establish conditions conducive to the late stage dechlorination processes (reduction of cDCE and VC to ethene) that are essential for effective remediation. Data from field sites where
ERD has been implemented indicate that the onset of late stage transformations typically
coincides with establishment of methanogenic conditions [2, 3]. However, the microbial
communities, interactions and activities that underlay effective ERD at these sites are poorly
understood.
Because of its ability to mediate VC reduction to ethene, the chloridogenic
(dehalorespiring) bacterium Dehalococcoides ethenogenes initially attracted much attention. But,
VC reduction by D. ethenogenes is slow, and microcosm and field screening studies have
indicated that this transformation can occur in the absence of D. ethenogenes [4-7]. Recently,
VC-respiring strains of Dehalococcoides sp. that are highly efficient in VC reduction have been
isolated, and genes encoding reductive dehalogenases (RDases) mediating VC reduction to
ethene have been identified [8].
While VC dechlorinators and other dehalorespiring bacteria have key roles in CAH
bioremediation, their activity is dependent upon that of commensalistic fermentative organisms,
which generate the hydrogen, electron donors and growth factors chloridogens require. There is
also growing recognition that varying composition and activities of fermentative consortia may
have significant effects on the activities of dechlorinators [6], but the nature and activities of
fermentative organisms that are predominant in methanogenic ERD are poorly understood.
Microcosm studies with model ERD amendments (organic acids and alcohols) have shown that
the nature of the electron donor has a significant effect on the structure and activity of the
microbial community stimulated [6], but little is known about the microbial communities
established in response to ERD amendments (e.g., molasses) that are actually used in the field.
Finally, to the best of the authors’ knowledge, there are only two reports that have
examined microbial communities associated with CAH bioremediation in field studies [1, 9].
Both reports were significant in demonstrating that integrating data on molecular microbial
community structure with biogeochemical measurements provided new insights into
biodegradative processes operative at the sites, which could facilitate site management.
Likewise, elucidating the structure and function of microbial communities associated in the field
with late stage dechlorination reactions could help establish a mechanistic foundation that would
advance the science of ERD, and consequently enhance the effectiveness with which the process
might be applied and managed.
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PROCEDURES AND METHODS 1) Field site, ERD biostimulation and field sampling. This study was done in
collaboration with ARCADIS, an environmental consulting and engineering firm that was
contracted to carry-out remediation of the study site. The site (located in southeastern Wisconsin)
was developed in the early 1940’s for heavy manufacturing, and operated until 1992 when the
plant closed. Since 1992, the site has not been utilized. The predominant groundwater
contaminants are TCE (120,000 µg/L to non-detectable (ND)), 1,1,1-trichloroethane (1,1,1-TCA;
14,000 µg/L to ND), c-DCE (19,000 µg/L to ND), and VC (4,300 µg/L to ND).
An anaerobic reactive zone was established within the groundwater plume through the
addition of a carbon amendment solution (100:3.5:2 (v:v:v), potable water:granular cheese
whey:blackstrap molasses). Approximately 100, 2-inch diameter injection wells were installed in
the areas of impacted groundwater. Each well had an approximate depth of 15 feet, and a
screened interval of 5 to 10 ft. Approximately 300 gallons of carbon amendment solution was
injected into each well, or as an alternative 300 gallons of a 100:7 solution of potable water to
blackstrap molasses be injected into each well. The carbon amendment injections began in April
2006.
Samples of aquifer water and sediment cores were obtained during the installation of the
injection wells. Water samples were processed for chemical and microbiological analyses as
described below. The progress of ERD was monitored by chemical analysis of groundwater
samples acquired from a monitoring well network; groundwater being sampled quarterly during
the period. Samples of groundwater used for molecular analysis were shipped to the laboratory
on ice by overnight courier. Chemical analysis was also done on groundwater samples, was
carried out by a certified environmental analysis laboratory contracted by ARCADIS and
samples of groundwater were sent from the locations to the laboratory for further molecular
analysis.
2.) Molecular microbial community analyses. Molecular analysis of microbial
communities was applied to DNA extracted from field samples of groundwater. Groundwater
samples were acquired from locations showing high levels of cDCE/VC reduction, and for
comparison, a location inactive in cDCE/VC reduction was obtained. Field groundwater samples
(500-mL) were acquired as discussed above, transported to lab and processed (filtration through
polyethersulfone membranes, 0.2 µm pore diam). The membranes were processed for extraction
of Bacterial DNA using the Mobio Soil DNA extraction kit ().
Whole community profiles were developed using Automated Ribosomal Intergenic
Spacer Analysis (ARISA) with bacterial primers 1406f and 23Sr [10]. The forward primer was
synthesized with a fluorochrome label (5'-FAM). PCR conditions were optimized for the present
application as 94°C for 2min, followed by 30 cycles of 94°C for 15 sec, 50°C for 15 sec, 72°C
for 45 sec and finally 72°C for 2 min. For each sample, fluorescent DNA fragment analysis was
done in duplicate through the UW-Madison Biotechnology Center by using an ABI 3700
automated sequencer to generate electropherograms, and Genemarker v 1.5 for profile alignment.
Individual peaks were treated as operational taxonomic units (OTUs). Peak areas were
normalized within ARISA profiles, and expressed as fraction of the total peak area comprising
the profile termed as relative intensity.
3) 16S-ITS Clone library - ARISA profiles are coupled with 16S rDNA-ITS clone
libraries in order to yield organism identification. By doing so, ARISA peaks of interest can be
tracked to the ITS contained in these clones, and identification made by sequencing of the
associated 16S rDNA [11] To create the Bacterial 16S rDNA-ITS clone libraries, PCR primers
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27f [12] and 23Sr were used to amplify the majority of the Bacterial 16S rDNA gene as well as
the adjoining ITS. The PCR parameters were 94° (2min), followed by 30 cycles of 94°C for
15sec, 43°C for 15sec and 72°C for 2 min, finally 72°C for 7 min. Purified PCR products will be
cloned ligation into pGEM-T Easy (Promega) and transformed into E. coli JM109 competent
cells. Clone libraries were established with DNA extracted from a sediment sample obtained
from a methanogenic reactive zone showing high levels of c-DCE/VC dechlorination and from
locations showing stalling at c-DCE/ VC dechlorination.
The procedure of Grant and Ogilvie [13] was used to screen clones for ARISA peaks of
interest for 16S rDNA sequencing. Briefly, clones were propagated in 96-well plates, and
ARISA done as described above on clones pooled across rows and across columns. An ARISA
peak of interest was associated with a clone by identifying the combination of reactions from a
row pool and a column pool that possess the peak, and then locating the well at the intersection
of the row and column.Plasmid DNA was isolated from clones of interest, and sequencing of 16S
rDNA by BigDye (Applied Biosystems) cycle sequencing will be done as in the PI’s previous
work. Sequence similarities will be determined by BLAST-N searches against GenBank.
4) DNA sequence analysis. Each clone was sequenced by the dideoxy termination
method by using an Applied Biosystems (Foster City, CA) automated sequencing system
available at University of Wisconsin-Madison. GenBank database searches were carried out
using the National Center for Biotechnology Information BLAST web server.
RESULTS AND DISCUSSION –
Each location had a distinct ARISA profile, and each location showed variation in
ARISA profile over the course of one year (Figs. 2-4). The identities of major peaks could be
determined from sequencing clones recovered from the Bacterial 16S rDNA-ITS libraries.
However, many of the fragments relatively low in abundance (i.e., smaller peaks in Figs. 2-4)
eluded recovered in the libraries. Thus, the identifies of the organisms yielding these peaks were
not determined.
At the first time point, the predominant fragments at Location 1 had the greatest sequence
identity to members of the Clostridia, Mollicutes and CFB (Cytophaga-FlavobacteriumBacteroides) groups of bacteria (Fig 2a, Table 1). A fragment identified as Pseudomonas sp. was
also prominent. Over the next three time points, the diversity of the community appeared to
expand (i.e., increase in number of peaks, Fig. 2b) and then contract. The final profile (Fig. 2d)
was similar to that developed at the first sampling point one year earlier. Notable trends were the
consistent identification of Clostridia as prevalent organisms across the one-year time span, and
the disappearance of Pseudomonas sp. after the first time point. At Location 2, the predominant
clones at the first and second sampling times were identified as Bacteroidetes and Spirochaetes
(Fig. 3a, Table 1). At the two later time points, a new peak identified as a betaproteobacteria
was prominent. At Location 3, deltaproteobacteria and epsilonproteobacteria were initially most
abundant; the former represented the single peak resolved in the final sample.
The groups predominating at the late stage locations (Clostridia, Bacteroides, Mollicutes
and Spirochaetes) have been previously identified in TCE-contaminated aquifers, and in
microcosms established to study CAH degradation [1, 15]. In the present study, its notable that
these groups were absent form Location 3, which was stalled at the early dechlorination stage for
the duration of the study. This finding indicates that late stage dechlorination requires
establishment of a particular community of microbes, which enhance and/or complement the
activity of chloridogenic organisms, such as Dehalococcoides sp.
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To the best of the authors’ knowledge, the present study is the first to document the
variation occurring in microbial community structure through the dechlorination process at an
actual field site. The relative abundance of the predominant species appeared to reflect changes
in the chemical profile of the groundwater. For Location 1, late stage dechlorination increased
substantially between the first and second time points, and remained high thereafter (Fig. 1a). A
corresponding change in community structure was documented to occur between these sampling
points (Fig. 2a,b); the later time points were similar in the predominance of Clostridia. Location
2 showed the opposite trend, with late stage dechlorination high at the first and second time
points, and then decreasing for the third and fourth (Fig. 1b). Again a corresponding change
occurs in the community structure (Fig. 3a-d).

Figure 1. Chemical analyses of quarterly groundwater samples from Location 1 (Panel A),
Location 2 (Panel B) and Location 3 (Panel C). Abbreviations: TCE (trichloroethene), cis-DCE
(cis-dichloroethene), VC (vinyl chloride), EE (ethene), M (methane).
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Figure 2. ARISA Profile of bacterial communities from Location 1. Data are from quarterly
samples: Panel A., June 2007, B. November 2007, C. February 2008, D. May 2008.
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Figure 3. ARISA Profile of bacterial communities from Location 2. Data are from quarterly
samples: Panel A., June 2007, B. November 2007, C. February 2008, D. May 2008.
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Figure 4. ARISA Profile of bacterial communities from Location 3. Data are from quarterly
samples: Panel A., June 2007, B. November 2007, C. February 2008, D. May 2008.
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Table 1. Estimated relative abundance of selected fragments in the bacterial community profiles
for the three locations under study.
Mean Relative Intensity* ± S.D. (Relative abundance)

Location 1
Fragment
size (bp)

Putative
class/order

% identity

June'07

Nov'07

Feb'08

May'08

463

Clostridia

90%

16.55 ± 2.05

6.79 ± 1.14

74.77 ± 0.39

19.25 ±
14.29

484

Mollicutes

92%

4.91± 0.29

2.85 ± 0.35

ND

ND

544

CFB group

92%

2.05 ± 0.49

ND

ND

12.32 ± 1.81

572

Clostridia sp.

98%

4.53 ± 0.74

4.17 ± 0.04

ND

36.25 ± 0.42

831

Pseudomonas sp.

97%

41.65 ± 3.88

ND

ND

ND

501

Bacteroidetes

90%

34 ± 7.09

48.3 ± 7.39

1.33 ± 0.24

5.49 ± 1.99

594

Spirochaetes

87%

7.3 ± 0.6

11.67 ± 1.36

ND

ND

690

Spirochaetes

88%

18.9 ± 5.35

10.76 ± 3.45

ND

8.26 ± 2.38

795

Beta
proteobacteria

92%

ND

ND

47.59 ± 1.67

16.28 ± 3.78

97%

10.6 ± 0.72

4.0 ± 0.24

ND

88.04

95%

21.8 ± 0.11

ND

ND

ND

91%

16.4 ± 2.43

ND

91.92 ± 0.88

ND

Location 2

Location 3
Delta
proteobacteria
sp.
Epsilon
789/795
proteobacteria
Epsilon
891
proteobacteria
*
Average of triplicate ARISA runs
443

ND – Peak not detected or below threshold of a peak area of 250 fluorescence units.
CONCLUSIONS – Distinct community profiles are associated with early and late stage of
dechlorination. The species that are previously known to be affiliated with dechlorination sites
are not observed in the location showing stalling of dechlorination at vinyl chloride. Late stage
processes are preferred since it does not lead to the accumulation of toxic by-products.
Therefore, understanding the difference in microbial communities stimulated in areas showing
early and late stage processes is imperative. This study also gives an insight into populations
other than dechlorinators in a field site undergoing ERD. A greater understanding of the role
played by these species is needed for complete and successful ERD treatment.
ACKNOWLEDGMENTS – The authors are grateful to Dr. Frederick Payne (ARCADIS) for
allowing access to samples from the site thus enabling this study, and to Wes May (ARCADIS)
for his efforts in supplying groundwater samples for analysis.
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Project Title
WR07R010: Alternative Cover Guidance Document

Project Investigators
Craig Benson, University of Wisconsin-Madison

Progress Statement
This project is focused on preparing a guidance document regarding design, construction, monitoring, and performance
assessment of alternative covers for landfills. As of 29-Feb-08, we had prepared a detailed outline for the guidance document
and have drafted some of the primary sections.

Principal Findings and Significance
Principal Findings and Significance
Description

This document is intended to provide engineers and scientists in the design and regulatory
communities with the information s needed to effectively design, construct, monitor, and assess of
alternative covers for landfills. When complete, this document will become the definitive source of
information on the technology.

Interactions
Description

This project involves interaction with Region 8 of US EPA and state environmental regulators in
Colorado, Wyoming, and Montana.

Event Date

Other Project Support
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Source

Multiple Agencies

Dollar Value

$1

Description

This project is benefiting from funding being provided by the following agencies as part of a
collaborative effort to understand the temporal evolution of the characteristics of landfill final covers:
US National Science Foundation, US Nuclear Regulatory Commission, US Department of Energy, US
Environmental Protection Agency, and the Environmental Research and Education Foundation.

Start Date
End Date

Partners
Name/Organization

William H. Albright

Affiliation

Desert Research Institute

Affiliation Type

Academic Institutions

Email

bill@dri.edu

Description

Co-PI

Presentations & Public Appearances
Title

Design and Construction of Alternative Covers

Presenter(s)

Craig H. Benson, and William H. Albright Presentation Type: Workshop Event Name: Event location:
Event Date: February 2008 Target Audience: Audience Size: 100 Description:

Presentation Type

Workshop

Event Name

Design and Construction of Alternative Covers

Event Location

Portland, OR

Event Date

2/1/2008

Target Audience

Mixed

Audience Size

100

Description

3-d workshop for engineering consultants, state regulators, and federal regulators
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Completion Report
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Project Title
WR07R009: ACAP Test Section Exhumation

Project Investigators
Craig Benson, University of Wisconsin-Madison

Results
The objective of this project was to gather information needed to project the long-term performance of final covers and to
interpret the performance of the landfill final cover test sections that were constructed and monitored as part of the Alternative
Cover Assessment Program (ACAP). This information was gathered as we exhumed 24 of the 27 ACAP test sections along with
two full-scale final covers at operating landfills.
Field and laboratory testing has shown that the hydraulic properties of final cover soils change in response to pedogenic
processes that affect soil structure. These changes occur fairly rapidly (within 3-5 yr) and their magnitude is a function of the
initial structure of the soil (larger changes in hydraulic properties occur for soils that are denser and less conductive when
initially placed). An overall loosening of the soil occurs, which results in an increase in saturated hydraulic conductivity, as well as
a change in soil water storage capacity. In addition, the hydraulic properties converge to a relatively narrow band after several
years of weathering. In particular, regardless of the initial condition, the saturated hydraulic conductivity ultimately falls within
10-5 to 10-3 cm/s, van Genuchten’s alpha parameter falls within 0.01-0.1 kPa-1, and van Genuchten’s n parameter falls within
1.2-1.5.
These findings have two important practical implications for alternative covers. First, the universally narrow ranges for the
hydraulic properties reduce the uncertainty in predictions of long-term cover performance and build confidence in alternative
cover technology. Second, the findings suggest that alternative cover soils should not be densely compacted, and should be
constructed with less plastic fine-textured soils when possible. Adopting both of these recommendations for cover soil selection
and placement will result in covers that undergo smaller changes in hydraulic behavior over time, and therefore will exhibit more
uniform performance over time.
Changes in the properties of geosynthetic materials have been less significant (except for geosynthetic clay liners). Wide-width
tensile strengths, melt flow indices, and oxidation induction times of the geomembranes have remained essentially unchanged
during the ACAP study. Small reductions (2x) in the transmissivity of geocomposite drainage layers have been observed. The
permittivity of the overlying and underlying geotextiles in geocomposite drainage layers has also diminished modestly (2-3x) due
to intrusion of fines. These changes are not significant enough to affect performance in the near term. However, performance
may be affected over decades or centuries, which can be important for wastes with very long life spans (e.g., radionuclides).
Interface shear strengths have remained essentially unchanged. However, appreciable reductions in the ply adhesion of
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geocomposite drainage layers have been observed at several sites, which may have implications for long-term stability.
Significant increases in the hydraulic conductivity of geosynthetic clay liners (GCLs) have been observed in some cases, even if
the GCL is covered by a geomembrane. The increases in hydraulic conductivity are due to replacement of native Na in the
bentonite with divalent cations (predominantly Ca, but also Mg) combined with dehydration of bentonite surfaces or lack of
sufficient hydration prior to cation exchange. For most sites where the GCL is covered by a geomembrane, low hydraulic
conductivity can be maintained by ensuring the subgrade water content is at least 10% and that the total cation charge per
mass (TCM) in the subgrade is less than 0.8 cmol+/kg. However, this recommendation does not ensure universal success. At
two sites where the GCL was covered with a geomembrane, preferential flow was observed in GCLs even though they were
sufficiently hydrated. The preferential flow paths appear to form in response to cation exchange in bentonite surrounding
bundles of needle-punching fibers.

Impacts
No answer has been submitted for this question.

Most Significant Benefit/Application
No answer has been submitted for this question.

Follow-Up
A draft final report for this project has been submitted. After review and revision, the final report needs to receive widespread
dissemination.
The findings from the study need to be published in peer-reviewed journals. Six journal manuscripts have been drafted from this
project and will be submitted for review and publication.
A webinar series should be developed to present the findings from this study to a broad audience.
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US Department of Energy
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D18 Executive Committee
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Board of Governors
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This project is a collaborative effort between the US Nuclear Regulatory Commission, US National
Science Foundation, US Department of Energy, US Environmental Protection Agency, and the
Environmental Research and Education Foundation. The Desert Research Institute of Reno, NV and
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PROJECT SUMMARY
Project Title:

Multi-Parameter, Remote Groundwater Monitoring with Referencing
Using Crossed Optical Fiber Fluorescent Sensor Arrays
Project I.D.:
WR06R001
Project Investigator: Peter Geissinger, Associate Professor, Department of Chemistry &
Biochemistry, University of Wisconsin-Milwaukee
Research Assistants: M. Veronica Rigo, Graduate Student (Ph.D. program)
Paul E. Henning, Graduate Student (Ph.D. program)
Both: Department of Chemistry & Biochemistry, University of
Wisconsin-Milwaukee
Period of Contract: July 1, 2006 – June 30, 2008
Background/Need: Real-time, in-situ measurements of general chemical and physical properties
of groundwater are essential for studying the interactions of aquifers with surrounding soils and
minerals. Furthermore, measuring contaminant concentrations continually over extended times
and spatially resolved is at the heart of investigations regarding the sources of contamination of
groundwater as well as the fate of these contaminants due to transport and chemical reactions.
This project focused on the application of our recently developed (and patented) optical fiber
sensor platform to groundwater monitoring issues.
Objectives: The goals of this project were to explore real-time, continuous measurement of pH
and dissolved oxygen concentration as first sensing applications. For long-term deployment,
sensor longevity, and ruggedness were important issues to be considered in the sensor design.
Methods: For measurement of the desired parameters at many locations using only a small
number of optical fibers, we create many sensor regions along an optical fiber. At desired
locations along the optical fiber, the fiber core is exposed by removing the original fiber cladding
and suitable replacement claddings containing sensor molecules are attached. Sensing is based
on changes of the fluorescence properties of sensor molecules. Light propagating inside of the
fiber interacts with the sensor molecules outside of the fiber through evanescent fields.
Fluorosensors located within the range of the evanescent fields are optically excited; subsequent
fluorescence emission is captured by the fiber and guided to the detector at the fiber end(s).
Spatially resolved readout is possible using pulsed-laser excitation and time-resolved detection;
the arrival times of the fluorescence pulses from the respective sensor regions encode their
locations. The spatial resolution improves dramatically by using two fibers that form orthogonal
fiber-fiber junctions; sensor regions are located between the fibers at these junctions. One fiber
carries the excitation light pulses, whereas the second fiber captures the fluorescence pulses and
guides them to the detector. Sensor molecules are covalently attached to a porous gel, which
replaces the original fiber cladding. This sensor active cladding is covalently attached to the core
of the fiber, which is functionalized with a hydrophobic, self-assembled monolayer. In addition
to providing attachment sites, this layer protects the fiber core from damage due to hydroxyl
penetration. This array constitutes a general, high-spatial resolution sensing platform, whose
functionality depends on the chosen sensor molecules.
Results & Discussion: A ruthenium complex was used to measure dissolved oxygen (DO)
concentration. Sensing is based on the luminescence quenching due to the presence of oxygen.
The dependence of the emission intensity on dissolved oxygen concentration is given by the
Stern-Volmer equation. A second sensor region was employed as a reference region, recording
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excitation laser pulse energies. Signal pulse energies were then divided by reference pulse
energies to exclude source fluctuations effects. The sensor was capable of a detection limit of
0.18 ppm DO, which is well below the concentrations found in (most) streams and lakes. The
sensor DO concentration resolution was 0.78 ppm at 4 ppm DO concentration and 0.82 ppm at
49 ppm DO concentration. The sensor was kept continuously submerged in (tab) water for more
than six month; after this time period the sensor response was at 83% of the initial values,
leading to a marginally poorer detection limit and resolution. We also monitored the dependence
of the luminescence emission lifetimes on the DO concentration (also given by the Stern-Volmer
equation). This measurement is advantageous because it is independent of pulse energies;
however, the lifetime measurement is more complicated (signal pulse deconvolution is required
for sensor molecules with lifetimes comparable to the excitation pulse widths). We found
virtually identical detection limits and sensor resolutions, showing that the use of the sensor
reference improves the quality of the pulse-energy-based measurement to that of the lifetimebased measurement.
To improve signal strengths either to allow for lower detection limits or for placing sensors at
larger distances from light source and detector, we explored integrating metal nanoparticles into
our sensors with the goal of exploiting the phenomenon of metal-enhanced luminescence, which
is due to the surface plasmon resonance of the nanoparticles. Initial results using silver nanorods
showed a fluorescence enhancement of a factor of 10 for DO measurement using a ruthenium
complex as sensor dye.
The dye fluorescein encapsulated in a hydrogel was used for pH sensing. Again, a pulse energy
reference sensor region was used to account for fluctuations of the pulse energies of the laser
light source. A pH-resolution of better than 0.05 pH-units in the region of the sensor dye’s pKavalue was found. While this sensor performed successfully, the need for improvement of sensor
response times (for pH sensing) became clear. We approached this issue by micro-templating
the fiber cladding material, this created a porous cladding material that allowed for rapid analyte
penetration and, consequently, for fast response times. Response times improved dramatically:
90% of the total signal change occurred within ~2s following a pH change.
Conclusions/Implications/Recommendations: We demonstrated that our fiber sensor platform
is suitable for measurements in aqueous environments using pH- and DO-sensing as examples.
These measurements were greatly improved by the capability of the platform of providing other
sensor regions in close proximity to pH- and DO sensor regions for pulse energy referencing. A
novel cladding containing engineered nanochannels improved sensor response times
substantially. With these sensor arrays, these measurements can be carried out continuously, in
real-time and at many locations!
Related Publications: M. Veronica Rigo, for research conducted within the framework of this
project, was recognized with the “Best Oral Presentation Award” at the University of Wisconsin
System Laboratory for Surface Studies Symposium (2008), the “Conference Poster Award” at
the 2007 International Meeting of the Federation of Analytical Chemistry and Spectroscopy
Societies, and a “Poster Prize” at the 2006 American Water Resources Association (Wisconsin
Section) Annual Meeting.
Key Words: Remote sensing, optical fibers, fiber sensor arrays, pH, dissolved oxygen
Funding: This work is currently funded by the UW-Milwaukee Research Growth Initiative.
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Introduction
The use of optical fiber sensors for monitoring groundwater contaminants was first suggested
twenty years ago by T.E. Hirschfeld [1]. Hirschfeld listed a number of arguments in favor of
optical fiber sensors for this purpose such as (1) that the insertion of fiber-optic probes into
groundwater can be accomplished with small diameter boreholes; (2) that the measurements take
place in-situ, avoiding sample contamination due to transport and delayed analysis; and (3) that
the monitoring takes place in real time. Measuring contaminant concentrations continually over
extended times and spatially resolved is at the heart of investigations regarding the sources of
contamination of groundwater as well as the fate of these contaminants due to transport and
chemical reactions.
In our optical fiber sensors (as in Hirschfeld’s and other subsequent measurements (see e.g. [2])),
sensing is based on changes of molecular fluorescence due to changes in the physical and
chemical environment or due to the presence of specific chemical compounds. Fluorescence
detection is an inherently sensitive technique, as (in principle) measurements can take place
against zero background. Moreover, not only can a change in fluorescence intensity be used for
sensing, but also changes in the maximum wavelength of fluorescence emission and changes in
the fluorescence lifetime. To detect non-fluorescent compounds, the fibers could be
functionalized with indicator molecules whose fluorescence properties change with binding of or
interaction with the analyte.
In contrast to Hirschfeld’s sensors, which are placed at the end of an optical fiber, we employ
many discrete sensor regions along an optical fiber (i.e. quasi-distributed sensing) [3,4] for
sensing. Sensor dyes are located in the fiber cladding in a suitable substance replacing the
original cladding. The light propagating through the fiber core under total internal reflection
conditions can interact with the sensor molecules outside of the fiber core through the evanescent
fields of the core modes. If a fluorescent molecule is present within the range of the evanescent
fields, it can be excited through the light in the fiber core; total internal reflection is attenuated in
this case. Subsequently, the fluorescence emitted by this molecule can be captured by the fiber
and propagate to the fiber ends under guided conditions! Spatially resolved readout is
accomplished using pulsed laser excitation and time-resolved detection: a laser pulse is coupled
into the fiber core and triggers a fluorescent pulse at a sensor region (see Figure 1). This
fluorescence pulse, after being captured by the fiber, travels back to the front-end of the fiber;
from the time delay τ d between the exciting pulse and the fluorescence pulse the location L of the
emitting fluorophore can be calculated according to L = ( c 2nco ) τ d , where c and nco are the speed
of light in vacuum and the refractive index of the fiber core, respectively. Each sensor region on
the fiber returns fluorescence pulses with its own characteristic time delay: the measured signal
Figure 1: Optical time-of-flight
detection for spatially resolved
readout of many sensor regions
supported by a single fiber. The
time delay between excitation pulse
and returning fluorescence pulse
encodes the locating of the emitting
sensor (see text).
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is a pulse train that encodes the location of all emitting sensors. This technique is known as
Optical Time Domain Reflectometry [5], or, more appropriately for fluorescence based
measurements, Optical Time-of Flight Detection (OTOF) [6].
This project focused on the application of our recently developed (and patented) optical fiber
sensor platform (see below for details) to groundwater monitoring issues. The goal was to
implement two fairly standard measurement tasks, namely pH and dissolved oxygen
concentration, which still are very relevant measurements given that on optical fibers the
measurements can take place continuously, in real-time, and at many remote locations.
Moreover, measurements in demanding environments such as groundwater are frequently
plagued by biofouling, which is the deposition of organic matter on the submerged probes. This
issue limits the time a sensor can be deployed. Therefore, we studied ways to protect the fiber
sensor from fouling and from damage from hydroxyls entering the fiber core through
microcracks (causing optical transmission losses to increase).
Procedures and Methods
Optical Setup: The spatial resolution, i.e. the minimum separation of adjacent sensor regions on
a fiber, is determined by the fluorescence lifetimes of the sensor molecules. For standard sensor
molecules, the spatial resolution is of the order of 2.5m or larger. To allow for point monitoring
of multiple parameters, we developed an optical fiber sensor array [7-9], which is based on the
evanescent coupling between two optical fibers forming orthogonal fiber-fiber junctions. The
sensor molecules are placed at this fiber-fiber junction. A laser pulse traveling through the first
fiber excites the sensor molecules at the junction through the evanescent fields; the subsequent
fluorescence pulse is captured – again through
evanescent fields – by the second fiber and
guided to the detector.
The merits are
illustrated when multiple fiber-fiber junctions
are considered (see Figure 2): along the
excitation fiber, which carries the excitation
laser pulse, the sensor regions may be spaced
by as little as a few millimeters; however, the
fluorescence pulses entering the second fiber
Figure 2: Fiber-fiber coupling scheme for
are delayed with respect to each other on the
improved spatial resolution (see text). Sensor
way to the detector using delay coils, restoring
regions are located at the fiber-fiber junctions.
full time- and, hence, spatial resolution.
A dye laser pumped by a pulsed nitrogen laser (pulse width 0.6 ns) was used to provide to
excited the sensor molecules; various photomultiplier tubes (PMT) were used to detect their
fluorescence. The PMT output was recorded by fast oscilloscope (bandwidth 1 GHz).
Sensing Mechanisms: Dissolved oxygen (DO) sensing is based on the luminescence quenching
of a ruthenium complex. A collision of an oxygen molecule with the ruthenium complex while
the latter is in its electronic excited state results in energy transfer from ruthenium to oxygen.
Thus, the ruthenium complex returns to its electronic ground state non-radiatively, which results
in a decrease of the luminescence signal. This process is described by the Stern-Volmer equation
I0
= 1 + K SV DO ,
I
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where Ĩ0 and Ĩ are the integrated ruthenium luminescence intensities in absence and presence of
O2, respectively, DO is the dissolved oxygen concentration, and KSV is the Stern-Volmer
quenching constant. In many cases, this equation also holds true for the luminescence lifetimes
τ0 and τ absence and presence of O2, i.e.

τ0
= 1 + K SV DO .
τ

pH-sensing is based on the protonation/deprotonation reaction of a dye (in our case fluorescein)
as the pH changes. Protonation/deprotonation changes the luminescence properties of the dye.
pH-sensing is most sensitive in the pH-range about the pKa-value (which indicates 50%
protonation).
Sensor Fabrication: To create a sensor region, the fiber core has to be exposed. First the outer
layers of commercially available fibers were removed with mechanical fiber strippers. The most
effective way of removing the fiber cladding was by burning in a flame. Fiber core images
recorded with a scanning electron microscope verified that most of the cladding is removed with
the technique and that the fiber core is undamaged.

The next step is to functionalize the exposed fiber core with a self-assembled, hydrophobic
monolayer. This layer protects the fiber core from hydroxyl penetration and creates a reactive
surface that is used to covalently attach sensor-active fiber claddings. The latter encapsulate the
sensor molecules. Alternatively, sensor molecules may be covalently attached to these
claddings, as long as the attachment does not negatively affect their fluorescence properties.
Figure 3 shows the steps for the fabrication of the DO sensor. Coating solutions were created by
mixing the cladding material (poly(ethylene glycol) diacrylate 575 (PEG-DA)), a crosslinking
agent and a photoinitiator. This solution had a refractive index of 1.3814 at 20° C, thus
maintaining the light-guiding properties of the optical fiber. Separate solutions of dichlorotris (1,
10-phenanthroline) ruthenium (II) (RuPhen - the oxygen sensor dye) and Rhodamine 110 (Rh110
- the intensity reference dye,) in ethanol were made. Each fluorophore solution was added to the
PEG-DA 575 solution to make a
1:10 (v/v) mixture. Exposure to
UV radiation (wavelength 365
nm) initiated crosslinking and
attachment to the monolayer on
the fiber core. The pH-sensor
was created in a similar fashion.
The commercially available dye
fluorescein was derivatized to
allow for covalent attachment to
Figure 3: DO sensor fabrication scheme (for details see text).
PEG-DA.
Results & Discussion
Leaching: We tested the degree of encapsulation of RuPhen and Rh110 in the cladding material.
Based on the molecular size of Rh110 and RuPhen the best matrix candidates are PEG-DA with
a molecular weight of 575 or/and PEG-MA with a molecular weight of 1000. The higher the
polymer molecular weight, the more hydrophobic and porous it becomes. The fiber was
submerged in water and the degree of dye leakage out of the cladding was monitored by
monitoring the change the fluorescence intensity every ten minutes for two days. We found that
8

an increase in the dye leaching occurs as the matrix molecular
weight increases. This can be understood in terms of the
increasing porosity and decreasing hydrophobicity of the
matrix as the molecular weight increases. Addition of the
crosslinker and photopolymerization greatly reduced the dye
leakage; after an initial loss of dye of ~ 20%, the fluorescence
signal remained constant. However, as crosslinking decreases
the matrix porosity, the sensor response times may be
affected. Clearly, when possible, covalent attachment is
preferable, as shown with the dye used for pH sensing.

Figure 4: DO sensor response

Sensor Response Times: Figure 4 shows the response of the time in N2 and O2 saturated media.
DO sensor to repeated changes between a nitrogen and
oxygen environment by bubbling nitrogen through the water in the cell containing the fiber
sensors. The calculated transition times are of the order of 5 seconds; however we believe that
the actual sensor response times are shorter, because changing between oxygenated and
deoxygenated environments is not instantaneous due to the filling times of the attached tubing
and due to the time required for the diffusion of oxygen to and away from the sensor sites. Thus,
the given response times constitute an upper limit.

The response times of the pH-sensor, however, were disappointing: upon change of pH from 4.0
to 6.4, the fluorescence signal increased only gradually; for full equilibration, two hours were
required in a static solution (i.e. no stirring - see Figure 5)! A different approach was required to
dramatically improve the sensor response times: we decided to employ a nano/microsphere
templating approach to engineer nano/microscale channels into the cladding material for
improved analyte penetration. Polystyrene spheres (diameter 950 nm) were mixed with the
matrix polymer, crosslinking agent, and photoinitiator. This slurry was placed onto the fiber
core. After brief exposure to UV radiation, the slurry hardened. Subsequently, the polystyrene
beads were removed with toluene, leaving behind a network of micro- and nanoscale channels
(see Figure 7), which allow for easy analyte penetration to the sensor molecules. Figure 6 shows
the response of the pH-sensor in a nano/microtemplated cladding to a series of pH-changes. It
can be seen that there is now an initial fast response to pH-changes; most of the total signal
change occurs during this time period! Full equilibration is reached after 15 minutes.
Fiber
Remnant

Figure 5: Sensor response time to
a pH-change from 4.0 to 6.4.

Figure 6: Response of the pH-sensor Figure 7: SEM image of a
templated fiber junction.
in a microtemplated cladding.
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Calibration Curves: The sensor response to a series of DO concentrations was determined from
the ratio of the fluorescence intensity of RuPhen to that of Rh110; this ratio is denoted Ĩ. The
total sensor sensitivity can be expressed by the overall quenching response to dissolved oxygen
(QDO) given by
~
~
I N 2 − I O2
QDO =
× 100% ,
~
IN2

where ĨN2 and ĨO2 represent referenced intensities in fully
deoxygenated and fully oxygenated water, respectively.
The higher the QDO-value, the better is the sensor
sensitivity. For sensor molecules encapsulated and/or
attached to polymers, the QDO-value is dependent on the
polymer material composition. While hydrogel films
demonstrated a good performance for sensing oxygen
gas, their performance for DO sensing was expected to be
different. Oxygen has a relatively low solubility in water
(0.00425 g in 100 g of water at 21° C, 1 atm), which
implies that there is a reduced number of oxygen Figure 8: Referenced luminescence
molecules in air-equilibrated water compared with air intensity (blue, left axis) and lifetime
under ambient conditions.
Tailoring the matrix (green, right axis of the RuPhen sensor
composition alleviates this problem and increases QDO. for different DO concentrations [ppm].
The chemical fabrication of the PEG-DA hydrogels
allows for manipulating the physicochemical properties of this material by varying the amount or
type of reactant used in its synthesis. A less hydrophilic film should enhance the DO sensing
process by reducing water solubility in the matrix, causing the partitioning of oxygen out of the
solution to the matrix, thus increasing the accessibility of oxygen molecules to RuPhen sensor
molecules. In particular, addition of the crosslinker increases the hydrophobicity of the PEG-DA
575 hydrogel film, which leads to an enhancement in the quenching response, resulting in a
value of QDO= 83% (see Figure 8). It is important to mention that the addition of the crosslinker
increases the refractive index of the hydrogel cladding. Thus, there is a limit to the amount of
crosslinker that may be added, because the refractive index of the hydrogel clad nclad has to
remain smaller than that of the core, i.e. nclad < ncore, to preserve the guiding conditions of the
optical fiber.
Figure 8 shows the referenced RuPhen luminescence
intensity and excited state lifetime vs. DO concentration
(the sensor and reference were submerged in water). Both
quantities decrease with increasing oxygen concentration
in accordance with the Stern-Volmer equation. To better
illustrate this, both quantities were plotted as I0 I − 1 and
τ 0 τ − 1 vs. DO concentration in accordance with the
Stern-Volmer equation (see Figure 9). The dash-dotted
line represents the best linear fit generated by the leastsquared method. The sensor has a good linearity over the
whole range of DO concentration tested, which may
indicate negligible matrix heterogeneity effects. The good
10

Figure 9: Stern-Volmer plot of the
referenced intensity and lifetime for
the DO sensor in the aqueous phase.

QDO value and the linearity in the Stern-Volmer plot may result from the structure and
hydrophobic nature of the film used in the sensor preparation.
The sensor sensitivity, i.e. the change of the luminescence intensity per unit DO concentration
change, depends on DO concentration; as the Stern-Volmer equation shows, the sensor
luminescence intensity I depends on DO concentration as DO-1. Thus, the sensor resolution, R,
which is the smallest measurable DO concentration change, also depends on DO concentration.
It is important to note that the sensor sensitivity and resolution increase with decreasing DO
concentration. Therefore, the sensor performs best at the lowest DO concentrations. We found
at 4 ppm DO concentration a resolution of R= 0.78 ppm, whereas at 49 ppm DO concentration
the resolution was R= 0.82ppm. The DO detection limit was found to be 0.18 ppm.
The calibration curve for the pH sensor in a nano/microtemplated cladding was established by
placing the fiber-fiber junctions into a series of buffer
solutions. Although the emission intensity of the
fluorescein sensor dye was usually stable, the use of an
intensity reference improved the sensor accuracy. In this
case, the reference signal was detected by directing part
of the laser pulses towards a photodiode detector, before
the laser pulses were coupled in the fiber. Figure 10
shows the calibration curve (emission intensity divided
reference intensity vs. pH) with a sigmoidal fit curve,
which also allowed for the extraction of the pKa value,
which was found to be pKa = 7.07 ±0.04. Hysteresis
effects were small, i.e. there were minor signal Figure 10: pH-sensor calibration
differences for measurement sequences from low to high curve (see text for details).
pH vs. sequences from high to low pH.
From the calibration curve (Figure 10), it is obvious that the sensor is most sensitive (i.e. has the
largest signal change for a unit pH change) in the pH region around the pKa value.
Consequently, the pH resolution is highest in this pH region as well; we determined a pH
resolution of 0.03 pH units within the range of pKa ± 0.5 and a pH resolution of 0.07 pH units
within the range of pKa ± 1.0.

Figure 11: Fluorescein emission pulse
shapes for different pH values.

In addition to emission intensity changes, fluorescein
also exhibits a decrease of the fluorescence lifetimes
with increasing pH. Figure 11 shows a series of
signal pulses vs. time for different pH values,
showing that fluorescence lifetime measurements can
serve
as
alternative,
intensity-independent
measurement method for pH. As the fluorescence
lifetimes (~ 10 ns) – which are much shorter than
those of RuPhen – are close to the laser pulse width,
deconvolution of the measured signal pulse shapes is
required to extract the correct fluorescence lifetimes.
This is complicated by the PMT ringing (see Figure
11) at the tails of the emission pulses. PMT ringing is
an artifact inherent in PMTs. However, we are
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currently implementing time-correlated single photon counting measurements, which are
insensitive to this artifact and allow for detection of the lowest light levels.
Sensor Reversibility, Repeatability, Longevity: We used the cycle-purging method to check the
reversibility of RuPhen DO sensor physically entrapped in the PEG-DA 575 hydrogel matrix.
The referenced sensor intensity Ĩ was plotted during several oxygenation/deoxygenation cycles
(Figure 12). Upon switching from nitrogen-saturated to oxygen-saturated solution, the
referenced intensity Ĩ decreased with an increase of DO concentration as expected. This process
was repeated multiples times with no significant change in Ĩ between the initial nitrogensaturated solution, indicating complete reversibility and repeatability of the sensor.

Figure 12: Reversibility of the DO
sensor in the PEG-based hydrogel
for alternating DO concentrations.

Figure 13: DO sensor - referenced
intensities vs. DO concentration
after six months submerged in water.

The DO sensor was
submerged continuously
in (laboratory) water for
more than six months.
Figure 13 shows the
referenced
emission
intensities
vs.
DO
concentrations after this
time period. There was
no performance degradation, as shown by the
unchanged QDO-value
of 83%!

The pH-sensor was also tested for repeatability. Twenty
replicate measurements were made for four different pHvalues (see Figure 14). The sensor proved to produce
stable results. The dye fluorescein is known for being
photolabile, that is, it tends to decompose after prolonged
exposure to resonant light. While most energy relaxation
takes place via photon emission (which provide our sensor
signal), the occasional non-radiative relaxation does occur,
which means that excitation energy is released as heat.
We observed this effect in earlier measurements with
Figure 14: pH sensor repeatability.
physically entrapped fluorescein molecules, which have to
Referenced emission intensity vs.
store this energy internally, which in turn could lead to
number of replicate measurements.
decomposition. Covalent attachment of fluorescein to the
hydrogel matrix, however, appears to improve the
photostability of fluorescein; the excitation energy absorbed by fluorescein when optically
excited can be released as heat to the hydrogel matrix through the attachment bond. Further
measurements are needed to quantify the improvement of the sensor stability due to the covalent
attachment.
Sensor Specificity: The DO response sensor was tested in present of different anions, cations
reducing and oxidizing agents as well as in the presence of proteins to determine the possible
interferences to the DO measurement. The results are shown in Figure 15. The DO sensor
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Figure 15: Effect of several anions, cations,
reducing and oxidizing agents, and proteins
on the sensor performance. The arrows
indicate the times when the respective.
potential interferent was introduced in the
water bath containing the DO fiber sensor.

response was affected by the presence of F- and Fe+3. Non-covalent interactions between the
fluorescent sensor and native proteins (Bovine Serum Albumin) were investigated, which is
important in cellular environments. These plots also show that the encapsulation of RuPhen in a
biocompatible material reduces dye toxicity and minimizes biofouling.
The response of the pH
sensor was tested for a
possible dependence on
the ionic strength of the
surrounding
aqueous
solution.
Calibration
curves for two different
ionic strengths were
obtained (see Figure 16).
We found that the pH
Figure 17: Polystyrene nanomeasurement is in fact
Figure 16: pH sensor calibration sphere templates synthesized in
independent of ionic
curves for two values of solution our lab for sensor cladding
strength. Thus, the pH
ionic strength. No effect can be seen. fabrication with nanochannels.
measurement does not
have to be corrected for ionic strength; future arrays will contain separate sensor regions for
measuring ionic strength.
Ongoing Research and Future Work:

(a) Cladding materials with engineered channels for rapid analyte penetration
Because of the dramatic improvements in the sensor response times when using a cladding with
engineered micro- and nanochannels, we will continue to improve the templating strategy.
Starting point are the polystyrene spheres. While the first set was acquired commercially, we
have begun to synthesize our own spheres (see Figure 17). This allows us to systematically vary
sphere diameter and also sphere diameter distributions. It is anticipated that a broader
distribution of bead diameters leads to more continuous channel networks, thus improving
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analyte penetration and, consequently, sensor response times. We will also use different
polymers to form the cladding “scaffold” once the spheres have been removed. Moreover, we
will develop strategies for covalently attaching other fluorescent sensor dyes to the walls of the
nanochannels for improved analyte access, and, consequently, for improved sensor responses.
(b) pH-sensor improvement
To extend the range of pH values that
can be measured with our fiber sensor
arrays, we have begun synthesizing
derivatives of fluorescein with different
pKa values. This is accomplished by
varying one single side group (see Figure
Figure 18: Fluorescein derivatives and their pKa values. 18). Thus, by creating several sensors
regions (which is easily accomplished within our fiber sensor platform), a significantly wider pH
range may be probed. All of these derivatives can be covalently attached to avoid dye leaching
and to increase photostability.
(c) Dissolved oxygen sensor improvement
The oxygen-quenching process – i.e. the mechanism used for oxygen sensing – is temperature
dependent. Thus, the sensor response must be corrected for temperature effects to allow for
quantitative remote DO concentration measurements in environments experiencing wide
temperature variations. We recently began testing a fluorescent dye as temperature sensor. The
dye is enclosed in an oxygen impermeable polymer nanoparticle to exclude any effect of oxygen
on this sensor. The temperature sensor will be added to our fiber sensor arrays. Furthermore, we
are planning to add sensor regions that monitor the concentration of substances that were
identified as interferents of the DO measurement. With these sensor responses, the DO response
can be corrected for increased accuracy.
Finally, using the DO sensor as example, we began
implementing a strategy of increasing the luminescence of
sensor dyes. This is accomplished by adding to sensor
regions metal nanoparticles at well-defined distances (~ 8-10
nm) from the sensor dyes. When the free electrons of the
metal nanoparticles are excited at their surface plasmon
resonance frequency, the electromagnetic field at the sensor
dyes is enhanced. This leads to enhanced absorption and/or
enhanced emission of a dye molecule, if the nanoparticle
sizes are chosen appropriately. We constructed a DO sensor
fiber-fiber junction that meets these requirements; we found
Figure 19: Luminescence enhancethat silver nanorods separated by four spacer layers from
ment factor η (blue) for RuPhen vs.
RuPhen (the thickness of one spacer layer is 2 nm),
number of spacer layers between
produced an almost ten-fold luminescence enhancement of
RuPhen and silver nanorods.
RuPhen! This is shown in more detail in Figure 19, where
the luminescence enhancement factor η is plotted vs. the number of spacer layers; for four spacer
layers there is a clear maximum (blue curve) in the luminescent enhancement. This emission
enhancement should translate into lower detection limits and/or the ability of placing sensor
farther along the fiber from the light source and detector. We will continue this promising line of
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investigation with the goal of further improving the enhancement factor for different
nanoparticles shapes and sizes and for other sensor dyes.
(d) Sensor platform improvement
We will continue to develop the fiber sensor platform for sensing of many parameters in aqueous
environments. The next steps are the addition of sensor regions for temperature and ionic
strength measurements (see above). Furthermore, we are currently assembling a highly sensitive
detection scheme (time correlated single photon counting) that allows for detection single photon
and precisely measure their arrival times at the detector. This promises much improved
detection limits and precise determination of luminescence lifetimes.
Conclusions and Recommendations

We demonstrated the suitability of our fiber sensor platform for use in aqueous environments.
The performance of a dissolved oxygen sensor and a pH sensor were carefully evaluated with
regard to detection limits, resolution, interferents, repeatability, and longevity. The response
time of the pH sensor was improved dramatically using engineered cladding materials containing
nano- and microscale channels for improved analyte penetration. The “scaffold” material around
these channels was for optimized for longevity in aqueous environments; the dissolved oxygen
fiber sensor was submerged continuously in water for six months and showed not performance
degradation. These are very promising results for future long-term deployment of fiber sensor
arrays into ground and surface waters. Further improvement of our sensor platform is ongoing.
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The “Lighter” Side of Communication: Connecting the World with Optical Fibers
Peter Geissinger
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High Spatial Resolution Optical Fiber Sensor Arrays
Peter Geissinger
Department of Chemistry Colloquium
University of Wisconsin-Whitewater
Whitewater, WI, U.S.A., February 23, 2007
The “Lighter” Side of Remote Sensing: Distributed Optical Fiber Sensing using Fiber-Grid
Arrays and Metal-Enhancement Effects
Peter Geissinger
.

The Science Bag Public Lecture Series
University of Wisconsin-Milwaukee
Milwaukee, WI, U.S.A., January 5, 12, 14, 19, 26, 2007
The “Lighter” Side of Communication: Connecting the World with Optical Fibers
Peter Geissinger and Robert J. Olsson
Department of Chemistry Colloquium
University of Missouri – Columbia
Columbia, MO, U.S.A., October 6, 2006
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The “Lighter” Side of Remote Sensing: Distributed Optical Fiber Sensing using Fiber-Grid
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M. Veronica Rigo and Peter Geissinger
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Milwaukee, WI, U.S.A., August 21, 2008
Plasmonic Optical Fiber Sensors
M. Veronica Rigo and Peter Geissinger
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Federation of Analytical Chemistry and Spectroscopy Societies
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Fabrication of Porous Optical Fiber Claddings for Crossed-Fiber Sensor Arrays Using
Microsphere Templating
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Using Microsphere Templating
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Laboratory for Surface Studies Summer Symposium
University of Wisconsin-Milwaukee
Milwaukee, WI, U.S.A., August 21, 2008
Absorptivity of a Dye-Doped Hydrogel Matrix for Optical Fiber Sensor Applications
Megan Schultz and Peter Geissinger

17

Laboratory for Surface Studies Summer Symposium
University of Wisconsin-Milwaukee
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Optical Fiber Sensors for Real-Time, Remote, and Spatially Resolved Oxygen Sensing
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Surface Plasmon Resonance Optical Fiber Platform for Real-Time Oxygen Sensing
M. Veronica Rigo and Peter Geissinger
Laboratory for Surface Studies Summer Symposium
University of Wisconsin-Milwaukee
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19

University of Wisconsin-Milwaukee
Department of Chemistry Student Award Day Research Poster Session
Milwaukee, WI, U.S.A., May 3, 2007
Metal-Enhanced-Fluorescence Optical Fiber Oxygen Sensor Using Silver Nanostructures
M. Veronica Rigo and Peter Geissinger
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PROJECT SUMMARY (Two pages maximum):
Title: Geochemical characterization of sulfide mineralization in eastern Wisconsin carbonate rocks
Project I.D.: University of Wisconsin System (UWS) Project number WR07R004
Investigators:
Principal Investigators:
Dr. John Luczaj, Assistant Professor; Dr. Michael McIntire, Assistant Professor
Department of Natural & Applied Sciences
University of Wisconsin – Green Bay
Green Bay, WI 54311
Undergraduate Research Assistants:
Andrew Steffel, Research Assistant; Andrea Duca, Research Assistant
Earth Science Majors
Department of Natural & Applied Sciences
University of Wisconsin – Green Bay
Green Bay, WI 54311
Period of Contract: 7/1/2007 – 6/30/2008
Background/Need:
Characterization of geologic factors affecting groundwater movement, contamination, and aquifer
recharge was a stated research priority by the University of Wisconsin System in the Joint Solicitation for
Groundwater Research & Monitoring Proposals document for fiscal year 2008.
The chemistry of groundwater systems is controlled in part by the composition of the host rock.
Groundwater in eastern Wisconsin carbonate rocks has the potential to be in direct contact with
significant quantities of sulfide minerals because of their petrographic location in the host rocks. Sulfide
minerals are often found coating the walls of joints, faults, and interconnected vugs in these dolostones.
Oxidation of these sulfide minerals has been shown to be the major source of arsenic and other metals of
concern in eastern Wisconsin (e.g., Thornburg and Sahai, 2004; Johnson and Riewe, 2006). Because
interconnected fractures and bedding planes are important groundwater conduits in carbonate aquifers, the
composition of minerals coating these fractures is an important control on groundwater quality.
Objectives:
The objective of the project was to characterize the trace metal composition of the carbonate (and other)
rocks from outcrops, quarries, and drill cores in northeastern Wisconsin to gain a better understanding of
potential sources of arsenic and other metals of concern.
This information will improve our understanding of the regional, stratigraphic, and petrographic
distribution of these elements in the different Paleozoic strata of eastern Wisconsin. These activities will
help to create a baseline for follow-up studies and help determine future impacts of arsenic and other
metals in Wisconsin’s groundwater.
Methods:
Samples were obtained by field work in quarries and at outcrops, from several drill cores, and from
existing collections held by the principal investigator. Most field work was performed in Summer 2007,
although additional sampling was performed in early Summer 2008. Drill cores that became available in
Spring 2008 also benefited the study. The majority of samples used in the study were from various
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localities in Marinette, Oconto, Brown, and Shawano counties. Additional samples from several other
eastern Wisconsin counties supplemented the study.
Both biased and unbiased sampling methods were used to collect samples for chemical analysis. Samples
that were representative of the stratigraphic horizon or those that were taken at random are labeled as
“Bulk” specimens. In contrast, sampling that was deliberately biased in an attempt to analyze the most
metals-rich materials are labeled as “Concentrate”. Samples were submitted to ALS-Chemex in Thunder
Bay, Ontario, Canada for Conventional 35-element ICP-AES Analysis after Aqua Regia Digestion to
obtain metal concentrations. Petrographic investigations in May 2008 using a Scanning Electron
Microscope (SEM) with Energy Dispersive Spectroscopic (EDS) capabilities allowed further
characterization of the petrographic distribution of trace metals in the rocks.
Results and Discussion:
Three principal observations have been made during this research. First, it is apparent that the sulfide
mineralization observed in Winnebago and Outagamie counties does indeed extend northward into
Brown, Shawano, Oconto, and Marinette counties. This mineralization contains metals of concern similar
to those in Winnebago and Outagamie counties.
Second, in all of the samples examined in the SEM, none displayed separate mineral phases for arsenic,
such as arsenopyrite. However, in one sample, a nickel-iron sulfide phase was identified, suggesting that
the distribution of at least some metals of concern is not restricted entirely to the occurrence of pyrite or
marcasite (FeS2).
Third, the distribution of sulfide minerals in the host sedimentary rocks of the region is heterogeneous,
but stratigraphically predictable in the region. In addition to the well-documented Sulfide Cement
Horizon (SCH) below the base of the Platteville Dolomite, other stratigraphic horizons display a
predictable occurrence of sulfides, especially the base of the Silurian Mayville Dolomite and the top of
the Maquoketa Shale or Neda Formation.
Conclusions/Implications/Recommendations:
This study provides two major conclusions, both of which can be applied to better understand the water
quality in the region. First, the sulfide mineralization observed in Winnebago and Outagamie counties
does indeed extend northward into Brown, Shawano, Oconto, and Marinette counties. In addition,
abundant quantities of sulfides appear near the contact between the Silurian Mayville Formation and the
underlying Maquoketa and/or Neda formations east of the Niagara escarpment. While most water quality
issues in wells east of the escarpment are the result of bacteria and nitrate contamination, the possibility of
metals contamination might exist for wells that reach a total depth near or at this stratigraphic horizon.
Future water quality studies should focus on these two mineralized stratigraphic horizons, as it seems
likely that similar water quality problems should exist near the outcrop belts of these rocks.
Related Publications: None at present (Poster is planned for 2009 Wisconsin Section of AWRA, with
peer-reviewed journal manuscript to be submitted at a later date).
Key Words: arsenic, nickel, iron, metals, sulfide, pyrite, stratigraphic, northeast Wisconsin, carbonate,
sulfide cement horizon, Neda Formation, Sinnipee Group, Prairie du Chien Group, Silurian, Ordovician
Funding: University of Wisconsin System (UWS) Project number WR07R004
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INTRODUCTION
Much attention has been given to the problem of arsenic contamination in groundwater from northeastern
Wisconsin. The focus of previous research (e.g., Pelczar, 1996; Johnson and Riewe, 2006; Burkel and
Stoll, 1999; Schreiber et al., 2000; Schreiber et al., 2003; Gotkowitz et al., 2003; Thornburg and Sahai,
2004) has been to characterize the distribution of arsenic in well waters and aquifer rocks, primarily in
parts of Winnebago and Outagamie Counties. Little information is known about the trace element
signature of the carbonates in those two counties that also host these sulfide minerals (pyrite, marcasite,
galena, sphalerite, and others). Even less is known about the potential for arsenic and other metals
contamination in Paleozoic rocks from other areas, such as those along the northern part of this outcrop
belt in Marinette, Oconto, and Shawano Counties. With parts of northeastern Wisconsin expecting
significant population growth over the next 25 years (Egan-Robertson et al., 2004), a better understanding
of potential sources of groundwater contamination is needed, especially in rural areas where domestic
well supplies are prevalent. It is apparent from existing well data that arsenic contamination exists in
areas outside of Winnebago and Outagamie Counties, even in areas away from the St. Peter Sandstone
outcrop belt (e.g., Johnson and Riewe, 2006). However, because of fewer wells and more limited
screening for arsenic and other metals of concern in these areas, it is unclear whether the potential for
arsenic and other metals contamination differs from the well-studied area in Winnebago and Outagamie
Counties.
Luczaj (2000, 2006) characterized the ancient hydrothermal groundwater flow system responsible for
water-rock interaction in eastern Wisconsin Paleozoic rocks. This ancient system was responsible for
precipitation and replacement of a suite of Mississippi Valley-type (MVT) sulfide minerals that includes
pyrite, marcasite, galena, sphalerite, millerite, and chalcopyrite. It is this hydrothermal system that
precipitated the arsenic and nickel-bearing sulfide minerals in the region, including those in the
uppermost meter of the St. Peter Sandstone.
Field, petrographic, and geochemical evidence suggests a link between the late-stage dolomite, trace
MVT minerals, and authigenic potassium (K)-silicate minerals in eastern Wisconsin rocks, which
preserve a regional hydrothermal signature. Constraints placed on the conditions of water-rock interaction
using fluid-inclusion techniques indicate replacement and precipitation of dolomite, quartz, and sphalerite
between 65 and 120°C in the presence of dense brines with salinities between 13 and 28 weight %, NaCl
equivalent (Luczaj, 2000, 2006).
The chemistry of a groundwater system is controlled in part by the composition of the host rock.
Groundwater in eastern Wisconsin carbonate rocks has the potential to be in direct contact with
significant quantities of sulfide minerals, depending upon their abundance and spatial distribution in the
host rocks. Sulfide minerals are often found coating the walls of joints, faults, and interconnected vugs in
these dolostones. Oxidation of these sulfide minerals has been shown to be the major source of arsenic
and other metals of concern in eastern Wisconsin (e.g., Gotkowitz et al., 1996; Thornburg and Sahai,
2004; Johnson and Riewe, 2006). Because interconnected fractures are important groundwater conduits
in carbonate aquifers, the composition of minerals coating these fractures is an important contributing
component of groundwater quality.
This study had three principal objectives. The first objective was to examine the stratigraphic and
regional distribution of sulfide mineralization in Paleozoic rocks throughout northeastern Wisconsin
(Figure 1). While the carbonate portions of the section received the most attention, sampling of
sandstones, shales, and iron formation (Neda) was also conducted. The primary sources of rock samples
were quarries and outcrops. This effort was supplemented by examination of numerous drill cores from
throughout the region that became available after the project funding was awarded. Additional samples
from an existing collection held by principal investigator Luczaj were also incorporated, where
appropriate. The rocks examined and analyzed ranged in age from Cambrian through Silurian,
representing most of the stratigraphic range of Paleozoic sedimentary rocks in the region.
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Figure 1. A (left). Generalized Stratigraphic column for northeastern Wisconsin (modified after
Luczaj, 2006). B (right). Map showing the locations of samples analyzed in this study.
The second objective included Scanning Electron Microscopy (SEM) with Energy Dispersive
Spectroscopy (EDS). This technique was used to explore the chemistry and petrographic distribution of
metal sulfide minerals and associated minerals in 18 selected samples.
The third objective was to characterize the bulk geochemistry of both representative and nonrepresentative (sulfide-rich or otherwise visually biased) samples. In total, 212 samples were submitted
for 35 Element Aqua Regia ICP-AES analysis by ALS Chemex in Thunder Bay, Ontario. Unanticipated
delays occurred due to negotiation with a major corporation to obtain core samples and locations. In
addition, the final round of analytical results was not received until September 2008 due to unexpected
laboratory delays.
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PROCEDURES AND METHODS
Design of a sampling strategy was affected by two major limitations. First, the distribution of outcrop
and core samples is not random in either the stratigraphic or the regional sense. Outcrops in the region
are more common near either the Silurian or the Ordovician escarpments. Quarry locations also tend to
be preferentially distributed near the base of the Silurian Mayville Formation, near the base of the
Platteville Formation, and near the base of the Prairie du Chien Group carbonates. This outcrop
distribution leads to a biased stratigraphic sampling. A second limitation is that physical access to
samples near quarry high walls is often restricted for safety reasons related to MSHA regulations. We
made reasonable attempts to sample multiple stratigraphic levels where possible.
We collected and processed two principal types of samples. Samples that were representative of the
stratigraphic horizon or those that were taken at random are labeled as “Bulk” specimens (See Appendix
B1). In contrast, sampling that was deliberately biased in an attempt to analyze the most metals-rich
materials are labeled as “Concentrate”. Bulk samples collected were typically 1-2 kilograms, except for
drill cores, which had a mass of at least 0.25 kilogram. Specimens labeled as “Concentrate” were as large
as possible, but generally were at least 0.2 kilogram.
Two methods were employed to investigate the chemical composition of the rocks:
1. Digestion of whole-rock samples was performed by ALS Chemex of Thunder Bay, Ontario using
Conventional 35-element ICP-AES Analysis after Aqua Regia Digestion. The results of these
analyses yielded concentrations for 35 different elements, including arsenic (As), cadmium (Cd),
cobalt (Co), chromium (Cr), copper (Cu), nickel (Ni), lead (Pb), zinc (Zn), molybdenum (Mo),
and vanadium (V). This suite of elements was chosen because it is part of a standard ICP-AES
analysis package supplied by commercial labs. Additional “overlimit” analyses, conducted with
standard laboratory methods, were required for certain samples in which sulfur (S), iron (Fe), and
phosphorous (P) exceeded instrument limits. Results for all analytical work are available in
Appendix B.
2. Selected polished rock sections and crystal-lined vugs were analyzed with a Scanning Electron
Microscope (SEM) with Energy Dispersive Spectroscopy (EDS) available at UW Green Bay.
This technique was used to explore the chemistry and petrographic distribution of metal sulfide
minerals and associated minerals in 18 selected samples. While the instrument available had Xray mapping capability, the specimens for which this was attempted did not show significant
concentrations of trace elements.
RESULTS AND DISCUSSION
The Paleozoic stratigraphic section (Figure 1) was divided into six principal stratigraphic units for this
study. They are the Cambrian sandstones, the Prairie du Chien Group (PDC) carbonates, the Ancell
Group sandstones and shales, the Sinnipee Group carbonates, the Maquoketa Shale/Neda Ironstone, and
the Silurian carbonates. Multiple samples from each of these stratigraphic units were included in the
study, with an emphasis on the carbonate portions of the section.
Field and Core Observations
Observations made at quarries and outcrops clearly indicate that the trend of sulfide mineralization
observed in Winnebago and Outagamie counties definitely extends northward into Brown, Shawano,
Oconto, and Marinette Counties. The sulfide mineralization was dominated by pyrite or marcasite (FeS2
polymorphs), but sphalerite (ZnS), chalcopyrite (CuFeS2), and galena (PbS) were also observed in hand
specimens.
The distribution of sulfide minerals in the host sedimentary rocks of the region is heterogeneous, but
stratigraphically predictable in the region. Regionally, the unit with the most sulfide mineralization was
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the top of the Ordovician Ancell Group (St. Peter and Glenwood formations). This zone of concentrated
iron sulfide mineralization, known as the Sulfide Cement Horizon (SCH), is exposed on the floor or in
sump trenches in several quarries in Shawano, Oconto, and Marinette counties. Nodules and
intergranular cements of FeS2 are abundant where this group of rocks is exposed. A thin (~10-50 cm)
layer of dark brown shale above the St. Peter Sandstone is interpreted to be the Glenwood Shale. It
contains abundant fine-grained sulfides, including pyritized arthropod and bryozoan fossils in some
quarries.
The next most mineralized zone is the contact between the Silurian Mayville Dolomite and the underlying
Ordovician Maquoketa Shale and Neda Formations. Where present, the Upper Ordovician Neda Ironstone
and related strata appear to have sulfides associated with the upper extent of those units. In places, the
mass of sulfides is striking, with large (10-40 cm thick) accumulations of pyrite easily identified. This
sulfide mineralization often extends in to the lower few meters of the Silurian Mayville Dolomite. In at
least one case, a local quarry operator has problems with the “aesthetic” quality of aggregate materials
due to rust stains from weathering of pyrite fragments in asphalt and concrete products. This interval is
best exposed in quarries and natural outcrops along Scray Hill in the towns of Ledgeview and Glenmore,
southeast of Green Bay. Significant, but lesser amounts of pyrite are present at this contact and within the
upper part of the Maquoketa Formation where the Neda Formation is missing.
The Ordovician Sinnipee Group carbonates contained significant quantities of metal sulfides, even at
stratigraphic intervals farther away from the SCH in the Ancell Group. Sulfide mineralization was
abundant along hardgrounds (a carbonate depositional surface), in vertical fractures and joints, and as vug
fillings and intercrystalline cements (Figure 2). The mineralization was recognized throughout the
Sinnipee Group, and some vertical fractures were mineralized by pyrite and calcite cements throughout
50+ feet of vertical exposure.
The carbonate units with the least amount of mineralization are the Silurian dolostones and the Prairie du
Chien Group (PDC) dolostones. Some minor mineralization was identified in the PDC Group, especially
in an outcrop and quarry south of New London on Highway 45. Chalcopyrite, pyrite, and galena were
observed at this location along with a number of other non-sulfide minerals. Cores and outcrops of the
Silurian dolostones indicate that most sulfides are restricted to the lower few meters of the Mayville
Formation.
Scanning Electron Microscopy
Eighteen samples of polished rock slabs or crystal-lined vugs were carbon coated before analysis in an
SEM with EDS capabilities at UW Green Bay. The main focus of the SEM work was to identify whether
or not separate mineral phases could be identified for metals of concern or if FeS2 phases (pyrite or
marcasite) were the likely host materials for certain metals.
Separate mineral phases containing Zn, Pb, Ni and Cu were identified in a few samples (Figure 2). As
expected, pyrite and marcasite (FeS2) were the dominant sulfide phases present in most specimens. Zn
and Pb sulfide phases were sphalerite and galena, respectively. The crystal morphology and EDS
spectrum of the Cu-bearing phase suggests that it is chalcopyrite (CuFeS2), but the Ni-bearing phase is
less obvious. In one sample, an apparently cubic nickel-iron sulfide phase was identified, suggesting that
the distribution of at least some Ni is not restricted entirely to the occurrence of pyrite or marcasite
(FeS2). The Ni-bearing phase contained significant amounts of Fe, and because of its cubic shape, the
mineral pentlandite ((Fe, Ni)9S8) is a possibility. The identified Ni-phase was microscopic, so it was not
possible to use X-ray powder diffraction to identify the mineral.
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Figure 2. Scanning electron microscope images of polished sections and vug filling cements
illustrating the character of sulfide mineralization in the region. A and B. (upper left and upper
right) Sample 07-MT-FP-2 (Marinette County) from a quartz sandstone layer in lower Platteville
Formation with fracture-filling cements. Round grains are quartz sand. Bright white areas in
fracture are FeS2 cements, whereas gray cements are calcite. Gray spotted areas in B are crystals
of an unknown K-Al-Silicate mineral cement, possibly illite or K-feldspar. C. (lower left) Sample
07-OCO-MTV-2 (Oconto County) showing euhedral vug-filling dolomite crystals with associated
pyrite, chalcopyrite, and cubic Ni-Fe-sulfide crystals from the Sinnipee Group dolostone. Inset
shows the ~40µm crystal that is possibly pentlandite. D. (lower right) Sample 07-BN-LQ-1 (Brown
County) exhibiting partial replacement and filling of intercrystalline pore spaces between dolomite
crystals in the Sinnipee Group dolostone.
In contrast to the above metals, none of the samples examined with the SEM displayed separate mineral
phases for arsenic (As), such as arsenopyrite. While the presence of arsenopyrite cannot be ruled out in
these rocks, it seems likely that As is substituting for Fe as a trace element in the iron sulfides as has been
suggested by others (e.g., Thornburg and Sahai, 2004).
ICP-AES Analytical Results
Analytical results for all 212 samples are presented in Appendix B. Nearly all specimens were obtained
8

from northeastern Wisconsin, but four samples (96-RA-1.1, 97-RA-2, Stop 2 Rohl, 07-UWGB-TS-1.1)
were from other parts of the state and were used for comparison purposes only.
The main purpose for analyzing the metals content of these rocks was to look for regional and
stratigraphic trends in the character of the mineralization. We examined the concentrations of these
metals and made certain comparisons between Fe, La, Mo, V, and the 8 metals of concern (As, Cd, Co,
Cr, Cu, Ni, Pb, and Zn).
Table 1 presents the range of metals concentrations for all samples in the study (Bulk and Concentrate).
Averages were not calculated because an unbiased sampling strategy is not possible for the region across
all stratigraphic intervals.
Table 1. Minimum and maximum concentration values for iron and trace metals in Paleozoic
rocks of northeastern Wisconsin. Concentrations for Fe are in %, while all other concentrations
are in parts per million (ppm).
Fe (%)

As

Cd

Co

Cr

Cu

Mo

Ni

Pb

V

Zn

Minimum

0.06

<2

< 0.5

<1

<1

<1

<1

<1

<2

<1

<2

Maximum

28.4

499

4.2

133

38

1620

25

1110

1660

353

25200

Discussion
Various graphing methods were employed to determine possible correlations between the different
metals. Many of these correlations were best expressed when plotted as separate stratigraphic
populations. The most obvious trends include a correlation between As and Ni, As and Co, and between
Cr and V. Weak correlations may exist between As and Cu, and Co and Ni. The Sinnipee Group samples
showed a particularly good correlation between As and Co, as well as between As and Ni.
After graphical analysis of all data, it is apparent that three stratigraphic horizons showed the most
significant mineralization. These were the top of the Ancell Group, the Ordovician – Silurian contact,
and the Sinnipee Group dolostones. All three of these zones showed the potential for relatively high As
concentrations (Figure 3a).
Positive correlations were found between several of the metals of concern. Some of these correlations
hold for all stratigraphic intervals, whereas others are stronger for some units than for others. For
example, while a general correlation exists for V and Cr over all stratigraphic intervals, the mineralized
zone near the Ordovician-Silurian contact showed a particularly unexpected and interesting relationship
due to enrichment of V relative to Cr (Figure 3b). While some scatter exists on As vs. Co plots, there is a
well-defined positive linear correlation for samples hosted by Sinnipee Group dolostone (Figure 3c).
Ni vs. Fe plots show a weak correlation, if any. One stratigraphic difference noted is that FeS2-rich
samples from the Maquoketa/Neda contact and the Silurian dolostones just above this contact are depleted
in Ni, relative to samples from the Ancell and Sinnipee groups (Figure 3d). Samples near the OrdovicianSilurian contact are also depleted in Ni, but appear to be enriched in V and La (lanthanum) (see Figure 3b
and Appendix B1).
Some variations appear to be regional in nature. For example, Mo appeared to vary in a significant way
regionally, with higher concentrations found in samples from Oconto County. The As vs. Ni plot (Figure
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3e) shows a positive correlation for two distinct populations. Samples from all stratigraphic intervals fall
into only one of these populations, except for the Ancell Group samples, which are split between the two
populations. The population branch that shows significantly elevated Ni concentrations, relative to As, is
represented by some Ancell Group samples from three Oconto County quarries (Duame Quarry, Chase
Quarry, and Montevideo Quarry). An enlargement of the As vs. Ni plot shows that a similar split might
occur for samples from the Sinnipee Group (Figure 3f).
We think that metals such as As, Fe, and Co correlate well with each other because As and Co are likely
substituting for Fe in pyrite or marcasite. The reasons for a correlation between Cr and V are unknown,
and most samples with appreciable quantities of these materials are located near the contact between the
Silurian dolostones and the Ordovician Neda Ironstone. Poor correlation between Fe and Zn, Pb, and Cu
are probably because those metals precipitate in separate phases, such as sphalerite, galena, and
chalcopyrite, and are independent of the presence of pyrite or marcasite in any particular sample.
Rocks near the Ordovician-Silurian contact were somewhat deficient in Ni relative to Fe, as compared to
the Ancell and Sinnipee Groups. These differences are likely due to the source of metals in the
hydrothermal fluids that passed through the rocks. The Maquoketa Shale is a regional confining unit that
likely isolated the Silurian dolostone units above it from the Ordovician sandstones and carbonates below
it during the mineralization period in the Paleozoic.
Assuming that in FeS2-rich samples, all As is hosted by pyrite or marcasite, then an estimate of the range
in concentrations of As in pure FeS2 can be made. The estimated concentration of As in FeS2 varies from
low values (~25 ppm) to a maximum of about 1,400 ppm.
Comparison With Existing Research Results
Results of the whole-rock analyses from this study were compared with published concentrations for
metals in the St. Peter Sandstone of Winnebago and Outagamie Counties and other localities in
northeastern Wisconsin (Pelczar, 1996, CH2M Hill, 2000; Gotkowitz et al., 2003). This procedure
allowed generalized comparisons to be made between rocks in the Oshkosh to Green Bay corridor versus
those in the Green Bay to Marinette corridor. It is worth mentioning that most previous work was limited
to a smaller number of samples because those studies were mostly focused on detailed water quality
research in a few locations. We compared our results with previously reported values, but those data
tables and graphs are not presented here due to space constraints.
Arsenic concentrations relative to iron in this study were compared to those from the studies mentioned
above. In general, whole-rock arsenic concentrations varied between 0 ppm and 500 ppm for all studies.
However, three samples from Winnebago and Outagamie counties reported in previous studies had As
concentrations that ranged between 500 and 743 ppm. While a few samples reported by Gotkowitz et al.
(2003) had higher maximum Co concentrations than those in this study, a comparison of As vs. Co data
also shows general overlap between the studies.
There were, however, some differences noted between the studies. First, the Cr concentrations in all
samples in this study were below 40 ppm (Table 1). In contrast, 18 of 21 samples analyzed in previous
studies (Simo et al., 1996; Gotkowitz et al., 2003) were reported to have Cr concentrations between 100
and 764 ppm, regardless of location, with most concentrations above 200 ppm. Because the locations of
some of these data overlap those in our study, these high Cr values seem anomalous. One value reported
by Gotkowitz et al. (2003) for an unmineralized sample of St. Peter Sandstone had a Cr concentration
above 500 ppm, even though the sample had no sulfur and less than 1% Fe. Because of this anomalous
behavior of Cr, we did not attempt to draw any conclusions about the difference in Cr between our studies
and previous studies as they relate to rock geochemistry. It might be possible, however, that samples in
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the previous studies were submitted to a laboratory that crushed the samples with high Cr-steel, which is
an alloy known for its toughness and which would be a suitable material for crushing rocks.
A comparison of As vs. Ni shows general agreement between most samples analyzed in our study and
those of Gotkowitz et al. (2003) and Pelczar (1996), except for a few samples of Ancell Group sulfides
from Oconto County (Figures 3e and f).
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Figure 3. Scatter plots of selected metal concentrations from ICP-AES analyses on rock specimens
from this study. Reported values for metals are in parts per million (ppm), except for iron, which is
in percent (%). Legends in each graph indicate the particular stratigraphic unit sampled. A.
(upper left) Arsenic (As) vs. iron (Fe). B. (upper right) Vanadium (V) vs. chromium (Cr). C.
(middle left) Arsenic (As) vs. cobalt (Co). D. (middle right) Nickel (Ni) vs. iron (Fe). E. (lower left)
Arsenic (As) vs. nickel (Ni). F. (lower right) Expanded view of E for arsenic (As) vs. nickel (Ni).
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It is important to consider the potential impact of this mineralization on groundwater quality in the region
north of Winnebago and Outagamie Counties. While the upper Ancell Group is likely to be the most
significant source of metals due to the abundance of sulfides and the fact that porous media flow
dominates, water quality in the Sinnipee Group should also be studied more carefully in the future.
Because the distribution of sulfide minerals is very heterogeneous, their locations along fractures, faults,
bedding planes, and in vugs is important. Fracture and bedding plane dominated flow are likely to greatly
amplify the interaction between groundwater and sulfide minerals under the right redox conditions. In
addition, certain stratigraphic zones of dolostone with high intercrystalline porosity, such as one about 20
feet above the base of the Platteville Formation, also contain abundant Fe-sulfides. For these reasons, the
“average” concentration of metals within the Sinnipee Group as a whole are probably not so important –
rather, the complex distribution of sulfide minerals and fluid flow pathways likely has a much larger
influence on water quality in the carbonate units.
Because receipt of some analytical results was delayed by the contracted laboratory, some results were
received in September 2008. Intensive analysis of all data is ongoing, and we will present further details
and interpretations in a future publication.
CONCLUSIONS AND RECOMMENDATIONS
This study provides two major conclusions, both of which can be applied to better understand the water
quality in the region. First, the sulfide mineralization observed in Winnebago and Outagamie counties
definitely extends northward into Brown, Shawano, Oconto, and Marinette counties. This includes both
the highly concentrated SCH at the top of the St. Peter Formation, as well as the disseminated iron and
other metal sulfides in other parts of the section.
Abundant quantities of sulfides also appear near the contact between the Silurian Mayville Formation and
the underlying Maquoketa and/or Neda formations east of the Niagara escarpment. While most water
quality concerns in these wells has been focused on bacteria and nitrate contamination, the possibility of
metals contamination might exist for wells that reach a total depth near or at this stratigraphic horizon.
Future water quality studies should focus on these two mineralized stratigraphic horizons, as it seems
likely that similar water quality problems would exist at and near the outcrop belts of these rocks.
However, the dominance of bedding plane and fracture flow pathways throughout the Sinnipee Group
means that groundwater impact from metals could occur throughout this unit. We recommend that a
detailed domestic well sampling program for all metals of concern be considered for areas near and east
of the SCH in Marinette, Oconto, Shawano and western Brown counties.

ACKNOWLEDGEMENTS
We would like to thank the numerous quarry operators and private citizens who granted us property
access, without which this study would not have been possible. Quarry operators that granted access
during this study included Daanen & Janssen, Inc., McKeefry & Sons, Inc., Peters Concrete Company,
Jackie Foster, Inc., Northeast Asphalt, Inc., Scott Construction Company, Michels Materials, and Murphy
Concrete & Construction. Drill cores were made available by the City of Green Bay, STS Consultants,
and the American Transmission Corporation. Dave Johnston (DNR) and Bruce Brown (WGNHS) also
provided helpful discussions and ideas. John Lyon (UW Green Bay) provided helpful training on
necessary SEM equipment. Todd Kostman (UW-Oshkosh) was kind enough to allow use of a carbon
coater to prepare SEM samples.

12

REFERENCES
Burkel, R. S. and Stoll, R. C., 1999, Naturally Occurring Arsenic in Sandstone Aquifer Water Supply
Wells of Northeastern Wisconsin. Groundwater Monitoring and Remediation. v. 19, p. 114-121.
CH2M Hill, 2000, Green Bay ASR Phase IIA Mineralogical and Water Quality Testing and Results.
Technical Memorandum prepared for Green Bay (Wisconsin) Water Utility August 24, 2000, 23 pages
plus appendices.
Egan-Robertson, D., Harrier, D., and Kale, B., 2004, Wisconsin Population – 2030: A Report on
Projected State, County and Municipal Populations and Households for the Period 2000-2030. Wisconsin
Demographic Services Center - Department of Administration, 24 pages.
Gotkowitz, M. B., Simo, J. A., and Schreiber, M., 2003, Geologic and geochemical controls on arsenic in
groundwater in northeastern Wisconsin. Wisconsin Geological and Natural History Survey Open-File
Report, no. 2003-1, 60 pages.
Johnson, D. M. and Riewe, T., 2006, Arsenic and Northeastern Wisconsin. Water Well Journal, v. 60, p.
26-31.
Luczaj, J. A., 2006, Evidence against the Dorag (Mixing-Zone) model for dolomitization along the
Wisconsin arch – A case for hydrothermal diagenesis. AAPG Bulletin, v. 90, p. 1719-1738.
Luczaj, J. A., 2000, Epigenetic dolomitization and sulfide mineralization in Paleozoic rocks of eastern
Wisconsin: Implications for fluid flow out of the Michigan Basin, U.S.A. Ph.D. Dissertation, Johns
Hopkins University, 445 pages.
Paull, R. A., and Emerick, J. A., 1991, Genesis of the Upper Ordovician Neda Formation in eastern
Wisconsin. Geoscience Wisconsin, v. 14, p. 23-52.
Pelczar, J. S., 1996, Groundwater chemistry of wells exhibiting natural arsenic contamination in eastcentral Wisconsin. M.S. Thesis, University of Wisconsin – Green Bay, 206 pages.
Schreiber, M. E., Gotkowitz, M. B., Simo, J. A., and Freiberg, P. G., 2003, Mechanisms of arsenic release
to ground water from naturally occurring sources, eastern Wisconsin. In, A. Welch and K. Stollenwerk
eds., Arsenic in Ground Water, Kluwer Academic Publishers, Boston, p. 259-280.
Schreiber, M. E., Simo, J. A., and Freiberg, P. G., 2000, Stratigraphic and geochemical controls on
naturally occurring arsenic in groundwater, eastern Wisconsin, USA. Hydrogeology Journal, v. 8, no. 2,
p. 161-176.
Thornburg, K. and Sahai, N, 2004, Arsenic Occurrence, Mobility, and Retardation in Sandstone and
Dolomite Formations of the Fox River Valley, Eastern Wisconsin. Environmental Science and
Technology, v. 38, p. 5087-5094.

13

APPENDIX A: Awards, Publications, Reports, Patents and Presentations
There are no finished publications or manuscripts at this time. We are planning to present this
work at the March 2009 Wisconsin Section of AWRA, with submittal of a peer-reviewed
publication during the summer of 2009.
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APPENDIX B:
Appendix B1 (Pages 1-18)
Summaries of sample numbers, locations, descriptions, and analytical results.
Appendix B2 (11 reports, 8 shipments and 3 overlimit analyses)
35 Element ICP-AES results from ALS Chemex.
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Progress Statement
The overarching goal of this research project is to better understand the extent of nitrite (NO2-) occurrence in groundwater, and
the conditions that promote the accumulation of this potentially toxic form of nitrogen in both ground- and surface waters of
agriculturally-dominated catchments. This goal is being addressed by (1) examining temporal patterns of groundwater and
surface water chemistry and NO2- occurrence along four upland-to-stream transects, (2) measuring NO2- generation in a series
of controlled laboratory experiments to quantify rates and likely pathways ofNO2- formation; and (3) conducting a survey of
groundwater chemistry to determine if NO2- is present in groundwater at diverse locations in Wisconsin.
Activities during Year 1 emphasized Objectives (1) and (2). Wells were installed at two sites in the East Branch Pecatonica River
(EBP) valley in partnership with researchers interested in the hydrologic consequences of stream restoration. Monthly
groundwater monitoring began in August 2007 and ground and surface water samples were analyzed for all forms of nitrogen.
We have been able to take advantage of infrastructure and ongoing hydrologic research at this site, which should be of great
assistance for data interpretation. Water chemistry monitoring is ongoing, and will continue through summer 2009. We have
started the proposed laboratory experiments to determine the pathway and site of NO2- formation (Objective 2), and have also
conducted a similar whole-ecosystem field based study to quantify in-stream rates of NO2- uptake and identify the pathway of
NO2- formation as well.

Principal Findings and Significance
Principal Findings and Significance
Description

Well sampling at the EBP site has revealed that both absolute and relative concentrations of NO2- in
groundwater in the stream valley are substantially lower than in surface water. Indeed, nitrite was
often near or below detection limits in sampling wells. From a drinking water perspective, this is a
‘good news’ result, given the toxicity potential of NO2-. We also have not observed any consistent
differences in the form or amount of nitrogen in groundwater between the recently restored and
unrestored sites used in this study. The generality of the low groundwater nitrite condition is currently
being examined by sampling groundwater wells elsewhere in the state. Initial surveys in other sites
have also revealed low NO2- levels. Additional well sampling will occur in summer 2009 (Objective 3,
to be addressed in Year 2). This result also suggests that NO2- is formed either during groundwater
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discharge into the stream, or as a result of surface water exchange with hyporheic sediments within
the channel. Laboratory sediment assays clearly demonstrated that NO2- is generated during the
reduction of NO3- (i.e, via denitrification or dissimilatory nitrate reduction to ammonium) in stream
bed sediments, rather than as a result of oxidation of NH4+ (nitrification). Further, fine, silty
sediments are particularly active sites of NO2- generation, suggesting that practices that reduce such
inputs of fine sediments might also reduce NO2- presence in streams.

Interactions
Description

This project is being done with the assistance of the Wisconsin Chapter of The Nature Conservancy
(TNC), who owns the properties being used in this study. Further, TNC is partnering with the
Wisconsin Department of Natural Resources (WDNR) to restore both study reaches in the East Branch
of the Pecatonica (one reach was restored prior to the start of this study; the second reach will be
restored this fall). Consequently, we have interacted regularly with representatives from both TNC
and WDNR, as both groups are facilitating the research activities and are keenly interested in learning
about our research results. This is an ongoing interaction.

Event Date

7/1/2007

Description

Following a presentation of Year 1 results, I had a series of discussions with Jeffrey Frey, a
hydrologist with the USGS Indiana District. We have had preliminary discussions about the
distribution of NO2- in Indiana streams. He has done a preliminary investigation of Indiana’s NAWQA
data base and found NO2- concentrations equal to, and often in excess of those observed in
Wisconsin streams. Interestingly, his preliminary analysis suggests that surface water concentrations
peak in the spring, compared to a mid-summer peak in Wisconsin. This may suggest a distinct
mechanism of NO2- formation among the different locations that may be worth additional future
study.

Event Date

6/9/2008

Partners
Name/Organization

Steven Loheide

Affiliation

University of Wisconsin- Madison

Affiliation Type

Academic Institutions

Email

loheide@cae.wisc.edu

Description

Dr. Loheide is also engaged in research at the East Branch of the Pecatonica River, and is similarly
interested in the environmental consequences of stream restoration. He has a Ph.D. student studying
the hydrologic changes associated with restoration of this site. As such, his group’s work is being
done in coordination with our work on surface and groundwater chemistry, and we expect that these
parallel efforts will be mutually informative.

Presentations & Public Appearances
Title

Potential sources of nitrite in southern Wisconsin agricultural streams
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Presenter(s)

Emily H. Stanley

Presentation Type

Professional meeting

Event Name

Annual summer meeting- American Society of Limnology and Oceanography

Event Location

St. John's, Newfoundland

Event Date

6/9/2008

Target Audience

Scientific audience

Audience Size

50

Description

This talk was part of an organized special session entitled: “Agricultural streams: Ecosystem function
in headwater systems draining highly productive agricultural regions.” The audience was composed of
a mix of researchers from universities and federal agencies in the U.S. and Canada.

Title

On the receiving end: nitrogen in Wisconsin streams

Presenter(s)

Emily H. Stanley

Presentation Type

Seminar

Event Name

University Program in Ecology Seminar

Event Location

Duke University, Durham, NC

Event Date

2/15/2008

Target Audience
Audience Size

40

Description

This was an invited seminar for the Ecology group at Duke University.

Title

Terrestrial and aquatic controls of inter-annual variability in river phosphorus yields

Presenter(s)

Powers, S.M. and E.H. Stanley

Presentation Type

Professional meeting

Event Name

Annual meeting of the North American Benthological Society

Event Location

Grand Rapids, MI

Event Date

5/20/2009

Target Audience

Scientific audience

Audience Size

50

Description

This is a presentation at a scientific society

Students & Post-Docs Supported
Student Name

Stephen Powers

Campus

University of Wisconsin-Madison

Advisor Name

Emily Stanley

Advisor Campus

University of Wisconsin-Madison

Degree
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PhD
Graduation Month

May

Graduation Year

2012

Department

Center for Limnology

Program

Limnology and Marine Science

Thesis Title

Ecosystem Geometry, Catchment Composition, and the Cycling of Nutrients through Rivers

Thesis Abstract

Undergraduate Students Supported
New Students: 2
Continuing Students: 1
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A Thermal Remote Sensing Tool for Mapping Spring and
Diffuse Groundwater Discharge to Streams
Basic Information
A Thermal Remote Sensing Tool for Mapping Spring and Diffuse Groundwater
Discharge to Streams
Project Number: 2008WI192B
Start Date: 3/1/2008
End Date: 2/28/2009
Funding Source: 104B
Congressional
2
District:
Research Category: Ground-water Flow and Transport
Focus Category: Management and Planning, Methods, Water Supply
Descriptors: None
Principal
Steven Loheide
Investigators:
Title:

Publication
1. Deitchman, R and S. Loheide. 2009. Ground-based thermal imaging of groundwater flow process at
the seepage face. Accepted for publication, Geophysical Research Letters.

A Thermal Remote Sensing Tool for Mapping Spring and Diffuse Groundwater Discharge to Streams
1




$QQXDO3URJUHVV5HSRUW



6HOHFWHG5HSRUWLQJ3HULRG

6XEPLWWHG%\5LFKDUG'HLWFKPDQ
6XEPLWWHG




3URMHFW7LWOH

:55$7KHUPDO5HPRWH6HQVLQJ7RROIRU0DSSLQJ6SULQJDQG'LIIXVH*URXQGZDWHU'LVFKDUJHWR6WUHDPV



3URMHFW,QYHVWLJDWRUV

6WHYHQ/RKHLGH8QLYHUVLW\RI:LVFRQVLQ0DGLVRQ



3URJUHVV6WDWHPHQW
7KHILUVWUHVHDUFKREMHFWLYHRIWKLVSURMHFWLVWKHXVHRIWKHUPDOUHPRWHVHQVLQJGDWDFROOHFWHGIURPERWKDVLQJOHHQJLQH
DLUSODQHDQGDQXQPDQQHGDHULDOYHKLFOH 8$9 IRUPDSSLQJRIVSULQJDQGGLIIXVHJURXQGZDWHUGLVFKDUJHWRVWUHDPVLQ
:LVFRQVLQ7KHWHPSHUDWXUHRIJURXQGZDWHULVUHODWLYHO\FRQVWDQWZKHUHDVVXUIDFHZDWHUWHPSHUDWXUHYDULHVRQVHDVRQDODQG
GLXUQDOF\FOHV$VDUHVXOWRIWKLVWKHUPDOVLJQDWXUHLWLVSRVVLEOHWRORFDWHJURXQGZDWHUGLVFKDUJHXVLQJWKHUPDOLPDJLQJ
3URJUHVVWRZDUGVWKLVUHVHDUFKREMHFWLYHGXULQJWKHUHSRUWLQJSHULRG  LQFOXGHV
&RPSOHWLRQRIIRXUVHSDUDWHWKHUPDOLPDJLQJIOLJKWVRYHUWKH(DVW%UDQFK3HFDWRQLFD5LYHUILHOGVLWH $0$030DQG
30 WRDVVHVVODUJHVFDOHVWUHDPWHPSHUDWXUHG\QDPLFV>@
)LHOGGDWDFROOHFWLRQLQFOXGLQJLQVWUHDPGDWDORJJHULQVWDOODWLRQDQGVWUHDPJDJLQJIRUFRPSDULVRQWRUHPRWHO\VHQVHGGDWD
DQGIRUVWUHDPWHPSHUDWXUHPRGHOLQJ>@
3URFHVVLQJRIWKHUPDOLQIUDUHGGDWDWRGHYHORSORQJLWXGLQDOSURILOHVRIVWUHDPWHPSHUDWXUH>@
'HYHORSPHQWDQGFRPSOHWLRQRIDRQHGLPHQVLRQDOVWUHDPWHPSHUDWXUHPRGHOXVLQJGDWDIURPWKH-XO\WKHUPDOLPDJLQJ
IOLJKWVDQGIURPLQVWUHDPGDWDORJJHUVDVYDOLGDWLRQ:HXVHG+HDW6RXUFHGLVWULEXWHGE\WKH2UHJRQ'HSDUWPHQWRI
(QYLURQPHQWDO4XDOLW\IRURXUVLPXODWLRQV>@
)LHOGWHVWLQJRIWKH8$9V\VWHPDWWKH(DVW%UDQFK3HFDWRQLFD5LYHU QHDU%DUQHYHOG:, DQG$OOHQ&UHHN QHDU)W$WNLQVRQ
:, >@
$VVHVVPHQWRIWKHSROLF\DQGOHJDOLPSOLFDWLRQVRIWKHUPDOUHPRWHVHQVLQJIURPERWKDVLQJOHHQJLQHDLUSODQHDQG8$9IRUWKH
6WDWHRI:LVFRQVLQ>@
3UHSDUDWLRQRIPDQXVFULSWWLWOHG6LPXODWLQJWKHLPSDFWVRIFOLPDWHFKDQJHRQWKHWHPSHUDWXUHRID'ULIWOHVV$UHDWURXW
VWUHDPXVLQJUHPRWHO\VHQVHGWKHUPRJUDSKLFSURILOHVDQGLQVWUHDPWHPSHUDWXUHKLVWRULHV>FXUUHQW@

$VHFRQGUHVHDUFKREMHFWLYHRIWKLVZRUNLVWRXVHWKHUPDOUHPRWHVHQVLQJWRGLVWLQJXLVKEHWZHHQIRFXVHGDQGGLIIXVH
JURXQGZDWHUGLVFKDUJH,QWKHUPDOLPDJHU\UHYHDOHGILQHVFDOH FHQWLPHWHU YDULDELOLW\LQJURXQGZDWHUGLVFKDUJH
WKURXJKVHHSDJHIDFHVWKDWFRXOGEHVWEHLQYHVWLJDWHGXVLQJJURXQGEDVHGWKHUPRJUDSK\,QFRQMXQFWLRQZLWKDQRQJRLQJVWXG\
RQWKHHIIHFWVRIFXUUHQWDQGIXWXUHVWRUPZDWHUPDQDJHPHQWSUDFWLFHVRQWKHK\GURHFRORJ\RI:HVW:LQJUD0DUVKLQWKH
8QLYHUVLW\RI:LVFRQVLQ$UERUHWXPJURXQGEDVHGWKHUPDOUHPRWHVHQVLQJZDVHPSOR\HGDWDVWUHDPEDQNVHHSDJHIDFHLQRUGHU
WRFKDUDFWHUL]HWKHQDWXUHRIJURXQGZDWHUIOX[1RPHWKRGH[LVWVWRLPDJHJURXQGZDWHUSURFHVVHVDORQJVHHSDJHIDFHVZKLFK
DUHH[WHUQDOERXQGDULHVRIWKHVDWXUDWHG]RQH7KHSXUSRVHRIWKLVILHOGVWXG\ZDVWRHYDOXDWHWKHXVHRIJURXQGEDVHG
FHQWLPHWHUVFDOHWKHUPDOLQIUDUHGLPDJLQJIRUFKDUDFWHUL]LQJJURXQGZDWHUIORZDWWKHVWUHDPEDQN6HHSDJHIDFHVDUHRIWHQ
SRRUO\XQGHUVWRRGDOWKRXJKWKH\PD\H[HUWDVLJQLILFDQWLQIOXHQFHRQWKHHFRK\GURORJ\RIULSDULDQDUHDV7KHLPDJHU\SURYLGHV
DPHWKRGWRYLVXDOL]HSRLQWDQGGLIIXVHGLVFKDUJHDWWKHFHQWLPHWHUVFDOHDQGFKDUDFWHUL]HWKHGHJUHHRIKHWHURJHQHLW\RIWKH
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K\GUDXOLFSURSHUWLHVRIWKHVHGLPHQW3URJUHVVWRZDUGVWKLVUHVHDUFKREMHFWLYHGXULQJWKHUHSRUWLQJSHULRG  
LQFOXGHV
5HFRQQDLVVDQFHFROOHFWLRQRIWKHUPDOLPDJHU\RIVHHSDJHIDFHVDWDGUDLQDJHGLWFKLQ:HVW:LQJUD0DUVKWRFRPSDUH
ORQJLWXGLQDOYDULDWLRQLQWKHKHLJKWRIWKHJURXQGZDWHUVHHSDJHIDFHVHHSDJHIDFHLQWHQVLW\DQGWKHQDWXUHRIJURXQGZDWHUIORZ
IRFXVHGYVGLIIXVHGLVFKDUJH >@
&ROOHFWLRQRILPDJHU\RQERWKVLGHVRIWKHVHHSDJHIDFHWRFKDUDFWHUL]HSURFHVVHVDWWKHVWUHDPUHDFKVFDOH>@
&ROOHFWLRQRIKRXUVRIFRQWLQXRXVWKHUPDOLPDJHU\DWRQHORFDWLRQDORQJWKH:LQJUD0DUVKGUDLQDJHGLWFKWRDVVHVVGLXUQDO
YDULDWLRQLQVHHSDJHIDFHWHPSHUDWXUH2EVHUYHGGLIIHUHQFHVLQWKHUPDOLQHUWLDDOORZGHWHFWLRQRIZDWHUWDEOHSRVLWLRQUHJLPHVRI
KLJKHUJURXQGZDWHUIOX[DQGYDULDWLRQLQVRLOPRLVWXUHLQWKHYDGRVH]RQH>@
&ROOHFWLRQRIZLQWHUWKHUPDOLPDJHU\IRUFRPSDULVRQWRWKHVXPPHUGDWDVHW>@
&ROOHFWLRQRIWKUHHGLDPHWHUVRLOFRUHVDQGSHUPHDPHWHUWHVWLQJWRDVVHVVK\GUDXOLFFRQGXFWLYLW\RIWKHVWUHDPEDQN
VHGLPHQWV>@
6WDWLVWLFDODQDO\VLVDQGLPDJHSURFHVVLQJRIVHHSDJHIDFHGDWD>@
3UHVHQWDWLRQE\'HLWFKPDQDW$PHULFDQ:DWHU5HVRXUFHV$VVRFLDWLRQ:LVFRQVLQ6HFWLRQ$QQXDO0HHWLQJ>
ZRQ%HVW6WXGHQW3ODWIRUPSUHVHQWDWLRQDZDUG@
3UHSDUDWLRQRIPDQXVFULSWIRU*HRSK\VLFDO5HVHDUFK/HWWHUVWLWOHG*URXQGEDVHGWKHUPDOLPDJLQJRIJURXQGZDWHUIORZ
SURFHVVHVDWWKHVHHSDJHIDFH>VXEPLWWHGDFFHSWHGSHQGLQJPLQRUUHYLVLRQVRQ@


3ULQFLSDO)LQGLQJVDQG6LJQLILFDQFH

3ULQFLSDO)LQGLQJVDQG6LJQLILFDQFH
'HVFULSWLRQ

7KLVUHVHDUFKSURMHFWGHPRQVWUDWHVWKDWWKHUPDOUHPRWHVHQVLQJ  SURYLGHVDPHWKRGWRREVHUYH
WKHZDWHUWDEOHDQGJURXQGZDWHUGLVFKDUJHSURFHVVHVDWWKHVHHSDJHIDFH  SURYLGHVXOWUDKLJK
UHVROXWLRQLPDJHU\RIVWUHDPWHPSHUDWXUH  SURYLGHVVWURQJYDOLGDWLRQGDWDIRUVWUHDPWHPSHUDWXUH
PRGHOLQJ  FDQEHXVHGLQFRQMXQFWLRQZLWKVWUHDPWHPSHUDWXUHPRGHOLQJWRTXDQWLI\JURXQGZDWHU
GLVFKDUJHWRVWUHDPDQG  PD\DVVLVWWKH6WDWHRI:LVFRQVLQLQSURPRWLQJVXVWDLQDEOHXVHRI
JURXQGZDWHUDQGSURWHFWLQJVSULQJUHVRXUFHV
7KLVUHVHDUFKLQYROYHGGDWDFROOHFWLRQDWWKUHHGLIIHUHQWVLWHVLQ:LVFRQVLQ  (DVW%UDQFK3HFDWRQLFD
5LYHU  $OOHQ&UHHNDQG  7KH8QLYHUVLW\RI:LVFRQVLQ0DGLVRQ$UERUHWXP7KHUPDOLPDJHU\
FROOHFWHGIURPERWKDQXQPDQQHGDHULDOYHKLFOH 8$9 DQGIURPDVPDOODLUSODQHDWWKH(DVW%UDQFK
3HFDWRQLFD5LYHUZDVXVHGWRYDOLGDWHDVWUHDPWHPSHUDWXUHPRGHOZKLFKZDVXVHGIRUIRUHFDVWLQJ
SRWHQWLDOFKDQJHVLQVWUHDPWHPSHUDWXUHDVDFRQVHTXHQFHRIFOLPDWHFKDQJH )LJXUH 7KHPRGHO
VLPXODWHVVWUHDPWHPSHUDWXUHFKDQJHZLWKWKUHHDLUWHPSHUDWXUHJURXQGZDWHUWHPSHUDWXUHLQFUHDVH
VFHQDULRV DQG& DQGFKDQJHVLQVWUHDPIORZ EDVHIORZDQGEDVHIORZ  )LJXUH
 7KHGDWDUHYHDOWKDWLQWKHPRUHH[WUHPHFOLPDWHFKDQJHVFHQDULRV HJLQFUHDVHLQDLUDQG
JURXQGZDWHUWHPSHUDWXUHRI&DQGWKLUW\SHUFHQWOHVVEDVHIORZ QDWLYHEURRNWURXWDQGQRQQDWLYH
EURZQWURXWSRSXODWLRQVPD\H[SHULHQFHPRUWDOLW\GXHWRH[FHHGDQFHRIDFFHSWDEOHWKHUPDOUHJLPHV
:LWKRXWWKHUHPRWHO\VHQVHGWKHUPDOGDWDDVXEUHDFKZLWKKLJKHUJURXQGZDWHUGLVFKDUJHWKDW
VHUYHVDVDWKHUPDOUHIXJHHYHQLQFOLPDWHFKDQJHVFHQDULRVZRXOGQRWKDYHEHHQORFDWHG7KLV
ILQGLQJLVSDUWLFXODUO\LPSRUWDQWLQWKH'ULIWOHVV$UHDEHFDXVHWKHUHJLRQEHQHILWVZLWKJUHDWHUWKDQ
ELOOLRQLQDQQXDOH[SHQGLWXUHVRQUHFUHDWLRQDOWURXWDQJOLQJ 7URXW8QOLPLWHG 
,QDGGLWLRQWRVPDOODLUSODQHZRUNDWWKH(DVW%UDQFK3HFDWRQLFD5LYHU8$9IOLJKWVDWWKHVLWH
LQGLFDWHGWKDWWKHUPDOUHVROXWLRQRIVWUHDPWHPSHUDWXUHPDSVFDQEHXSWRWKUHHWLPHVJUHDWHUWKDQ
WKHUHVROXWLRQRILPDJHU\FROOHFWHGIURPVPDOODLUSODQHVDWJUHDWHUIOLJKWDOWLWXGHV )LJXUH 7KHGDWD
VKRZHGWKDW8$9VDUHDYDOXDEOHDOWHUQDWLYHWRVPDOODLUSODQHVDQGPD\EHHPSOR\HGWRVWXG\ILQHU
VFDOHSURFHVVHV HJVPDOOHUVSULQJV +RZHYHUUHJXODWLRQVE\WKH)HGHUDO$YLDWLRQ$GPLQLVWUDWLRQ
)$$ OLPLW8$9RSHUDWLRQWRSUHDSSURYHGVLWHVZLWKIOLJKWUDQJHUHVWULFWHGWRWKHRSHUDWRUVOLQHRI
VLJKW)LJXUHVKRZVWKHUPDOLPDJHU\FROOHFWHGIURPDVLQJOHHQJLQHDLUSODQHDQGKLJKOLJKWVWKHXVH
RIWKHUPDOLPDJLQJIRUVSULQJLGHQWLILFDWLRQ
*URXQGEDVHGWKHUPDOLPDJLQJRIJURXQGZDWHULQWKH8QLYHUVLW\RI:LVFRQVLQ$UERUHWXPSURYLGHVD
PHWKRGWR  LGHQWLI\ZDWHUWDEOHSRVLWLRQXVLQJWKHUPDOLPDJHU\  HQKDQFHFRQFHSWXDOPRGHOVRI
JHRORJLFKHWHURJHQHLW\DQG  GLVWLQJXLVKEHWZHHQIRFXVHGDQGGLIIXVHJURXQGZDWHUGLVFKDUJHWRWKH
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VXUIDFH7KHUPDOLPDJHU\FROOHFWHGRQERWKVLGHVRIDVWUHDPEDQNVHHSDJHIDFHVKRZHG
JURXQGZDWHUIORZDVDERWKORFDOO\GLVFUHWHDQGORFDOO\GLIIXVHSURFHVV$GGLWLRQDOO\WZHQW\IRXUKRXUV
RIWLPHODSVHWKHUPDOLPDJHU\GHPRQVWUDWHGWKDWGXULQJWKHVXPPHUPRQWKVSHDNDLUWHPSHUDWXUH
ZKHQWKHGLIIHUHQFHEHWZHHQDLUDQGJURXQGZDWHUWHPSHUDWXUHLVJUHDWHVWLVWKHLGHDOWLPHZLQGRZ
WRFROOHFWWKHUPDOLPDJHU\RIJURXQGZDWHU )LJXUH +\GUDXOLFFRQGXFWLYLW\PHDVXUHPHQWVREWDLQHG
ZLWKDIDOOLQJKHDGSHUPHDPHWHUYDOLGDWHGWKHGDWDLQWHUSUHWDWLRQE\UHYHDOLQJDSRVLWLYHFRUUHODWLRQ
EHWZHHQUHPRWHO\VHQVHGVHHSDJHLQWHQVLW\DQGK\GUDXOLFFRQGXFWLYLW\VHHSV )LJXUH 
:LVFRQVLQZDWHUPDQDJHUVDQGSROLF\PDNHUVZRXOGEHQHILWIURPWKHXVHRIWKHUPDOUHPRWHVHQVLQJ
+RZHYHUWKHUHDUHQXPHURXVUHJXODWRU\KXUGOHVLQFOXGLQJ)HGHUDO$YLDWLRQ$GPLQLVWUDWLRQ
UHJXODWLRQVDQGWHFKQLFDOGHILFLHQFLHVWKDWZLOOOLPLWWKHLPSOHPHQWDWLRQRIXQPDQQHGDHULDOYHKLFOH
WKHUPDOUHPRWHVHQVLQJIRUVSULQJPDQDJHPHQWLQWKHVWDWH2YHUFRPLQJRUFRPSO\LQJZLWKWKHVH
UHTXLUHPHQWVWKHUPDOUHPRWHVHQVLQJIURPVPDOODLUSODQHVDQGJURXQGEDVHGHIIRUWVZLOODVVLVWLQ
JURXQGZDWHUVXSSO\PDQDJHPHQWHIIRUWVDQGKHOSSURWHFWYDOXDEOHVSULQJUHVRXUFHVDQGHFRV\VWHPV


'HVFULSWLRQ

)LJXUH&DSWLRQV

)LJXUHD
&RPSDULVRQRIUHPRWHO\VHQVHG 56 LQVWUHDP ,Q DQGVLPXODWHG 6LP WHPSHUDWXUHVRQ-XO\
IRUWKH(DVW%UDQFK3HFDWRQLFD5LYHU7KHSURILOHPRYHVGRZQVWUHDPOHIWWRULJKW NPLV
XSVWUHDPNPLVGRZQVWUHDP 5HPRWHO\VHQVHGWHPSHUDWXUHVZHUHVDPSOHGXVLQJDWKHUPDO
LQIUDUHGFDPHUD,QVWUHDPUHFRUGVDWNPNPDQGNPZHUHUHFRUGHGXVLQJ+2%2
ORJJHUV6LPXODWHGWHPSHUDWXUHVZHUHPRGHOHGXVLQJ+HDW6RXUFH9VRIWZDUH

)LJE
/RQJLWXGLQDOSURILOHRIJURXQGZDWHUGLVFKDUJHWRWKHVWUHDPHVWLPDWHGWKURXJKVWUHDPWHPSHUDWXUH
PRGHOLQJ

)LJXUH
0D[LPXPGDLO\WHPSHUDWXUHIRUPRGHOVLPXODWLRQVRIWKHEDVHFDVH QRFKDQJHLQDLUJURXQGZDWHU
WHPSHUDWXUHRUUHFKDUJH WKHEDVHFDVHSOXV&WKHEDVHFDVHSOXV&DQGWKHEDVHFDVHSOXV&
DWNP>WRS@0D[LPXPGDLO\WHPSHUDWXUHIRUPRGHOVLPXODWLRQVRIWKHEDVHFDVH QRFKDQJHLQ
DLUJURXQGZDWHUWHPSHUDWXUHRUUHFKDUJH WKHEDVHFDVHUHFKDUJHDQGWKHEDVHFDVH
UHFKDUJHDWNP>ERWWRP@$GHFUHDVHLQUHFKDUJHGHFUHDVHVWKHYROXPHRIVWUHDPIORZDOORZLQJ
WKHVWUHDPWRZDUPPRUHUHDGLO\

)LJXUH
7KHUPDOLPDJHU\FROOHFWHGIURPWKHXQPDQQHGDHULDOYHKLFOHDWWKH(DVW%UDQFK3HFDWRQLFD
UHVWRUDWLRQVLWHLQ-XO\7KHVWUDLJKWOHIWULJKWWUHQGLQJIHDWXUHLQSDQHO$LVDURDGZKLFK
DSSHDUVZDUPUHODWLYHWRLWVVXUURXQGLQJVLQWKHWKHUPDOLPDJH7KHLPDJHU\ZDVFROOHFWHGLQWKH
DIWHUQRRQRQDZDUPVXPPHUGD\DQGWKHVWUHDPLVYHU\FRROUHODWLYHWRWKHODQGVXUIDFH

)LJXUH
7KHUPDOLPDJHU\RIVSULQJIORZLQWR/DNH:LQJUD VRXWKVKRUH 0DGLVRQ:LVFRQVLQFROOHFWHGIURPD
IL[HGZLQJDLUFUDIW7KHLPDJHU\ZDVFROOHFWHGLQ1RYHPEHU7KHJURXQGZDWHUWHPSHUDWXUHLV
ZDUPHUWKDQWKHVXUIDFHLQZLQWHU 1RYHPEHULQ:LVFRQVLQ FRQVHTXHQWO\WKHVSULQJVDSSHDUDVWKH
ZDUPORFDWLRQVLQWKHWKHUPDOLPDJHU\ DSSUR[LPDWHO\& 7KHWRSIUDPHGLVSOD\VDODUJHVSULQJ
ZKHUHDVWKHERWWRPIUDPHLVDPXFKVPDOOHUVSULQJ

)LJXUH
7ZHQW\IRXUKRXUVRIFRQWLQXRXVWKHUPDOGDWDFROOHFWHGDWRQHVWUHDPEDQN$ 7KHUPDOLPDJH
VKRZLQJWZRUHJLRQVRILQWHUHVW 6$7±VDWXUDWHG]RQH816$7±XQVDWXUDWHG]RQH % 6WDQGDUG
GHYLDWLRQRIWKHWZHQW\IRXUKRXUWLPHODSVHGDWDZKLFKH[KLELWVWKHORZHUWKHUPDOLQHUWLDRIWKH
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XQVDWXUDWHG]RQH& 7ZHOYHWKHUPDOLPDJHVDWWZRKRXULQWHUYDOV' 7ZHQW\IRXUKRXUDYHUDJH
WHPSHUDWXUHKLVWRU\RIWZRUHJLRQVRILQWHUHVW 6$7DQG816$7 ( 9HUWLFDOVRLOPRLVWXUHSURILOH FP
LQFUHPHQWV IURPWKHVWUHDPWRWKHWRSRIWKHVWUHDPEDQN

)LJXUH
:LQWHUWKHUPDOLPDJHU\DQGORFDWLRQRIVRLOFRUHVZLWKK\GUDXOLFFRQGXFWLYLW\PHDVXUHPHQWV$ :LQWHU
YLVLEOHLPDJHRIVHHSDJHIDFHZLWKVRLOFRUHORFDWLRQVDQQRWDWHG% :LQWHUWKHUPDOLPDJHU\RI
VHHSDJHIDFHZLWKVRLOFRUHORFDWLRQVDQGK\GUDXOLFFRQGXFWLYLW\YDOXHV . >$ KLJKLQWHQVLW\
VHHSDJH% PRGHUDWHLQWHQVLW\VHHSDJH& ORZLQWHQVLW\VHHSDJH@1RWHVQRZFRYHUSUHYHQWV
LQWHUSUHWDWLRQRIWKHWKHUPDOLPDJHDERYHWKHVHHSDJH]RQH

QRWHILJXUHVDUHSURYLGHGRQL3UR 0\$FWLYLWLHV)LOHV!6XSSRUWLQJ)LJXUHV DQGDUHODEHOHG)LJXUH







,QWHUDFWLRQV
'HVFULSWLRQ

2UJDQL]DWLRQ$JHQF\7KH1DWXUH&RQVHUYDQF\
&DWHJRU\1RQJRYHUQPHQWDORUJDQL]DWLRQV
&RQWDFW1DPH6WHYH5LFKWHU
&RQWDFW(PDLOVULFKWHU#WQFRUJ
'HVFULSWLRQ/DQGRZQHUVRI(DVW%UDQFK3HFDWRQLFDILHOGVLWHSURYLGHVLWHVXSSRUWDQGSHUPLVVLRQV
FRQGXFWTXDUWHUO\VFLHQFHPHHWLQJVWRGLVFXVVUHVHDUFKILQGLQJVDQGLPSOLFDWLRQVIRURQJRLQJ
UHVWRUDWLRQDFWLYLWLHVDWWKHVLWH

(YHQW'DWH




'HVFULSWLRQ



2UJDQL]DWLRQ$JHQF\:LVFRQVLQ'HSDUWPHQWRI1DWXUDO5HVRXUFHV
&DWHJRU\/RFDODQG6WDWH
&RQWDFW1DPH%RE+DQVLV
&RQWDFW(PDLO5REHUW+DQVLV#:LVFRQVLQJRY
'HVFULSWLRQ$GYLFHIRUILHOGDFWLYLWLHVQHDU(DVW%UDQFK3HFDWRQLFDILHOGVLWHDVVLVWDQFHZLWKVLQJOH
HQJLQHDLUSODQHIOLJKWVWKURXJKWKHXVHRI'15SLORWVDQGVWDWHRI:LVFRQVLQDLUFUDIWFRQGXFW
TXDUWHUO\VFLHQFHPHHWLQJVWRGLVFXVVUHVHDUFKILQGLQJVDQGLPSOLFDWLRQVIRURQJRLQJUHVWRUDWLRQ
DFWLYLWLHVDWWKHVLWH

(YHQW'DWH




'HVFULSWLRQ



2UJDQL]DWLRQ$JHQF\)ULHQGVRI$OOHQ&UHHN:DWHUVKHG )$&: 
&DWHJRU\/RFDO
&RQWDFW1DPH$QG\6HOOH
&RQWDFW(PDLODVHOOH#LQWHUIOXYHFRP
'HVFULSWLRQ&RRUGLQDWLRQRIDGGLWLRQRI$OOHQ&UHHNWRSURMHFWVWXG\VLWHVDQGDVVLVWDQFHZLWK
FRPSOHWLRQRI)$$SHUPLWWLQJ)$&:ZLOOXVHWKHVSULQJLQYHQWRU\ZHGHYHORSIRUWKHZDWHUVKHGWR
SODQUHVWRUDWLRQDQGFRQVHUYDWLRQHIIRUWV:HSODQWRFRQGXFWILHOGZRUNLQODWHVXPPHUDQG
ZLQWHU
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(YHQW'DWH






'HVFULSWLRQ

2UJDQL]DWLRQ$JHQF\)ULHQGVRI&KHURNHH0DUVK )2&0 
&DWHJRU\/RFDO
&RQWDFW1DPH-RQ%HFNHU
&RQWDFW(PDLO-RQEHFNHU#DROFRP
'HVFULSWLRQ3UHOLPLQDU\LQWHUDFWLRQUHJDUGLQJIXWXUHPDSSLQJRIVSULQJVLQ&KHURNHH0DUVK 0DGLVRQ
:, XVLQJVLQJOHHQJLQHDLUSODQH7KH\VHHNDEHWWHUXQGHUVWDQGLQJRIWKHORFDWLRQRIVSULQJVLQWKH
PDUVKDQGLPSDFWRIWKRVHVSULQJVRQWKHK\GURHFRORJ\RIWKHZHWODQG8OWLPDWHO\ZHZRXOGOLNHWR
ZRUNZLWK)2&0WRXVHWKLVLQIRUPDWLRQWRJXLGHUHVWRUDWLRQRIWKHZHWODQGDQGSURWHFWHFWLRQRI
UHFKDUJHDUHVIHHGLQJWKHVSULQJVDQGIHQVRI&KHURNHH0DUVK

(YHQW'DWH






'HVFULSWLRQ

:HZRUNHGFORVHO\ZLWKWKHXQPDQQHGDLUFUDIWGLYLVLRQRIWKH)HGHUDO$YLDWLRQ$GPLQLVWUDWLRQLQRUGHU
WRREWDLQD&HUWLILFDWLRQRI$XWKRUL]DWLRQ &2$ IRUXVHRIWKHXQPDQQHGDHULDOYHKLFOH'XHWRWKH
QDWXUHRIRXUZRUNWKH)$$FODVVLILHVRXUYHKLFOHDVD³SXEOLF´DLUFUDIW&RQVHTXHQWO\WKH)$$
UHTXLUHGXVWRREWDLQD&2$7KH&2$SHUPLWVXQPDQQHGDLUFUDIWRQWKHEDVLVRIDLUZRUWKLQHVV
SODQQHGIOLJKWORFDWLRQVDQGRWKHUIDFWRUV7KHSURFHVVWRRNPRQWKVDQGLVQRZFRPSOHWH
(YHQW'DWH$XJXVW±)HEUXDU\
3HUPLW,GHQWLILFDWLRQ$+4

(YHQW'DWH






'HVFULSWLRQ

'HVFULSWLRQ:HREWDLQHGDSHUPLWIURPWKH)HGHUDO&RPPXQLFDWLRQV&RPPLVVLRQIRUXVHRIWKH
XQPDQQHGDHULDOYHKLFOHWUDQVPLWWHU
(YHQW'DWH-DQXDU\±$SULO
3HUPLW,GHQWLILFDWLRQ)HGHUDO&RPPXQLFDWLRQV&RPPLVVLRQ([SHULPHQWDO5DGLR6WDWLRQ&RQVWUXFWLRQ
3HUPLWDQG/LFHQVH(;3/ :(;2.&DOO6LJQ 

(YHQW'DWH






'HVFULSWLRQ

'HVFULSWLRQ:HZRUNHGZLWKDORFDOIOLJKWVFKRROWRREWDLQDJURXQGVFKRROSULYDWHSLORWFHUWLILFDWHLQ
RUGHUWRKDYHFOHDUDQFHIRUXVHRIRXUXQPDQQHGDHULDOYHKLFOH
(YHQW'DWH)HEUXDU\DQG0DUFK
3HUPLW,GHQWLILFDWLRQ&RPSOHWLRQRI)$$3ULYDWH3LORWZULWWHQH[DPDQGFOHDUDQFHIRUDWKLUGFODVV
SULYDWHSLORWPHGLFDOFHUWLILFDWLRQ

(YHQW'DWH




-RXUQDO$UWLFOHV 2WKHU3XEOLFDWLRQV
3XEOLFDWLRQ7\SH

3HHU5HYLHZHG-RXUQDO$UWLFOH%RRN&KDSWHU

7LWOH

*URXQGEDVHGWKHUPDOLPDJLQJRIJURXQGZDWHUIORZSURFHVVHVDWWKHVHHSDJHIDFH
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$XWKRU V

5LFKDUG6'HLWFKPDQ6WHYHQ3/RKHLGH,,

3XEOLFDWLRQ3XEOLVKHU

*HRSK\VLFDO5HVHDUFK/HWWHUV

<HDU3XEOLVKHG
9ROXPH 1XPEHU
1XPEHURI3DJHV
'HVFULSWLRQ

$FFHSWHGSHQGLQJPLQRUUHYLVLRQVRQ

$Q\$GGLWLRQDO&LWDWLRQ
,QIRUPDWLRQ






3XEOLFDWLRQ7\SH

1HZVOHWWHU3HULRGLFDO

7LWOH

8:UHVHDUFKWDNLQJDELUGVH\HYLHZRIJURXQGZDWHUGLVFKDUJH

$XWKRU V

8:0DGLVRQ1HZV

3XEOLFDWLRQ3XEOLVKHU

8:0DGLVRQ

<HDU3XEOLVKHG



9ROXPH 1XPEHU
1XPEHURI3DJHV
'HVFULSWLRQ

2QOLQH8:1HZV$UWLFOHRQSURMHFWDQGRWKHU:5,IXQGHGSURMHFWV 

$Q\$GGLWLRQDO&LWDWLRQ
,QIRUPDWLRQ






3XEOLFDWLRQ7\SH
7LWOH

6LPXODWLQJWKHLPSDFWVRIFOLPDWHFKDQJHRQWKHWHPSHUDWXUHRID'ULIWOHVV$UHDWURXWVWUHDPXVLQJ
UHPRWHO\VHQVHGWKHUPRJUDSKLFSURILOHVDQGLQVWUHDPWHPSHUDWXUHKLVWRULHV

$XWKRU V

5LFKDUG6'HLWFKPDQ6WHYHQ3/RKHLGH,,

3XEOLFDWLRQ3XEOLVKHU
<HDU3XEOLVKHG
9ROXPH 1XPEHU
1XPEHURI3DJHV
'HVFULSWLRQ

LQSUHSDUDWLRQ

$Q\$GGLWLRQDO&LWDWLRQ
,QIRUPDWLRQ




2WKHU3URMHFW6XSSRUW
6RXUFH

&ROOHJHRI(QJLQHHULQJ6WDUW8S)XQGV:LVFRQVLQ$OXPQL5HVHDUFK)RXQGDWLRQ

'ROODU9DOXH



'HVFULSWLRQ

)LQDQFLDOVXSSRUWIRUWKHUPDOLQIUDUHGFDPHUDVLQJOHHQJLQHDLUSODQHIOLJKWWLPHXQPDQQHGDHULDO
YHKLFOHFRQVWUXFWLRQ SDUWVDQGVWXGHQWODERU +2%2LQVWUHDPWHPSHUDWXUHORJJHUVDW(DVW%UDQFK
3HFDWRQLFDILHOGVLWHVLQVWDOODWLRQDQGGRZQORDGLQJRI+2%2ORJJHUVE\DVWXGHQWQRWLQYROYHGLQWKH
SURMHFW VXPPHU 

6WDUW'DWH



(QG'DWH
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3DUWQHUV
1DPH2UJDQL]DWLRQ

(ULF%RRWK

$IILOLDWLRQ

(DVW%UDQFK3HFDWRQLFD5LYHU5HVWRUDWLRQ2EVHUYDWRU\

$IILOLDWLRQ7\SH

2WKHU

(PDLO

HJERRWK#ZLVFHGX

'HVFULSWLRQ

0XOWLGLVFLSOLQDU\WHDPRIUHVHDUFKHUVLQYHVWLJDWLQJK\GURORJ\HFRORJ\JHRPRUSKRORJ\
ELRJHRFKHPLVWU\DQGHQJLQHHULQJDWWZRUHVWRUDWLRQVLWHVRQWKH(DVW%UDQFK3HFDWRQLFD5LYHU

5HVHDUFKHUV

(ULF%RRWK3K'6WXGHQW&HQWHUIRU/LPQRORJ\&LYLODQG(QYLURQPHQWDO(QJLQHHULQJ
3URI6WHYH/RKHLGH&LYLODQG(QYLURQPHQWDO(QJLQHHULQJ
3URI(PLO\6WDQOH\&HQWHUIRU/LPQRORJ\
3URI-LP.QR['HSDUWPHQWRI*HRJUDSK\

/DQG0DQDJHUV

6WHYH5LFKWHU7KH1DWXUH&RQVHUYDQF\
%RE+DQVLV:LVFRQVLQ'HSDUWPHQWRI1DWXUDO5HVRXUFHV
.DWLH$EERWW0LOLWDU\5LGJH3UDLULH+HULWDJH$UHD

:HEVLWH

KWWSK\GURHFRORJ\FHHZLVFHGX(%3LQGH[KWP




3UHVHQWDWLRQV 3XEOLF$SSHDUDQFHV
7LWOH

7KHXVHRIDQXQPDQQHGDHULDOYHKLFOHIRUPDSSLQJVSULQJDQGGLIIXVHJURXQGZDWHUGLVFKDUJHWR
VWUHDPV

3UHVHQWHU V

5LFKDUG6'HLWFKPDQ

3UHVHQWDWLRQ7\SH

6HPLQDU

(YHQW1DPH

'HSDUWPHQWRI&LYLODQG(QYLURQPHQWDO(QJLQHHULQJ:DWHU5HVRXUFHV(QJLQHHULQJDQG(QYLURQPHQWDO
)OXLG0HFKDQLFV6HPLQDU

(YHQW/RFDWLRQ

(QJLQHHULQJ+DOO0DGLVRQ:,

(YHQW'DWH



7DUJHW$XGLHQFH

8QLYHUVLW\VWXGHQWV

$XGLHQFH6L]H



'HVFULSWLRQ

PLQXWHWDONWR:DWHU5HVRXUFHV(QJLQHHULQJJURXSRQWKHSURMHFWPHWKGRORJ\






7LWOH

7KHUPDOUHPRWHVHQVLQJGHWHFWLRQRIJURXQGZDWHUGLVFKDUJHWRVWUHDPV

3UHVHQWHU V

6WHYHQ3/RKHLGH,,

3UHVHQWDWLRQ7\SH

3URIHVVLRQDOPHHWLQJ

(YHQW1DPH

*HRORJLFDO6RFLHW\RI$PHULFD *6$ $QQXDO0HHWLQJ

(YHQW/RFDWLRQ

'HQYHU&RORUDGR

(YHQW'DWH
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7DUJHW$XGLHQFH

6FLHQWLILFDXGLHQFH

$XGLHQFH6L]H



'HVFULSWLRQ

,QYLWHGSUHVHQWDWLRQIRUVHVVLRQWLWOHG,QQRYDWLRQDQG1HZ7HFKQRORJLHVIRU0HDVXULQJDQG
&KDUDFWHUL]LQJ*URXQGZDWHU6XUIDFH:DWHU,QWHUDFWLRQ






7LWOH

7KHUPDOUHPRWHVHQVLQJRIVWUHDPWHPSHUDWXUHDWRROIRUPDSSLQJVSULQJV

3UHVHQWHU V

5LFKDUG6'HLWFKPDQ6WHYHQ3/RKHLGH,,

3UHVHQWDWLRQ7\SH

2WKHU

(YHQW1DPH

)ULHQGVRI$OOHQ&UHHN:DWHUVKHGPRQWKO\PHHWLQJ

(YHQW/RFDWLRQ

.RVKNRQRQJ7RZQ+DOO)W$WNLQVRQ:LVFRQVLQ

(YHQW'DWH



7DUJHW$XGLHQFH

3XEOLF

$XGLHQFH6L]H



'HVFULSWLRQ

3XEOLFSUHVHQWDWLRQRQWKHUPDOUHPRWHVHQVLQJUHVHDUFKDQGSODQQHG8$9IOLJKWVDW$OOHQ&UHHNVLWH






7LWOH

8VLQJWKHUPDOUHPRWHVHQVLQJLQ:LVFRQVLQDZD\WRKHOSDGPLQLVWHU:,$FW"

3UHVHQWHU V

5LFKDUG6'HLWFKPDQ

3UHVHQWDWLRQ7\SH

2WKHU

(YHQW1DPH

0HHWLQJZLWK:'15UHSUHVHQWDWLYHVIURPWKH:DWHU8VH6HFWLRQ

(YHQW/RFDWLRQ

:'156:HEVWHU6WUHHW0DGLVRQ:LVFRQVLQ

(YHQW'DWH



7DUJHW$XGLHQFH

6WDWHJRYHUQPHQWDJHQF\

$XGLHQFH6L]H



'HVFULSWLRQ

3UHVHQWDWLRQWRUHSUHVHQWDWLYHVIURPWKH:LVFRQVLQ'15RQWKHPHWKRGRORJ\DQGKRZWKHUPDO
UHPRWHVHQVLQJPD\EHXVHGIRUVWDWHZLGHVSULQJLQYHQWRULHV






7LWOH

7KHXVHRIWKHUPDOUHPRWHVHQVLQJIRUPDSSLQJVSULQJDQGGLIIXVHJURXQGZDWHUGLVFKDUJH
DSSOLFDWLRQVWR:LVFRQVLQJURXQGZDWHUODZDQGPDQDJHPHQW

3UHVHQWHU V

5LFKDUG6'HLWFKPDQ

3UHVHQWDWLRQ7\SH

6HPLQDU

(YHQW1DPH

8QLYHUVLW\RI:LVFRQVLQ0DGLVRQ'HSDUWPHQWRI8UEDQDQG5HJLRQDO3ODQQLQJ

(YHQW/RFDWLRQ

0XVLF+DOO0DGLVRQ:LVFRQVLQ

(YHQW'DWH



7DUJHW$XGLHQFH

8QLYHUVLW\VWXGHQWV

$XGLHQFH6L]H



'HVFULSWLRQ

3UHVHQWDWLRQWRVWXGHQWVLQDZDWHUSROLF\FRXUVHRQWKHSROLF\LPSOLFDWLRQVRIWKHPHWKRGRORJ\
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7LWOH

&KDUDFWHUL]DWLRQRIJURXQGZDWHUIOX[XVLQJJURXQGEDVHGWKHUPDOUHPRWHVHQVLQJDWWKHVHHSDJHIDFH

3UHVHQWHU V

5LFKDUG6'HLWFKPDQ6WHYHQ3/RKHLGH,,

3UHVHQWDWLRQ7\SH

3URIHVVLRQDOPHHWLQJ

(YHQW1DPH

$PHULFDQ:DWHU5HVRXUFHV$VVRFLDWLRQ:LVFRQVLQ6HFWLRQ$QQXDO0HHWLQJ

(YHQW/RFDWLRQ

6WHYHQV3RLQW:LVFRQVLQ

(YHQW'DWH



7DUJHW$XGLHQFH

0L[HG

$XGLHQFH6L]H



'HVFULSWLRQ

3UHVHQWDWLRQRQJURXQGEDVHGWKHUPDOUHPRWHVHQVLQJZRUNDWWKH$:5$PHHWLQJZRQ%HVW
6WXGHQW3ODWIRUPSUHVHQWDWLRQDZDUG




6WXGHQWV 3RVW'RFV6XSSRUWHG
6WXGHQW1DPH

5LFKDUG'HLWFKPDQ

&DPSXV

8QLYHUVLW\RI:LVFRQVLQ0DGLVRQ

$GYLVRU1DPH

6WHYHQ/RKHLGH

$GYLVRU&DPSXV

8QLYHUVLW\RI:LVFRQVLQ0DGLVRQ

'HJUHH

0DVWHUV

*UDGXDWLRQ0RQWK

0D\

*UDGXDWLRQ<HDU



'HSDUWPHQW

*D\ORUG1HOVRQ,QVWLWXWHIRU(QYLURQPHQWDO6WXGLHV

3URJUDP

(QYLURQPHQWDQG5HVRXUFHV

7KHVLV7LWOH

7KHUPDOUHPRWHVHQVLQJRIVWUHDPWHPSHUDWXUH±DSSOLFDWLRQVWRK\GURJHRORJ\DQGZDWHUUHVRXUFHV
SROLF\LQ:LVFRQVLQ

7KHVLV$EVWUDFW

7KHUPDOUHPRWHVHQVLQJLVLQFUHDVLQJO\XWLOL]HGDVDWRROLQK\GURORJ\EHFDXVHLWLVHDVLO\WUDQVIHUDEOH
FDQSURYLGHKLJKUHVROXWLRQV\QRSWLFYLHZVRIZDWHUUHVRXUFHLVVXHVDQGPD\SURYLGHDQVZHUVWR
GLIILFXOWUHVHDUFKTXHVWLRQV7KHUPDOLQIUDUHGUDGLDWLRQLVJHQHUDOO\FRQVLGHUHGWRKDYHDZDYHOHQJWK
EHWZHHQǋP&RPPHUFLDOWKHUPDOLQIUDUHGVHQVRUVW\SLFDOO\GHWHFWUDGLDWLRQLQWKHǋP
ZDYHEDQGV7KHUHGXFHGFRVWRIWKHUPDOLPDJLQJFDPHUDVQRZSURYLGHVDFRVWHIIHFWLYHPHWKRGIRU
LPDJLQJWREHXVHGIRUVWUHDPWHPSHUDWXUHDQGJURXQGZDWHUGLVFKDUJHDQDO\VLV &DUGHQDVHWDO
/RKHLGHDQG*RUHOLFN7RUJHUVRQHWDO 
7KHWHPSHUDWXUHRIJURXQGZDWHULVUHODWLYHO\FRQVWDQWWKURXJKWLPHZKHUHDVVXUIDFHZDWHU
WHPSHUDWXUHYDULHVRQVHDVRQDODQGGLXUQDOF\FOHV7KLVWKHUPDOVLJQDWXUHDOORZVJURXQGZDWHU
GLVFKDUJHWREHORFDWHGDWWKHVXUIDFHZLWKWKHUPDOLPDJLQJ7KHSXUSRVHRIWKLVUHVHDUFKLVWR
LQYHVWLJDWHWKHXVHRIWKHUPDOUHPRWHVHQVLQJIRUZDWHUUHVRXUFHVVFLHQFHDQGSROLF\LQWKH6WDWHRI
:LVFRQVLQ6FLHQFHEDVHGPDQDJHPHQWLVHVVHQWLDOWRWKHIXWXUHRI:LVFRQVLQ VZDWHUUHVRXUFHV
:LVFRQVLQLVYHU\SURJUHVVLYHQDWLRQDOO\LQZDWHUUHVRXUFHVSROLF\:LVFRQVLQ$FW  D
JURXQGZDWHUTXDQWLW\SURWHFWLRQODZLVRQHRIWKHILUVWSLHFHVRIOHJLVODWLRQWRUHFRJQL]HWKH
LQWHUDFWLRQRIJURXQGZDWHUDQGVXUIDFHZDWHU7KLVSURMHFWLQFOXGHVWKUHHFDVHVWXGLHVRQWKHXVHRI
WKHUPDOUHPRWHVHQVLQJDORQJZLWKDFKDSWHUGHWDLOLQJWKHSROLF\LPSOLFDWLRQVRIWKHQHZ
PHWKRGRORJLHVIRUWKH6WDWHRI:LVFRQVLQ
7KHUHLVQRH[LVWLQJPHWKRGWRLPDJHJURXQGZDWHUSURFHVVHVDORQJDVHHSDJHIDFH7KXVLWLVRIWHQ
GLIILFXOWWRTXDQWLI\WKHPDJQLWXGHDQGVSDWLDOYDULDELOLW\RIJURXQGZDWHUIOX[DFURVVWKLVLQWHUIDFH
*URXQGEDVHGWKHUPDOLPDJLQJZDVHPSOR\HGLQWKH8QLYHUVLW\RI:LVFRQVLQ$UERUHWXPDVDQHZ
WUDQVIHUDEOHQRQLQYDVLYHPHWKRGWKDWXVHVKHDWDVDQDWXUDOWUDFHUWRLPDJHVSDWLDOO\YDULDEOH

Page 9 of 10

JURXQGZDWHUIORZSURFHVVHVDQGGLVWLQJXLVKEHWZHHQIRFXVHGDQGGLIIXVHJURXQGZDWHUGLVFKDUJHWR
WKHVXUIDFH)RUWKHILUVWWLPHWKHZRUNGHPRQVWUDWHVWKDWWKHUPDOUHPRWHVHQVLQJRIJURXQGZDWHUDW
WKHVHHSDJHIDFHSURYLGHVLQGLUHFWLPDJLQJRIERWKWKHVDWXUDWHG]RQHXQVDWXUDWHG]RQHWUDQVLWLRQ
DQGJURXQGZDWHUIOX[DWWKHFHQWLPHWHUVFDOHRIIHULQJIXUWKHULQVLJKWLQWRIORZKHWHURJHQHLW\
$LUERUQHWKHUPDOUHPRWHVHQVLQJIURPDVLQJOHHQJLQHDLUSODQHZDVXVHGWRFROOHFWWKHUPDOLQIUDUHG
GDWDWKDWYDOLGDWHGDRQHGLPHQVLRQDOVWUHDPWHPSHUDWXUHPRGHORIWKH(DVW%UDQFK3HFDWRQLFD5LYHU
0RGHOVLPXODWLRQVRIYDULRXVFOLPDWHFKDQJHVFHQDULRVVXJJHVWWKDWVWUHDPWHPSHUDWXUHVPD\UHDFK
FULWLFDOWKUHVKROGVRIPRUWDOLW\IRUEURRNWURXW 6DOYHOLQXVIRQWLQDOLV DQGEURZQWURXW 6DOPRWUXWWD 
7KHZRUNXVHVDQH[LVWLQJIUHHO\DYDLODEOHRQHGLPHQVLRQDOVWUHDPWHPSHUDWXUHPRGHOFDOLEUDWHG
ZLWKORQJLWXGLQDOSURILOHVRIVWUHDPWHPSHUDWXUHFUHDWHGIURPIRXUWKHUPDOLPDJLQJIOLJKWVDQGGDWD
IURPLQVWUHDPORJJHUV,WGHPRQVWUDWHVWKDWWKHUPDOLQIUDUHGGDWDFDQJUHDWO\DVVLVWVWUHDP
WHPSHUDWXUHPRGHOYDOLGDWLRQGXHWRLWVKLJKVSDWLDOUHVROXWLRQFDQEHXVHGWRSLQSRLQWVSDWLDO
KHWHURJHQHLW\LQJURXQGZDWHULQIORZWRVWUHDPVDQGWKDWVWUHDPWHPSHUDWXUHPRGHOVFRQVLGHULQJ
FOLPDWHFKDQJHDUHLPSRUWDQWIRUILVKHULHVPDQDJHPHQW
'DWDFROOHFWHGIURPDQXQPDQQHGDHULDOYHKLFOHLVXVHGWRVKRZWKHSRWHQWLDOXVHRIWKHUPDOUHPRWH
VHQVLQJIRUDGPLQLVWUDWLRQRI:LVFRQVLQ$FW$PRQJRWKHUPHDVXUHV$FWUHJXODWHVWKH
LQIOXHQFHRIKLJKFDSDFLW\SXPSLQJZHOOVRQVSULQJV6SULQJVDUHGHILQHGDV>DUHDV@RIFRQFHQWUDWHG
JURXQGZDWHUGLVFKDUJHRFFXUULQJDWWKHVXUIDFHRIWKHODQGWKDWUHVXOWLQDIORZRIDWOHDVWRQHFXELF
IRRWSHUVHFRQGDWOHDVWSHUFHQWRIWKHWLPH´&XUUHQWO\LQIRUPDWLRQDERXWWKHORFDWLRQDQGIORZRI
VSULQJVLVOLPLWHGRQDVWDWHZLGHEDVLV8QPDQQHGDHULDOYHKLFOHVPD\EHHPSOR\HGWRFROOHFWWKHUPDO
LPDJHU\IRUWKHPDSSLQJRIVSULQJV+RZHYHUQXPHURXVWHFKQLFDODQGUHJXODWRU\EDUULHUVFXUWDLOWKH
XVHRIXQPDQQHGDHULDOYHKLFOHVIRUGDWDFROOHFWLRQRQDVWDWHZLGHEDVLV7KLVWKHVLVKLJKOLJKWVWKH
YDOXHRIXQPDQQHGDHULDOYHKLFOHVDQGGLVFXVVHVWKHSROLF\UHJXODWRU\DQGWHFKQLFDOEDUULHUVWR
LPSOHPHQWDWLRQ



2WKHU$FWLYLWLHV
'HVFULSWLRQ

%DGJHU5LGJH0LGGOH6FKRROVFLHQFHHGXFDWLRQSURJUDPWKJUDGHVWXGHQWVFRPHWRWKHGHSDUWPHQW
WROHDUQDERXWFDUHHUVLQHQYLURQPHQWDOHQJLQHHULQJ/RKHLGHDQG'HLWFKPDQSUHVHQWDQLQTXLU\
EDVHGXQLWRQJURXQGZDWHUDQGLWVLPSRUWDQFHLQWKHVWDWH

(YHQW'DWH
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Publication

Award No. 08HQGR0148 The Transport, Fate and Cycling of Mercury in Watersheds and Air Sheds1

Annual Progress Report Preview
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Annual Progress Report
Selected Reporting Period: 3/1/2008 - 2/28/2009
Submitted By: Jim Hurley
Submitted: 6/11/2009

Project Title
WR08R005: The Transport, Fate and Cycling of Mercury in Watersheds and Air Sheds

Project Investigators
James Hurley, University of Wisconsin Sea Grant Institute

Progress Statement
The project team continues to make good progress towards understanding the sources and cycling of mercury in
airsheds and watersheds. During the past year we conducted studies in two coastally situated settings: Weeks Bay,
Alabama, and Cape Romaine, South Carolina. In addition, to add to the interpretation of our results, our project has
begun development of a generally applicable dry-phase mercury deposition model that will facilitate estimates of
ionic and elemental mercury to surfaces. The model is calibrated by the use of atmospheric mercury speciation
measurements made in the field.

Principal Findings and Significance
Description

1 of 2

Our results show that in coastal settings, the intersection of terrestrially based mercury
emission sources interacting with chemical oxidants formed in the marine boundary layer
result in exacerbated mercury deposition in the near coastal environments. These finds
have direct implications for water-resource rich ecosystems along the East Coast of the
US, and people who fish in those waters. Also, the application of the mercury depositon
model developed by this project to these field settings provides a scientifically based
explanation for why coastal areas in the southeastern US are among the highest mercury
deposition zones.

6/11/2009 1:36 PM
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Journal Articles & Other Publications
Publication Type

Peer-Reviewed Journal Article/Book Chapter

Title

Characterization and cycling of atmospheric mercury along the central U.S. Gulf of Mexico
Coast

Author(s)

Engle, M.A., Tate, M.T., Krabbenhoft, D.P., Kolker, A., Olson, M.L., Edgerton, E.S., DeWild,
J.F., and McPherson, A.K.

Publication/Publisher

Applied Geochemistry 23 (2008), pp. 419–437.

Year Published

2008

Volume & Number

23

Number of Pages

19

Description
Any Additional Citation
Information
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University of Wisconsin Water Resources Institute Information Transfer
Basic Information
Title: University of Wisconsin Water Resources Institute - Information Transfer
Project Number: 2008WI195B
Start Date: 3/1/2008
End Date: 2/28/2009
Funding Source: 104B
Congressional District: 2
Research Category: Not Applicable
Focus Category: None, None, None
Descriptors:
Principal Investigators: Stephen Wittman, Jim Hurley

Publication
1. Betz, Carolyn. 2009. Nitrate in Groundwater fact sheet. Madison: University of Wisconsin Water
Resources Institute. 2 pages.
2. Betz, Carolyn. 2009. Arsenic in Groundwater fact sheet. Madison: University of Wisconsin Water
Resources Institute. 2 pages.
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INFORMATION AND OUTREACH ACTIVITIES
In 2007, the UW-Madison Water Resources Institute Web site (www.wri.wisc.edu ) was rebuilt
from ground(water) up to make it easier and faster for visitors to find information about WRI
research projects and publications. Construction of the new site was a yearlong team effort led
by James Hurley, assistant director for research & outreach, and his assistant Liz Albertson, a
recent graduate from the UW-Madison Water Resources Management program. One of the
goals of the Web site redesign was to provide the public with a real-time link to information
about current research. To that end, the site was integrated with the UW Aquatic Sciences
Center’s interactive Project Reporting Online (iPRO) system, an online tool that allows principal
investigators to report on the progress of their projects. The new site features a fresh design
with better readability and vivid photography. The redesigned WRI Web site went online
February 15, 2008, and to date it has logged 19,080 page views and 3,289 unique visitors.
WISCONSIN WATER RESOURCES INSTITUTE PUBLICATIONS
In 2007, the UW Water Resources Institute published a 20-page illustrated pamphlet and twopage executive summary describing the activities of Groundwater Coordinating Council (GCC)
since its creation 20 years ago. The pamphlet, entitled Protecting Wisconsin's Buried Treasure,
documents the accomplishments, impacts and benefits of the Groundwater Research &
Monitoring Program. Drawing on some of the most important issues identified in the pamphlet,
two fact sheets were published in 2009: Nitrate in Groundwater and Arsenic in Groundwater.
Two more fact sheets are in preparation on Water Quantity and Groundwater Drawdown and
Pathogens in Groundwater. These publications will provide a complementary packet of
information with long-term usefulness to all GCC member agencies. Coordinated by the GCC
Education Subcommittee, this project represents a truly collaborative effort involving all GCC
members. All but six of the 235 copies of the pamphlet printed have been distributed, and a
free electronic copy of the pamphlet in the ASC’s online Publications Store has been
downloaded 819 times between the date it was posted (11/1/07) and the end of May 2009.
In February 2006, WRI and the UW-Madison Department of Civil & Environmental Engineering
published Design Guidelines for Stormwater Bioretention Facilities by Dustin Atchison, Ken
Potter and Linda Severson. This manual provides design guidelines and a numerical model
(RECARGA) that can be used for creating bioretention facilities for small-scale stormwater
management that promotes infiltration of storm water in order to reduce its volume, improve
its quality and increase groundwater recharge. This document continues to be extremely
popular at the ASC Publications Store. Since its publication, a total of 490 print copies have
been distributed and 21,321 downloads of the online PDF have been logged.
WATER RESOURCES RESEARCH HIGHLIGHTED IN NEWSLETTER
During 2008-09, WRI research and activities were featured in all four issues of the UW Aquatic
Sciences Center’s quarterly newsletter, Aquatic Sciences Chronicle, which is distributed
statewide and nationally to more than 2,500 subscribers, including UW System faculty and
students, local and state water management agencies, water-related NGOs, news media and
WRIs in other states. Newsletter stories included the results of a WRI-funded study that
sampled a subdivision’s septic systems, groundwater monitoring wells and home water taps for

the presence of bacteria resistant to tetracycline antibiotic; highlights of the AWRA-Wisconsin
Section’s 2009 annual meeting, and the launch of the WRI Library’s “Aqualog” blog.
“WATER MATTERS” LECTURE SERIES
The WRI cosponsored “Water Matters: A Lecture Series” as part of the public programming
accompanying the October 2008–January 2009 “Mami Wata: Arts for Water Spirits in Africa and
its Diasporas” exhibition at the UW-Madison Chazen Museum of Art. Besides the Chazen and
WRI, other major partners in this project were the UW Sea Grant Institute and the UW-Madison
Department of Art History. Designed to enhance public awareness and understanding of water
resources issues in the context of a changing climate, the series of five lectures featured
presentations by the WRI director (Anders Andren) and faculty members from the UW-Madison
American Indian Studies Program, Center for Limnology, Zoology Department and Life Sciences
Communications; Northland College Department of Biology, and UC-Berkeley.
The series attracted a total of 295 attendees, and evaluations were submitted by 116 (39%).
Evaluation data indicate 52% of the lecture attendees were adult campus visitors (the primary
target audience), 48% were students (the secondary target audience), and 48% had no prior
awareness of the WRI. Seventy one percent reported that they gained new insights as a result
of the lecture they attended, and on a scale of 1 to 5 (5 = excellent), 89% gave the
presentations a rating of 4 or 5. In addition, the “Water Matters” Web site, which featured
audio of the American Indian “MadTown Singers” group, attracted 514 visits and 827 page
views over a one-month period. One of the presenters, UW-Madison Center for Limnology
Director James Kitchell, was a featured on the October 19, 2008, “University of the Air,” a
Wisconsin Public Radio program that typically attracts more than 300,000 listeners.
REGIONAL CLIMATE CHANGE SEMINAR SERIES
The WRI helped support "Climate Change in the Great Lakes Region: Starting a Public
Discussion," a seminar series sponsored by the UW Sea Grant Institute and Wisconsin Coastal
Management Program. From March through September 2007, eight climate-effects experts
spoke at seven sites around Wisconsin to discuss what is known, what is predicted and what
can be done to adapt to a changing climate. To continue and expand public discussion of what
climate change means for the Great Lakes region, an 80-page summary report and a DVD
featuring video and the PowerPoint® presentations from all eight seminars were published in
2008, either of which may be purchased or downloaded free of charge from the UW Aquatic
Science Center’s online Publications Store (aqua.wisc.edu/publications). To date, 760 copies of
the printed summary report and 50 copies of the DVD have been distributed, and the online
PDF of the report has been downloaded 2,129 times. A written summary and video of each
seminar PowerPoint® presentation are also available for free download from the “The
Seminars” section of the project Web site (www.seagrant.wisc.edu/ ClimateChange), which has
logged 1,471 page views in 762 visits by 657 unique visitors.
GROUNDWATER AWARENESS WEEK 2009
The WRI again contributed to a series of seven news releases for the annual “Groundwater
Awareness Week” in March 2009 that were distributed via the UW-Madison WRI’s statewide

media mailing list and the UW-Extension network. Phone calls from media looking for more
information indicate at least some of the information made it into several Wisconsin
newspapers and on radio and television. The WRI also arranged for Stephen Ales, drinking and
groundwater team supervisor for the Wisconsin Department of Natural Resources, and Kevin
Masarik, outreach specialist for the UW-Stevens Point Center for Watershed Science and
Education, to be guests on the March 25 broadcast of Wisconsin Public Radio’s popular “Larry
Meiller Show,” a 45-minute live call-in talk show with a regular statewide audience numbering
in the hundreds of thousands. Aired on WPR stations statewide, the program attracted a
dozen callers from throughout the state, mainly with questions related to well water
contaminants and testing issues. Program producers have said the number of calls show strong
enough statewide interest in the topic to merit additional programs on groundwater topics in
the future. This was reinforced by the strong follow-up interest in this topic as evidenced by
more than 27 WPR member downloads of the MP3 video file of the program and 76 “plays” of
the RealMedia streaming audio archive of the program on the WPR Web site.
A.W.R.A. 2009 ANNUAL CONFERENCE
The WRI once again cosponsored the American Water Resources Association-Wisconsin
Section’s annual conference, “Wisconsin’s Changing Water Resources,” held March 5-6, 2009,
in Stevens Point, Wis. Other sponsors included the UW-Stevens Point Center for Watershed
Science and Education, Wisconsin Department of Natural Resources, Wisconsin Geological and
Natural History Survey, and the U.S. Geological Survey’s Wisconsin Water Science Center.
About 170 water managers and scientists from throughout Wisconsin attended the conference,
which featured more than 60 oral and poster presentations on a wide range of water resources
topics. Plenary session topics included global effects of climate change, effects of climate
change on Wisconsin lakes and future implications of climate change to Wisconsin. During the
conference, the AWRA Wisconsin Section presented its “Distinguished Service Award” to WRI
Assistant Director for Research and Outreach James Hurley in recognition of his exceptional
contributions to water resources education, significant scientific contributions towards
improving the water resources of Wisconsin and dedicated service to the AWRA organization.
WISCONSIN’S WATER LIBRARY OUTREACH ACTIVITIES
During the past year, Wisconsin’s Water Library has continued its involvement in outreach
efforts while providing a full range of library services to faculty, staff and students of the
University of Wisconsin System. The library provided outreach by providing in depth reference
assistance on a wide range of water-related topics. Some examples of reference queries
answered included the history of dredging of the Baraboo River; research on statistics relating
to Lake Michigan weather and water conditions; thorough inventory of periodical literature on
water since the beginning of the 20th century; locating references on the safety of eating fish
caught in Lake Mendota; research on temperature tolerance and preference and dissolved
oxygen tolerance and preference for certain fish species; and a literature search on climate
change effects (or varying water level change effects) on port, harbor or marina operations.
During the reporting period, in partnership with the Wisconsin Department of Natural
Resources and the Wisconsin Wastewater Operator's Association (WWOA), the library

continued its outreach to current and future wastewater operators of Wisconsin. The library
cataloged the essential technical manuals into the library catalog and provided loans to WWOA
members around the state in support of their required state license examinations as well as in
support of the educational needs of their daily work.
Wisconsin’s Water Library continues to catalog all groundwater research reports from projects
funded by the Water Resources Institute into WorldCat and MadCat, two library indexing tools
that provide both worldwide and statewide access to WRI research. By having this information
permanently indexed, the research results are easily available to other scientists throughout
the UWS as well as across the nation and the world.
Library staff continued to be involved in the Allied Drive Story Hours outreach program. Allied
Drive is a neighborhood of Madison where many of the families live in poverty. The program is
a partnership of eight specialized UW-Madison campus libraries, the UW-Madison School of
Library and Information Studies, and the Madison School and Community Recreation Safe
Haven Childcare Program in which each month a different campus library hosts a reading hour
with themes relating to its specialized subject area. During the past year, the story hour was
expanded to serve second and third graders in addition to first graders and kindergarteners.
LIBRARY WEB SITES
The main outreach tool for the library is the newly redesigned and launched library Web site
(aqua.wisc.edu/waterlibrary). During 2008-09, the library combined the three previous sites
into one, seamless resource. For UWS faculty, staff and students, the Web site introduces
services and resources tailored to them. An important part of this redesign was the update of
the research tool, the Water Research Guide
(http://researchguides.library.wisc.edu/waterresearchguide). The research guide contains
books, journals, databases and other resources on water, science and the Great Lakes.
For Wisconsin residents, the library Web site is an outreach site for those who want to learn
more about our state’s water resources. It makes books and other materials in the library
accessible to any Wisconsin resident. During the past year, library staff produced six bimonthly
lists of Recent Acquisitions and added several special features or annotated reading lists on such
popular topics as “Flooding in Wisconsin,” “Understanding and Protecting Groundwater—
Recommended Reading,” and “Readings on Aquaculture.” The most popular pages on the site
are “Water Facts”, a special feature page on Native Americans and the environment, and a
reading list on Landscaping & Ponds.
Wisconsin’s Water Library also includes the “Water Library for Kids” Web site
(www.aqua.wisc.edu/waterlibrary/kids). This site features children’s books with aquatic
themes that have won awards or appeared on best books lists. Most books are for preschool
through second grade children, although there are also materials for older kids. Besides fiction
and nonfiction books, the Web site also provides ideas and resources for story hours. Users can
browse recommended reading lists by topic (frogs, fish and fishing, Great Lakes, water

pollution, etc.) and by age group. Any adult Wisconsin resident can check out books online and
pick them up at their local public library.
During the past year, the library initiated a new Web 2.0 service, AquaLog
(aqualog2.blogspot.com), using Blog technology to provide daily, up-to-date, water-related
news, publications and resources about Wisconsin and the Great Lakes region. AquaLog’s posts
are searchable by topic and a monthly archive is available. A researcher or a member of the
public can receive notices of updates to the blog using an RSS feed.
The popularity of the all the library Web sites continues to grow. From June 1, 2008 through
May 31, 2009, the WRI Library received 20,614 visits by 18,997 unique visitors who logged
39,382 page views.
OTHER W.R.I. WEB SITES
WRI maintains several other Web sites in addition those described above. The UW Water
Resources Institute Web Site (http://wri.wisc.edu) introduces users to the Wisconsin program
and includes a variety of information for those interested in water-related issues and research.
The project listing, project reports, groundwater research database, funding opportunities and
conference information sections of the Web site are updated annually.
The ASC Publications Store (www.aqua.wisc.edu/publications) features publications from both
the Water Resources and Sea Grant Institutes. WRI fact sheets on arsenic in groundwater (197
downloads), groundwater drawdown (716 downloads) and Wisconsin’s groundwater resources
(155 downloads) continue to be popular. Forty two WRI print publications and 3,480
downloads of the online copies of these publications were logged by the Publications Store
from 7/1/08 through 6/18/09.
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Notable Awards and Achievements
During its 2009 annual conference, the American Water Resrouces Association-Wisconsin Section presented
its Distinguished Service Award to University of Wisconsin WRI Assistant Director for Research &
Outreach James Hurley in recognition of his exceptional contributions to water resources education,
significant scientific contributions towards improving the water resources of Wisconsin and dedicated service
to the AWRA organization.
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