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Introduction

The Pennsylvania Water Resources Research Center (PA-WRRC), founded in 1964, is authorized by
Congress as one of the nation's 54 water resources research institutes comprising the National Institutes of
Water Resources (NIWR). In keeping with the Land Grant mission of the host Universities, each institute
serves a tripartite mission of University research, education, and outreach in advancing pressing problems in
water quality and quantity. The program is administered by the U.S. Department of the Interior through the
U.S. Geological Survey, in a unique Federal-State-University partnership. The PA-WRRC is located on the
University Park campus at the Pennsylvania State University. There, PAWRRC resides within the Penn State
Institutes of Energy and the Environment (PSIEE). The PA-WRRC continues to receive support contributions
from PSIEE, which funds the Director’s time spent in water center administration and research; and provides
additional staff support for administrative, accounting, communications, and research functions.

The PA-WRRC receives USGS 104B federal base funding that is distributed via a small grants competition to
researchers at academic institutions across Pennsylvania. A request for proposals for this competition was
broadly disseminated. Given the level of funding available in FY15, we were able make several awards as
listed below; intended to be small grants allowing faculty to conduct research our outreach on problems
important to Pennsylvania. None of the federal funding was used to pay overhead costs, and PA-WRRC
matched every dollar of its base appropriation with at least two dollars from non-federal sources.

RESEARCH & INFORMATION TRANSFER PROJECTS

Three projects supported during FY16 were research-oriented, addressing unanswered questions in water
resources and seeking solutions to water challenges.

Principal Investigators Leanne M. Gilbertson and Radisav Vidic from the University of Pittsburgh led a
research project entitled “Evaluating a Potential Win-Win for Water Quality Management in Pennsylvania:
Systems-Level Quantitative Analysis of Abandoned Mine Drainage and Produced Water Co-Treatment.” This
research identified the environmental footprint and trade-offs of a proposed co-treatment process of
abandoned mine drainage and produced water; toward informing future design and implementation strategies
aimed at impact minimization.

Principal Investigator Manish Kumar from Penn State University led a research project entitled “Remediation
of flowback water by transformation of organic additives used in fracking operations.” This research explores
membrane treatment methods for the reuse or surface water disposal of flowback and produced waters.
Results show that polyacrylamide used in hydraulic fracturing significantly reduces the membrane treatability
of resulting wastewater generated from slick-water fracturing operations in Pennsylvania.

Principal Investigators Matteo Pozzi, Constantine Samaras, and Jeanne Van Briesen led a project entitled
“Effect of elevated bromide and climate change-induced total organic carbon concentrations on disinfection
by-product formation, speciation, regulatory compliance and risk for PA surface waters.” Results showed that
disinfection by-product regulation may not adequately protect drinking water consumers when climate change
alters source water conditions in Pennsylvania.

Information from these research projects were disseminated to broader audiences, via both publications and
presentations at meetings and conferences. Further, several projects supported during FY16 were oriented
toward outreach and information transfer, making research-based information available to user communities.

Principal Investigator Bryan Swistock from Penn State University and a group of extension educators led a
project entitled “Rural Drinking Water Education for Underserved Counties of Pennsylvania.” This project
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provided free water testing for 190 private water system owners in five counties in Pennsylvania. Of the wells
sampled; 75% failed at least one health-based drinking water standard. Of the well's owners, 66% indicated
that they took action to improve their drinking water by the end of the project.

PA-WRRC Director Elizabeth Boyer from Penn State University and graduate student associates worked to
deliver educational and outreach programs. PA-WRRC co-sponsored numerous conferences and academic
seminar series, and presented talks and poster presentations about water resources of Pennsylvania and
beyond.

EDUCATIONAL IMPACT

Four graduate students and three undergraduate students were partially supported as part of the PA-WRRC
104B research projects described above, at multiple academic institutions across Pennsylvania. • (Boyer)
Lidiia Iavorivska, Department of Ecosystem Science and Management, Penn State University. PhD student. •
(Gilbertson) Yan Wang, Department of Civil and Environmental Engineering, University of Pittsburgh. PhD
student. • (Kumar) Boya Xiong, Department of Civil and Environmental Engineering, Pennsylvania State
University, PhD student. • (Pozzi et al). Chelsea Kolb, Department of Civil and Environmental Engineering,
Carnegie Mellon University PhD student. • (Kumar) Selina Roman-White, Department of Chemical
Engineering, Pennsylvania State University, Undergraduate student • (Kumar) Zachary Miller, Department of
Chemical Engineering, Pennsylvania State University, Undergraduate student • (Kumar) Bethany Piechowicz,
Department of Chemical Engineering, Pennsylvania State University, Undergraduate student

One graduate student and one undergraduate student were trained via the National Institutes for Water
Resources Student Internship Program, in collaboration with PA-WRRC:

One intern worked in partnership with Presque Isle State Park, Erie County Department of Health, and the
Tom Ridge Environmental Center (TREC) Regional Science Consortium (RSC). The intern, undergraduate
student Julia Guerrin from Allegheny College, studied water quality of Lake Erie. She worked with mentors
Jeannette Schnars from the RSC and Tammy Zimmerman from USGS.

One intern worked in partnership with the National Science Foundation sponsored Shale Network. The intern,
graduate student Marcus Guarnieri, worked on transcribing chemical and locational monitoring data, and
conducted analysis toward understanding water quality conditions in the areas where unconventional oil and
gas exploration is taking place in Pennsylvania. He worked with mentors Sue Brantley from Penn State
University and Bruce Lindsey from USGS.

Via our Information Transfer Project (Swistock et al.); over 200 homeowners with private water supplies,
from five under-served counties of western Pennsylvania, were educated about drinking water well
construction, maintenance, and water quality.

Introduction 2



Research Program Introduction

None.

Research Program Introduction

Research Program Introduction 1



Remediation of Flowback Water by Transformation of
Organic Additives Used in Fracking Operations

Basic Information

Title: Remediation of Flowback Water by Transformation of Organic Additives Used in
Fracking Operations

Project Number: 2016PA225B
Start Date: 3/1/2016
End Date: 2/28/2017

Funding Source: 104B
Congressional

District: 5

Research Category: Engineering
Focus Categories: Treatment, Wastewater, Water Use

Descriptors: None
Principal

Investigators: Manish Kumar
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.1. 
x2. 

Remediation of Flowback Water by Transformation of Organic Additives Used in Fracking Operations

Remediation of Flowback Water by Transformation of Organic Additives Used in Fracking Operations1



FINAL PROJECT REPORT  
Pennsylvania Water Resources Research Center 
 
PROJECT TITLE: Remediation of flowback water by transformation of organic additives used 
in fracking operations  
 
PRINCIPAL INVESTIGATOR:  
Manish Kumar, PhD 
Assistant Professor, Department of Chemical Engineering 
Pennsylvania State University 
manish.kumar@psu.edu 
(814)-865-7519  
43 Greenberg, University Park, PA 16802 
 
Andrew Zydney, PhD 
Distinguished Professor, Department of Chemical Engineering 
Pennsylvania State University 
zydney@engr.psu.edu  
(814)-863-7113  
43 Greenberg, University Park, PA 16802 
 
PROBLEM and RESEARCH OBJECTIVES 
Sustainable wastewater management strategies are required to minimize impacts of high-volume 
hydraulic fracturing (HVHF) wastewater. Cost-effective treatment methods are required for the 
reuse or surface water disposal of flowback and produced waters. Membrane systems can 
provide superior effluent quality but experience severe fouling. The key fouling components in 
HVHF wastewater have not been identified and characterized. The majority of the organic 
constituents in flowback water can come from the chemical additives used in HVHF. The 
transformation of these chemicals at downhole conditions determines their characteristics in the 
flowback wastewater, which however has not been studied. The objective of the research is to 
identify the chemical additive that contributes the most to membrane fouling, and to describe the 
chemical transformation of the additive at downhole conditions as well as its controlling factors. 
 
METHODOLOGY 
A slickwater fracturing fluid recipe (chemical type and concentration) was developed based on 
the drilling log records in the Marcellus shale operations available online (FracFocus.org) and 
chemicals used were provided by Weatherford Chemical Inc., a common chemical supplier in 
the Marcellus shale region. Synthetic flowback water was obtained by reacting the synthetic 
fracturing fluid with 25 g/L shale at 80  and 83 bar for 24 h simulating downhole conditions 
encountered in natural gas reservoirs. Marcellus Shale was collected from an outcrop near 
Frankstown, PA. Pulverized shale mixed with fracturing fluid was then incubated in a 0.5 L 
T316 stainless steel Parr reactor. Series of experiments were conducted to evaluate the 
controlling factors (temperature, shale loading, pressure and salinity) on the organic 
transformation of polyacrylamide. Fouling experiments were conducted using 0.2 μm pore size 
polyvinylidenefluoride (PVDF, EMD Millipore) membranes in a 10 mL Amicon 8010 dead-end 
filtration cell at a constant pressure of 0.27 bar at room temperature. The initial flux decline data 



was used to calculate the flux decline rate to evaluate the fouling potentials. Molecular weight 
(MW) distributions of molecules in the fracturing fluid and flowback water were evaluated by 
conventional size exclusion chromatography (SEC) using a Waters HPLC 1515 system and a 
Shodex SB-806M HQ aqueous SEC column. 
 
PRINCIPAL FINDINGS AND SIGNIFICANCE 
We demonstrate the fouling of microfiltration membranes by synthetic flowback water was 
mostly due to polyacrylamide (PAM), a major additive in synthetic slickwater fracturing fluids. 
Low molecular weight constituents that haven been intensively analyzed previously do not 
directly cause membrane fouling. The fouling behavior observed here by synthetic flowback 
water containing degraded PAM is similar to the high organic fouling flowback water in our 
previous work studying actual Marcellus Shale gas wastewater. PAM degrades up to three orders 
of magnitude (molecular weight reduction) under downhole conditions, with elevated 
temperature and presence of shale as the controlling factors and pressure and salinity as minor 
roles.  The addition of breaker significantly reduced the PAM size and its fouling index. 
However, it is important to note that breaker is only used ~10% of the time in slickwater 
fracturing operations.  
Commonly measured water quality such as total organic carbon and turbidity cannot predict the 
fouling potential, our results show a nice correlation between the size of degraded polymer with 
fouling potential. The findings of this study provide critical information of flowback and 
produced water quality that is useful to design cost-effective treatment processes. As the 
fracturing fluid recipe and interactions with shale at HVHF conditions directly affect the degree 
of polymer degradation, our results suggest membrane treatability of flowback and produced 
waters can be enhanced by 1) reducing the use or concentration of PAM in HVHF operations; 2) 
increasing the dosage of oxidative breaker such as persulfate or peroxide; 3) increasing the 
residence time of fluids during well shut-down for greater degradation of PAM.  
 
STUDENTS & POSTDOCS SUPPORTED  
Boya Xiong, Department of Civil and Environmental Engineering, Pennsylvania State 
University, Graduate student 
 
Selina Roman-White, Department of Chemical Engineering, Pennsylvania State University, 
Undergraduate student (Graduated) 

Zachary Miller, Department of Chemical Engineering, Pennsylvania State University, 
Undergraduate student (Graduated) 

Bethany Piechowicz, Department of Chemical Engineering, Pennsylvania State University, 
Undergraduate student (Graduated) 

  

PUBLICATIONS  
Xiong, Boya; Roman-White, Selina; Piechowicz, Bethany; Miller, Zachary; Farina, Benjamin; 
Tasker, Travis; Burgos, William; Zydney, Andrew L.; Kumar, Manish. (2017) Polyacrylamide in 
hydraulic fracturing fluid causes severe membrane fouling during flowback water treatment 
Environmental Science and Technology letters (Submitted) 



 
Xiong, Boya; Miller, Zachary; Roman-White, Selina; Piechowicz, Bethany; Farina, Benjamin; 
Tasker, Travis; Burgos, William; Zydney, Andrew L.; Kumar, Manish. (2017) Chemical 
degradation of polyacrylamide used in hydraulic fracturing. Environmental Science and 
Technology (Under review) 
 
INFORMATION TRANSFER ACTIVITIES  
Xiong B., et al. Membranes: Materials & Processes, Gordon Research Conference and Seminar, 
New London, NH, July 2016. [Oral and Poster] 

Xiong B., et al. 252nd American Chemistry Society Annual Conference, Philadelphia, 
Pennsylvania, August 2016. [Oral] 

Xiong B., et al. Pennsylvania Water Environment Association PennTech conference 2016, State 
college, PA. [Oral and Poster] 

Xiong B., et al. 26th Annual North American Membrane Society Meeting, Seattle, WA, May 
2016. [Oral and Poster] 

AWARDS & ACHEIVEMENTS  
First place poster award-Gordon Research Conference and Seminar July 2016 
Poster Award- Pennsylvania Water Environment Association PennTech conference 2016 
 
PHOTOS OF PROJECT 

 
Figure 1. (A) From left to right: Friction reducer (FR) stock from Weatherford International, raw 
FR fracturing fluid (0.15% v/v), synthetic flowback water from reaction at 80 , 83 bar and with 
25 g/L shale (shale removed by centrifugation). (B) Shale outcrop used in the study. Left image 
is the original shale sample and the right one is the pulverized sample used in experiments. (C) 
Temperature control panel (top) and gas booster (bottom) connected with a nitrogen gas tank 
used for controlling and pressurizing Parr reactor. (D) Stainless steel Parr reactor with 500 ml 
capacity and a temperature limit of 500  and a 345 bar pressure limit. A PTFE inline is inserted 
in order to eliminate potential reaction between chemicals and stainless steel. 
 



 
Figure 2. Fouling index of flowback increases with (A) the peak molecular weight and (B) 
the concentration of high MW species (>130 nm in diameter). Data from repeat experiments 
are presented using the same symbol. Fouling index is largely affected by fluid recipe. Black 
square indicates raw fluid (only FR without reaction) and the remaining data are synthetic 
flowback. FR: only FR; FB: FR plus breaker; FBC: FB plus crosslinker. The open circles (FR) 
and triangles (FB and FBC) are generated by reaction with shale at 83 bar, 80 , 25 g/L. Fouling 
index is also largely affected by temperature and shale during the reaction simulating 
downhole conditions. The diamonds are flowback of FR only generated using different reaction 
conditions: open diamond, FR-S+P+T: without shale (at 83 bar and 80 ); center dotted 
diamond, FR+S+P-T: room temperature (at 83 bar with shale); and center cross diamond, FR-
S+P+T: atmospheric pressure (at 80  with shale, diamond with low fouling index). Overall 
fouling index of raw fracturing fluids and synthetic flowback waters can be roughly 
divided into three regions: a) green oval is low fouling region ( 1 m-1) where less than 20% 
fouling (final flux over initial flux) occurs during the course of filtration (100-300 L/m2); b) the 
red oval is medium fouling region (2-100 m-1), corresponding to 50-95% fouling during the 
course of filtration (50-300 L/m2); c) the grey oval is high fouling region (>1000 m-1), in which 
the flux declines to nearly zero within 5 L/m2. 
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Drinking Water Quality Changes in Pennsylvania

Basic Information

Title: Assessing Climate Change and Energy Choice Impacts on Drinking Water Quality
Changes in Pennsylvania

Project Number: 2016PA226B
Start Date: 3/1/2016
End Date: 2/28/2017

Funding Source: 104B
Congressional

District: 14

Research Category: Water Quality
Focus Categories: Climatological Processes, Water Quality, Water Supply

Descriptors: None
Principal

Investigators: Matteo Pozzi

Publications

There are no publications.
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FINAL PROJECT REPORT  
Pennsylvania Water Resources Research Center 
 
 
PROJECT TITLE & PRINCIPAL INVESTIGATOR(S) 
Effect of elevated bromide and climate change-induced total organic carbon concentrations on 
disinfection by-product formation, speciation, regulatory compliance and risk for PA surface waters 
 
Matteo Pozzi, Ph.D. 
Assistant Professor 
Department of Civil and Environmental Engineering  
Carnegie Mellon University; Pittsburgh, PA 15213 
 
Constantine Samaras, Ph.D. 
Assistant Professor 
Department of Civil and Environmental Engineering  
Carnegie Mellon University; Pittsburgh, PA 15213 
 
Jeanne M. VanBriesen, PhD, PE 
Duquesne Light Company Professor 
Departments of Civil and Environmental Engineering and Engineering and Public Policy 
Carnegie Mellon University; Pittsburgh, PA 15213 
 
 
PROBLEM and RESEARCH OBJECTIVES 
Surface waters may encounter elevated concentrations and an altered nature of TOC as a result of climate 
change (Delpla et al., 2015; Sawade et al., 2015; Li et al., 2014; Ritson et al., 2014; Skjelkvåle et al., 
2005). In addition to increases in source water TOC concentrations, inland surface waters may experience 
elevated concentrations of bromide as a result of anthropogenic factors (Landis et al., 2016; Wang et al., 
2016; Wilson et al., 2014). This research aimed to understand the effect of changing source water quality 
on disinfection by-product (DBP) formation, regulatory compliance, and risk. First, the research evaluated 
surface water quality conditions across the United States to determine the effect of elevated source water 
bromide on regulatory compliance thresholds and risk. Next, surface waters in Pennsylvania were 
evaluated to examine the effect of changing source water conditions due to climate change and 
anthropogenic activities on DBP formation, speciation, and compliance.   
 
METHODOLOGY 
Data extraction and censored data handling 
Data were obtained through the Information Collection Rule (ICR) database (USEPA, 2000); these data 
have been used in numerous studies to assess the effect of source water quality on DBP formation (Kolb 
et al. 2017; Regli et al., 2015; Li et al., 2014; Francis et al., 2010; Obolensky et al., 2007). The analysis 
focused on large (serving populations greater than 100,000 people) utilities utilizing surface water sources 
and chlorine disinfection across the US, with a focus on nine plants within PA. Several source water 
quality parameters influence the formation and speciation of DBPs, including pH, temperature, total 
organic carbon (TOC) concentration, ultraviolet absorbance at 254 nm (UV254), bromide concentration 
(Br-), chlorine dose (Cl2), and chlorine contact time. The TOC concentration parameter is of particular 
interest for climate change, as precipitation patterns and temperature influence TOC in surface waters. 
Additionally, anthropogenic bromide discharges to surface waters (e.g. from coal power plant wastewater 
discharge and oil and gas produced water treatment discharges) are of concern in PA. Data for these 



parameters were extracted from the ICR database by sampling period (monthly samples between July 
1997 and December 1998).  
 
Bromide and THM data binning. Bromide data were binned according to concentration. The binned 
source water bromide observations were paired with their associated THM species concentrations based 
on the sampling period for each utility.  
 
THM species-specific risk. Risk estimates were used to evaluate THM species risk and THM4 risk to 
assess the effect of elevated bromide in surface waters and the relationship between THM regulatory 
compliance and human health risk.  
 
Future source water quality scenarios. Future source water quality conditions for TOC, bromide and 
temperature were developed to assess the potential effect on THM formation and speciation.  
 
THM species-specific model ensembles. Several models to estimate DBP concentrations from source 
water conditions have been published in the literature (reviewed by Ged et al., 2015). Three species-
specific model ensembles, comprising the four regulated species – chloroform (CHCl3), 
bromodichloromethane (BDCM), dibromochloromethane (DBCM) and bromoform (CHBr3) – were tested 
against the observed data for the nine drinking water utilities in PA (Amy et al., 1998; Malcolm Pirnie, 
1993; Montgomery-Watson, 1993). Using species-specific DBP models developed by Malcolm Pirnie 
(1993), the THM4 and THM species concentrations were calculated using simulated baseline and future 
source water quality scenarios. The simulated source water quality data was evaluated in the THM species 
models to predict future finished water quality.  
 
PRINCIPAL FINDINGS AND SIGNIFICANCE 
Figure 1 shows the specific characteristics of Pennsylvania source waters from the Information Collection 
Rule database, collected in 1996-1997, with bromide predominately below 50 µg/L and total organic 
carbon (TOC) predominately below 3 mg/L.  Finished water trihalomethanes were predominately 
between 20 and 50 µg/L, with speciation dominated by chlorinated (chloroform) rather than brominated 
forms. In the present analysis, changing TOC concentrations have a significant effect on THM formation 
and speciation. The mean THM4 concentration does not exceed 64% of the maximum contaminant level 
(MCL) until the mean TOC concentration increases by 1.8 mg/L.  Evaluation of US-wide data suggests 
that changes in source water bromide that may occur in Pennsylvania will shift DBP speciation toward 
more brominated and higher risk forms. Figure 2 shows the results of the study indicate that THM4 (left) 
does not adequately capture THM risk (right) when source water bromide concentrations are elevated. 
Alternative surrogate measures, including bromination fraction (center), are more robust surrogates for 
THM risk when source water bromide concentrations are elevated.  
 
STUDENTS & POSTDOCS SUPPORTED  
Chelsea Kolb, Department of Civil and Environmental Engineering, Carnegie Mellon University 
(graduate) 
 
PUBLICATIONS  
Kolb, Chelsea; Royce A. Francis; Jeanne M. VanBriesen, 2017 (under review), Disinfection by-product 
regulatory compliance surrogates and bromide-associated risk, Journal of Environmental Science.  
 
INFORMATION TRANSFER ACTIVITIES (e.g., presentations, seminar series, videos, etc.) 
 
AWARDS & ACHEIVEMENTS (of PIs, students, or staff on the project) 
Chelsea Kolb, Fulbright Fellowship (February – December 2017) 
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Figure 1. Pennsylvania specific data on source water characteristics (bromide and organic 
carbon concentrations) and finished water trihalomethane speciation.  



 
Figure 2. Assessment of changes in total trihalomethane (TTHM), bromination (BSF) and 
TTHM risk under different bromide source water conditions.  
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PROBLEM and RESEARCH OBJECTIVES 

The extraction of two primary energy resources in Pennsylvania, natural gas and coal, 
introduces environmental and economic burden. Natural gas extraction using hydraulic fracturing 
requires large quantities of freshwater and generates a significant quantity of highly polluted 
produced water. In the Marcellus Shale, approximately 10-25% of the injected fracturing fluid 
comes back to the surface as produced water during the flowback period (i.e., first 2 weeks).1, 2 
Thus, an enormous volume of freshwater is required as make-up water, with estimates ranging 3-
8 million gallons per well.3, 4 Abandoned mine drainage (AMD, an after effect of the coal and 
mining industries) is a prominent and abundant aqueous waste stream in Pennsylvania5, 6 with an 
estimated 700-2,000 gallons per minute produced throughout Pennsylvania’s western and central 
regions.4 AMD has led to more than 3,000 miles of contaminated streams and associated ground 
waters in Pennsylvania causing the destruction of local ecosystems.7, 8 Furthermore, AMD has 
contributed to a downturn of local economy with the loss of approximately 67 million dollars of 
revenue annually from sport fishing in the region.7 

AMD serves as an alternative water source to potentially replace the fresh water used as make-
up water in hydraulic fracturing, by taking advantage of the complementary chemistries of 
produced water and AMD.4, 6, 8-10 The abundance and proximity of AMD sites to shale gas wells 
in Pennsylvania further supports the opportunity to utilize a co-treatment process of produced 
water and AMD whereby the treated water can be used in future hydraulic fracturing operations. 
In this way, AMD serves as both the sources of make-up water and chemicals for the treatment of 
produced water.6, 8, 10 In Pennsylvania, the volume of AMD is abundant for the implementation of 
this co-treatment approach. Approximately 600 billion gallons of AMD is annually discharged, 
which is more than ten-fold the estimated annual water requirement for hydraulic fracturing under 
an exceedingly high-end assumption of 5,000 wells per year.4, 11 Additionally, AMD contains a 
high level of dissolved sulfate, which can react with divalent cations (e.g., Ba2+, Sr2+, Ca2+) in the 
produced water. By properly adjusting the blending ratio of produced water and AMD, the high 
sulfate concentration in the AMD can be reduced through the precipitation with divalent cations, 
and can be controlled below the limit of 100 mg/L for the fracturing fluid in the Marcellus Shale 
region.6, 8, 10 Tremendous environmental and economic benefits can be realized by this combined 
treatment of produced water and AMD, in terms of alleviated pressure on the fresh water sources, 



diminished adverse environmental impact of AMD on water system, and reduced cost and 
environmental impacts of water transportation.  

The goal of the current research is to i) determine the environmental burden of the proposed co-
treatment approach by conducting a life cycle impact assessment (LCIA), and ii) identify specific 
attributes that contribute most to the cumulative impact across the treatment life cycle, which will 
be used to direct the treatment design in order to optimally minimize the environmental impacts. 

 
METHODOLOGY 

Life cycle assessment (LCA) is a systems-level methodology for quantifying environmental 
and human health impacts related to a product or process. The system boundary for the co-
treatment process of interest includes the transportation and treatment of produced water and AMD 
as well as the materials and energy required to operate the system. Upstream activities, including 
the hydraulic fracturing that generates produced water and coal mining that produces AMD, and 
downstream disposal of radioactive material-enriched waste are outside the system boundary of 
the study. The functional unit for the co-treatment of produced water and AMD is defined as 1 m3 

treated water. The system boundary and schematic process flow for the co-treatment of produced 
water and AMD, including the energy and resource inputs and outputs, are outlined in Figure 1.  

 

Figure 1. LCA system boundary, including the co-treatment processing of produced water and AMD and identified 
material/energy flows. The numeric numbers 1 to 6 refer to the stages in the system. 1- transport of produced water 
and AMD to the co-treatment site; 2-produced water storage; 3-AMD storage and pH adjustment; 4-rapid mixing of 
produced water and AMD; 5-flocculation; and 6-sedimmentaion. Bold arrows represent the flows linking the different 
activities in the system, and thin arrows represent the material/energy inputs. Each stage has emissions associated with 
the inputs and processes that are accounted for in the impact assessment, but are not explicitly identified in this 
schematic. 

 
The life cycle inventory (Table 1) was established by collecting and compiling data from the 

literature and empirical studies (laboratory and pilot scale experiments). Each resource and energy 
input and emission were normalized to the functional unit. The appropriate unit process was 
selected from the Ecoinvent 3.0 database available in SimaPro (version 8.2, Pré Consultants, The 
Netherlands) to carry out the inventory analysis. LCIA was performed using the U.S. EPA’s Tool 
for the Reduction and Assessment of Chemical and Other Environmental Impacts (TRACI) 2.1 
impact assessment method, which quantifies relative environmental and human health burdens of 
the system. The impact categories using TRACI method include ozone depletion (kg CFC-11 eq), 



global warming (kg CO2 eq), smog (kg O3 eq), acidification (kg SO2 eq), eutrophication (kg N eq), 
carcinogenics (CTUh), non carcinogenics (CTUh), respiratory effects (kg PM2.5 eq), ecotoxicity 
(CTUe), and fossil fuel depletion (MJ surplus). 
 
Table 1. Inventory analysis of co-treatment process, including the resource and energy inputs and outputs scaled to 
the function unit (1 m3 treated water), the relevant system stages, and unit processes. 

Inputs 

Amount Collected for  
Three Scenarios 

Unit 
Relevant 

Stages 
SimaPro Unit Process Input 

(Ecoinvent 3.0) Averages High VPW + 
Low VAMD 

Low VPW + 
High VAMD 

Transport Subject to the locations of shale gas 
well and AMD sites 

tkm 1 Transport, freight, lorry, for market 

Influent Produced 
Water (VPW) 

348.86 1070.22 0.90 L 2 Outside the system boundary 

Influent AMD 
(VAMD) 

721.37 0.01 1069.33 L 2 Outside the system boundary 

FeCl3 10.70 21.40 (high) 
0 (low) 

21.40 (high) 
0 (low) 

g 3 Iron(III) chloride, without water, in a 12% 
iron solution state, for market 

NaOH 7.99 174.85 (high) 
0 (low) 

123.37 (high)
0 (low) 

g 4 Sodium hydroxide, without water, in 50% 
solution state, for market 

Microsand 1 1 1 g 5 Silica sand, for market 

Anionic Polymer 0.54 0.54 0.54 g 5 Polyacrylamide, for market 

Electricity 5.24 3.97 5.86 kWh 2, 3, 4 ,5, 6 Electricity, medium voltage, for market 

Outputs 
Amount Collected for  

Three Scenarios 
Unit 

Relevant 
Stages

SimaPro Unit Process Input 
(Ecoinvent 3.0) 

Treated water 1 m3 6 Outside the system boundary 

Waste Sludge 246 g 6 Outside the system boundary 

 
While the chemical composition of produced water and AMD varies from site to site, 

appropriate Ba2+/SO4
2- mass ratios are determined to be 1.09-1.45 given the effluent SO4

2- 
concentration should satisfy the target limit (i.e., below 100 mg/L) after the precipitation of 
BaSO4.10, 12 Based on the analysis of chemical composition for hundreds of produced water 
samples and dozens of AMD samples in Pennsylvania,6, 8, 10, 13 three scenarios were considered for 
the establishment of the inventory. The first represents the situation where inputs and outputs were 
determined based on the average values of water characteristics in terms of pH and the 
concentrations of Ba2+, SO4

2- and Fe total ([Ba2+], [SO4
2-] and [Fe]total). The other two scenarios 

resolve the extreme conditions‒the blending of produced water in the lowest [Ba2+] with AMD in 
the highest [SO4

2-], and the blending of produced water in the highest [Ba2+] with AMD in the 
lowest [SO4

2-], respectively. Through analyzing these two blending situations with all possible 
water quality considered (e.g., pH and [Fe]), the low and high bounds for the amounts of NaOH 
and FeCl3 required were determined. As such, the environmental and public health burdens 
associated with the co-treatment system in low-, average-, and high-magnitude can be evaluated.  
 
PRINCIPAL FINDINGS AND SIGNIFICANCE 

In this project, we compiled the literature (e.g., produced water quality, AMD water quality, 
sulfate removal efficiency and other water quality metrics) to establish the inputs, emissions and 



processes for the proposed co-treatment approach. This information was used to inform the life 
cycle inventory and served as the foundation for impact assessment. Table 2 includes the absolute 
impacts for the three scenarios of water co-treatment process (excluding transport, this component 
of the project is ongoing) across all impact categories. Figure 2 presents the compiled impact 
assessment results for the scenario where averaged inputs and outputs are analyzed.  

 

Table 2. Environmental and human health burdens evaluated for three scenarios of the water co-treatment process 
(stages 2-6), low-, average-, and high-magnitude, respectively. The transport stage is not included in this analysis. 

TRACI Impact Categories Unit 
Impact results (per functional unit) 

Low Average High 

Ozone depletion kg CFC-11 eq 2.43E-07 3.29E-07 4.58E-07 

Global warming kg CO2 eq 2.3323 3.0940 3.6075 

Smog kg O3 eq 0.0615 0.0821 0.1004 

Acidification kg SO2 eq 0.0084 0.0112 0.0133 

Eutrophication kg N eq 0.0189 0.0251 0.0287 

Carcinogenics CTUh 1.84E-07 2.44E-07 2.82E-07 

Non carcinogenics CTUh 6.22E-07 8.30E-07 9.88E-07 

Respiratory effects kg PM2.5 eq 0.0070 0.0092 0.0106 

Ecotoxicity CTUe 21.9593 29.2322 34.3474 

Fossil fuel depletion MJ surplus 1.7925 2.3769 2.7697 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Life cycle impacts of the proposed co-treatment process (stages 2-6) organized by the material and energy 
inputs. The data were obtained by analyzing the scenario where inventory inputs and outputs are averaged. 

Energy requirements, represented by the electricity, are the greatest contributor to all 
environmental and human health burden of the system, contributing over 97% to all the impact 

Transportation is identified to be the paramount contributor to the impacts of proposed co-
treatment approach.  

Electricity is the highest impact input across all the impact categories for the co-treatment 
system of interest (stages 2 to 6).  



categories. The chemical and material inputs account for less than 1% of each impact category, 
with one exception, NaOH, which contributes 1.9% to the ozone depletion.  
 

Transportation within the system involves transferring the two source waters from shale gas 
wells and AMD sites to the water co-treatment site. Given the significant impact of transportation, 
there is an opportunity to optimize the treatment design and implementation. Efforts are ongoing 
to resolve this system optimization. Figure 3 depicts the comparative environmental impacts 
between the transportation and the co-treatment processes. Transportation impacts are determined 
in units of ton-kilometer (tkm, the transport of one ton over 1 kilometer) and thus, are subject to 
the mass of the two source waters transported over a given distance. The parity points (impact ratio 
= 1) for each impact category are defined when the impacts from the transportation are equivalent 
to impacts of the co-treatment process, which further informs the limit of transportation (distance 
traveled) where impacts of the entire system (stages 1-6) can be minimized. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Impact assessment comparison of transportation (stage 1) with the treatment process activities (stages 2-6) 
for all impact categories. The cumulative impacts contributed by the co-treatment system represent the ‘worst-case’ 
scenario (high magnitude data extracted from Table 2). 

 
The results demonstrate that when the total distance required to transfer the produced water and 

AMD to water co-treatment site exceeds 30 km, the contribution of transport to the fossil fuel 
depletion, ozone depletion, acidification, global warming, smog formation, acidification, non 
carcinogenics, and ecotoxicity impacts will be greater than the collective impacts resulted from all 
activities in the water co-treatment site. At a total distance of 100 km, the eutrophication impact 
of transportation is over half (50%) of the overall eutrophication impact of the co-treatment process. 
The analysis suggests that the environmental burden of transport can be exacerbated given longer 
distance to transport produced water and AMD. Therefore, there remains an optimal balance of 
distance between the source waters and the co-treatment site that will drive impact minimization.  

The impact assessment performed in this study identified key contributors to the overall 
environmental burden of the co-treatment system, namely the electricity and transportation. This 
finding is consistent with the typical trends in the water or wastewater treatment where the 
processes driven by the energy are the major sources of environmental impacts.14-17 The 



application of LCA early in the design phase of the novel technology enables the opportunity to 
redesign to optimally minimize the cumulative impacts prior to widespread adoption and 
implementation. Specific to this system is the minimization of transportation distances between 
the source water sites (shale gas wells and AMD) and the co-treatment site, which will be used to 
determine ideal site selection. (A mobile water treatment unit is being conceived and identifying 
the best location within a county is our current approach to solving this research question.) More 
research into the optimization of the transport distance is necessary before obtaining a definitive 
answer to implement the proposed approach. Future and ongoing research include tasks to 
optimize transportation distance by calculating the driving distance between shale gas wells and 
AMD locations using one of google Application Program Interface (APIs) in MATLAB 
programming language. Finally, environmental credits are being considered, including how to 
quantify and incorporate benefits of the proposed system with the existing impact assessment 
results. These include the offset of freshwater currently used as make-up water as well as 
ecosystem burdens eliminated through avoidance of AMD release to the environment.  
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PHOTOS OF PROJECT 
 

Schematic presenting the proposed co-treatment process of produced water and abandoned 
mine drainage (AMD) with the key contributors (i.e., electricity and transportation) to overall 
environmental burden identified using life cycle impact assessment. The red bars show the relative 
contributions of system inputs to the environmental load. 
 

 
 
 
 

Pilot-scale system for the co-treatment of produced water and AMD with the inset images 
showing the characteristics of feed waters and treated water. 
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PROBLEM and RESEARCH OBJECTIVES 
Widespread problems with water quality in private water supplies (wells, springs and cisterns 
serving individual homes) were first reported nationally by Francis and others (1982).  
Pennsylvania has about three million rural residents using over one million private water wells, 
springs and cisterns but it is one of the few states lacking statewide location, construction or 
maintenance standards for private water supplies. Penn State surveys have consistently found 
that approximately 40% of these water supplies fail at least one health-based drinking water 
standard but homeowners are generally unaware of these issues and lack appropriate water 
treatment (Sharpe et al., 1985, Swistock et al., 2013). The absence of statewide regulations 
along with high contamination rates and low awareness among private water supply owners 
created a critical need for education that has been addressed by the Penn State Water Resources 
Extension team.  Along with over 200 volunteers from the Master Well Owner Network, they 
annually educate approximately 10,000 private water supply owners through workshops, 
individual consultations, and webinars. These educational efforts have also resulted in the 
analysis of nearly 7,000 groundwater samples at the Penn State Agricultural Analytical 
Services Laboratory (Penn State AASL).  This data is publicly available and has been utilized 
by about 1,000 groundwater professionals annually as a source of groundwater quality data for 
most counties and the data are incorporated into the free H2OSolutions mobile app which has 
been downloaded by over 500 professionals. 
 
Despite all of these efforts, there are nine “underserved” counties which have been difficult to 
reach with private water supply education because of the limited number and geographic 
location of Extension team members and MWON volunteers. Most of the counties also lack 
any state-accredited water testing laboratories.  These counties have over 100,000 homes using 
private water supplies (U.S. Census Bureau, 1990) but very few groundwater samples (<30 per 
county) are currently in the Penn State AASL database resulting in less comprehensive 
groundwater quality information for those counties. This data is used by Penn State Extension 
educators, water professionals, realtors, and others to guide local water testing 
recommendations and direct future research.  This project seeks to expand private water system 
education and groundwater data in five underserved counties across the state.    
 
The overall goal of this project was to reduce human health risks associated with unsafe 
drinking water in under-served counties of Pennsylvania.  The objectives of the project were: 
1) Provide a series of workshops and free water testing in five underserved counties and 

impacting approximately 200 Pennsylvania homeowners with safe drinking water 
knowledge and unbiased resources and 
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2) Incorporate groundwater quality data from these five counties into the Penn State AASL 
database which is utilized by H2OSolutions water app users and other stakeholders.       

 
METHODOLOGY  
Penn State Water Resources Extension team members identified a total of nine under-served 
counties based on Extension impact and AASL datasets (Figure 1).  Five counties were 
addressed in this project while the remaining four counties will be addressed in a separate grant 
from another funding source in 2017-2018.    
 
Project personnel worked with county extension educators and Master Well Owner volunteers 
in these five counties to publicize the availability of free water testing and educational 
workshops to approximately 40 households in each county on a first-come basis. Registrants 
picked up water testing materials and instructions at the local county Extension office.  They 
collected and submitted samples to the DEP-accredited Penn State AASL by a pre-determined 
deadline using pre-paid overnight, refrigerated packages.  The laboratory provided a 20% group 
discount for samples submitted for this project.  All samples were analyzed using standard 
methods for common private drinking water supply pollutants including total coliform bacteria, 
E. coli bacteria, pH, total dissolved solids, hardness, corrosivity, nitrate-nitrogen, barium, 
arsenic, lead (first flush and running sample) and copper (first flush and running sample).  
Bacteria, nitrate, barium, arsenic, copper and lead have drinking water standards due to acute or 
chronic health risks but cannot be seen, smelled, or tasted. Total dissolved solids, corrosivity, 
hardness, and pH are useful water quality baseline measures and can affect treatment options. 
 
Participants were required to attend an educational workshop in each county about three weeks 
after submitting their sample to receive their test results. Two workshops were held in each 
county in the afternoon and evening of a single day to accommodate different schedules but 
minimize educator travel. These two-hour workshops covered the basics of proper private water 
system management along with detailed interpretation of water test results for each participant. 
Attendees at these workshops were evaluated on their anticipated post-workshop activities 
using TurningPoint audience response cards. Email addresses were collected to allow staff to 
also conduct a follow-up evaluation of participants to determine if they implemented any 
changes to their private water system as a result of the testing and educational workshop.  
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Figure 1.  Under-served counties for private water system education and data (shaded).  
Counties with black dots indicate those that were addressed in this project.   
 
Participants at each workshop received various private water supply publications in addition to 
their water testing results.  They were able to interact with project personnel at the conclusion 
of each workshop for individual consultations. A final project webinar was presented on April 
24, 2017 to summarize results to participants and to provide another opportunity for 
participants to have questions answered about their results and follow-up actions.   
 
PRINCIPAL FINDINGS AND SIGNIFICANCE 
Of the 190 total water supplies tested in this study, 67% were drilled wells, 29% were springs 
and 4% were hand-dug wells.  Fifty percent of water supply owners indicated that they owned 
at least one piece of water treatment equipment including the following: 

 28% softeners 
 25% sediment filters 
 13% iron filters 
 10% ultraviolet light disinfection 
 10% carbon filters 
 1% or less each for acid neutralizer filters, chlorine, aeration and soda ash injection 

 
Nearly half (42%) of the participating homes had plastic plumbing (10% PEX, 32% PVC), 
while 36% were predominantly copper plumbing, 20% were a combination of plastic and 
copper plumbing and 2% did not answer.  
Drinking water quality results for the 190 homes are illustrated in Table 1.  A very high 
percentage (68%) failed the health-based standard for total coliform bacteria and 35% 
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contained unsafe levels of E. coli bacteria.  Bacterial contamination rates in these five counties 
were higher than many studies have reported for water wells in Pennsylvania but this study 
contained a large number of groundwater springs which are more susceptible to bacterial 
contamination.   

 
Nitrate, arsenic and barium exceeded drinking water standards in 1% or less of the homes.  The 
low occurrence of nitrates in comparison to past studies may be related to the low agricultural 
land use in the five counties included in this study.   

 
Table 1.  Number and percent of wells and springs across all five counties that failed 
health-based or aesthetic drinking water standards.  
 
 
Parameter 

Number of samples 
Exceeding Drinking Water 

Standard (n=190) 

Percent of 190 samples 
exceeding drinking water 

standard 
Health-Based Pollutants 

Total coliform bacteria 129 68% 
E. coli bacteria 66 35% 
Nitrate-Nitrogen 1 <1% 
Arsenic 2 1% 
Barium 1 <1% 
Copper (first draw) 28 15% 
Copper (running water) 0 0% 
Lead (first draw) 26 14% 
Lead (running water) 2 1% 

Aesthetic Pollutants 
pH (low) 51 27% 
pH (high) 5 3% 
Total dissolved solids 8 4% 
Hardness 38 (very hard water) 20% 
Corrosive water 127 67% 
Copper (first draw) 34 18% 
Copper (running water) 1 <1% 

 
Copper and lead were also present above health-based drinking water standards in about 15% 
of homes. A closer examination of the copper and lead data provided the following insights: 
 188 of the 190 homeowners had properly followed directions to accurately collect first-draw 

water samples that sat in plumbing pipes for at least 6 hours.   
 Although 15% of households exceeded the health-based drinking water standard for copper 

of 1.3 mg/L, running the water was sufficient to reduce copper below 1.3 mg/L in all (100%) 
of those homes suggesting that corrosion of household plumbing was responsible for all of 
the high copper concentrations.  Slightly more homes (18%) exceeded the aesthetic drinking 
water standard for copper of 1.0 mg/L and just one home still exceeded 1.0 mg/L in the 
running water sample.   
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 Nearly 60% of homeowners with copper above 1.0 mg/L in their first-draw water sample 
reported at least one symptom of corrosive water including blue-green stains, metallic 
tasting water and/or pinhole leaks in plumbing.   

 Over half of the homes with excessive copper had springs as a water source even though 
springs comprised only 29% of the total samples.   

 71% of samples with high copper came from homes with predominantly metal plumbing 
systems and 86% had corrosive water (LSI less than -0.5). 

 Similar results were found for lead where 92% of excessive lead levels were reduced by 
running the water, 39% of high homes had one or more corrosion symptoms, 50% had metal 
plumbing, 27% were springs, 62% had old plumbing and 96% had corrosive water. 
 

Water quality was markedly different between homes with groundwater wells vs groundwater 
springs (Figure 2).  Springs had much higher bacterial contamination along with more corrosive 
water and a higher incidence of copper and pH problems.  These results are consistent with 
other data collected at Penn State indicating shallow spring water are more prone to these 
issues.  Groundwater wells were more likely to have elevated levels of nitrate-N, arsenic, 
barium, hardness and total dissolved solids (Figure 2). 
 

 
Figure 2.  Comparison of the percent of water wells and springs that failed drinking water 
standards.   
A major objective of this study was to educate the water supply owners who participated in the 
study and utilize summaries of the data to educate others about groundwater in the five counties 
through the existing H2OSolutions mobile app.  Summaries of those results can be found under 
the Information Transfer Activities section below.   
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STUDENTS & POSTDOCS SUPPORTED 
The project did not involve training of students or postdocs but three Penn State Extension 
water educators were trained on local groundwater issues in their geographic areas.  Several 
MWON volunteers also participated in various parts of the study.  These educators and 
volunteers will be able to extend their knowledge to other private water supply owners in their 
areas of the state.   
 
PUBLICATIONS 
We anticipate submitting a manuscript to the Journal of Extension in 2018 upon completion of 
the four additional counties funded by the U.S. Environmental Protection Agency.     
 
INFORMATION TRANSFER ACTIVITIES 
The project investigators presented results from this study at a variety of Penn State Extension 
water resources workshops and events across the state including safe drinking water clinics, 
and a final project webinar.   Details of educational efforts include: 
 
 Workshops – Project staff organized and presented 10 workshops in the five study 

counties.  A total of 211 homeowners attended a workshop representing the 190 households 
in the project. Onsite surveys at workshops were completed by 175 attendees with 172 
(98%) indicating that they learned new information and 122 (70%) indicating they learned a 
great deal of new information.  A total of 121 attendees (69%) indicated that they were 
planning on using information from the workshop to better manage their private water well 
or spring.  A follow-up evaluation of 135 attendees with valid email addresses was 
conducted approximately three months after the workshops with 59 (44%) completing the 
follow-up evaluation.  A total of 39 respondents (66%) had actually taken action on their 
water well or spring after participating in this project and another 27% still planned on 
taking action in the coming months.  Specific information on workshops in each county are 
provided in Table 2.   All study participants were also invited to attend a project concluding 
webinar on April 24, 2017 at https://meeting.psu.edu/water1.  The webinar summarized 
results from the project and allowed participants to ask follow-up questions about their 
water quality results.  Seven homeowners attended the April 24 webinar.  An additional 
webinar for the general public is planned for later in 2018 once results are completed from 
the four counties funded by the U.S. EPA project.   
 
 
 
 
 

Table 2.  Information about the testing and workshops provided in each of the five under-
served counties.   
County Workshop 

Date 
Number of 
water tests 

Number of 
workshop 
attendees 

Number 
evaluated at 
workshops 

Number 
responding to 3-
month follow-up 

evaluation 
Elk 7/27/16 28 20 18 8 
Venango 8/2/16 47 61 55 18 
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Jefferson 9/27/16 39 41 37 15 
Greene 9/29/16 47 57 35 14 
Fayette 2/27/17 29 32 30 4 
Total  190 211 175 59 

 
 H2OSolutions Database - The absence of statewide regulations along with high 

contamination rates and low awareness among private water supply owners created a 
critical need for education that has been addressed by the Penn State Water Resources 
Extension team.  In 2013 the Water Resources Team created the H2OSolutions mobile app 
to disseminate data and education to private water supply owners and professionals. The 
app utilizes county groundwater summaries based on over 7,000 groundwater samples 
analyzed at the Penn State Agricultural Analytical Services Laboratory (Penn State AASL).  
This data is publicly available and has been utilized by about 1,000 groundwater 
professionals annually as a source of groundwater quality data and the data is incorporated 
into the free H2OSolutions mobile app which has been downloaded by over 500 
professionals (http://extension.psu.edu/natural-resources/water/drinking-
water/h2osolutions).  The five counties included in this project previously had no data in the 
app due to low sample numbers.  As a result of this study, groundwater summaries were 
updated for all five counties for use by professionals and homeowners.     
 

 Overall Impact – Cumulatively, project activities educated over 200 homeowners with 
private water supplies in five under-served counties of western Pennsylvania.   
 

AWARDS & ACHEIVEMENTS - NONE 
The achievements of this study were publicized through the Penn State Water Resources 
Extension online news page.  Articles relevant to this project include: 

 http://extension.psu.edu/natural-resources/water/news/2016/penn-state-extension-water-
educators-in-jefferson-county 

 http://extension.psu.edu/natural-resources/water/news/2016/penn-state-extension-water-
workshop-in-venango-county 

 http://extension.psu.edu/natural-resources/water/news/2016/penn-state-extension-water-
educators-explain-test-results 

 
 
 
 
PHOTOS OF PROJECT 
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Bryan Swistock discusses results with well and spring owners in Venango County on 
August 2, 2016 (photo by Jim Clark).  
 

 
 
Jim Clark helps water supply owners in Elk County interpret their drinking water test 
reports on July 27, 2016 (photo by Bryan Swistock).  
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FINAL PROJECT REPORT  
Pennsylvania Water Resources Research Center 
 
 
PROJECT TITLE & PRINCIPAL INVESTIGATOR(S) 
Pennsylvania Water Resources Research Center Education & Outreach Program 
 
Elizabeth W. Boyer, Department of Ecosystem Science and Management, Penn State 
University.  Email: ewb100@psu.edu 
 
PROBLEM and RESEARCH OBJECTIVES 
 
Concerns over water resources have been growing in Pennsylvania in recent years, in response to 
severe droughts and floods, a growing population, increasing demands for water, and the need to 
understand how changes in land use, climate, and energy extraction (e.g., natural gas) affect 
water quantity and quality.   The Pennsylvania Water Resources Research Center sponsored 
conferences, symposia, and outreach activities that promote dialog of important water resources 
issues in Pennsylvania and beyond.  By supporting conferences and symposia, we facilitate 
dialog about water issues of importance in Pennsylvania; encourage synthesis of data and results; 
enable networking; stimulate research collaborations, and provide support to early career 
researchers.   By offering educational outreach programs, we widely disseminate information 
about water issues, and teach graduate students how to communicate water science and research 
to a broad audience.   
 
 
METHODOLOGY 
 
The Pennsylvania Water Resources Research Center (PA-WRRC) will help to plan, co-sponsor, 
and participate in conferences, seminars, and other outreach activities related to water resources 
issues in Pennsylvania. Goals of these activities are to: 

 
• Discuss water issues of importance to Pennsylvania. We aim to bring together diverse 

audiences to discuss water issues of regional importance. We will encourage dialog and 
discussion among stakeholders, involving academia, state and local agencies, utilities, non- 
governmental organizations, consultants, and more. This will foster collaboration and 
cooperation toward articulating water challenges, common goals, and potential solutions. 
Further, we aim to discuss the role of research in advancing understanding of important 
water resources issues in Pennsylvania. This will encourage synthesis of data, information, 
and results. 

• Enable networking. We recognize that networking among researchers, educators, and 
stakeholders is one key to both professional growth and to impactful science. The 
conferences provide mechanisms for professional networking for all participants through 
formal activities (e.g., introductions, panel discussions and breakout groups, and the 
oral/poster presentation sessions), and informal activities (ample time for discussions to 
unfold during breaks, meals, and social activities). 



• Mentor early career academic researchers. We aim to facilitate strong participation of 
early career researchers (including assistant professors, post-doctoral associates, and 
graduate students), inviting them to participate in the activities, and providing awards to 
offset their travel and registration costs. 

 
PRINCIPAL FINDINGS AND SIGNIFICANCE 
 
 
Conference Sponsorship.  In FY2016, the Pennsylvania Water Resources Research Center co-
sponsored the following conferences: 
 

1) 2016 Pennsylvania in the Balance Conference.  Along with the primary sponsor (Penn State 
Environment & Natural Resources Institute; and the US Environmental Protection Agency Center 
for Integrated, Multi-Scale Nutrient Pollution Solutions), PA-WRRC co-sponsored this 
conference, which was held in Hershey, Pennsylvania on March 1-3, 2016.   Over 120 diverse 
stakeholders attended the event, which provided a collaborative forum where motivated leaders in 
agriculture and the environment identified new, innovative solutions that can help ensure vibrant, 
productive agriculture while meeting water quality goals for PA’s rivers and streams and the 
Chesapeake Bay.  At the end of three days, clear themes and initial recommendations emerged 
that can form the basis of a new consensus based, collaborative strategy to ensure profitable and 
productive agriculture while achieving water quality goals. This strategy embraces agriculture 
and its ingrained culture of stewardship, and looks for leadership from agriculture to be the 
solution to clean water.  We prepared a conference report and follow-up activities toward 
implementation of recommendations.  Information from the conference and follow up activities is 
available at this web site: 
http://agsci.psu.edu/aec/research-extension/conferences-and-workshops/pa-in-balance. 
 
2) 2016 Pennsylvania Groundwater Symposium.   Along with the primary sponsors (Penn 
State Extension and the Pennsylvania Department of Environmental Protection), PA-WRRC co-
sponsored this symposium, which was held in State College, PA on May 4, 2016, during National 
Drinking Water Week.  Opening Remarks were provided by Dr. John Quigley, Head, 
Pennsylvania Department of Environmental Protection. The keynote presentation was given by 
Dr. Judson Harvey, hydrologist at the U.S. Geological Survey in Reston, Virginia, on 
“Understanding Groundwater-Surface Water Interactions from Bedforms to Basins.”  The full 
conference program is available at the conference web site: http://agsci.psu.edu/pa-water-
symposium. 

 
3) 2016 American Water Resources Association, Mid-Atlantic Water Conference.  Along 
with the primary sponsors (state chapters of the American Water Resources Association), PA-
WRRC co-sponsored this conference, which was held in Wilmington, DE on September  15-16, 
2016.  The two keynote speakers included: 1) Mr. Dennis W. Doll, Chairman, President & CEO 
of Middlesex Water; who shared his perspectives on water supply management in the context of 
the Flint, MI crisis:  "Infrastructure Failures - The Role of Money and Politics in the Causes and 
Solutions"; and 2) Mr. Chris Crockett, P.E., Ph.D. Vice President/Chief Environmental Officer 
with Aqua America and Former Deputy Commissioner of Philadelphia Water Department. He led 
us down the path of several possible futures of water resources in the region looking at these 
factors and challenge attendees to determine which future they want to help make for the regions 
water resources.   The complete program can be found on the conference web site, at: 
http://mac2016.wildapricot.org/.   
  



4) 11th Annual Susquehanna River Symposium.  Along with the primary sponsor (Bucknell 
Unviersity, Center for Sustainability & the Environment), PA-WRRC co-sponsored this 
symposium, which was held in Lewisburg, PA on November 11, 2016.  This year’s theme was “A 
Tale of Two Rivers: the Susquehanna and the Delaware.”  This event brings together academics, 
watershed managers, consulting scientists and engineers, and the public to discuss ongoing 
scientific research and innovative projects, to share ideas, and to increase awareness of watershed 
health, management and sustainability issues facing the Susquehanna region.  A pre-symposium 
workshop on the effects of catchment roads on sedimentation was offered by Mr. James 
Shellenberger of the Susquehanna River Basin Commision.  The keynote speaker was Dr. 
Bernard Sweeney, President and Senior Research Scientist at Stroud Water Research Center, on 
"The Susquehanna and Delaware Rivers: A Sad Tale with a Happy Ending". The full agenda is 
available at the conference web site: 
http://www.eg.bucknell.edu/wse/river_symposiums/2016/index.html.   

 
 
Presentations.  In FY2016, PA-WRRC Director Elizabeth Boyer, and graduate intern Lidiia 
Iavorivska, gave the following research presentations at conferences: 
 

1)  (Invited) Gomez-Velez J, JW Harvey, JJ Choi, D Scott, EW Boyer, and M KC.  
Connectivity Along the River Corridor: New Insights, Needs, and Future Avenues.  
H51L-01, American Geophysical Union, San Francisco, CA, December 2016.  

2) (Invited) Iavorivska L, E Boyer, and J Grimm.  Atmospheric Deposition of Organic 
Matter to Watersheds in the Northeastern United States: Rates and Temporal 
Variation.  Association for the Sciences of Limnology and Oceanography Summer 
Meeting, Sante Fe, NM, June 2016. 

3) (Invited) Boyer, EW.  Opening Remarks.  Pennsylvania Groundwater Symposium, 
State College, PA, May 2016. 

4) Iavorivska L, EW Boyer, JW Grimm, KJ Davis, and CJ Duffy.  Hydro-Climatic 
Factors Affecting Dissolved Organic Matter Variability in Precipitation at the Shale 
Hills Critical Zone Observatory.  Shale Hills / Susquehanna Critical Zone 
Observatory All Hands Meeting, University Park, PA, May 2016. 

5) R Brunette, D Gay, R. Tordon, R. Tanabe, R. Nelson, D. Disney, P. Garcia-
Strickland, M. Flournoy, and E. Boyer.  Use of NADP Mercury Deposition Network 
Data for Measuring Potential Effect of National (MATS) and Global (Minamata 
Protocol) Hg Reduction Regulations.  National Environmental Monitoring 
Conference, Orange County, CA, August 2016. 

6) Boyer EW.  Advancing Water Resources Research in Pennsylvania and the Mid-
Atlantic Region.  Research Penn State 2016.  University Park, PA, October 2016. 

7) Boyer EW, J Harper, K Horner, J Grimm, and N Irwin.  Status and trends of 
atmospheric deposition in the Great Lakes Region of Pennsylvania.  Tom Ridge 
Environmental Center, Regional Science Consortium, 12th Annual Research 
Symposium, Erie, PA, November 2016.  

8) Iavorivska L, E Boyer, and J Grimm.  Wet Atmospheric Deposition of Organic 
Carbon Across Pennsylvania: Rates and Relation to Inorganic Elements of 
Precipitation Chemistry.  National Atmospheric Deposition Program Scientific 
Symposium, Sante Fe, NM, November 2016. 



9) Risch M., J. DeWild, D. Gay, L. Zhang, E Boyer, and D. Krabbenhoft.  Atmospheric 
Mercury Deposition from Litterfall in the Eastern USA.  National Atmospheric 
Deposition Program Scientific Symposium, Sante Fe, NM, November 2016. 

10) Iavorivska L. and E Boyer.  Inputs of Organic Carbon to Watersheds via Atmospheric 
Deposition: Variation Across Spatial and Temporal Scales.  H34C-07, American 
Geophysical Union, San Francisco, CA, December 2016. 

11) Boyer EW, B Reed, and J Harper.  Water Quality of Three Forest Streams in 
Pennsylvania in Response to Decreasing Atmospheric Deposition.  H33J-1697, 
American Geophysical Union, San Francisco, CA, December 2016. 

12) RB Bryant, AL Allen, AR Buda, PR Kleinman, EW Boyer, FM Hashem, MD King, 
SS Tzilkowski, LC Kibet, SA Klick, LS Saporito, and EB May.  Terrestrial Sources 
of Urea: Allochthonous or Autochthonous?  Association for the Sciences of 
Limnology and Oceanography, Honolulu, HI, February 2017. 

 
Outreach Activities.  In FY16, PAWRRC Director Elizabeth Boyer provided the following 
service the scientific community: 
 

1) American Geophysical Union: 
 Hydrology Section, Water & Society Technical Committee (2014-present) 
 Hydrology Section, EcoHydrology Technical Committee (2017-present) 
 

2) Consortium of Universities for the Advancement of Hydrological Sciences, Inc.: 
 Co-lead Penn State University Representative (2014-present) 
 

3) Editorial Boards: 
 Hydrological Processes, Associate Editor (2015-present)   
 Wiley Interdisciplinary Reviews: Water, Associate Editor (2016-present) 
 

4) National Atmospheric Deposition Program Executive Committee (2008-present)   
 

5) Pennsylvania Department of Environmental Protection.  Panelist, Meetings of 
Experts, on “Use of Science at the Pennsylvania Department of Environmental 
Protection.” Sponsored by the National Research Council, Board on Earth 
Sciences & Resources.  Harrisburg, PA, May 2016 and June 2016. 

6) Pennsylvania Sea Grant External Advisory Council (2013-present) 
 

7) Spring Creek Water Resources Monitoring Project Advisory Committee (2014-
present) 
 

8) Universities Council on Water Resources, Lead Penn State University 
Representative (2008-present) 

 
9) U.S. Environmental Protection Agency: 

 Science Advisory Board: Ecological Processes and Effects Committee (2016-
present)  



 Clean Air Scientific Advisory Committee: Secondary National Ambient Air 
Quality Standards Review Panel for NOx and SOx (2015-present) 

 Science Advisory Board: Hydraulic Fracturing Research Advisory Panel 
(2013-2016) 

 
STUDENTS & POSTDOCS SUPPORTED  
 
Lidiia Iavorivska, PhD student, Department of Ecosystem Science and Management, Penn State 
University 
 
 
 
PUBLICATIONS (follow style formats on the next page) 
 

1) Benway, H, S Alin, E Boyer, WJ Cai, P Coble, J Cross, M Friedrichs, M Goñi, P 
Griffith, M Herrmann, S Lohrenz, J Mathis, G McKinley, R Najjar, C Pilskaln, S 
Siedlecki, R Smith (2016).  A Science Plan for Carbon Cycle Research in North 
American Coastal Waters.  Report of the U.S. Carbon Cycle Science Program, Ocean 
Carbon and Biogeochemistry Program; Coastal Carbon Synthesis (CCARS) community 
workshop, August 19-21, 2014, 84pp., doi: 10.1575/1912/7777.  

2) Campbell, JL, MA Vadeboncoeur, H Asbjornsen, MB Green, MB Adams, EW Boyer 
(2016). Evaluating biological and physical drivers of evapotranspiration trends at 
northeastern U.S. watersheds. pp. 229-231 in Stringer, C.E.; Krauss, K.W.; Latimer, J.S., 
eds. Headwaters to estuaries: advances in watershed science and management: 
Proceedings of the Fifth Interagency Conference on Research in the Watersheds. March 
2-5, 2015, North Charleston, South Carolina.   Tech. Rep. SRS-211. Asheville, NC: U.S. 
Department of Agriculture Forest Service, Southern Research Station. 302 p. 

3) DeWalle DR, EW Boyer, and AR Buda (2016).  Exploring Lag Times Between Monthly 
Atmospheric Deposition and Stream Chemistry in Appalachian Forests Using Cross 
Correlation.  Atmospheric Environment, doi: 10.1016/j.atmosenv.2016.09.015. 

4) Dzombak, DA, SW Almond, ES Bair, P Bloomfield, SR Bohlen, EW Boyer, SL 
Brantley, JV Bruckner, TL Davis, JJ DeGeorge, J Ducoste, S Dunn-Norman, KB Ensor, 
EM Faustman, JV Fontana, DJ Goode, BD Honeyman, WR Hufford, RF Jack, DS 
Kaback, AA Li, DN Malouta, CT Miller, LJ Pyrak-Nolte, SJ Randtke, JN Ryan, JE 
Saiers, AN Tutuncu, PK Westerhoff, TM Young, and E Hanlon (2016).  Review of 
EPA’s draft Assessment of the Potential Impacts of Hydraulic Fracturing for Oil and Gas 
on Drinking Water Resources.  U.S. Environmental Protection Agency, EPA-SAB-16-
005. 

5) Iavorivska L, EW Boyer, and DR DeWalle (2016).  Atmospheric Deposition of Organic 
Carbon via Precipitation.  Atmospheric Environment, doi: 
10.1016/j.atmosenv.2016.06.006. 

6) Iavorivska L, EW Boyer, MP Miller, MG Brown, T Vasilopoulos, JD Fuentes, and CJ 
Duffy (2016).  Atmospheric Inputs of Organic Matter to a Forested Watershed: 
Variations from Storm to Storm over the Seasons.  Atmospheric Environment, doi: 
10.1016/j.atmosenv.2016.10.002. 



7) Miller MA, EW Boyer, DM McKnight, MG Brown, RS Gabor, CT Hunsaker, L 
Iavorivska, S Inamdar, DW Johnson, LA Kaplan, H Lin, WH McDowell, and JN Perdrial 
(2016). Variation of Organic Matter Quantity and Quality in Streams at Critical Zone 
Observatory Watersheds.  Water Resources Research, 52, doi: 10.1002/2016WR018970. 

 
 
INFORMATION TRANSFER ACTIVITIES (e.g., presentations, seminar series, videos, etc.) 
This is an information-transfer project. See outcomes described above. 
 
 
AWARDS & ACHEIVEMENTS (of PIs, students, or staff on the project) 
 

1) 3 invited talks at scientific conferences (as cited above, in presentations) 
2) Boyer, Elizabeth (PI).  Cited among “Top 60 Papers from the First 60 Years of L&O” for 

the following publication:  McKnight DM, GM Hornberger, KE Bencala, & EW Boyer 
(2002).  In-stream influences on dissolved organic carbon concentration and composition 
in an acidic and metal-enriched stream: a reach-scale reactive solute transport 
experiment. Water Resources Research, 381-412, October 2016. 

3) Iavorivska, Lidiia (graduate intern). Student travel grant award.  National Atmospheric 
Deposition Program, Scientific Symposium, Sante Fe, NM, November 2016.   

4) Iavorivska, Lidia (graduate intern). Outstanding student presentation award. American 
Geophysical Union meeting, San Francisco, CA, December 2016.   

 
 



USGS Summer Intern Program

None.

USGS Summer Intern Program 1



Student Support

Category Section 104 Base
Grant

Section 104 NCGP
Award

NIWR-USGS
Internship

Supplemental
Awards Total

Undergraduate 3 0 1 0 4
Masters 0 0 0 0 0

Ph.D. 4 0 1 0 5
Post-Doc. 0 0 0 0 0

Total 7 0 2 0 9

1



Notable Awards and Achievements

Notable Awards and Achievements 1



Publications from Prior Years

2008PA85B ("Mercury in Pennsylvania Forest Streams: Do Hotspots Exist?") - Articles in Refereed
Scientific Journals - Eklöf KJ, A Kraus, M Futter, J Schelker, M Meili, EW Boyer, and KH Bishop
(2015). A Parsimonious Model for Simulating Total Mercury and Methylmercury in Boreal Streams
using Riparian Flow Paths and Seasonality. Environmental Science and Technology, 7;49(13):7851-9.
doi: 10.1021/acs.est.5b00852.

1. 

Publications from Prior Years 1


	Pennsylvania Water Resources Research Center
	Introduction
	Research Program
	Introduction
	2016PA225B: Remediation of Flowback Water by Transformation of Organic Additives Used in Fracking Operations
	Basic Information
	Remediation of Flowback Water by Transformation of Organic Additives Used in Fracking Operations

	Progress report

	2016PA226B: Assessing Climate Change and Energy Choice Impacts on Drinking Water Quality Changes in Pennsylvania
	Basic Information
	Assessing Climate Change and Energy Choice Impacts on Drinking Water Quality Changes in Pennsylvania

	Progress report

	2016PA227B: Evaluating a Potential Win-Win for Water Quality Management in Pennsylvania: Systems-Level Quantitative Analysis of Abandoned Mine Drainage and Produced Water Co-Treatment
	Basic Information
	Evaluating a Potential Win-Win for Water Quality Management in Pennsylvania: Systems-Level Quantitative Analysis of Abandoned Mine Drainage and Produced Water Co-Treatment

	Progress report


	Information Transfer Program
	Introduction
	2016PA228B: Rural Drinking Water Education for Underserved Counties of Pennsylvania
	Basic Information
	Rural Drinking Water Education for Underserved Counties of Pennsylvania

	Progress report

	2016PA229B: Pennsylvania Water Resources Research Center Education & Outreach Program
	Basic Information
	Pennsylvania Water Resources Research Center Education & Outreach Program

	Progress report


	Internships
	Student Support
	Notable Awards and Achievements
	Publications from Prior Projects

