=/
2
science for a changing world

Prepared in cooperation with the U.S. Environmental Protection Agency

Characterization of Mercury Contamination

in the Androscoggin River, Coos County,
New Hampshire

Open-File Report 20131076

U.S. Department of the Interior
U.S. Geological Survey



THIS PAGE INTENTIONALLY LEFT BLANK



Characterization of Mercury Contamination
in the Androscoggin River, Coos County,
New Hampshire

By Ann T. Chalmers, Mark C. Marvin-DiPasquale, James R. Degnan,
James F. Coles, Jennifer L. Agee, and Darryl Luce

Prepared in cooperation with the U.S. Environmental Protection Agency

Open-File Report 20131076

U.S. Department of the Interior
U.S. Geological Survey



U.S. Department of the Interior
SALLY JEWELL, Secretary

U.S. Geological Survey
Suzette M. Kimball, Acting Director

U.S. Geological Survey, Reston, Virginia: 2013

For more information on the USGS—the Federal source for science about the Earth, its natural and living
resources, natural hazards, and the environment, visit http://www.usgs.gov or call 1-888—ASK-USGS.

For an overview of USGS information products, including maps, imagery, and publications,
visit http://www.usgs.gov/pubprod

To order this and other USGS information products, visit http://store.usgs.gov

Any use of trade, firm, or product names is for descriptive purposes only and does not imply endorsement by the
U.S. Government.

Although this information product, for the most part, is in the public domain, it also may contain copyrighted materials
as noted in the text. Permission to reproduce copyrighted items must be secured from the copyright owner.

Suggested citation:

Chalmers, A.T,, Marvin-DiPasquale, M.C., Degnan, J.R., Coles, J.F, Agee, J.L., and Luce, Darryl, 2013, Characterization
of mercury contamination in the Androscoggin River, Coos County, New Hampshire: U.S. Geological Survey Open-File
Report 2013-1076, 56 p., http://pubs.usgs.gov/of/2013/1076/.


http://www.usgs.gov
http://www.usgs.gov/pubprod
http://store.usgs.gov

Acknowledgments

The authors would like to thank the many individuals that provided field and laboratory support
for this project. Andrew Hoffman of the New Hampshire Department of Environmental Services
(NHDES), Vivien Taylor of Dartmouth College, and Cornell Rosiu of the U.S. Environmental

Protection Agency (USEPA) assisted with sediment collection; Chuck Dobroski of Avatar Environ-

mental, Kenneth Munney of the U.S. Fish and Wildlife Service, and Stan Pauwels of the USEPA
collected fish samples; David Buck of BioDiversity Research Institute collected bat samples; and
Michael Ferrier, Erica Czerepak, and Bethany Kelley of USEPA Region 1 Environmental Services

Assistance Team (ESAT) collected oligochaete, swallow, and toxicity samples and processed the
surface and pore-water toxicity samples.

Thor Smith of the U.S. Geological Survey (USGS) assisted with surface-water, pore-water, and
invertebrate sampling. Marc Zimmerman, Jon Denner, and Jamie Shanley of the USGS assisted
with pore-water sample collection, and Evangelos Kakouros, Le Kieu, and Michelle Beyer of

the USGS analyzed pore-water and sediment samples. Jeffrey Deacon of the USGS and Cornell
Rosiu of the USEPA were instrumental in the study planning and design. The authors would also
like to thank Chuck Dobroski and Jamie Shanley for their thoughtful technical reviews.



THIS PAGE INTENTIONALLY LEFT BLANK



Contents

ADSTIACT ..ttt bbbt bbb s R s bt en et s et st st enas 1
INEFOAUCTION. ettt 2
Site HiStory and Previous WOTK........oecneniiecssseesseeiessssssssse s ssessssssssssssessesssssssssssssssnes 2
PUIPOSE ANA SCOPE ..ttt sttt s sttt s bt sannsns 2
Study Approach and MEthOAS. ...t 3
FIEIA IMIETNOAS ...ttt bbb 4
Surface-Water SAMPIING ..o 4
Sediment Pore-Water SAmpPling.......ocoeeninneenesssee s ssssssssssssssesssssssssssssessssns 6
Streambed-Sediment SAMPIING .....co e 6
TOXICITY TOSTS ettt ettt s sttt s e snens 6
Epifaunal Invertebrate ASSEMBIAQES ..o 7
Infaunal INVErtEhrate TISSUE ...ttt 7
White Sucker, Smallmouth Bass, and Crayfish.........ccooeocueeeceeeeeeeeeeeeeeee e 7
BatS @N0 BIFUS ...cuieceierieeeeeci ettt 7
Laboratory MEthOUS ...t 7
0TI =T oV O 8
METNYIMEBICUNY ..ttt 8
Reactive IN0rganic IMBICUIY ...ttt 8
Methylmercury Production Potential and Microbial Divalent-Mercury-Methylation
RAtE CONSTANT......ecveeeceeeceeeeeeee ettt ee et e st ae st s s enaesnsas 8
Mercury Sequential EXIraction ...t sssesssssnens 9
IFON SPECIATION ...ttt ettt 9
Total REAUCET SUIU .eoeeeeeeee ettt st 9
GIAIN SIZE oottt e 10
Dry Weight, Bulk Density, Porosity, and Organic Content ........c..ccceeverencnenerneesecenseneens 10
Total and Organic Carbon, Total Nitrogen, and Carbon and Nitrogen Isotopes.............. 10
Pore-Water Dissolved 0rganic Carbon.........cceeceeeceeeeeee e 10
Pore-Water Sulfate and Chloride
Pore-Water FEITOUS IFON ..ottt
D 110 0 T VTP
RESUIS @NA DISCUSSION ...ttt ettt
Mercury Speciation and DiStriDULION ..o 1
SUMACE WALET ..ottt ettt ettt 1
Sediment aNd POre WALer ...ttt sttt st sssssessanss 1
Biota oo
Mercury Bioavailability
Controls on Mercury DistribUtioN.........cc.cveiriiirieins e 19
Controls on Divalent Mercury Availability for Methylation.........cccccoeveeveveiernsncseseresssieene 23
Controls on Partitioning between Bed Sediment and Pore Water.......cccccoceeeevvneneeerceneenenens 23
River-Reach Integrated Mercury Species Inventories and Methylmercury Production
POTENTIAI RATES .. ettt 25
ECOIOGICAl IMPACT .ottt s ettt 30

Comparison t0 Other STUAIBS .....ccvevcecerereereeee ettt 33



vi

SUMMArY and CONCIUSIONS.....cvuvuieriieeie ettt 35
SEIECTEA REIBIEBNCES ...ttt s st nnes 35
Appendix 1. Quality Assurance and Control at the U.S. Geological Survey Laboratory in

MenIo Park, CalifOrnia.....c.oreeneirensieeciseiseisesseesesss sttt essssees 53
Appendix 2.  Surface-Water, Pore-Water, Sediment, Invertebrate, and Biota Data............cc........ 55
Figures

1. Graph showing generalized locations of sediment and pore-water sampling sites on
the Androscoggin River downstream from a former chloralkali facility in Berlin,
NEW HAMPSHITE ..ottt sttt
2. Map of study area on the Androscoggin River, Coos County, New Hampshire
3. Boxplots showing concentrations of sediment A, total mercury (THg), B, methylmer-
cury (MeHg), and C, percentage of THg as MeHg from the Androscoggin River,
Coos County, NeW HampPShire .........cocviueireicecieeeecee et sesse et sesaens 12
4, Boxplots showing concentrations of pore-water A, total mercury (pw.THg), B, meth-
ylmercury (pw.MeHg), and C, percentage of THg as MeHg (pw% MeHg) from the
Androscoggin River, Coos County, New Hampshire.......ccccocveveveneneieeinincseseeesssieens 13
5. Boxplots showing concentrations of A, dissolved organic carbon (pw.DOC) and
B, sediment loss on ignition (LOI) from the Androscoggin River, Coos County,

NEW HAMPSHITE ..ottt bbbt 14
6. Boxplots showing mercury partitioning coefficients from the Androscoggin River,
Coos County, NeW HamPShire .........cocuiueireiiecteeieeese et se s sessesans 16
7. Bar graph showing sequential extractions of surficial sediment in the Androscoggin
River, Coos County, NeW HampPShire ...ttt tenaes 17
8. Boxplots showing concentrations of total mercury (THg) in A, smallmouth bass and
B, white sucker from the Androscoggin River, Coos County, New Hampshire................ 18
9. Boxplot showing concentrations of total mercury (THg) in smallmouth bass from the
ANAroSCOGGIN RIVET ..ottt 19
10. Boxplots showing sediment mercury methylation potential from the Androscoggin
River, Coos County, NeW HampPShire ..ottt tenaes 20

11.  Boxplots showing concentrations of A, pore-water sulfate (pw.SO7 ) and

B, sediment total reduced sulfur (TRS) from the Androscoggin River, Coos County,

NEW HAMPSHITE ..ottt bbbt 21
12.  Boxplots showing A, sediment grain size less than 63 micrometers (um) and

B, oxidation reduction potential (redox, E, ) from the Androscoggin River, Coos

County, NeW HamPShire ..ottt saen 22
13.  Graphs showing predicted against measured sediment total mercury (THg) for

A, near, B, far, and C, all stream reaches of the Androscoggin River, Coos County,

NEW HAMPSHITE ..ottt st saen 24
14. Graph showing predicted against measured methylmercury (MeHg) from the
Androscoggin River, Coos County, New Hampshire.......ccoooeeeeeeeeverecereceeeeeeece e 25

15.  Graphs showing predicted against measured sediment inorganic reactive mercury
(Hg(ll),) for A, near, B, far, and C, all stream reaches of the Androscoggin River,
Coos County, NeW HamPShire .........cocuviueireieicteeieecere et sesse e sesaes 26
16. Graphs showing predicted against measured mercury methylation potential (MIPP)
A, constant (k ) and B, rate for the Androscoggin River, Coos County, New
HAMPSIITE oottt ettt eaen 27



Graphs showing predicted against measured partitioning coefficient for A, total
mercury (k,[THg]) and B, methylmercury (k [MeHg]) for the Androscoggin River,

Co0s County, NeW HampPShire ......c.cuueiiveeececinsse ettt ssssess st ssssessessansans 28
Graph showing sediment total mercury partitioning coefficient as a function of
dissolved organic carbon and grain SIZ€.......cccveeeireneeeersinseneeseessesseseeesssssssesesssssssessees 29
Graph showing sediment methylmercury partitioning coefficient as a function of
dissolved organic carbon and grain SiZ€.........ccceeeueeveeeseerseseeseseeesee e nenes 29

Bar graph showing New Hampshire Department of Environmental Services (NHDES)
benthic index of biotic integrity (B—IBI) for the Androscoggin River, Coos County,
NEW HAMPSHITE ..ottt st 32

Tables

1.

Study sampling area description and dates for the Androscoggin River from

Pontook Reservoir to Shelburne Dam, New Hampshire ..., 4
Summary of methods used for analysis of sediment, pore water, surface water, and
biota from the Androscoggin River, Coos County, New Hampshire........ccccccovvereveernennns 42
Sequential extraction scheme applied to surface sediment samples from the
Androscoggin River, Coos County, New Hampshire........cccccoeeeeuvevceeececcrseeeceeseeee e 9
Wilcoxon rank sum test comparing results upstream and downstream from a former
chloralkali site on the Androscoggin River in Berlin, New Hampshire ........c.cccocvvniunenne 45

Kruskal-Wallis rank sum test results comparing data grouped by sample distance
from a former chloralkali site on the Androscoggin River in Berlin, New Hampshire....47

Sequential extraction results for surface sediment, Androscoggin River, Coos

County, NeW HamPSHIre ...ttt s 49
Stream reach parameters used to calculate reach specific depth integrated

Mercury SPecies iNVENtOries aNd FATES ...ttt see e ses e seeeeaees 30
Depth-integrated mercury species inventories and rates, by river reach .........ccco.......... 31
Guidelines for total mercury in surface water, sediment, and fish and methylmercury

TN SUITACE WALET ...ttt bbb bbb 34

Comparison of mercury concentrations in the Androscoggin River, Coos County,
New Hampshire, with National Water-Quality Assessment Program and
Northeastern Ecosystem Research Cooperative datasets ........ccccoveverveenrneeneiseisesnsennens 34

vii



viii

Conversion Factors and Datum

SI to Inch/Pound
Multiply By To obtain
Length
centimeter (cm) 0.3937 inch (in.)
meter (m) 3.281 foot (ft)
kilometer (km) 0.6214 mile (mi)
meter (m) 1.094 yard (yd)
Area
square meter (m?) 0.0002471 acre
square meter (m?) 10.76 square foot (ft?)
square centimeter (cm?) 0.1550 square inch (ft?)
square kilometer (km?) 0.3861 square mile (mi?)
Mass
kilogram (kg) 2.205 pound avoirdupois (Ib)
Hydraulic gradient
meter per kilometer (m/km) 5.27983 foot per mile (ft/mi)

In this report, the words right and left refer to directions that would be reported by an observer

facing downstream.

Vertical coordinate information is referenced to the North American Vertical Datum of 1988

(NAVD 88).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Altitude, as used in this report, refers to distance above the vertical datum.

Concentrations of chemical constituents in water are either in milligrams per liter (mg/L),
micrograms per liter (pg/L), nanograms per liter (ng/L), moles per liter (M), or millimoles per liter

(mmol/L).



Characterization of Mercury Contamination in the
Androscoggin River, Coos County, New Hampshire

By Ann T. Chalmers', Mark C. Marvin-DiPasquale’, James R. Degnan', James F. Coles’, Jennifer L. Agee', and

Darryl Luce?

Abstract

The former chloralkali facility in Berlin, New
Hampshire, was designated a Superfund site in 2005. His-
toric paper mill activities resulted in the contamination of
groundwater, surface water, and sediments with many organic
compounds and mercury (Hg). Hg continues to seep into
the Androscoggin River in elemental form through bedrock
fractures. The objective of this study was to spatially charac-
terize (1) the extent of Hg contamination in water, sediment,
and biota; (2) Hg speciation and methylmercury (MeHg)
production potential rates in sediment; (3) the availability of
inorganic divalent Hg (Hg(II)) for Hg(II)-methylation (MeHg
production); and (4) ancillary sediment geochemistry neces-
sary to better understand Hg speciation and MeHg production
potential rates in this system.

Concentrations of total mercury (THg) and MeHg in
sediment, pore water, and biota in the Androscoggin River
were elevated downstream from the former chloralkali
facility compared with those upstream from reference
sites. Sequential extraction of surface sediment showed a
distinct difference in Hg speciation upstream compared with
downstream from the contamination site. An upstream site
was dominated by potassium hydroxide-extractable forms
(for example, organic-Hg or particle-bound Hg(II)), whereas
sites downstream from the point source were dominated by
more chemically recalcitrant forms (largely concentrated
nitric acid-extractable), indicative of elemental mercury or
mercurous chloride. At all sites, only a minor fraction (less
than 0.1 percent) of THg existed in chemically labile forms
(for example, water extractable or weak acid extractable). All
metrics indicated that a greater percentage of mercury at an
upstream site was available for Hg(II)-methylation compared

'U.S. Geological Survey.

2U.S. Environmental Protection Agency.

with sites downstream from the point source, but the absolute
concentration of bioavailable Hg(II) was greater downstream
from the point source. In addition, the concentration of tin-
reducible inorganic reactive mercury, a surrogate measure

of bioavailable Hg(II) generally increased with distance
downstream from the point source. Whereas concentrations
of mercury species on a sediment-dry-weight basis generally
reflected the relative location of the sample to the point source,
river-reach integrated mercury-species inventories and MeHg
production potential (MPP) rates reflected the amount of fine-
grained sediment in a given reach.

THg concentrations in biota were significantly higher
downstream from the point source compared with upstream
reference sites for smallmouth bass, white sucker, crayfish,
oligochaetes, bat fur, nestling tree swallow blood and feathers,
adult tree swallow blood, and tree swallow eggs. As with
tin-reducible inorganic reactive mercury, THg in smallmouth
bass also increased with distance downstream from the point
source. Toxicity tests and invertebrate community assessments
suggested that invertebrates were not impaired at the current
(2009 and 2010) levels of mercury contamination downstream
from the point source. Concentrations of THg and MeHg in
most water and sediment samples from the Androscoggin
River were below U.S. Environmental Protection Agency
(USEPA), the Canadian Council of Ministers of the
Environment, and probable effects level guidelines. Surface-
water and sediment samples from the Androscoggin River had
similar THg concentrations but lower MeHg concentrations
compared with other rivers in the region. Concentrations
of THg in fish tissue were all above regional and U.S.
Environmental Protection Agency guidelines. Moreover,
median THg concentrations in smallmouth bass from the
Androscoggin River were significantly higher than those
reported in regional surveys of river and streams nationwide
and in the Northeastern United States and Canada. The
higher concentrations of mercury in smallmouth bass suggest
conditions may be more favorable for Hg(II)-methylation and
bioaccumulation in the Androscoggin River compared with
many other rivers in the United States and Canada.
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Introduction

During operation of the chloralkali facility in Berlin,
New Hampshire, elemental mercury (Hg") was spilled
contaminating the overburden and underlying fractured
rock on the east (left) bank of the Androscoggin River. Hg’
is relatively nontoxic; the primary pathway of Hg’ toxicity
in the environment begins with the oxidation to inorganic
divalent mercury (Hg(II)) in the presence of chloride, thiol
compounds, and oxygen. In low salinity waters such as those
of the Androscoggin River, Hg" oxidation is quite slow, and
formation of oxidation products on the surface of the liquid
further reduces oxidation rates (Amyot and others, 2005). The
conversion of Hg(Il) to more bioavailable methylmercury
(MeHg) is a process that is largely carried out by anaerobic
bacteria near the sediment-water interface (Gilmour and
others, 1992). Rates of net benthic MeHg production in
the sediments are controlled by the activity of the Hg(II)-
methylating microbial community and by Hg(II) availability
to microbes (Marvin-DiPasquale and others, 2009a).
Environmental factors that affect the activity of communities
of Hg(II)-methylating bacteria include temperature, pH, and
presence of suitable electron acceptors and donors. Availability
of Hg(II) to microbes is controlled by total mercury (THg)
concentration, dissolved organic carbon (DOC), sediment
grain size, and calcium, iron, and sulfur solid-phase mineral
chemistry. Understanding the Hg(II) processes and the
environments that are conducive to methylation will provide
key information for remedial actions and decisions.

Site History and Previous Work

In September 2005, Congress added the former chlor-
alkali facility in Berlin, N.H., to the national priorities list,
commonly known as the Superfund list (U.S. Environmental
Protection Agency, 2005). Investigations onsite have revealed
elevated mercury, lead, arsenic, polycyclic aromatic hydrocar-
bons, organochlorine chemicals (dioxin and furans, polychlo-
rinated biphenyls), and other toxic metals in groundwater and
soils (Darryl Luce, U.S. Environmental Protection Agency
(USEPA), written commun., 2008). The mercury contamina-
tion originates from two longstanding point sources across
from one another on the Androscoggin River in Berlin, N.H. A
chloralkali facility that produced chlorine gas for the paper-
making industry using electrolytic diaphragm cells operated
from the late 1800s through the 1960s (Margaret Bastien, New
Hampshire Department of Environmental Services (NHDES),
written commun., 2004). How mercury was used at the facil-
ity is uncertain. Mercury may have been used in the cells to
separate chlorine from a brine solution. The second source of
mercury was from a sawmill that used mercuric chloride wood
preserving process known as kyanization. Kyanization was
used by the sawmill from 1888 through 1930 (Weston
Solutions, 2005). The mercuric chloride may have been
prepared at the chloralkali facility and then transported across

the river for use at the kyanization plant. Regardless of use,
the main release of mercury to the environment was at the
chloralkali facility on the left bank of the Androscoggin River,
just downstream from Sawmill Dam (fig. 1). The total amount
of mercury released from the facility that seeped into the over-
burden and into the underlying fractured bedrock is unknown
(Degnan and others, 2005). Efforts to contain the mercury at
the chloralkali site and eliminate seepage to the river include
demolition of the cell houses, installation of a bentonite-soil
slurry barrier wall on the site perimeter, and pressure grouting
the bedrock along the riverbank (Margaret Bastien, NHDES,
written commun., 2003). Despite earlier actions to address

the source of contamination, mercury continues to seep into
the Androscoggin River through fractures in the bedrock at
the edge of the site (Darryl Luce, USEPA, written commun.,
2008). Mercury has also been found in the sediment of the
adjacent Androscoggin River from sampling conducted by the
former site owners and the NHDES (Darryl Luce, USEPA,
written commun., 2008). THg concentrations (average plus

or minus standard deviation) in sediments collected at dam
impoundments by the NHDES (Lori Siegel, NHDES, written
commun., 2004) were highly variable, from 75 +177 nano-
grams per gram (ng/g) at Sawmill Dam (upstream from

the facility) to 361 £483 ng/g at Riverside Dam and

354 £277 ng/g at Smith Hydro Dam (both downstream from
the facility). MeHg concentrations in sediments collected by
the NHDES were lowest at Sawmill Dam (0.071 +0.082 ng/g)
and higher at Smith Hydro Dam (1.00 £0.79 ng/g) and
Riverside Dam (1.28 £2.16 ng/g). Subsequently, further inves-
tigation into the extent of mercury contamination and transfor-
mation processes within the Androscoggin River was deemed
warranted by the USEPA to determine the potential impacts on
the environment and to provide a more comprehensive under-
standing of mercury dynamics in this system to guide potential
remediation activities. To that end, the USEPA funded a study
conducted by the U.S. Geological Survey (USGS) from 2009
through 2012 to provide more detailed information regarding
the extent of mercury contamination and speciation within the
Androscoggin River. The major objectives of this study were
to characterize the extent of mercury contamination in sedi-
ment, water, and biota of the Androscoggin River and to assess
mercury speciation and the potential availability of in-situ
mercury for Hg(II)-methylation.

Purpose and Scope

This report (1) compares surface-water, pore-water, sedi-
ment, and biota THg and MeHg concentrations upstream and
downstream from a former chloralkali facility; (2) evaluates
the potential for Hg(II)-methylation and mercury bioaccumu-
lation; (3) explains differences in MeHg production rates and
bioavailable Hg(II) patterns among sites using nonparametric
rank sum tests and best-fit linear model equations; (4) assesses
the health of the aquatic ecosystem surrounding the former
chloralkali facility using a variety of surface-water, sediment,
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Figure 1. Generalized locations of sediment and pore-water sampling sites on the

Androscoggin River downstream from a former chloralkali facility in Berlin, New Hampshire.
Stream reaches are signified by AR followed by number. The reference reach (AR2) is

16 kilometers upstream from the former chloralkali facility and is not shown. Sampling
locations are indicated by red circles, dams are indicated by black squares. Elevation and

distance data from Google Earth, February 17, 2012.

and biological indices and guidelines; and (5) compares THg
and MeHg concentrations in water, sediment, and biota from
the study site to concentrations reported in other river systems
nationally and regionally in the Northeastern United States
and Canada.

In addition, this report also summarizes concurrent bio-
monitoring data collected by BioDiversity Research Institute
(Gorham, Maine) and Avatar Environmental (West Chester,
Pennsylvania) contracted by the USEPA for the purposes of
providing additional context regarding the human health and
ecological impacts of mercury within the study area.

Study Approach and Methods

The study area encompasses a 40-kilometer (km) reach
of the Androscoggin River from Pontook Reservoir to just
upstream from Shelburne Dam, including the former chlor-
alkali facility site in Berlin (table 1, fig. 2). Individual river
reaches (coded as AR followed by the number of the reach#)
were defined by the presence of dam structures at the upper
and lower boundary of each reach. The precise coordinates
for all sampling locations are listed in table 2—1. Pontook

Reservoir (AR1) and Wheeler Bay (within the upper portion of
AR?2), both upstream from the facility, were used as reference
sites of background (nonpoint-source) conditions. AR1 was
used as a reference site for birds and bats, wherecas AR2 was a
reference site for sediment, pore water, surface water, epifau-
nal invertebrates, crayfish, and birds. Seven stream reaches,
from the facility (within AR3) to just upstream from Shelburne
Dam (AR9), were sampled to characterize the mercury con-
tamination downstream from the point source.

THg and MeHg concentrations were analyzed in surface
water, pore water, and sediment and THg in macroinverte-
brates, crayfish, fish, bats, and birds (tables 1, A2—1). The
potential for Hg(II)-methylation and MeHg bioaccumulation
was assessed by a number of different metrics. The percentage
of THg as MeHg (percent MeHg) in sediment was used as a
proxy for Hg(II)-methylation efficiency. Tin-reducible reactive
inorganic mercury (Hg(II),) was used as a surrogate for the
pool of inorganic Hg(II) readily available to sediment bacteria
for Hg(II)-methylation. This methodologically defined assay
measures simple Hg(I)-salts, such as mercury sulfate and mer-
cury chloride Hg(I) bound to low molecular weight organic
ligands, and Hg(II) weakly adsorbed to particle surfaces
(Marvin-DiPasquale and others, 2006; Marvin-DiPasquale,
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Table 1.
New Hampshire.

[Epifaunal invertebrates were collected in rock baskets]

Study sampling area description and dates for the Androscoggin River from Pontook Reservoir to Shelburne Dam,

I:;ad(;h Reach description Sampling dates Sample types

ARI1 Above Pontook Dam 2010 Bat, bird

AR2 Pontook Dam to Wheeler Bay 2009, 2010, 2011 Sediment, pore-water, surface-water, epifaunal inverte-
brate, oligochaetes, crayfish, fish, bird

AR3 Sawmill Dam to Riverside Dam 2009, 2010 Surface-water, epifaunal invertebrate, crayfish, fish, bird

AR4 Riverside Dam to Smith Hydro Dam 2009, 2010 Sediment, pore-water, surface-water, epifaunal inverte-
brate, oligochaetes, crayfish, fish, bird

ARS Smith Hydro Dam to Cross Power Dam 2010, 2011 Sediment, pore-water, oligochaetes, crayfish, fish

AR6 Cross Power Dam to Cascade Dam 2009, 2010, 2011 Sediment, pore-water, oligochaetes, crayfish, fish

AR7 Cascade Dam to Brown Dam 2010, 2011 Sediment, pore-water, oligochaetes, crayfish, fish

ARS Brown Dam to Gorham Dam 2009, 2010 Sediment, pore-water, surface-water, epifaunal inverte-
brate, oligochaetes, crayfish, fish, bird

AR9 Gorham Dam to Shelburne Dam 2009, 2010 Sediment, pore-water, surface-water, epifaunal inverte-

brate, oligochaetes, crayfish, fish, bat, bird

unpub. data). Microbial MeHg production potential (MPP)
rates were measured in sediment using ***Hg(II) stable isotope
incubations to measure the microbial rate constant for Hg(II)-
methylation (k__ ) and calculated based on k_ . and the inde-
pendently measured Hg(Il), concentration (Marvin-DiPasquale
and others, 2008). Another approach used to assess mercury
availability was a five-step sequential extraction (Bloom and
others, 2003) that chemically characterizes the THg pool
from most labile (water-extractable) to most refractory (aqua
regia-extractable). Site-specific differences in MPP rates were
examined in terms of a suite of environmental factors, such

as sediment redox conditions, particle size, sulfur and iron
chemistry, and organic content in sediment, all of which can
affect both the activity of Hg(II)-methylating bacteria and the
availability of Hg(II) to those bacteria.

The potential biological impact of the mercury con-
tamination in the study area was assessed by the community
composition of epifaunal macroinvertebrate assemblages
and toxicity testing of surface waters, pore waters, and bulk
sediment. Surface-water, sediment, and biological indices and
guidelines were also used to evaluate the potential ecological
impact of the mercury contamination within the study area.

Field Methods

Field sampling was performed during 3 years (table 1).
Samples were collected from a wide range of media during
August and September 2009, including surface water,
sediment pore water, whole sediment, fish, crayfish, epifaunal
invertebrates, and infaunal invertebrates. Surface-water,
sediment pore-water, and whole-sediment samples were

collected by the USGS, fish and crayfish were collected

by Avatar Environmental, and epifaunal invertebrates and
infaunal invertebrates were collected by USGS and USEPA
Region 1 Environmental Services Assistance Team (ESAT).
During August 2010, USGS field sampling focused on
mercury speciation and Hg(II)-methylation in sediment
and on ancillary sediment parameters associated with
carbon, iron, and sulfur. Additional biological sampling was
conducted during 2010 and 2011 by BioDiversity Research
Institute, ESAT, and the USEPA and included fish, infaunal
invertebrates, bats, and marsh birds.

Surface-Water Sampling

Surface-water samples were collected during low
streamflow conditions (average daily flow of 1,620 cubic
feet per second) in September 2009 using multiple sampling
points, based on standard USGS protocols (U.S. Geological
Survey, 2005), and were processed using trace-metal clean
techniques (Olson and DeWild, 1999). At wadeable sections
of the river, samples were collected with a hand-held teflon
depth integrating sampler (DH-81). At nonwadeable sections,
samples were collected using an isokinetic sampler (D-95;
equipped with a teflon nozzle and a teflon bottle) that was
lowered from bridges using a reel and cable. Specific con-
ductance, pH, dissolved oxygen, and water temperature were
determined during the collection of surface-water samples
using a multiprobe sonde (YSI 600XL). Samples were filtered
using 0.45-micrometer (um) high-capacity capsule filters.
Both dissolved (filter passing) and total (nonfiltered) surface-
water samples were collected during 2009; THg and MeHg
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Figure 2. Map of study area on the Androscoggin River, Coos County, New Hampshire. Stream reaches
are signified by AR followed by number. Pore-water and sediment sampling sites are black squares (2009)

and red stars (2010). Base map prepared by AVATAR Environmental LCC.
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samples were preserved with hydrochloric acid to a pH of less
than 2, total recoverable metals (antimony, arsenic, beryllium,
cadmium, chromium, copper, lead, nickel, selenium, stron-
tium, vanadium, and zinc) samples were preserved with nitric
acid to a pH of less than 2, and organic carbon samples were
preserved with sulfuric acid to a pH of less than 2. All samples
were kept chilled in coolers with wet ice and then refrigerated
upon return to the laboratory.

Sediment Pore-Water Sampling

Pore-water samples were collected in depositional areas
of the stream channel, typically along the channel margins.
Pore-water samples were obtained in-situ during low stream-
flow conditions during September 2009 and August 2010
using a push-point sampler as described in Zimmerman and
others (2005) and were processed using trace-metal clean
techniques (Olson and DeWild, 1999). A push-point sampler
is designed to sample pore water with minimal disturbance
to the sediment matrix. Specific conductance was used to
monitor chemical differences between surface water and pore
water during sampling and to verify that surface water was not
drawn down into the pore-water sampling zone.

Other field parameters measured with the YSI 600XL
multiprobe sonde included pH, dissolved oxygen, oxidation-
reduction (redox) potential (ORP), and water temperature.
ORP was measured with a platinum band electrode. Pore-
water samples were collected at depths between 7 and
15 centimeters (cm) below the interface between the sediment
and surface water using a peristaltic pump with teflon tubing.
In-line filtration with 0.45-um high-capacity capsule filters
was used during 2009, and 0.4-um precombusted quartz-fiber
filters in teflon filter assemblies were used during 2010. Both
dissolved (filter passing) and nonfiltered pore-water samples
collected during 2009 were preserved for THg and MeHg
(pw.THg and pw.MeHg), total recoverable metals (antimony,
arsenic, beryllium, cadmium, chromium, copper, lead, nickel,
selenium, strontium, vanadium, and zinc), and dissolved
organic carbon (pw.DOC), as described above for surface
water. All samples collected during 2010 were filtered and
preserved immediately upon collection as follows: pw. THg
and pw.MeHg with 6 moles per liter (M) hydrochloric acid
(1 percent final concentration), ferrous iron (pw.Fe(Il)) with
10 percent hydrochloric acid (2 percent final concentration),
pw.DOC with phosphoric acid to a pH less than 2, and pore-
water sulfate (pw.SO,) was frozen.

Streambed-Sediment Sampling

Streambed-sediment samples were collected from
undisturbed, continuously wetted, depositional zones in the
stream channel that coincided with pore-water sampling
locations (table 2—1). Samples collected during 2009 were
composites of 5 to 10 representative subsamples over a 5- to
10-square meter (m?) area of relatively homogeneous sediment

(Shelton and Capel, 1994). The upper 0- to 10-cm-depth
interval of streambed sediment was sampled with a hand-held
glass coring device, except at water depth greater than 1 meter
(m) where an Eckman dredge was used. Samples collected for
THg and MeHg were frozen onsite, whereas all other sediment
samples were kept chilled on wet ice.

Streambed-sediment samples were collected during 2010
from one or two sediment cores (0- to 10-cm depth) per site
as described in Lutz and others (2008). To better document
spatial variability, both on a small scale around each site as
well as on a larger scale between stream reaches, two to three
primary sites per reach were sampled (for a total of 15 primary
sites), plus three additional field replicate sediment samples
collected within 10 to 50 m from each primary site (for a
total of 45 field replicate sites; table 2—1). For each sampling
location (primary and field replicate; total of 60 sampling
sites), sediment was composited in a ziplock bag and kept cold
and dark on wet ice in a cooler until further processed and
subsampled (within 8 hours of sample collection). Sediment
sample processing included homogenizing, subsampling, and
preserving as appropriate for each analyte. Sediment ORP
and pH were measured by standard electrochemical probe
techniques (Marvin-DiPasquale and Agee, 2003). Incubations
associated with benthic MPP rates were initiated within
8 hours of sample collection, as described below. Subsamples
collected for organic content (as percent loss on ignition
(percent LOI)), grain size less than 63 pm (percent fines),
porosity, dry weight, and bulk density were stored chilled on
wet ice. All other subsamples were frozen.

Toxicity Tests

Surface-water and pore-water toxicity tests were
conducted by the USEPA Region 1 ESAT of North
Chelmsford, Massachusetts. Surface water (10—12 liters
(L)) was collected for chronic, 7-day bioassays with larval
fathead minnow (Pimephales promelas) and the cladoceran
(Ceriodaphnia dubia) using survival, growth, and reproductive
criteria (U.S. Environmental Protection Agency, 2008a, b).

At least 1 L of pore water was collected at each site, which
was used for acute, 96-hour survival bioassays conducted
using the freshwater amphipod (Hyalella Azteca) and the
larval midge (Chironomus tentans), as described by the

U.S. Environmental Protection Agency (2001a). Detailed
methods of pore-water and surface-water toxicity testing

are described by Environmental Services Assistance Team
(2009a, 2009b, respectively). Whole-sediment toxicity tests
were run by EnviroSystems, Inc., of Hampton, N.H. Sediment
samples were collected at locations coincident with pore-
water samples and were used for bulk sediment toxicity tests
with the Hyallela azteca (28-day exposure) and Chironomus
dilutus (20-day exposure) using survival- and growth-based
criteria as described by EnviroSystems, Inc., (2010a, 2010b,
respectively). All surface-water, pore-water, and bulk-
sediment samples collected for toxicity tests were kept chilled
on wet ice or refrigerated until use in the above bioassays.



Epifaunal Invertebrate Assemblages

Epifaunal invertebrate samples were collected following
NHDES benthic index of biotic integrity (B—IBI) protocols
(New Hampshire Department of Environmental Services,
2004). Rock baskets (16.5 cm x 28 cm) containing 3.8- to
7.6-cm-diameter gravel were placed in riffle habitats upstream
from water-chemistry sampling sites at water depths deep
enough to maintain continuous flow over the artificial sub-
strate. Four baskets per site were anchored to the streambed
by sections of steel reinforcing rod (rebar) that were approxi-
mately 1.2 m long and 19 millimeters (mm) in diameter. Inver-
tebrate samples collected from three of the four rock baskets
were used to evaluate the aquatic ecosystem health, which is
based on the presence of certain taxa and the abundance of
organisms at the sampling sites. The organisms collected from
the fourth rock basket at each site were combined in a single
sample that was analyzed for THg. The rock baskets were
deployed August 67, 2009, and retrieved 6.5 weeks later
(September 21-22, 2009).

Rock baskets were retrieved by placing a 500-mesh
D-frame net downstream from the rock basket and gently
lifting and sliding the rock basket into the net. Rock baskets
were emptied into 500-um sieve buckets. The empty basket
cages were gently scrubbed and rinsed into 5-gallon pails,
and the contents were poured into the sieve bucket. Rocks in
the sieve buckets were gently brushed and rinsed to remove
organisms and detritus and returned to basket cage. Leaves
and detritus in the sieve bucket were rinsed, inspected for
organisms, and returned to the stream. The contents of the
sieve bucket were transferred to jars and preserved with
70-percent ethanol. Samples for tissue chemistry were
thoroughly rinsed with site water, placed in glass jars, and
frozen for subsequent analysis of THg using a Milestone
direct mercury analyzer (DMA) at the USEPA laboratory in
Chelmsford, Mass. Invertebrate assemblage samples were
processed according to NHDES B—IBI protocols (New
Hampshire Department of Environmental Services, 2004) with
a 300-organism count and identified to genus and species level
by Lotic, Inc., of Unity, Maine.

Infaunal Invertebrate Tissue

Infaunal worms (Oligochaeta spp.) were collected from
the top 15 cm of sediment in the same locations as the pore-
water and sediment samples. A minimum of 5 grams (g) of
infaunal worms were washed of external sediment and debris,
placed in glass jars, and frozen. Tissue samples were analyzed
for THg using a DMA at the U.S. Department of Energy
National Renewable Energy Laboratory in North Chelmsford
(Nobis Engineering, 2009).
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White Sucker, Smallmouth Bass, and Crayfish

Fish samples were collected by Avatar Environmental
using electroshocking during August 2009 and by the U.S.
Fish and Wildlife Service, the USEPA, and ESAT using rod
and reel and gill nets during August 2011 (Nobis Engineering,
2009). Two whole-body composite samples of white sucker
(Catostomus commersoni) were collected at three stream
reaches during 2009 (table 1). Composite white sucker
samples consisted of two to five fish. During 2011, individual
whole-body samples of white sucker were collected at four
stream reaches. Smallmouth bass (Micropterus dolomieui) of
25- to 38-cm length were collected in 2009 and greater than
25-cm length during 2011. Smallmouth bass samples were
five individual skinless fillets of at least 5 g. All fish samples
were rinsed with deionized water, wrapped in plastic wrap,
placed in ziplock bags, and frozen. Crayfish were collected
by trapping or electroshocking. Two composites of 5 to 10
whole crayfish (more than 100 g wet weight) were collected
at each site during August 2009, and 10 individual whole
crayfish were collected at each site during August 2011 (Nobis
Engineering, 2009). Crayfish were rinsed with deionized
water, placed in a ziploc bag, and immediately chilled on
wet ice.

Bats and Birds

Blood and fur from little brown bats (Myotis lucifugus)
and big brown bats (Eptesicus fuscus) were sampled by
BioDiversity Research Institute at the AR1 reference site
(Pontook Reservoir) and downstream at AR9. Bats were
collected using mist nets as described by Buck and Evers
(2011). Tree swallows (Zachycineta bicolor) were sampled
by ESAT at the two reference locations (Pontook Reservoir
(AR1) and Wheeler Bay (AR2)) and four downstream stream
reaches (AR3, AR4, ARS, and AR9). Blood, eggs, and feathers
of adult and nestling tree swallows were collected as described
in the Ecological Investigation Quality Assurance Project plan
(Nobis Engineering, 2011).

Laboratory Methods

The laboratory methods detailed below were conducted
by the USGS Branch of Regional Research, Western Region
(USGS BRR-WR) Laboratory in Menlo Park, California, and
were associated with the streambed-sediment and pore-water
samples collected during 2010 only. These methods reflect the
key parameters discussed in detail in this report. These and all
other laboratory methods are summarized in table 2 (in back
of report).
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Total Mercury

THg analysis was conducted on all 60 streambed-
sediment samples collected during 2010. Samples were
stored frozen until analysis. After thawing, sediment THg
was first extracted overnight in concentrated acid (aqua
regia; concentrated nitric acid (HNO,) plus hydrochloric
acid (HCI) at a 1:3 ratio), followed by the addition of the
oxidant bromine monochloride (BrCl) and heating overnight
at 60 degrees Celsius (°C) to ensure all the mercury was
in the divalent inorganic form (Hg(Il)) in accordance with
standard USGS protocol (Olund and others, 2004). THg in
the extract was assayed by cold vapor atomic fluorescence
spectrometry (CVAFS) using a Tekran 2006 automated total
mercury analyzer in accordance with USEPA method 1631
(U.S. Environmental Protection Agency, 2001b, 2002). Further
details on the method are described in Marvin-DiPasquale
and others (2011). Each batch of analytical samples was
accompanied by the analysis of the following minimum
number of quality assurance (QA) samples: one certified
reference material, one matrix spike, one analytical duplicate,
one field duplicate, one method blank, and calibration
standards prepared from commercially certified mercuric
chloride (HgCl,) solution.

Pore-water samples collected for pw.THg analysis
were preserved in the field with a final concentration of
0.5-percent HCI and stored refrigerated in the dark until
further processing. Subsequently, the samples were initially
oxidized with BrCl and similarly analyzed by CVAFS
using a Tekran 2600 automated total mercury analyzer
in accordance with USEPA method (U.S. Environmental
Protection Agency, 2001b, 2002). Each batch of analytical
samples was accompanied by the analysis of the following
minimum number of QA samples: one matrix spike, one
analytical duplicate, one field duplicate, one method blank,
and calibration standards prepared from commercially certified
HgCl, solution. For sediment and pore water, the detection
limit for the THg assay is approximately 0.5 nanogram
per liter (ng/L) at the level of the autoanalyzer. QA results
for sediment and pore-water THg assays are detailed in
appendix 1.

Methylmercury

MeHg analysis was conducted on the 15 primary stream-
bed-sediment samples collected during 2010. Samples were
stored frozen until analysis. After thawing, sediment MeHg
was first extracted with a solution of 25-percent potassium
hydroxide (KOH) in methanol at 60 °C for 4 hours (Xianchao
and others, 2005). Quantification of MeHg in the extract was
then carried out after ethylation of the analyte using a Brooks
Rand Labs automated MeHg analyzer (MERX). Further
method details are described in Marvin-DiPasquale and others
(2011). Each batch of analytical samples was accompanied by
the analysis of the following minimum number of QA sam-
ples: one certified reference material, one matrix spike, one

analytical duplicate, one field duplicate, one method blank,
and calibration standards prepared from commercial crystal-
line methylmercury chloride (MeHgCl) and compared with a
separate, commercially available MeHg standard solution.
Pore-water samples collected for pw.MeHg analysis
were preserved in the field with a final concentration of
0.5 percent HCI and stored refrigerated in the dark until
further processing. Subsequently samples were distilled (U.S.
Environmental Protection Agency, 2001b) and then quantified
after ethylation of the analyte using a MERX (Marvin-
DiPasquale and others, 2011).The detection limit for the
MeHg assay is approximately 0.5 picogram (pg; absolute mass
as mercury). QA results for sediment and pore-water MeHg
assays are detailed in appendix 1.

Reactive Inorganic Mercury

Hg(II), analysis was conducted on all 60 streambed-
sediment samples collected during 2010. Sediment Hg(II),, is
methodologically defined as the fraction of total Hg(IT) that
is readily reduced to Hg” by an excess of tin chloride (SnCl,)
over an exposure time of 15 minutes. Further method details
are described in Marvin-DiPasquale and Cox (2007). Sediment
subsamples for Hg(Il), were stored frozen until analysis. Each
batch of analytical samples was accompanied by the analy-
sis of the following minimum number of QA samples: one
analytical duplicate, one field duplicate, four bubbler blanks,
and calibration standards prepared from a commercial HgCl,
stock solution. No commercially available certified reference
material exists for Hg(Il), in sediment. The detection limit for
the Hg(Il), assay is approximately 40 pg (absolute mass). QA
results are detailed in appendix 1.

Methylmercury Production Potential and
Microbial Divalent-Mercury-Methylation Rate
Constant

MPP rates were assessed for the 15 primary streambed-
sediment samples collected during 2010. Bulk sediment
MPP rates were quantified using a stable isotope incubation
approach (Marvin-DiPasquale and others, 2011). Incubations
were initiated 4 to 8 days after initial field collection of the
sediment. Three subsamples of sediment (3.0 g wet weight)
per site were transferred into 13-cubic centimeter (cm?)
sealed serum vials under anaerobic conditions (nitrogen gas
(N,)-flushed glove bag). An isotopically enriched solution
(0.1 milliliter (mL)) of mercury chloride (**’HgCl,) was then
injected through the sepum of each vial for a final amendment
concentration of 38 nanograms (ng) of isotopic mercury
(**Hg(II)) per gram of sediment (wet weight). The samples
were vortexed for 1 minute each immediately following the
isotope amendment. One sample per set was immediately
flash frozen in a bath of dry ice and ethanol. This sample
represented the killed control. The remaining two samples per
set were incubated at 20 °C for 5 hours, after which they too



were flash frozen in dry ice and ethanol and stored at -80 °C
until further processing, which consisted of extraction with
25-percent KOH in methanol and quantification by isotope-
dilution inductively coupled plasma mass spectrometry (ICP—
MS; Marvin-DiPasquale and others, 2011).

Pseudo-first-order rate constants for 2°Hg(II)-methylation
(k> units = 1/done per day) were then calculated from the
incubated samples as described for the radiotracer **Hg(1I)-
methylation assay in Marvin-DiPasquale and others (2008).

Daily MPP rates (in ng/g dry sediment per day) were
calculated as:

MPP = Hg(Il), — (Hg(ID, * exp(-k,, < 1)), (1)

where
t s the time during which methylation occurred
(for the purposes of this rate, 1 day); and
Hg(I), is the independently measured in-situ

concentration of inorganic reactive
mercury, in ng/g dry weight.

QA consisted of killed controls, analytical duplicates for every
site, and the use of internal standards (that is, isotopically
enriched MeHg (Me'”Hg)).

Mercury Sequential Extraction

THg sequential extraction analysis was conducted on
the 15 primary streambed-sediment samples collected during
2010. Sediment sequential extraction followed the five-
fraction (F1 thru F5) scheme detailed in Bloom and others
(2003) and Marvin-DiPasquale and others (2011) with each
successive fraction using a stronger extraction solution (from
deionized water to aqua regia) to dissolve mercury in the
sediment sample. The specific extraction solutions and typical
mercury species extracted with them are detailed in table 3.
The starting sample mass extracted was 3 +0.2 g wet weight
with the exact weight (+£0.001 g) noted. Each extraction step
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was conducted overnight for a minimum of 12 hours. The
analysis of THg on each extraction fraction was conducted as
described above for pore water. For QA, 3 of the 15 samples
were run in duplicate, as were reagent blanks for all extract-
ants. The relative percent difference (mean plus or minus
standard error) for analytical duplicates associated with the
five fractions were as follows (number of samples in each case
equals three): F1 =21 16 percent, F2 = 30 £6 percent, F3 =
7.5 £3.9 percent, F4 = 22 £14 percent, and F5 = 9.6 +5.3 per-
cent. No certified reference material is commercially available
for these method-defined sequential extraction fractions.

Iron Speciation

Iron speciation analysis was conducted on the 15 primary
streambed-sediment samples collected during 2010. Samples
were stored frozen until analysis. Three forms of sediment
iron were assayed: acid-extractable ferrous iron (Fe(II), ),
amorphous (poorly crystalline) ferric iron (Fe(IIl),), and
crystalline ferric iron (Fe(Ill) ). Method details are described
in Marvin-DiPasquale and others (2008). The typical detection
limit for each iron fraction is approximately 0.01 milligram
per milliliter (mg/mL) at the level of the spectrophotometric
analysis. Each batch of analytical samples was accompanied
by the analysis of the following minimum number of QA
samples: one analytical duplicate, one field duplicate, one
matrix spike for Fe(Il),, and Fe(III), fractions only, one
method blank, and ferrous sulfate (FeSO,) calibration
standards prepared from analytical-grade crystalline reagents.
No certified reference material is commercially available for
these method-defined iron species. QA results are detailed in
appendix 1.

Total Reduced Sulfur

Total reduced sulfur (TRS) analysis was conducted on
the 15 primary streambed-sediment samples collected dur-
ing 2010. Samples were stored frozen until analysis. After

Table 3. Sequential extraction scheme applied to surface sediment samples from the Androscoggin River, Coos County,

New Hampshire.

[The mercury sequential extraction sequence (Bloom and others, 2003) with each fraction number (F#) is described by the extraction solution used and the
dominant mercury species associated with that fraction. DI, deionized; Hg, mercury; HgCl,, mercuric chloride; HgSO,, mercuric sulfate; M, moles per liter;
HCI, hydrochloric acid; HgO, mercuric oxide; KOH, potassium hydroxide; Hg(II), inorganic divalent mercury; MeHg, methylmercury; Hg Cl,, mercurous
chloride; HNO,, nitric acid; Hg’, elemental mercury; HgS, cinnabar; m-HgS, metacinnabar; HgAu, mercury gold amalgam]

F# Extraction Dominant mercury species

F1 DI water Soluble, HgCl,, HgSO,

F2 pH=2;0.1 M acetic acid plus 0.01 M HCI HgO, HgSO,

F3 1 M KOH Organic or particle bound Hg(Il), MeHg, Hg,Cl,
F4 12 M HNO, Elemental Hg’, Hg Cl,

F5 Aqua regia (concentrated HNO, and HCl at 1:3 ratio)

HgS, m-HgS, HgAu
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thawing, sediment TRS was extracted by a single-step hot acid
chromium reduction approach and quantified spectrophoto-
metrically (Marvin-DiPasquale and others, 2008). Each batch
of analytical samples was accompanied by the analysis of the
following minimum number of QA samples: one analytical
duplicate, one field duplicate, one method blank, and zinc
sulfide (ZnS) calibration standards. No certified reference
material is commercially available for the TRS assay. The
detection limit for this assay is approximately 0.2 micromole
per milliliter (wmol/mL) at the level of the spectrophotometric
analysis. QA results are detailed in appendix 1.

Grain Size

Grain-size analysis was conducted on all 60 streambed-
sediment samples collected during 2010. Samples were stored
refrigerated until analysis. Sediment percent fines was assayed
as the weight percentage of dry sediment less than 63 microm-
eters (less than 63 um, the sand/silt split) and was conducted
by wet sieving (Matthes and others, 1992). Each batch of
analytical samples was accompanied by the analysis of the
following minimum number of QA samples: one analytical
duplicate and onefield duplicate. No certified reference mate-
rial is commercially available for the grain size analysis. QA
results are detailed in appendix 1.

Dry Weight, Bulk Density, Porosity, and Organic
Content

Analysis of bulk density, dry weight, porosity, and
organic content (as percent LOI) was conducted on all
60 streambed-sediment samples collected during 2010.
Samples were stored refrigerated until analysis. These four
sediment parameters were analyzed consecutively from
single sediment subsamples, as previously detailed (Marvin-
DiPasquale and others, 2008). Each batch of analytical
samples was accompanied by the analysis of the following
minimum number of QA samples: one analytical duplicate at
all sites and one field duplicate. No certified reference material
is commercially available for this suite of sediment analyses.
QA results are detailed in appendix 1 (table 1-3).

Total and Organic Carbon, Total Nitrogen, and
Carbon and Nitrogen Isotopes

Analysis of total carbon (TC), total organic carbon
(TOC), and total nitrogen (TN), with associated isotopes (6'*C
and 8"°N, respectively), was conducted on all 60 streambed-
sediment samples collected during 2010. Samples were stored
frozen until analysis. Analysis was conducted as described
in Kendall and others (2001) using a Carlo Erba model 1500
elemental analyzer connected to an Elementar Isoprime mass
spectrometer before and after acidification (HCI acid fum-
ing overnight to remove inorganic carbon). Each batch of

analytical samples was accompanied by the analysis of the
following minimum number of QA samples: one analytical
duplicate, one field duplicate, and calibration standards pre-
pared from ethylene-diamine-tetra-acetic acid. QA results for
TC and TN are detailed in appendix 1.

Pore-Water Dissolved Organic Carbon

Analysis of pw.DOC was conducted on pore water
collected from the 15 primary streambed sites sampled during
2010. Samples were stored refrigerated and acidified (to a
pH of less than 2) until analysis. Analysis for pw.DOC was
conducted using high temperature combustion and infrared
(IR) detection on a Shimadzu Scientific Instruments TOC—
VCPH total organic carbon analyzer. QA measures included
analytical duplicates, field duplicates, calibration standards,
method blanks, and reagent blanks. QA results are detailed in
appendix 1.

Pore-Water Sulfate and Chloride

Analysis of pw.SO, and pore-water chloride (pw.Cl)
was conducted on pore water collected from the 15 primary
streambed sites sampled during 2010. Samples were stored
frozen until analysis and assayed by ion chromatography as
described in Marvin-DiPasquale and others (2008). QA mea-
sures included analytical duplicates, field duplicates, calibra-
tion standards, method blanks, and reagent blanks. QA results
are detailed in appendix 1.

Pore-Water Ferrous Iron

Analysis of pw.Fe(II) was conducted on pore water col-
lected from the 15 primary streambed sites sampled during
2010. Samples were stored refrigerated and acidified (to a pH
of less than 2) until analysis and assayed by the colorimetric
ferrozine assay as described in Marvin-DiPasquale and others
(2008). QA measures included analytical duplicates, field
duplicates, calibration standards, method blanks, and reagent
blanks. QA results are detailed in appendix 1.

Data Analysis

Statistical analysis was performed using the TICBO
Sptofire S+, version 8.1 software. Type II error probability
(p) was set at less than 0.05 for all statistical tests, unless
otherwise noted. We generally report median and interquartile
range (IQR) data throughout the Results and Discussion sec-
tion because the two-sided Kolmogorov-Smirnov goodness-
of-fit test indicated that a majority (more than 60 percent)
of the parameters measured in this study were not normally
distributed. For data below the reporting limit, medians and
IQRs were calculated using maximum likelihood estimation
(Helsel, 2005) subroutines developed by the USGS for the



S+ statistical platform. The mercury distribution in sediment,
pore water, and biota was analyzed by comparing grouped
medians from samples collected downstream from the former
chloralkali facility to the reference sites using the nonpara-
metric Wilcoxon rank sum (WRS) test. Downstream stream
reaches were split into two spatial groupings determined by
stream gradient: near-stream reaches (AR3 (fish only), AR4,
ARS5, and ARG6), 0 to 4 km downstream from the point source
in an area of steep stream gradients, and far-stream reaches
(AR7, ARS8, and AR9), 8 to 16 km downstream from the
point source where stream gradients were much more gradual
(fig. 1). Grouped medians of samples collected from reference,
near, and far-stream reaches were compared using the non-
parametric Kruskal-Wallis rank sum (KWRS) test. If KWRS
indicated a significant difference between groupings, Tukey
multiple-comparison test was used to determine which medi-
ans differed significantly.

Starting with multiple (four to seven) explanatory vari-
ables, best-fit linear model equations were developed using
step-wise linear regression to describe the spatial variability in
key mercury metrics. Prior to model development, parameters
that were not normally distributed were log-base 10 (log,)-
transformed and used in the model. Explanatory variables
(independent or x variables) with type II error p more than 0.1
were removed from the regression equations; all overall model
fits required p less than 0.05 as a testing criterion.

Results and Discussion

Samples from various matrices were collected to (1)
define areas of mercury contamination, (2) better understand
factors controlling MeHg production and bioaccumulation,
and (3) assess the ecological impact of the mercury
contamination. Tabular results of all physical parameters
measured and chemical analysis conducted on surface water,
pore water, sediment, invertebrates, fish, bats, and birds are
listed in tables A2—-2 through 2-22. Sediment and pore-water
analyses included in this report are only of depositional areas,
not the entire stream channel. The results from the statistical
(nonparametric WRS) assessment of sediment, pore water,
toxicity tests, and select biota data, comparing the reference
reaches (AR1 and AR2) to all stream reaches downstream
from the former chloralkali plant, are summarized in table 4
(in back of report).

The results from the statistical (nonparametric KWRS)
assessment of sediment, pore water, toxicity tests, and select
biota data, comparing the reference reach (AR2) with near
downstream stream reaches (AR3, AR4, AR5, and AR6) and
with far downstream stream reaches (AR7, ARS, and AR9),
are summarized in table 5 (in back of report). Ancillary
parameters that showed no significant differences among the
spatial groupings were not included in tables 4 or 5 (in back
of report); these parameters included sediment TC, TN, carbon
to nitrogen ratio (C:N), TOC, percent LOI, TRS, Fe(II)

AE’>
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Fe(IIl),, Fe(IIl)_, carbon 13 ("*C) and nitrogen 15 (**N)
isotopes, and pore-water parameters pw.Fe(II), pw.SO,, and
pw.DOC. The lack of significant spatial differences generally
reflected the limited range of parameter concentrations in the
study area.

Mercury Speciation and Distribution

THg and MeHg concentrations in surface water, sedi-
ment, pore water, and biota were compared downstream
from the former chloralkali facility relative to reference sites.
Sequential extraction of surface sediment was used to assess
differences in mercury speciation upstream and downstream
from the facility.

Surface Water

The number (n) of observations associated with the 2009
surface-water samples was too small (n=5) for statistical
evaluation of the spatial groupings used for sediment.
However, visual inspection of the data (table 2—2) showed
little difference among the various stream reaches sampled
for filtered THg (range from 0.70 to 1.00 ng/L, mean of
0.87 ng/L), nonfiltered THg (range from 0.44 to 2.17 ng/L,
mean of 1.13 ng/L), filtered MeHg (all less than 0.1 ng/L),
nonfiltered MeHg (all less than 0.1 ng/L), and 1M KOH-
extractable Hg(II) (all less than 0.08 ng/L). This observed
limited variability between surface-water samples collected
around a point source in a high-gradient stream is not
surprising because of the short hydrologic residence time.

Sediment and Pore Water

Sediment THg and MeHg concentrations were
significantly higher downstream from the point source than
at the reference site (table 4, in back of report). The highest
median sediment THg and MeHg concentrations were in
stream reach ARS, 2.5 km downstream from the point source
(figs. 3A and B). No significant difference existed between
near- and far-stream reaches, suggesting that sediment THg
and MeHg concentrations were not decreasing downstream
from the point source as far as Shelburne Dam, and could
possibly continue at elevated levels downstream from
Shelburne Dam (table 5, in back of report).

Whereas pw.MeHg concentrations were significantly
higher downstream from the point source than at the refer-
ence site, pw.THg concentrations were not (table 4, in back
of report). The highest pw.THg and pw.MeHg concentrations
were in stream reach AR4, 2 km downstream from the point
source (figs. 4A and B). Samples from AR4 were collected
in a depositional area in and around a dense stand of aquatic
emergent vegetation. The median pw.DOC concentrations at
this location were also three times higher than other stream
reaches (fig. 5). The elevated pw.DOC concentrations at AR4
may facilitate the desorption of organic and inorganic mercury
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species off particles and into the pore water dissolved phase
(Hill and others, 2009; Dong and others, 2010). The lower
sediment partitioning coefficients (K *) at AR4 confirmed
that THg and MeHg partitioned into the dissolved phase to a
greater extent in this particular reach compared with all other
stream reaches (figs. 6A and B).

The distribution of mercury species as identified in
surficial-sediment sequential extractions was also significantly
different between the reference site and downstream from the
point source (tables 4, 6, in back of report). Concentrations
of the three refractory fractions (F3, F4 and F5; table 3) were
all significantly higher downstream from the point source,
compared with the reference site. The highest concentration
of 12M HNO,-extractable mercury (F4 fraction typified by
Hg’ or mercurous chloride (Hg,Cl,)) was found at AR4, the
first reach downstream from the point source. At all sites, only
a minor percentage (less than 0.1 percent) of THg existed
in chemically labile forms (fractions F1 and F2; table 3).

The relative composition of mercury species also changed
downstream from the point source. The reference site had
greater than 86 percent of THg in the KOH fraction, consistent
with organic or particle bound Hg(II) (table 3), whereas
downstream from the point source, the percentage of the F4
fraction increased dramatically (fig. 7). As much as 86 percent
of the THg was found in this F4 fraction in stream reach AR4.
No significant change in mercury species distribution was
noted between near and far-stream reaches (table 5, in back of
report), suggesting the elevated levels of refractory mercury
species (potentially Hg” or Hg Cl,) continues at least as far as
Shelburne Dam.

Biota

THg concentrations in smallmouth bass, white sucker,
crayfish, oligochaetes, bat fur, nestling tree swallow blood and
feathers, adult tree swallow blood, and tree swallow eggs were
all significantly higher downstream from the point source than
at the reference sites (table 4, in back of report). Far-stream
reaches had significantly higher smallmouth bass and white
sucker THg concentrations than near-stream reaches (fig. 8;
table 5, in back of report). Median THg concentrations in bat
blood and adult swallow feathers were higher downstream
from the point source than the reference site, but the differ-
ence was not significant. The highest THg concentrations in
epifaunal macroinvertebrates were found in the stream reach
adjacent to the point source (AR3); however, the sample size
(n=5) was too small to conduct a statistical spatial comparison
(table 2—16).

Smallmouth bass THg concentrations from this study
were also compared with smallmouth bass fillet concentrations
collected from the Androscoggin River between Rumford
and Lisbon, Maine, (80—-180 km downstream from the study
area) by the Maine Department of Environmental Protection
from 2000 to 2009 as part of the Surface Water Ambient Toxic
Monitoring Program (Maine Department of Environmental
Protection, 2009). Grouped medians from reference, near, far,

Results and Discussion 15

and Maine stream reaches were compared using nonparam-
eteric KWRS test. Smallmouth bass THg concentrations from
Maine were significantly higher than the New Hampshire
reference site in Wheeler Bay (AR2) and similar to far-stream
reaches (AR7-AR9) between Gorham and Shelburne, suggest-
ing elevated THg levels in smallmouth bass continue down-
stream from the study area (fig. 9).

Mercury Bioavailability

The potential for Hg(II)-methylation was evaluated using
a number of different metrics including the percentage of THg
as MeHg (percent MeHg) in sediment, tin-reducible inorganic
mercury (Hg(II),), stable isotope*Hg(II)-methylation rate
incubations to derive k__ , MPP rates calculated from inde-
pendently measured k , and Hg(II), data, and THg sequential
extraction. Selective sequential extractions measured how
readily mercury was leached from sediment; more readily
leached organic bound mercury species are presumably more
bioavailable for Hg(II)-methylation than the more refractory
(strong acid soluble) compounds. All metrics indicated that
mercury was relatively more available for Hg(II)-methylation
at the reference site than downstream from the point source.
The sediment percent Hg(IT), was significantly higher at
the reference site than downstream from the point source
(fig. 10B; table 4, in back of report). The median percent
MeHg in sediment was highest at the reference site (fig. 3C);
however, the difference was not significant, most likely due to
the limited number of samples from the reference site (table 4,
in back of report). Sequential extraction results indicated
that a significantly higher percentage of THg was associated
with the F3 fraction (KOH soluble, indicative of organic or
particle bound mercury) at the reference site, whereas sites
downstream from the point source had a significantly higher
percentage of refractory forms (F4 and F5 fractions; fig. 7;
table 4, in back of report).

Although the proportion of mercury readily available
for Hg(II)-methylation appeared greater at the reference
site compared with stream reaches downstream from the
point source, the absolute concentration of Hg(II) readily
available for Hg(II)-methylation and the extent of mercury
bioaccumulation in biota was greater downstream from
the point source. Sediment Hg(Il), concentrations were
significantly higher downstream from the point source than at
the reference site, as were THg concentrations in smallmouth
bass, white sucker, crayfish, oligochaetes, bat fur, and swallow
feathers, blood, and eggs (figs. 10A, 8A and B; table 4, in
back of report). Sequential extractions of surficial sediment
also indicated significantly higher concentrations of organic
or particle bound mercury (F3 fraction) downstream from
the point source compared with the reference site (table 4, in
back of report). Median values for MPP and k  were also
higher downstream from the point source compared with the
reference site, but the difference was not significant most
likely due to the small number of observations (n=2) at the
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EXPLANATION
Fraction
F1—Water; soluble; dominant species are H,gCl and HgSO,
F2—0.1 M acetic acid; dominant species are Hg0 and HgSQ,

F3—1 M KOH; dominant species are organic or particle-bound
Hg(l1), MeHg, and Hg,Cl,

F4—12 M HNO,; dominant species are Hg”and Hg,Cl,

I8 00O

F5—Aqua regia; dominant species are HgS, m-HgS, and HgAu

Sequential extractions of surficial sediment in the Androscoggin River, Coos County, New

Results and Discussion

Hampshire. The mercury sequential extraction sequence (Bloom and others, 2003) shows each fraction
number (F#) described by both the extraction solution used and the dominant mercury species associated
with that fraction. AR, Androscoggin River, shows reach and site number (for example, AR2—4 is reach
2, site 4); Hg®, elemental mercury; Hg(ll), divalent inorganic mercury; HgAu, mercury and gold amalgam;
HgCl,, mercuric chloride; Hg,Cl,, mercurous chloride; Hg0, mercuric oxide; HgS, cinnabar; HgSO,,
mercuric sulfate; HN03, nitric acid; KOH, potassium hydroxide; M, moles per liter; MeHg, methylmercury;
m-Hg$S, metacinnabar; % of THg, percentage of total mercury as fraction number (F#).

17
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Figure 9. Concentrations of total mercury (THg) in smallmouth bass from the Androscoggin River. The
reference reach is 16 kilometers (km) upstream from a former chloralkali facility in Berlin, N.H., near-stream
reaches are 0 to 4 km downstream from the former chloralkali facility, far-stream reaches are 8 to 16 km
downstream from the former chloralkali facility in Gorham and Shelburne, N.H., and the Maine sampling reach
is 80 to 180 km downstream from the former chloralkali facility (Rumford to Lisbon, Maine). Data from Maine
were collected by the Maine Department of Environmental Protection Surface Water Ambient Toxics Monitoring
Program from 1990 through 2009. Data for New Hampshire were collected between 2009 and 2011. The dashed
blue line is median reference (AR2) fish tissue concentration; red dashed line is the U.S. Environmental
Protection Agency (2001, 2009) human health guideline. Letters A, B, and AB indicate statistical significance:
Stream reaches labeled with “A” are statistically different than stream reaches labeled with “B”, and stream
reaches labeled “AB” are not statistically different than stream reaches labeled “A” or “B.” ng/g, nanograms

per gram; ww, wet weight.

reference site (table 4, in back of report). The highest values
of'k _, were observed at AR4 (fig. 10C), an observation

that was likely driven by the high concentrations of pw.SO,
and pw.DOC fueling sulfate-reducing Hg(II)-methylating
microbial activity and consistent with the high sediment TRS
concentrations and low sediment oxidation reduction potential
(also known as redox; E, ) also observed at this site (figs. 5, 11,
and 12B). The highest calculated MPP rates were at stream
reaches AR4 and AR7 (fig. 10D). Interestingly, the elevated
MPP rates at AR4 were driven by the highk  values,
whereas the elevated MPP rates at AR7 were driven by high
Hg(II), concentrations (fig. 10A).

Not only was the absolute concentration of Hg(1II),
greater downstream from the point source than at the reference
site, but the concentration generally increased with distance
downstream from the point source (fig. 10A). Far sites (8 to
16 km downstream from the point source) had significantly
higher Hg(II), concentrations in whole sediment than near
sites (table 5, in back of report). Similarly, the bioaccumula-
tion of mercury generally increased with distance downstream

from the point source. THg concentrations in smallmouth
bass and white sucker were significantly higher in far-stream
reaches than near-stream reaches (table 5, in back of report).
Near-stream reaches are comparatively short and have a high
gradient, whereas far-stream reaches are longer and lower in
gradient (fig. 1). The longer, lower gradient far-stream reaches
appear to have conditions more conducive to methylation than
the high-gradient near-stream reaches, which may reflect a
difference in the type and size of particles that are likely to be
deposited in these two contrasting hydrologic settings and the
effect that particles have on the speciation and availability of
mercury deposited to the benthos.

Controls on Mercury Distribution

Using step-wise linear regression and beginning with
potential explanatory variables of sediment organic carbon
(measured as percent LOI), bulk density (BD), percent fines,
and percent dry weight, the best single model of sediment
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THg concentration throughout the whole study area included
only percent LOI and BD, although it had low explanatory
power (coefficient of determination (R?) of 0.19). However, by
grouping the downstream study area into near (AR4, AR5, and
ARG6) and far (AR7, ARS8, and AR9) stream reaches, regres-
sion models could explain 49 to 55 percent of the variability in
THg concentration (fig. 13). In the far-stream reaches, percent
LOI alone explained 49 percent of the variability in sediment
THg concentration. A positive relation between THg and
percent LOI has been observed in a number of other studies
(Hammerschmidt and Fitzgerald, 2006; Han and others, 2007;
Marvin-DiPasquale and others, 2009a, b). In the higher gradi-
ent near-stream reaches, sediment BD became an important
explanatory variable in addition to percent LOI, alluding to
the nature of the particles that are likely to be deposited in the
high-gradient environment.

Sediment MeHg concentration across all stream reaches
was best described as a positive function of sediment THg
concentration and a negative function of sediment TRS
concentration (fig. 14), when starting with THg, Hg(I) ., k.,
E,, percent LOI, TRS, and percent fines as initial explanatory
variables in the stepwise regression. Sediment MeHg and THg
are often correlated at lower THg concentrations (Krabben-
hoft and others, 1999; Kamman and others, 2005b; Marvin-
DiPasquale and others, 2009a; Scudder and others, 2009), as
seen in this study. The negative relation between MeHg con-
centration and TRS concentration may reflect Hg(II) binding
to solid-phase reduced sulfur compounds, thus reducing the
amount of Hg(Il) available for methylation (Huerta-Diaz and
Morse, 1992; Marvin-DiPasquale and others, 2009a).

Controls on Divalent Mercury Availability for
Methylation

Explanatory variables used in stepwise linear regres-
sion to describe controls on Hg(I),, k ., and MPP included
percent LOI, TRS, E,, percent fines, and THg concentration.
The availability of sediment Hg(II) for Hg(II)-methylation,
as assessed by the Hg(I)R assay, was best described as a
multivariable linear function of sediment THg, percent fines,
and E,. Approximately 50 percent of the variability in sedi-
ment Hg(I), could be explained by these three variables
across all stream reaches, but 76 percent of Hg(Il), variability
was accounted for in near-stream reaches alone using the same
three variables (fig. 15). One-third of the variability in sedi-
ment Hg(II), in far-stream reaches was explained by a com-
bination of percent fines and E,. Low variability in sediment
THg concentrations appeared to make sediment THg a weak
explanatory variable for sediment Hg(II), in these stream
reaches. The positive relation between sediment Hg(II), and E,
likely reflects the binding kinetics of inorganic Hg(II) to solid-
phase minerals and organics, which appear to increase under
reducing conditions and decrease under more oxic conditions
(Marvin-DiPasquale and Cox, 2007; Marvin-DiPasquale and
others, 2009a, b). An increase in percent fines (a decrease in
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sediment grain size) reflects more surface area and solid-phase
binding sites for Hg(II).

The activity of the in-situ Hg(Il)-methylating microbial
community, as assessed by k__ . was best predicted by E,
alone (R*=0.59; fig. 16). The highestk  values were mea-
sured at the most chemically reducing site (AR4), and the
lowest k _ values were measured at the two most oxidized
sites (AR8 and AR9Y; fig. 10). The importance of reducing con-
ditions for microbial Hg(IT)-methylation has been documented
in Morel and others (1998).

Calculated MPP rates were best modeled as a combined
positive function of THg concentration and negative function
of sediment E,. Because MPP rates are a function of both
microbial activity (k__ ) and in-situ Hg(II) availability,
controls on Hg(Il), and k__ would also apply to MPP.
Sediment organic carbon (as percent LOI) was less of an
explanatory variable for predicting Hg(Il)-methylation in this
study compared with other studies (Lambertsson and Nilsson,
2006; Marvin-DiPasquale and others, 2009a), reflecting the
limited range of organic carbon concentrations in the study
area (fig. 5).

Controls on Partitioning between Bed Sediment
and Pore Water

The distribution of inorganic Hg(II) and MeHg
between sediment particles (solid-phase) and pore water
affects the availability of inorganic Hg(II) and MeHg for
Hg(IT)-methylation and bioaccumulation, respectively.
Grain size (Bloom and others, 1999) and organic content
(Hammerschmidt and others, 2006; Sunderland and others,
20006) are often key factors in partitioning between pore
water and sediment. Typically, partitioning of both THg and
MeHg from sediment to pore water increases with increasing
pw.DOC and decreasing percent fines (increasing grain size;
Marvin-DiPasquale and others, 2009a). DOC contains strong
mercury-binding ligands that increase mercury dissolution
into pore water by stabilizing nanoparticles of compounds
such as cinnabar (HgS; Slowey, 2010; Gerbig and others,
2011), whereas decreasing percent fines reduces particulate
surface area and thus potential binding sites on sediments. The
relation between the distribution coefficient for total mercury
(k,[THg]) and the ratio of pw.DOC to grain size [pw.DOC/
percent fines] was first described by Marvin-DiPasquale and
others (2009a) for eight diverse nonpoint-source streams
across the United States (in Florida, Wisconsin, and Oregon)
as part of the USGS National Water Quality Assessment
Program (NAWQA) mercury topical study. The same
pw.DOC/percent fines ratio explained 44 and 40 percent of the
variability in the partitioning coefficients for THg and MeHg,
respectively, in the Androscoggin River data (fig. 17).

Plotting the Androscoggin River data along with the
NAWQA data (as k [THg] against the pw.DOC/percent fines
ratio; both log-base-10-transformed), we find that the both
datasets fall along the same line but that the majority of the
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MeHg predicted = 0.795 x log, (THg) - 0.528 x log,o(TRS) - 0.192

.QQ: /
N

N

MeHg predicted

Ve
Ve
7/

0 I EXPLANATION
Stream Reach
// A R?=0.5212 [ Reference
| // A Near
L O Far
0.0 0.5 1.0 1.5 2.0

MeHg measured

Figure 14. Predicted against measured methylmercury (MeHg) from the Androscoggin

River, Coos County, New Hampshire. Predicted values were calculated with a stepwise linear
regression; the equation and associated regression coefficient of determination (R?) show the
best fit model using multiple starting variables. The solid linear regression line is a reflection

of the regression of measured against predicted values. The 1:1 line between predicted and
measured values is dashed. Samples from the reference stream reach are 16 kilometers (km)
upstream from a former chloralkali facility in Berlin, N.H. Samples from near-stream reaches are
2 to 4 km downstream from the former chloralkali facility, and samples from far-stream reaches
are 8 to 16 km downstream from the former chloralkali facility. THg, total mercury; TRS, total

reduced sulfur.

Androscoggin River data only occupies the upper one-third of
the regression line (fig. 18). This suggests that, due to compar-
atively low pw.DOC or high percent fines (or some combina-
tion), THg in the Androscoggin River partitions to a greater
extent onto sediment particles (larger k [THg] values). This
would imply that THg (almost all as Hg(II)) in the samples
from the Androscoggin River was comparatively less available
for Hg(II)-methylation than more than one-half of the sites
from the earlier NAWQA study. In contrast, MeHg partition-
ing coefficients (k [MeHg]) for the Androscoggin River fell
along a parallel line to those from the NAWQA study but
were generally lower for the same pw.DOC/percent fines ratio
(fig. 19). This implies that MeHg in the Androscoggin River
partitions to a greater extent in pore water and may be more
available for bioaccumulation into the food web compared
with the nonpoint source streams sampled for the NAWQA
mercury study.

River-Reach Integrated Mercury Species
Inventories and Methylmercury Production
Potential Rates

Stream reach integrated inventories of sediment THg,
Hg(1I),, and MeHg, as well as MPP rates, were calculated for
each stream reach sampled during 2010. These calculations
were based on stream reach-specific parameters (table 7),
including total stream reach area, %fine substrate (percentage
of stream reach area with grain size less than 63 micrometers),
stream reach-specific sediment percent dry weight (median
from all samples collected for mercury analysis), stream
reach-specific sediment bulk density (median from all samples
collected for mercury analysis), and depth of fine substrate,
as assessed with ground-penetrating radar (Degnan and oth-
ers, 2011) in combination with a nonparametric analysis of
the mercury species concentration data distribution (table 8),



Characterization of Mercury Contamination in the Androscoggin River, Coos County, New Hampshire

26

'SI818WO0IIIW €9 UBY}
ssa| azIs urelb Juaduad ‘saulyy, ‘Ainosaw |ejo} ‘BH] ‘|enualod uononpal uolepIxo

'3 -uiag ur Aljioey 1jex[eJojyd JawIo) 8yl Woi) weansdn wy g| S YdIym ‘yoeal
WeaJ}s aaualayal ayy buipnjoul sayaeas Wealls |[e 848 J Ul UMOYS Sayaeal weals
ay] ‘WeaJisumop Wyl g| 01 g ale Sayaeal wealis-lej wolj sajdwes pue “HN ‘uiliag
ul AJI|19€4 1]BY[BJOJY JBWIO0Y B WO WRAIISUMOP (W) S1818WO0|1D| { 03 Z 8Je Saydeal
weaJls-1eau wolj sajdwes ‘paysep Si San|eA painseaw pue pajaipaid usamiaq aul|
|l 8yl ‘sanjeA pajaipald jsuiebe painseaw jo uoissaibal ay} Jo suoaajjel ale saul
uoissaibal Jeaul| pijos ay] ‘sajqetien bunuels ajdiynw Buisn |apow 314 3s8q 8yl Moys
(4) uoneulwIalap J0 JUBIIIYB0 UoIssalhial pajeloosse pue uoienba ayy ‘uoissalbial
Jeaul| asimdals e yum paje|najed alam sanjea pajoipald “adiysdwey map ‘Ayunog
$007 JaAly uIBBo2S0IpUY 8Y1 10 SaYIRBS Weals [|B ‘9 pue Je)’g “eau 'y 1oy (*(1)BH)
Anasaw aanoeas aluebioul Juswipas painseaw jsuiebe pajoipald "Gl ainbi4

ILTING)
leaN
painseaw (¢()6H)° 6o eousiaey [l
50 0 50- I- gl T yoeay weang
L e e e e e .\\N.
H P 7/ NOILVYNV1dX3
A \\ .
“ 69¢€°0 =24 \\ . G-
A Y ]
- \ 4
A s : _
I 0 ] £
i o 1Y =
A ~ ] z
. | =z
L O 1 @
L o0 \\@% 150 &
: %\ %% o 1 3
L Ve ]
A s ]
- \\ 40
N
L N 4
N7 ]
7 115713 8000 + (sauy%) “B0) x 1860 =paroipaud ({j1)6H) “Boj -
> ]

S S S S S S SRS

sayoeal Weans le{ g

painseaw (¥(][)BH)'6o|

G0 0 G0- l- G- N.N.
s

H \\ |

L 6£0G°0 =24 v Vv |

- Im.—u

- |—|

- Im.Qn

i / N . oy . 10

. ~ 6657 —'9 X €000 + (S8uly%) b0/ x8990+ |

: /N (6H.L)™Boy x 26z 0 =pesaipaid (1)bH) *bo;

L8y .

L s ® ]

\. 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 mc
sayoeal weans ||y 9

painseaw (¥()6H)° 6o|

S0 0 G0- l- G'l- I

F9USL0=24

i /

I -

- N\ BGE'E—"9 %2000 + (sauy9) B0y x G580+ A

I \\ (BH.1)""Boy x 68v°0 = paraipasd (11)6H)*6o;

|\. 1 1 1 1 1 1 1 1 1 1 1 i

1 1 1 1 1 1 1 1 .
G0
sayoeal wesalls ies\N vy

pasaipaud (*(11)BH) *Bo

paloipaud ¥(11)BH) 6o



iscussion 27

Results and D

‘AinaJaw [e101 ‘BH | ‘(xopau) [enualod uonanpa. uoNEPIXo “'3 *AljIoe) I|BY|EJ0]Yd J8WIO) 8Y1 WOJ) WEeaIISUMOP W g| 0] § 8Je S8yoeal

weaJ)s-ie) Wouj sajdwes pue ‘Ajijioe}) 1|8Y|eI0|Y2 JaWI0) 8Y) WO} WEaSUMOP WY 01 Z 818 S8YILaJ Weals-1eau woiy sajdwes "H'N ‘Ulliag ul Aujioey ijey|elojyd Jawio}
e Wouj Wweansdn (Wy) s1918WO0|1Y 9| 818 YIBa Wealls 89usIa)al 8yl wolj sajdwes ‘paysep s sanjeA painseaw pue palolpaid usamiaq aul| || 8y ‘sanjea palolpald
jsuieBe painseaw Jo uoissalbal ay) Jo SUONIB|aI ale saul| uoissalbal Jeaul| pijos ay] "sajqerien Buiiels ajdiynw Buisn [apow 11} 1S8q aYl MOYS (;4) UoBUIWISIBP

10 1UB101}4809 UOISSaIBa. paleIoosse pue uonenba ay) ‘uoissaibal Jeaul asimdals e Yl pale|nojea a1am sanjea paldipald *AIndiaw aAizoeal uo paseq alel ddIAl
‘aaysdwey map ‘AJunon s007 “sAly uibBoasoipuy ay Joj a1el ‘g pue (") ueIsuoa ‘v (ddIN) [enusiod uonejAyiaw Ainolaw painsesw 1suiebe pajoipaid "9y aanbig

ITING)
leaN Y/
souaisjey [
yoeay weang
NOILYNY1dX3

painseaw (") %Boj
painseaw ddIA

- bEL0=oY - ] 20650 =24 v

pejoipaid ddIn
1
pajoipald (*°*) "'boj

. / 1

i AN . »
s @o,/./ Ly’ 0—43x€10°0 — (BHL) "By x 88'L =pa1oipaid ddi L RN 989'L —“7x00°0— = ("*“y)"'6oy i
R

P S SR S TN SN T S S R T T TN N T T ST SR SN SO SR ST S S ST S S 9 \..._...._...._...._...._...._...._...._...._....—.

aleJ |enualod uonanpold AinasawjAylaN ‘g JueIsu09 alel uonanpold AinasswjAyle |\ ¥



Characterization of Mercury Contamination in the Androscoggin River, Coos County, New Hampshire

28

"S1818W0.19IW €9 uey) ssa| azis uleb uadiad 01 uogied aiuebio panjossip Jajem-aiod Jo ones ‘saulyg,/90QMd "AljI0e) 1]eY|el0|yd JBLLIOS BU) WO WEBIISUMOP W) 9|
0} 8 8Je sayaeaJ wealis-lej woij sajdwes pue ‘Ajjiaey} 1183)|BI0JY2 JBWIO) 8} WOJ) WEAIISUMOP W) {7 0} Z 818 S8YIeaJ Wealls-leau wolj sajdwes "H'N ‘uliag ul Ajjioey
1|y]|eJo|yo JawLiof e woly weassdn (wy) s1a}awoly 9| ale Yoeal Wealls adualajel ay} wouy sajdwes "paysep si san|eA painseaw pue pajoipaid uaamiaq aul| || ayl
"san|eA pajolpald jsulefe painseaw Jo uoissaibal 8yl Jo SUOII8|Ja. ae saul| uoissaibal seaul| pijos ay] 'sajqersea Buipels adiynw Buisn japow 11} 1589 8yl MOYS (;H)
UOIleUIWIB]AP JO 1UBIAIYB0I UoISSalhal pajeioosse pue uoienba ayl ‘uoissalbial Jeaul| asimdals e Ylim pale|ndjed a1am san|ea paldipald ‘aliysdwey map ‘Ajuno)
$009 181y uIBBoasoipuy 8y oy ([BHBIN]™) AnasawiAyiaw ‘g pue ([BH1]I) Ainaiaw 8101 ‘y 104 1uB101800 Buluoniued painseaw suiebe pajoipaid  °f| ainbiy

IYING)
leaN Y/
souaiajey [

yoeay weang

NOILVYNV1dX3

painseauw ([BHaIA]™) 6o painseauw ([BH1]P) "oy

" or0=a v L lero=d A

o™
pajoipald ([BHa] ™) *Bo
pajaipaid ([BHL]%) 6o

\\ YL9T + (s8uy%/20aMd)"'Boj x G1G:0— = paraipa.d ([BHa1P)"Boy L \\ 810y + (saul9/90a md)*6oj x £91°0—=paroipa.d ([6HL 1) 6o -

Juawipas ul AinasswjAylaw Joj uaioiye09 Buiuoned pawlojsuesy-ho g juawipas ulAindlaw |10} JudIolya09 Buluoniyed pawlojsues-boq v



NAWQA Data
R2=0.70

Androscoggin Data
Rz =0.44

log, (ks [THg]) (L/kg )

r All Data
- log,, (k,[THg) = —0.72*log,, (pw.DOC/%fines) + 3.92
- R?=0.71
2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-2 -1 0 1 2

log,, [pw.DOC/%fines]

Figure 19. Sediment methylmercury partitioning
coefficient as a function of dissolved organic carbon
and grain size. Sites on the Androscoggin River

(red circles) are compared with sites sampled for
the U.S. Geological Survey National Water-Quality
Assessment Program (NAWQA, grey triangles) across
the United States (Marvin-DiPasquale and others,
2008, 2009a). k, [MeHg], sediment methylmercury
partitioning coefficient; L/kg, liters per kilogram;
pw.D0OC/%fines, ratio of dissolved organic carbon

to percent grain size less than 63 micrometers; R?,
coefficient of determination]

log,, (ks [MeHg]), in (L/kg)
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Figure 18. Sediment total mercury partitioning
coefficient as a function of dissolved organic carbon
and grain size. Sites on the Androscoggin River

(red circles) are compared with sites sampled for
the U.S. Geological Survey National Water-Quality
Assessment Program (NAWQA, grey triangles)
across the United States (Marvin-DiPasquale and
others, 2008, 2009a). k, [THg], sediment total mercury
partitioning coefficient; L/kg, liters per kilogram;
pw.DOC/%fines, ratio of dissolved organic carbon

to percent grain size less than 63 micrometers; R?,
coefficient of determination]
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Table 7.

Stream reach parameters used to calculate reach specific depth integrated mercury species inventories and rates.

[Stream reach area data are from Degnan and others (2011). Median sediment dry weight (dw) and bulk density were calculated from 2010 data only. Median
depth of fine substrate was calculated excluding unknown (zero) observations. m?, square meters; g/cm* ww, grams of wet weight per cubic centimeter;

m, meters]
- Reach area,  Fine substrate, Median sediment, Median sedl.ment Me.dnan depth of sand,
Reach Description o, . . bulk density, silt, and clay layer,
inm in percent of area  in percent dw . 3 .
in g/cm® ww inm
AR2  Wheeler Bay 89,108 55.6 472 1.37 1.18
AR5 Upstream of Power Dam 53,662 10 71.7 1.73 0.95
AR7 Cascade to Brown Dam 296,807 10.5 48.2 1.37 0.79
AR9 Gorham Dam to Shelburne Dam 696,373 45.7 64.4 1.6 1.07

quartile distribution, and medians and 25 to 75 percent inter-
quartile data. A simplifying assumption used in the calcula-
tion was that mercury species concentrations and MPP rates
were zero for any substrate coarser than sand. Because large
areas within each stream reach had substrate coarser than sand
(table 7), it is likely that this simplifying assumption resulted
in these inventories underestimating the actual amount of
mercury species and MPP rates in each case and should be
considered as minimum estimates. All mercury species inven-
tories and MPP rates were first calculated for the top 10 cm
only because that was the actual sediment sampling depth.
A second simplifying assumption was that THg and
Hg(1I), concentrations were constant with sediment depth.
As such, we then calculated the stream reach-specific THg
and Hg(II), inventories for the full depth of the fine substrate,
based on the median depth for the given reach (table 7).
Concentrations of mercury species and MPP rates, on
a sediment dry weight basis, were higher in stream reaches
downstream from the point source (figs. 3A, B, 10A and D;
table 8). Whereas the distribution of sediment dry weight
concentrations reflected the relative location of the sampling
sites to the point source, stream reach-specific mercury
inventories reflected the amount depositional environments
with fine-grained sediment in each reach. AR9 was the
largest stream reach sampled and had the largest percentage
of area as fine substrate downstream from the point source
(table 7). These geophysical conditions resulted in mercury
inventories (total mass) being much larger in reach AR9 than
in any other reach (table 8). In contrast, reach AR4 had the
smallest area and the fourth smallest areal percentage of fine
substrate (table 7), and as a consequence, typically had the
smallest calculated mercury species inventories. For the top
0- to 10-cm-depth interval, median mercury inventory range
estimates for all stream reaches downstream from the point
source were as follows: THg, 0.03 to 2.91 kilograms (kg);

Hg(1I),, 0.03 to 4.64 grams (g); MeHg, 0.20 to 32.9 g; and
MPP rate, 1.10 to 14.8 milligrams per day (mg/d). On the
basis of the median depth of the fine deposits in each reach,
the median mass inventories for THg and Hg(II), ranged from
0.21 to 31.0 kg and 0.19 to 49.4 g, respectively (table 8).

Ecological Impact

The health of the aquatic ecosystem that was potentially
affected by the former chloralkali facility was evaluated using
a variety of toxicity tests, biological indices, and guidelines.
Results of pore-water and surface-water bioassays are detailed
in Environmental Services Assistance Team (2009a, b,
respectively), and bulk sediment bioassays, in EnviroSystems,
Inc., (2010a, b). Survival and growth of Hyalella azteca and
Chironomus dilutus in sediment and survival of Hyalella
azteca and Chironomus tentans in pore water collected
downstream from the former chloralkali facility were not
significantly different from the reference site (table 5, in back
of report). Survival and reproduction of Ceriodaphnia dubia
and survival and growth of Pimephales promelas provided no
evidence of toxicity of surface water collected downstream
from the former chloralkali site (table 2—13; Environmental
Services Assistance Team, 2009b); however, the number of
samples (n=5) collected did not allow for statistical testing.

Sites were evaluated for biological condition based on
scores calculated with the use of the NHDES B-IBI for inver-
tebrate assemblages (table 2—17). The B-IBI is designed to
provide a relative measure of stream health and is centered on
the mean (average) value of seven indicator metrics that reflect
the biological condition of streams and rivers in the region,
including the Androscoggin River. The Androscoggin River
reaches AR2 through AR9 were classified as being exclusive
to the Hills reference sites. The 25th percentile (64.5) for
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Hills reference sites is operationally defined as the threshold,
and 90 percent (58) of the threshold categorizes the stream as
unimpaired for the NHDES listing of impaired waters (Neils,
NHDES, 2007). The B-IBI integrates the following metrics,
which are denoted with (+) to indicate where values increase
with improving conditions and (-) to indicate where values
decrease with improving conditions:

* total taxa richness (+)

* plecoptera (stoneflies) taxa (+)

* percent chironomidae (midge) taxa (-)
* percent noninsect taxa (-)

* tolerant taxa (-)

* percent intolerant (sensitive) taxa (+)

* percent clinger taxa (+)

For (-) metrics that decrease with improving conditions, the
inverse values were used in calculating the B—IBI score so that
these metrics would contribute to the B-IBI increasing with
improving condition. All replicates at all sites exceeded the
B-IBI threshold of 58, indicating that the sites were cat-
egorized as meeting the criteria for unimpaired streams by

100

NHDES standards (fig. 20; David Neils, NHDES, written
commun., April 2011).

Jaccard’s indices were used to compare species diversity
within and between stream reaches. The percentage of similar-
ity within stream reaches was 51 £9 (average plus or minus (%)
standard deviation). This compares closely to the percentage
of similarity among stream reaches AR2, AR3, ARS8, and AR9
(55 £5). AR4 was the most different from other stream reaches
with the percentage of similarity equal to 35 +2. This section
of the river is highly regulated, and the rock baskets were not
in flowing water the entire 6.5 weeks they were in the river.
Jaccard’s indices did not show differences in species diversity
upstream and downstream from the point source; however,
Jaccard’s indices did suggest flow characteristics were a major
factor controlling species diversity in the study area.

Differences in total abundance, total taxa, and
Ephemeroptera, Plecoptera, Trichoptera (EPT) taxa between
invertebrate assemblages upstream and downstream from the
point source were compared using nonparametric WRS and
KWRS tests. The total abundance of organisms is a general
indicator of productivity, whereas total taxa and EPT taxa are
two indicators of taxonomic complexity in the assemblages.
The highest total abundance occurred at AR3 adjacent to the
former chloralkali facility (table 2—17). The higher abundance

60

EXPLANATION
[ Replicate 1
Il Replicate 2
1 Replicate 3
1 Replicate 4
e===_B-IBI threshold

B-1BI score

40

AR-2 AR-4 AR-8

Stream reach

Figure 20.

New Hampshire Department of Environmental Services (NHDES) benthic index of biotic

integrity (B—IBI) for the Androscoggin River, Coos County, New Hampshire. The reference reach (AR2)

is 16 kilometers (km) upstream from a former chloralkali facility in Berlin, N.H., and stream reaches AR3,
AR4, AR8, and AR9 are 0to 16 km downstream from the former chloralkali facility. Three replicate samples
were collected at AR2, AR3, AR8, and AR9, and four replicate samples at AR4. The NHDES B-IBI threshold
is 58. Stream reaches that score higher than the B—IBI threshold are categorized as unimpaired.



at AR3 compared with other sites was mainly due to greater
abundance of Diptera Simuliidae Simulium, which presumably
favored the steady low-flow water conditions at this site.
Abundance downstream from the point source was not
significantly different from the reference site (table 4, in back
of report). Total taxa (the total number of taxa in the sample)
and EPT taxa (taxa in the generally more environmentally
sensitive orders Ephemeroptera (mayflies), Plecoptera, and
Trichoptera (caddisflies)) were both highest at AR9 (table 5, in
back of report); however, there was no significant difference
in either metric among the spatial grouping of far (ARS8, AR9),
near (AR3, AR4), or reference (AR2) stream reaches.
Surface-water THg and MeHg concentrations in the
Androscoggin River were all below the Canadian guideline
for the protection of aquatic life (table 9; Canadian Council
of Ministers of the Environment, 1999). One surface-
water THg concentration exceeded the 30-day standard
of 1.3 ng/L set by the USEPA for Great Lakes fish-eating
wildlife (U.S. Environmental Protection Agency, 1995).
Sediment THg concentrations did not exceed the 1,060 ng/g
dry weight consensus-based probable effect concentration
(PEC) for adverse effects to benthic organisms in any
sample (MacDonald and others, 2000), but one-quarter of
the sediment samples did exceed the 180 ng/g dry weight
consensus-based threshold effects concentration (TEC)
for adverse effects to benthic organisms (MacDonald and
others, 2000) and the 170 ng/g Canadian interim sediment
quality guidelines (ISQG) for the protection of aquatic life
(Canadian Council of Ministers of the Environment, 1999).
The Wheeler Bay reference site was the only site that had
no sediment sample with concentrations above the TEC and
ISQG guidelines, and only AR5 had a median sediment THg
concentration higher than the TEC and ISQG guidelines.
Whereas water and sediment THg were mostly below
guidelines, smallmouth bass THg concentrations in all samples
(table 9) were higher than guidelines set for fish-eating birds
(13 ng/g, kingfisher; Sample and others, 1996), fish-eating
mammals (79 ng/g, river otter; Sample and others, 1996),
and human health (140 ng/g; U.S. Environmental Protection
Agency, 2001c, 2009).
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Comparison to Other Studies

Data from the Androscoggin River were compared
with datasets from the Northeastern Ecosystems Research
Cooperative (NERC) and the USGS NAWQA (Kamman and
others, 2005a, b; Shanley and others, 2005; Bauch and others,
2009). The NERC dataset is a compilation of regional stream
data from New England, New York, Quebec, Ontario, and the
Atlantic provinces of Canada, whereas the NAWQA dataset
includes stream data from across the United States. Grouped
medians from the Androscoggin River, the NERC, and the
NAWOQA datasets were compared using a KWRS test. For
purposes of comparison, Androscoggin River smallmouth bass
THg data from the NERC dataset were combined with data
from the study of this report. Androscoggin River sediment
THg concentrations were not significantly different than
concentrations in the regional or national surveys. Sediment
from the Androscoggin River had significantly lower MeHg
concentrations than other streams in the Northeastern region
but similar MeHg concentrations to streams across the country
(table 10). However, comparisons between the surficial
sediment from the Androscoggin River study and from other
studies may have some bias because the sediment in the
Androscoggin River study was sampled to 10 cm, whereas
sediments in the NERC and NAWQA studies were generally
sampled to 2 cm and never deeper than 5 cm. The greater
sampling depth of the Androscoggin sediments could have
a diluting effect, lowering THg and MeHg concentrations
relative to the other surveys. Smallmouth bass THg
concentrations from the Androscoggin River downstream from
the point source were significantly higher than smallmouth
bass from across the country, but only smallmouth bass
from the furthest downstream stream reaches (AR7-AR9)
were significantly higher than smallmouth bass from the
Northeastern region studies (table 10). Surface-water THg
and MeHg concentrations from the Androscoggin River study
were similar to those from regional and national studies that
focused on uncontaminated or nonpoint source lotic systems;
however, the number of observations was too small (n=1-2)
for statistical evaluation.



34 Characterization of Mercury Contamination in the Androscoggin River, Coos County, New Hampshire

Table 9. Guidelines for total mercury in surface water, sediment, and fish and methylmercury in surface water.

[Guidelines are listed with the percentage of samples from the Androscoggin River that exceeded the guideline shown in brackets. Methylmercury (MeHg)
guidelines are used for fish-eating wildlife and human health because more than 95 percent of mercury in smallmouth bass is MeHg. ng/L, nanograms per liter;
dw, dry weight; THg, total mercury; ng/g, nanograms per gram; ww, wet weight; --, no data]

Unfiltered surface water, i i i
THg surfical sediment,  THg smallmouth bass fillet,

Guideline in ng/t in ng/g dw in ng/g ww
THg MeHg

Fish-eating wildlife' 1.3 [20] -- -- --
Aquatic life? 26 [0] 410] 170 [25] --
Threshold effects level?® -- -- 180 [23] --
Probable effects level® -- - 1,060 [0] --
Fish-eating mammal* -- -- - 79 [100]
Human health® -- -- -- 140 [100]

'U.S. Environmental Protection Agency, 1995a.
2Canadian Council of Ministers of the Environment, 1999.
*MacDonald and others, 2000.

“Sample and others, 1996.

U.S. Environmental Protection Agency, 2001¢, 2009.

Table 10. Comparison of mercury concentrations in the Androscoggin River, Coos County, New Hampshire, with National Water-
Quality Assessment Program and Northeastern Ecosystem Research Cooperative datasets.

[Mercury concentrations are median values; values in bold are statistically different. Letters A, B, and C, indicate which medians are different: A medians are
statistically different than B medians, AB medians are not statistically different than A or B but are different from C, and ABC indicates medians are not statisti-
cally different than A, B, or C. The nonparametric Kruskal-Wallis rank sum test was run only for sites with at least five samples. Data are from streams only.
Numbers in brackets are the number of samples from each site. Data for the Northeastern Ecosystem Research Cooperative (NERC) study were collected from
1983 through 2002; data for the National Water-Quality Assessment Program study were collected from 1998 through 2005; data for the Androscoggin River
study were collected from 2009 through 2011. Surficial sediments are from the top 10 centimeters (cm) in the Androscoggin study and the top 2 or 5 cm in other
studies. For purposes of comparison, all smallmouth bass lengths were restricted to 25 to 38 cm, and data for smallmouth bass from the NERC dataset have
been combined with the Androscoggin River study data. All smallmouth bass samples are fillets. THg, total mercury; MeHg, methylmercury; dw, dry weight;
ng/g, nanograms per gram; ng/L, nanograms per liter; ww, wet weight]

THg unfiltered MeHg unfiltered THg surfical MeHg surfical THg smallmouth
Site location surface water, surface water, sediment, sediment, bass fillet,
in ng/L in ng/L in ng/g dw in ng/g dw in ng/g ww

Androscoggin River data

Upstream of point source 1.00 [1] 0.05 [1] 30 [11] AB 0.23 [5] B 418 [10] ABC

Downstream near point source 1.02 [2] 0.05[2] 117 [25] AB 0.74 [7] B 528 [26] AB

Downstream far from point source 1.30 [2] .06 [2] 111 [35] AB 098[14] B 599 28] A
Other datasets

Northeastern North America'>? 2.20[388] A 0.20[101] A 160 [182] A 2.70[69] A 410[179] B

United States* 2.06[287] B 0.09[288] B 25410296] B 0.40[295] B 273 [46] C

'Shanley and others, 2005.
?’Kamman and others, 2005b.
*Kamman and others, 2005a.

“Bauch and others, 2009.



Summary and Conclusions

During operation of the chloralkali facility in Berlin,
New Hampshire, elemental mercury (Hg°) was spilled into the
Androscoggin River, contaminating the overburden and
underlying fractured rock on the east (left) bank of the
Androscoggin River. In September 2005, Congress added
the former chloralkali facility in Berlin to the national priori-
ties list, commonly known as the Superfund list. Mercury
contamination from historical paper and saw mill activities
represents a significant potential risk to human health and the
environment.

Total mercury (THg) and methylmercury (MeHg)
concentrations in Androscoggin River sediment, pore water,
and biota were elevated downstream from the former chlor-
alkali facility relative to reference sites. Sequential extraction
of surface sediment showed a distinct difference in mercury
speciation upstream compared with downstream from the for-
mer chloralkali facility. The reference site was dominated by
potassium hydroxide-extractable THg consistent with organic
mercury or particle-bound divalent mercury (Hg(Il)), whereas
sites downstream from the point source were dominated by
concentrated nitric acid-extractable THg, indicative of Hg® or
mercurous chloride. Mercury metrics from the study indicated
Hg(II) at the reference site was more available for Hg(II)-
methylation compared with sites downstream from the point
source, but the absolute concentrations of whole sediment
Hg(II), and THg in biota were greater downstream from the
point source. In addition, whole sediment Hg(II), and small-
mouth bass THg concentrations appeared to increase further
downstream from the point source. The furthest downstream
reach (AR9 from Gorham Dam to Shelburne Dam) had larger
mass of fine sediment and larger estimated mass inventory of
mercury species than any other stream reach by an order of
magnitude for both masses.

Sediment organic carbon and bulk density were the
dominant influences on sediment THg distribution. The
availability of Hg(II) for methylation was best described as a
positive function of sediment THg, percent fines, and sedi-
ment oxidation reduction potential (redox; E, ). The microbial
activity associated with Hg(Il)-methylation (as measured by
the mercury methylation potential (MPP) constant (k__)) was
best described by E, alone. MPP was primarily a function of
sediment THg concentration and E, .

Toxicity tests and invertebrate community assessment
suggest that impairment of invertebrates is not occurring at
the current (2009 and 2010) levels of mercury contamina-
tion downstream from the point source. Concentrations of
THg and MeHg in most water and sediment samples from the
Androscoggin River were below Federal and consensus-based
guidelines, whereas smallmouth bass mercury concentra-
tions were above U.S. Environmental Protection Agency and
regional guidelines in all samples. Smallmouth bass THg
concentrations from the Androscoggin River downstream from
the point source were significantly higher than those reported
in a national survey, but only smallmouth bass mercury
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concentrations from the furthest downstream stream reaches
(Cascade Dam to Shelburne Dam) were significantly higher
than those in Northeastern region studies.

The apparent greater potential for Hg(Il)-methylation and
mercury bioaccumulation in the lower gradient stream reaches
of the Androscoggin River may reflect changes in the type and
size of particles deposited to the benthos and the speciation
and availability of mercury for Hg(II)-methylation associ-
ated with those particles. These findings suggest that an even
greater potential for Hg(II)-methylation and mercury bioac-
cumulation may exist as the river gradient continues to flatten
downstream from Shelburne Dam.
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Table 6

Table 6. Sequential extraction results for surface sediment, Androscoggin River, Coos County, New Hampshire.

[Surface sediment encompasses 0- to 10-centimeter (cm) interval. See table 3 for details on the specific fraction number (F#) and associated domi-
nant mercury species extracted. THg, total mercury; ng/g, nanograms per gram; --, no data]

THg,
Fit in ng/g dry weight THg, average,
- N in percent
Replicate 1 Replicate 2 Average
AR2-4
Fl1 0.02 0.07 0.05 0.12
F2 0.03 0.02 0.03 0.07
F3 34.2 36.2 35.2 88.6
F4 3.79 3.29 3.54 8.9
F5 0.96 1 0.98 2.46
Total 39 40.5 39.8 100
AR2-5
Fl1 0.02 - 0.02 0.08
F2 0.02 - 0.02 0.09
F3 19.4 - 19.4 86.8
F4 2.41 - 2.41 10.8
F5 0.5 - 0.5 2.24
Total 22.4 - 22.4 100
AR4-1
F1 0.83 0.96 0.89 0.11
F2 0.03 0.07 0.05 0.01
F3 62.8 57.6 60.2 7.64
F4 338 1,020 680 86.3
F5 37.8 56.4 47.1 5.97
Total 439 1,140 788 100
AR4-2
F1 0.56 0.59 0.58 0.44
F2 0.02 0.02 0.02 0.02
F3 35.2 47.9 41.6 31.9
F4 78.5 91.4 84.9 65.1
F5 3.66 3.17 3.41 2.62
Total 118 143 130 100
AR5-1
Fl1 0.02 -- 0.02 0.01
F2 0.03 -- 0.03 0.02
F3 111 -- 111 71.9
F4 40.2 - 40.2 26.1
F5 3.1 -- 3.1 2.01
Total 154 - 154 100
AR5-2
Fl1 0.05 -- 0.05 0.01
F2 0.1 - 0.1 0.03
F3 131 - 131 39.7
F4 165 -- 165 49.9
F5 343 - 34.3 10.4

Total 331 -- 331 100



50 Characterization of Mercury Contamination in the Androscoggin River, Coos County, New Hampshire

Table 6. Sequential extraction results for surface sediment, Androscoggin River, Coos County, New Hampshire.
——Continued

[Surface sediment encompasses 0- to 10-centimeter (cm) interval. See table 3 for details on the specific fraction number (F#) and associated domi-
nant mercury species extracted. THg, total mercury; ng/g, nanograms per gram; --, no data]

THg,
F# in ng/g dry weight TI-_Ig, average,
. A in percent
Replicate 1 Replicate 2 Average
AR6-2
Fl 0.03 - 0.03 0.03
F2 0.04 - 0.04 0.05
F3 73.5 - 73.5 77.6
F4 19.1 - 19.1 20.2
ES 2.06 - 2.06 2.18
Total 94.7 -- 94.7 100
AR6-3
Fl 0.01 - 0.01 0.01
F2 0.01 - 0.01 0.01
k3 91.8 - 91.8 55.2
F4 713 - 713 42.8
FS 33 - 33 1.98
Total 166 . 166 100
ART7-1
Fl 0.07 - 0.07 0.05
r 0.02 - 0.02 0.01
F3 56.3 - 56.3 38.2
F4 87.2 - 87.2 59.1
FS 39 - 39 2.65
Total 147 - 147 100
AR7-2
Fl 0.05 - 0.05 0.03
2 0.02 - 0.02 0.01
F3 114 - 113.5 69.5
F4 43.8 - 43.8 26.8
FS 5.85 - 5.85 3.58
Total 163 - 163 100
AR8-4
i 0.02 - 0.02 0.01
F2 0.03 - 0.03 0.02
F3 70.9 - 70.9 50.4
F4 66.6 - 66.6 47.4
ES 3.08 - 3.08 2.19
Total 141 - 141 100
AR8-5
Fl 0.03 - 0.03 0.02
F2 0.02 - 0.02 0.02
o 331 - 55.1 44.1
F4 62.4 - 62.4 50
ES 7.2 - 7.2 5.77

Total 125 -- 125 100



Table 6
Table 6. Sequential extraction results for surface sediment, Androscoggin River, Coos County, New Hampshire.
——Continued

[Surface sediment encompasses 0- to 10-centimeter (cm) interval. See table 3 for details on the specific fraction number (F#) and associated domi-
nant mercury species extracted. THg, total mercury; ng/g, nanograms per gram; --, no data]

THg,
F# in ng/g dry weight TI-_Ig, average,
i : in percent
Replicate 1 Replicate 2 Average
AR9-5
ol 0.01 - 0.01 0.02
k2 0.02 - 0.02 0.05
F3 28.7 - 28.7 58.9
F4 19.2 - 19.2 393
FS 0.86 - 0.86 1.77
Total 48.8 -- 48.8 100
AR9-6
Fl 0.05 - 0.05 0.03
F2 0.02 - 0.02 0.01
F3 67.7 - 67.7 45
F4 77.8 - 77.8 51.7
ES 5.02 - 5.02 333
Total 151 - 151 100
AR9-7
Fl 0.1 - 0.1 0.02
F2 0.02 - 0.02 0
k3 120 - 119.8 24.2
F4 276 - 276 55.8
F5 98.7 - 98.7 20

Total 494 - 494 100




THIS PAGE INTENTIONALLY LEFT BLANK



Appendix 1

Appendix 1. Quality Assurance and Control at
the U.S. Geological Survey Laboratory in
Menlo Park, California

Tables

1-1.

Holding times and preservation used for sediment samples collected from the
Androscoggin River, Coos County, New Hampshire, August 23-27, 2010

Method blanks and method detection limits used for the study of the Androscoggin
River, Coos County, New Hampshire

Laboratory analytical replicate results for sediment and pore-water samples from the
Androscoggin River, Coos County, New Hampsbhire, collected August 23-27, 2010
Matrix spike results for sediment and pore-water samples collected from the
Androscoggin River, Coos County, New Hampshire, August 23-27, 2010

Certified reference material recovery results for the study of the Androscoggin River,
Coos County, New Hampshire
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Appendix 1.
Laboratory in Menlo Park, California

Quality assurance (QA) and quality control (QC) results
for all parameters assayed by the U.S. Geological Survey
(USGS) Western Region Research Laboratory in Menlo Park,
Calif., are listed below.

Holding Times

All assays were conducted within the prescribed holding
times, as established by either the U.S. Environmental
Protection Agency (USEPA), the U.S. Geological Survey
(USGS), or peer-reviewed studies from the literature (Horvat
and others, 1993; Parker and Bloom, 2005; table 1—1). In the
case of studies published in the literature, the USGS laboratory
takes a conservative prescribed holding time approach by
setting sample holding limits lower than the published
study results.

Blanks

Method blanks were run to assess contamination intro-
duced in the laboratory. In most cases, values from the method
blanks were below our method detection limit (table 1-2),
indicating that the methods and equipment used were free of
(or did not introduce) contamination. The exceptions were for
pore-water dissolved organic carbon (pw.DOC) and chloride
(pw.Cl) where small amounts of the analyte were detected.

Laboratory Replicates

Laboratory analytical replicates represent multiple
samples taken from the same container of site-specific sedi-
ment as a measure of both sample homogeneity and laboratory
reproducibility. At least one analytical replicate was analyzed
for each sediment and pore-water parameter; the results are
listed in table 1-3.

Quality Assurance and Control at the U.S. Geological Survey

Matrix Spike Samples

Matrix spike percent recoveries were evaluated to
determine acceptable accuracy based on method-specific
percent recoveries, which are generally set to be 75- to
125-percent recovery for the laboratory’s control limit
(table 1-4). Typically when spikes are reported below this
accepted range, they indicate a low bias, and when reported
above this range, they indicate a high bias. However, if the
spike concentration was low compared with the sample
concentration, a poor recovery is not in itself indicative
of a QC problem. Further, not all sediment parameters are
amenable to matrix spikes. For example, the addition of
mercuric chloride to sediment quickly partitions itself between
tin-reducible and nonreducible pools and thus cannot be used
as a reliable matrix spike for the reactive divalent mercury
(Hg(1I),) assay. Similarly, there is no commercially available
material that can mimic the operationally defined amorphous
ferric iron (Fe(I1I),) sediment pool, and thus the Fe(IlI), assay
is not subject to a matrix spike assay.

Certified Reference Material

Certified reference material (CRM) is available for only
a limited number of the analytes assayed in the study of the
Androscoggin River, specifically for sediment total mercury
(THg) and methylmercury (MeHg). Like matrix spikes,
CRM recoveries were evaluated to determine acceptable
accuracy based on method-specific percent recoveries, which
are generally set to be 75 to 125 percent for the laboratory’s
control limit. CRM recovery results for THg and MeHg are
listed in table 1-5.



Appendix 2

Appendix 2. Surface-Water, Pore-Water,
Sediment, Invertebrate, and Biota Data

Data in the following tables are for whole (unsieved) streambed-sediment, filtered pore-
water, and filtered and unfiltered surface-water samples. Pore-water samples were collected
directly from the streambed using a push-point sampler and peristaltic pump.

Tables

2-1.

2-2.

2-3.

24,

2-5.

2-6.

2-1.

2-8.

2-15.

2-16.

2-117.

Sampling dates, and site descriptions for sediment, water, and benthic invertebrate
samples from the Androscoggin River, Coos County, New Hampshire

Parameters used in the analysis of surface-water samples from the Androscoggin
River, Coos County, New Hampshire

Concentrations of metals in streambed-sediment samples from the Androscoggin
River, Coos County, New Hampshire

Parameters used in the analysis of pore-water samples from the Androscoggin River,
Coos County, New Hampshire

Concentrations of metals in filtered and unfiltered pore-water samples from the
Androscoggin River, Coos County, New Hampshire

Parameters used in the analysis of streambed-sediment samples from the
Androscoggin River, Coos County, New Hampshire

Concentrations of metals in streambed-sediment samples from the Androscoggin
River, Coos County, New Hampshire

Concentrations of acid volatile sulfide and simultaneously extractable metals in
streambed-sediment samples from the Androscoggin River, Coos County, New
Hampshire

Concentrations of pesticides in streambed-sediment samples from the Androscoggin
River, Coos County, New Hampshire

Concentrations of semivolatile organic compounds in streambed-sediment samples
from the Androscoggin River, Coos County, New Hampshire

Concentrations of polychlorinated bhiphenyl compounds in streambed-sediment
samples from the Androscoggin River, Coos County, New Hampshire

Concentrations of dioxin and furan compounds in streambed-sediment samples from
the Androscoggin River, Coos County, New Hampshire

Results of 7-day toxicity tests for cladoceran and fathead minnow exposed to surface
water from the Androscoggin River, Coos County, New Hampshire

Survival rate from 96-hour toxicity tests for amphipod Hyalella azteca and midge
Chironomus tentans exposed to pore-water from the Androscoggin River, Coos County,
New Hampshire

Results of 28-day toxicity tests for amphipod Hyalella azteca and 20-day toxicity tests
for midge Chironomus dilutus exposed to sediments from the Androscoggin River,
Coos County, New Hampshire

Concentrations of total mercury in biota in the Androscoggin River, Coos County,

New Hampshire

New Hampshire Department of Environmental Services benthic index of biotic integrity
for the Androscoggin River, Coos County, New Hampshire

55



56 Characterization of Mercury Contamination in the Androscoggin River, Coos County, New Hampshire

2-18.

2-19.

2-20.

2-21.

2-22.

Benthic invertebrates from the Androscoggin River downstream from Pontook Dam,
Coos County, New Hampshire

Benthic invertebrates from the Androscoggin River downstream from Sawmill Dam,
Coos County, New Hampshire

Benthic invertebrates from the Androscoggin River downstream from Riverside Dam,
Coos County, New Hampshire

Benthic invertebrates from the Androscoggin River downstream from Brown Dam,
Coos County, New Hampshire

Benthic invertebrates from the Androscoggin River downstream from Gorham Dam,
Coos County, New Hampshire
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