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CONTRASTING CHEMICAL RESPONSE TO EXPERIMENTAL
ACIDIFICATION OF FIVE ACID-SENSITIVE STREAMS

By Heather Goss
Thesis Advisor: Dr. Stephen A. Norton

An Abstract of the Thesis Presented
in Partial Fulfillment of the Requirements for the
Degree of Master of Science
(in Earth Sciences)
August, 2006

To evaluate the role of stream water and substrates in response to acidification, we
experimentally acidified five first-order streams in 2005: East Bear Brook, Hadlock
Brook, and Mud Pond Inlet (Maine, USA); Fernow WS3 (West Virginia, USA); and Lesní
Potok (Czech Republic). All have forested catchments and low alkalinity water. We
evaluated water samples from a reference site above the point of hydrochloric acid
addition and from two or three sites located 16 to 94 m downstream. Just before acid
addition we collected streambed sediment samples for sequential extraction of metals.
Several sediment-water and aqueous processes contributed to neutralization of
acid in the streams. Protonation of bicarbonate contributed significantly to neutralization
in the relatively high pH Hadlock Brook. Weak organic acids neutralized acid by
protonation, most significantly in the streams with relatively high dissolved organic
carbon, Mud Pond Inlet and Lesní Potok. Adsorption of sulfate contributed to
neutralization in East Bear Brook, Fernow WS3, and Lesní Potok.

Neutralization from ion exchange of base cations and aluminum (Al) for protons
(H+) and possible dissolution of Al solid phases were the primary neutralization
mechanisms in Fernow WS3, East Bear Brook, and Lesní Potok. In all streams,
exchangeable calcium (Ca) and magnesium (Mg) were mobilized, with Ca>Mg, followed
by mobilization of Al.
In Mud Pond Inlet and Hadlock Brook, which had low Al and continued pH
depression downstream, Al accumulated in the water column. At the other three streams,
where Al was higher and pH increased more dramatically downstream, Al was lost from
solution. However, Al was not saturated and did not precipitate, so the declines in Al
concentration were likely caused by resorption to streambed sediments as pH increased.
Hysteresis in the relative importance of different cations during neutralization and
recovery was clear, particularly in East Bear Brook and Lesní Potok. During initial stages
of acidification, Ca desorbed preferentially, whereas Al mobilization dominated during
later stages. Early in the recovery, adsorption of Ca to the streambed sediments was
kinetically favored over adsorption of Al.
Trace elements were mobilized during acidification, likely by ion exchange.
Trace elements may also be complexed with solid phases of Al, and then be liberated by
dissolution, as in Hadlock Brook where dissolved Al and P correlated. P mobilization
due to acidification was minimal, indicating that lake productivity is more influenced by
influxes of particulate P during high discharge events than by geochemical mobilization.
During experimental acidification, the Al:Ca ratio of a stream’s response may
indicate the acidification status of the catchment. Accordingly, Fernow WS3 (low Al:Ca
ratio) is in a relatively early stage of acidification, despite 17 years of experimental

catchment acidification. East Bear Brook, Hadlock Brook, and Lesní Potok catchments
are at early to intermediate stages of acidification. The Mud Pond Inlet catchment (high
Al:Ca ratio) is in a later stage of acidification. Short-term stream acidification
experiments illuminate processes characteristic of episodic stream acidification and of
long-term catchment acidification.

ACKNOWLEDGEMENTS
I thank Dr. Stephen A. Norton, my advisor, for excellent teaching and mentoring.
Steve’s enthusiasm and encouragement have been invaluable to my progress. I also
thank Anne Norton, for her patience in allowing Steve to join field expeditions
announced at the last minute, and for loaning her vehicle as a field vehicle. I thank my
committee member Dr. Ivan J. Fernandez for his consistent willingness to discuss ideas
and for keeping me thinking in practical terms. I thank my committee member Dr. Aria
Amirbahman for his energetic teaching and stream of ideas and for never turning me
away the multitude of times I knocked on his office door to ask questions.
I am grateful to John Cangelosi for his calm and patience while handling my
questions and teaching me the ropes at the Sawyer Environmental Chemistry Laboratory.
Tiffany Wilson looked out for my samples with an eagle eye and offered helpful
suggestions to improve our field and laboratory work. Mike Handley provided advice
and assistance for interpreting ICP-MS analysis. Karen Small provided useful
information and assistance in the laboratory. Sam Roy, Ryan Laracy, and Ed Lindsey
helped with field preparations and laboratory analysis during the summer and fall of
2005. Matt Hross also provided laboratory help in 2006, and Alice Doughty helped with
laboratory analysis and discussions of 0.2 μm filtration data.
Dianne Perro used her encyclopedic knowledge of navigating “the system” at U.
Maine to quickly resolve all my questions regarding paperwork and logistics.
Mollie Laird went above and beyond the call of duty to help out with my
fieldwork, from doing inventories and resupplying gear to offering her truck as a field
vehicle. I am also grateful for fieldwork assistance provided by Brett Holmes, Bjorn

iii

Lake, Michael SanClements, Johanna Szillery, Sean Rackley, Benji Lynch, Ryan Laracy,
Chris Mahoney, Mary Plymale, Sam Roy, Tiffany Wilson, and Steve Norton. All of
them deserve recognition for waking up before dawn, battling biting insects, braving the
rain, and being patient with the long waits and the complicated sampling protocol.
I am grateful to the USDA National Forest Service for their cooperation with the
research at Fernow Experimental Forest in Parsons, West Virginia, USA. Mary Beth
Adams coordinated our week-long field expedition at Fernow. Douglas Owens and
Frederica Wood provided useful hydrologic information on Fernow WS3.
I am grateful to the US National Park Service (NPS) for their cooperation with the
research at Hadlock Brook in Acadia National Park, Maine, USA. David Manski of the
NPS assisted us in obtaining the necessary permits and information for Hadlock Brook.
William Gawley of the NPS provided useful information from the National Atmospheric
Deposition Program (NADP) for Hadlock Brook. Katherine Webster, Dennis Anderson,
and Rebecca Norris were instrumental in preparing for and performing the Hadlock
Brook insect survey.
Melinda Diehl and Ivan Fernandez provided useful information on the Bear
Brook Watershed.
The field experiment at Lesní Potok in the Czech Republic was arranged and
supervised by Tomas Navrátil, with assistance from Josef Veselý and Jan Rohovec.
Tomas Navrátil provided much information on the Lesní Potok catchment, assisted with
data interpretation, and performed saturation index calculations in MINEQL+.
The National Science Foundation Grant #DGE-0231642 provided my funding as
a GK-12 Graduate Fellow from August 2004 to July 2005. In addition, it provided funds

iv

for me to attend the Acid Rain 2005 meeting in Prague and to meet with colleagues in the
field in France and in the Czech Republic. I thank the principal investigators of the U.
Maine NSF GK-12 program for providing me with this opportunity and for their support:
Susan Brawley, Susan Hunter, Barbara Cole, and Stephen Norton. I also thank the local
teachers in whose classes I was privileged to work during that year for their support:
Sandy Daniel, Judy Hamilton, Renée St. Peter, and Julia Sockbeson.
I am also grateful to the Association of Graduate Students (AGS) for
supplementing my travel funding to present research at Acid Rain 2005 and Biogeomon
2006. The Nancy Dysart Maine Alumni Association travel grant also supported my
travel to Biogeomon 2006. I thank the University of Maine selection committee for
awarding me the University Graduate Research Assistantship (UGRA) that funded my
tuition and partial stipend from September 2005 to May 2006.
The National Science Foundation Grant # DEB-0415348 funded part of my
stipend from September 2005 to May 2006, contributed to my European field work costs,
and funded all of the field equipment and laboratory analyses for the U.S.-based research.
Financial support for work at Lesní Potok was provided by the institutional
project No. AV0Z30130516 to the Institute of Geology, Czech Academy of Science (GLI
AS CR).
I am extremely grateful to my family and friends for their support. In particular,
my parents, Joseph and Lynne Goss, and my brother, Eric Goss, have supported me
through all the events in my life that have prepared me for graduate school. My friends
and colleagues at the University of Maine have also been an invaluable source of
entertainment and advice.

v

TABLE OF CONTENTS
AKNOWLEDGEMENTS..................................................................................................iii
LIST OF TABLES...............................................................................................................x
LIST OF FIGURES..........................................................................................................xiii
CHAPTER
1. INTRODUCTION, LITERATURE REVIEW AND OBJECTIVES..............................1
Introduction..............................................................................................................1
Literature review......................................................................................................3
Factors affecting acid neutralization............................................................3
Carbonate system.............................................................................3
Dissolved organic matter.................................................................4
Solubility..........................................................................................5
Ion exchange....................................................................................6
Major cations.......................................................................6
Trace elements.....................................................................8
Effects of DOC on exchangeable cation availability...........9
Association of phosphorus with exchangeable cations......10
Sulfate adsorption..........................................................................11
Conceptual models of acid neutralization over time..................................11
Effects of environmental variables on
acid neutralization mechanisms.................................................................12
Experimental acidification of streams.......................................................13
Acid used for acidification.............................................................13

vi

Sample collection and integrity.....................................................13
pH.......................................................................................13
Cations...............................................................................14
Speciation of aluminum.....................................................14
Objectives..............................................................................................................15
2. STUDY DESIGN...........................................................................................................17
Site locations..........................................................................................................17
Experimental design...............................................................................................19
Sampling procedure...............................................................................................21
Sample container preparation....................................................................21
Field sampling............................................................................................24
Laboratory analyses...............................................................................................28
Analytes.....................................................................................................29
pH and ANC..................................................................................29
DIC and DOC................................................................................30
Anions............................................................................................31
NH4................................................................................................32
Cations...........................................................................................32
Trace elements...............................................................................34
Sediment analysis...........................................................................35
Data validation...........................................................................................36
Quality control…...........................................................................36
Field replicates……………………………………………..…….39

vii

Laboratory replicates…………………………………….………39
Quality assurance……………………………………………………...…40
3. RESULTS, DISCUSSION, AND SUMMARY............................................................42
Results and discussion...........................................................................................42
pH...............................................................................................................42
Neutralization.............................................................................................46
Acid neutralizing capacity components.........................................46
Protonation of HCO3-....................................................................53
Protonation of DOC.......................................................................54
Ion exchange with the stream substrate.........................................55
Dissolution of solid phases of Al...................................................64
Adsorption of SO42-........................................................................65
Effects of neutralization on Al: “The Al chromatographic effect”...........66
Effects of acidification on trace elements..................................................68
DOC regulation of Fe and Al.....................................................................72
Streambed sediments.................................................................................75
Comparisons with previous acidification experiments..............................80
Mud Pond Inlet..............................................................................80
Lesní Potok....................................................................................81
Acidification experiments as microcosms of catchment acidification......83
Scaling up the stream response to the catchment scale..............................86
Lessons learned: sampling and measurement............................................89
Areas for future study................................................................................90

viii

Summary................................................................................................................91
Neutralization.............................................................................................91
Patterns of chemical responses..................................................................93
REFERENCES..................................................................................................................97
APPENDICES.................................................................................................................104
Appendix A. Water chemistry results........................................................................105
Appendix B. Response of aquatic insects to the acidification of
Hadlock Brook......................................................................................130
Appendix C. The reliability of cation exchange columns with
solutions containing aluminum............................................................136
Appendix D. Sediment extraction procedure: Sequential extractions
for extractable forms of aluminum, iron, and phosphorus...................147
Appendix E. Sediment extraction results...................................................................152
Appendix F. Water chemistry results from field replicates.......................................154
Appendix G. Water chemistry ICP-MS laboratory replicate results.........................160
BIOGRAPHY OF THE AUTHOR..................................................................................162

ix

LIST OF TABLES

Table 2.1 Catchment characteristics for the five study streams........................................18
Table 2.2 Experimental setup for each of the five experiments...................................…20
Table 2.3 Sampling container preparation........................................................................23
Table 2.4 Field sampling protocol....................................................................................25
Table 2.5 EMAP sample holding times............................................................................27
Table 2.6 ICP-AES wavelengths (nm)..............................................................................34
Table 2.7 Sediment extraction procedure summary.........................................................35
Table 2.8 Detection limits and precision and accuracy objectives for samples
analyzed in the Sawyer Environmental Chemistry Laboratory at the
University of Maine..........................................................................................37
Table 2.9 Detection limits and precision and accuracy objectives for samples
from Lesní Potok, analyzed in the Czech Republic.........................................38
Table 3.1. Trace element responses to acidification..........................................................70
Table 3.2. Comparisons of total Al, Fe, and P (μmol/g dry sediment) extracted
from stream sediments and lake sediments from Mud Pond Inlet and
Mud Pond and Upper Hadlock Stream and Pond.............................................78
Table 3.3. Comparison of the two Mud Pond Inlet acidification experiments.................80
Table 3.4. Comparison of the two Lesní Potok acidification experiments.......................82
Table 3.5. Calculated maximum export concentrations from streams under
theoretical condition of one cm of rain neutralized entirely in
the stream........................................................................................................88

x

Table A.1. Water chemistry from stream acidification at Mud Pond Inlet,
Maine, USA, 10/11/2005..............................................................................106
Table A.2. Water chemistry from stream acidification at Fernow WS3,
with reference samples from reference stream (FW4),
West Virginia, USA, 7/16-17/2005...............................................................110
Table A.3. Water chemistry from stream acidification at East Bear Brook,
with reference samples from West Bear Brook (WBB),
Maine, USA, 5/19-20/2005...........................................................................115
Table A.4. Water chemistry from stream acidification at Lesní Potok,
with reference samples from adjacent stream (LL) and
mixing zone (MIX), Czech Republic, 8/11/2005..........................................120
Table A.5. Water chemistry from stream acidification at Hadlock Brook,
Maine, USA, 10/29/2005..............................................................................124
Table C.1 Comparison of [Al] in the discharge from two exchange columns
(A and B) with different operators at varying push rates...............................141
Table E.1. ICP-AES results of sequential extractions for dry sediment from
four experimental streams..............................................................................153
Table F.1. Field replicates from bottle #1 (equilibrated pH, ANC, DOC, anions)........155
Table F.2. Field replicates from bottle #2 (totals, ICP-AES).........................................156
Table F.3. Field replicates from bottle #2 (totals, ICP-MS)...........................................157
Table F.4. Field replicates from bottle #3 (dissolved, ICP-AES)...................................158

xi

Table F.5. Field replicates from bottle #4 (Alo), syringe #5 (DIC),
syringe #6 (pH)..............................................................................................159
Table G.1. Water chemistry of ICP-MS laboratory replicates........................................161

xii

LIST OF FIGURES

Figure 3.1. pH during 110 minutes of experimental acidification and
175 minutes of post-acidification recovery in Mud Pond Inlet,
Maine, USA....................................................................................................42
Figure 3.2. pH during 1488 minutes of experimental acidification
and 253 minutes of post-acidification recovery in Fernow WS3,
West Virginia, USA........................................................................................43
Figure 3.3. pH during 1504 minutes of experimental acidification
and 255 minutes of post-acidification recovery in East Bear Brook,
Maine, USA....................................................................................................43
Figure 3.4. pH during 480 minutes of experimental acidification
and 300 minutes of post-acidification recovery in Lesní Potok,
Czech Republic...............................................................................................44
Figure 3.5. pH during 302 minutes of experimental acidification
and 50 minutes of post-acidification recovery in Hadlock Brook,
Maine, USA....................................................................................................44
Figure 3.6. Acid neutralizing capacity, calculated as Σ SBC – Σ (SAA + Orgs-),
during acidification and recovery in all experimental streams.......................47
Figure 3.7. Changes in ion concentration in Mud Pond, 34 m downstream
of acid addition...............................................................................................49
Figure 3.8. Changes in ion concentration in Fernow WS3, 24 m downstream
of acid addition..............................................................................................49

xiii

Figure 3.9. Changes in ion concentration in East Bear Brook, 16 m downstream
of acid addition..............................................................................................50
Figure 3.10. Changes in ion concentration in Lesní Potok, 19 m downstream
of acid addition............................................................................................50
Figure 3.11. Changes in ion concentration in Hadlock Brook, 38 m downstream
of acid addition...........................................................................................51
Figure 3.12. ΔFe (dissolved) during acidification and recovery in Lesní Potok.............56
Figure 3.13. ΔCa (dissolved) during acidification and recovery in all streams...............58
Figure 3.14. ΔAli (dissolved) during acidification and recovery in all streams...............61
Figure 3.15. ΔCd (dissolved) during acidification and recovery in all streams
except Mud Pond Inlet.................................................................................69
Figure 3.16. Ald versus Pd during acidification (filled symbols) and recovery
(open symbols) at 38 m and 73 m sampling sites in Hadlock Brook...........71
Figure 3.17. pH versus (Alo+Feo):DOC (moles/moles)....................................................74
Figure 3.18. Results of stream sediment sequential extractions for Al, Fe, and P...........76
Figure B.1. Composition of aquatic insect community in samples collected
from drift nets in Hadlock Brook upstream (left panel) and downstream
(right panel) of the experimental acidification site......................................132
Figure B.2. Total aquatic insect (left panel) and EPT abundance in samples
from the upstream and downstream sites....................................................133
Figure B.3. Difference between downstream (experimental) and upstream
(reference) sites for total aquatic insects and the EPT index.......................134

xiv

Figure C.1 [Al] in exchange column eluent using push rates of
10, 15, 25, 40 and 60 mL/min.......................................................................142
Figure C.2 Change in unexchanged [Al] collected from samples using
two exchange columns (A and B) over time with no regeneration
of the columns...............................................................................................143
Figure C.3 Variability of dissolved unexchanged Al from the eluents
of two exchange columns operated by individuals working
simultaneously at Mud Stream ([Aldiss] = 323 μg/L)....................................144

xv

Chapter 1
Introduction, literature review, and objectives

Introduction

Natural acidification of ecosystems occurs slowly, on the scale of thousands of
years, primarily due to the influence of respiration-derived CO2 and organic acids in soils
(Norton and Veselý, 2003). Anthropogenic atmospheric pollutants such as sulfur dioxide
(SO2), nitrogen oxides (NOx), ammonia (NH3) and acidic particulate matter can induce
higher rates of acidification. During the 1960s and 1970s, concern about the increasing
impacts of acidic rain led to substantial research into the causes and effects of
acidification. In the United States, scientific verification of the connection between
industrial emissions and acidic deposition prompted new environmental regulations such
as the Clean Air Act of 1970 and the Clean Air Act amendments of 1990 that have
reduced SO2 emissions, with relatively stable NOx emissions. Political changes in
Europe in the post-communist 1990s resulted in dramatic declines in sulfur and nitrogen
emissions (Kopáček and Veselý, 2005). These decreases in emissions have decreased
acidic deposition, slowing the loss of base saturation in soil, and improving water quality
in some ecosystems (Norton and Veselý, 2003; Hruška et al., 2002; Driscoll et al., 2001).
Though anthropogenic sources of acidification have abated, anthropogenicallydriven acidification is still a major problem in some aqueous and terrestrial ecosystems.
Long-term natural acidification will continue to occur in soils. Unless humans achieve a
profound paradigm shift, we will continue to emit acidifying pollutants to the
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atmosphere. Episodic acidification caused by marine-salt infused precipitation events
and snowmelt will continue to occur, often having a greater influence than chronic
acidification (Laudon et al., 2004; Lawrence, 2002; Wright et al., 1988).
Acidification of fresh waters affects not only pH, but also the dynamics of acidsensitive elements. For example, aluminum (Al) is mobilized more readily in acidic
waters. At low pH, the dominant Al3+ species is of concern because of its toxicity to fish.
Al can affect cycling of phosphorus (P) (Driscoll 1985). Iron (Fe) also has increased
mobility in acidic waters, and P cycling has been associated with Fe. As the main
limiting nutrient in most lake systems, P drives freshwater trophic levels (Kalff, 2002;
Wetzel, 2001; Schindler et al., 1973). Excessive available P can cause eutrophication,
while decreased P availability can cause oligotrophication.
Experimental stream acidifications have been a useful way of studying some
effects of acidification since the influential study by Hall et al. (1980). Acidification
experiments mimic natural episodic acidification, and can illuminate some processes
occurring during chronic catchment acidification. Experimental stream manipulations
have several advantages in their design: a chemical reference upstream of the
manipulation, relatively easy sampling, and repeatability (Norton and Veselý, 2003).
In this thesis, I discuss five stream acidification experiments that we conducted to
understand how streams contribute to acid neutralization and how acidification affects
mobility of environmentally significant elements, including Al, Fe, and P, in streams.
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Literature review

Factors affecting acid neutralization
Carbonate system
Dissolved CO2 exists in natural waters as carbonic acid (H2CO3), a weak acid that
dissociates to bicarbonate (HCO3-), which is dominant for pH between 6.3 and 10.3, and
to carbonate (CO32-) which dominates at pH > 10.3. In natural systems, the protonation
of dissolved inorganic carbon species, primarily HCO3-, derived from dissolved soil CO2
and from the weathering of silicate and carbonate minerals is commonly a major
component of acid neutralization capacity.
Bicarbonate-based alkalinity (ALK) is equal to the sum of the carbonate system
weak acids and hydroxide, minus hydrogen ions (in equivalents):

ALK = ([HCO3-] + [CO32-] + [OH-]) - [H+]

This thesis, however, focuses on streams in catchments whose rocks and soils
have few or no carbonate minerals, have low silicate weathering rates, and provide low
ALK waters. There, carbonate-based neutralization is supplemented by other acid
neutralization mechanisms. In addition to titration of the bicarbonate ALK, acid
neutralizing mechanisms also include titration of organic acid and Al-related acidity,
dissolution of solid phases in soil and stream substrates, and desorption of cations from
solid phases. The following sections discuss the components of acid neutralization not
associated with the carbonate system.
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Dissolved organic matter
Protonation of otherwise deprotonated dissolved organic carbon (DOC)
contributes to the acid neutralization capacity. Because DOC is composed of organic
acids with a wide range of pK values, the acid-base behavior of DOC varies according to
the environment. Experimental stream acidifications by Hruška et al. (1999) and Hedin
et al. (1990) showed that protonation of organic acids provided only a very small
contribution to acid neutralization relative to release of base cations and Al. However,
the MAGIC model of acidification (Cosby et al., 2001; Cosby et al., 1985) showed that
weak organic acidity was one of the more important stream water neutralization
mechanisms at the DOC-rich Lysina catchment (Czech Republic) from 1851 to present,
and projected it to continue thus through 2030 (Hruška et al., 2002). Though DOC
quality varies in different locations, Driscoll et al. (1989) found that a single model
provided a good fit for the contribution of organic acidity to ANC across many acidsensitive lakes in the eastern US. If not characterized more specifically in laboratory
experiments, 55% of DOC is considered to behave as weak organic acids that can
contribute to freshwater acid neutralizing capacity (Stumm and Morgan, 1996).
I define here acid neutralizing capacity (ANC) as ALK plus the contribution of
titratable organic acidity to neutralization. An expanded form of ANC based on weak
acids and weak bases illustrates the contributions of weak organic acidity (Orgw-) and
desorbed or dissolved Al to neutralization:

ANC = ([HCO3-]+2[CO32-]+[OH-]+[Orgw-]+[n(Al(OH)n3-n)]– [H+]), where 1 ≤ n ≤ 4.
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ANC is also the difference between strong base cations (SBC) and strong acid anions
(SAA) plus Orgs-, where Orgs- represents strong organic acids:

ANC = Σ ([Ca2+]+[Mg2+]+[K+]+[Na+]) – Σ ([Cl-]+[NO3-]+[SO42-]+[F-]+[Orgs-]).

Solubility
Chemical weathering (dissolution) of rocks and soil generates ANC by releasing
strong base cations and hydrolyzed Al species. However, the rate of release of cations
from weathering is relatively low, and thus weathering does not contribute significantly
to neutralization of episodic acidification.
Al solubility is enhanced at low pH. In addition to release of Al from the
streambed sediments through chemical weathering, colloidal or suspended particulate Albearing phases can dissolve in stream water with decreasing pH. The pH determines the
partitioning of dissolved Al into its four major dissolved inorganic species (assuming that
OH- is the most important ligand), for example,

Al(OH)3(s) + H+ ↔ Al3+ + Al(OH) 2+ + Al(OH)2+ + AL(OH)4-.

Other Al species (Al-F, Al-SO4) are generally negligible. If base saturation of soils is
low, concentrations of base cations in streams will be low and dissolution of Al can be a
significant contributor to neutralization (Driscoll 1985).
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Ion exchange
Major cations
Ion exchange provides the most readily available pool of cations for short-term
neutralization of acidity. Ion exchange is the process by which ions in the water
exchange with the ions adsorbed to exchange sites on particles of soil, sediment, or
organic matter. During stream acidification, H+ ions from the acidified water exchange
with the strong base cations and Aln+ adsorbed to the streambed sediments. Fe
mobilization may also contribute to acid neutralization (McKnight and Bencala, 1989).
The following represents a theoretical ion exchange reaction:

Substrate-Ca(s) + 2H+(aq) ↔ Substrate-H2(s) + Ca2+(aq)

In-stream acidification experiments in the past 26 years have increased
understanding of the role of ion exchange in streams’ responses to acidification. The
classic experiment by Hall et al. (1980) found increases in concentrations of major
cations, particularly Al, in response to experimental sulfuric acid (H2SO4) input, and
attributed the responses to either dissolution or ion exchange with the solid stream
substrate. Ion exchange was soon verified as a process likely to contribute more
significantly to neutralization (Wathne and Røgeberg, 1988; Hall et al., 1985).
Different metals are exchangeable to different extents, due to selectivity.
Navrátil et al. (2003) found that sorption sites on solid surfaces have different binding
energies. They created a model to reflect how this affects the sites’ affinities for
different ions. Several studies including Navrátil et al. (2003), Hedin et al. (1990), and
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Norton et al. (1990) stressed the significance of increased Al concentration during
acidification experiments. However, the significance of the contribution of Al
depended on the availability of other exchangeable metals. In several experiments, Ca
was released preferentially early, while Al dominated later (Navrátil et al., 2003;
Norton et al., 2000; Wathne and Røgeberg, 1988).
Desorbed Ca2+ and other cations whose solubilities are high accumulate in the
water column as pH declines. The mobility of Al during stream acidification, however,
is governed by ion exchange and solubility. Navrátil et al. (2003) postulated that
desorption of cations, including Al, initially dominated in-stream acid neutralization.
Mobilization through dissolution of Al only became significant after the exchangeable
pool was depleted. Some stream acidification experiments have shown dissolved Al
accumulating in the water column farther down in the experimental reach (Navrátil et
al., 2003; Hruška et al., 1999; Hall et al., 1980), while other experiments found that
elevated concentrations of dissolved Al decreased downstream as pH increased (Norton
et al., 1990; Norton et al., 1987). In the latter cases, Al was elevated everywhere
downstream of the acid addition, but concentrations decreased at successive sites
further down in the reach as some of that mobilized Al precipitated or sorbed to stream
sediment.
Pools of exchangeable ions are exhaustible. Neutralization provided by ion
exchange appears to be effective in the initial stages of stream acidification, but its
efficacy declines as the pool of readily exchangeable ions becomes depleted (Norton et
al., 1987.) Wathne and Røgeberg (1988) found that Al release was initially dominated
by readily exchangeable Al and later by less mobile Al. The amount of sorption sites
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available for cation exchange depends on the sediments’ cation exchange capacity and
pH.
The ion exchange process is reversible, as demonstrated during experimental
acidification and recovery (Navrátil et al., 2003; Norton et al., 1992; Norton et al.,
1987). The kinetics and chemical pathway of ion exchange are not symmetrical for
acidification and recovery. Norton et al. (2000) for example, found hysteresis in the
sorption and desorption of ions; Ca2+ was desorbed preferentially over Mg2+ during
acidification and subsequently sorbed preferentially as the pH increased during
recovery.

Trace elements
Trace elements undergo ion exchange during acidification. In soils,
groundwater, and dredged sediments leached with acid, the following metals were
mobilized: beryllium (Be), cadmium (Cd), cobalt (Co), and Ni (Kjøller et al., 2004);
Cd, chromium (Cr), copper (Cu), nickel (Ni), Pb, and zinc (Zn) (Cuppuyns et al.,
2004); Cd, Cr, Cu, Ni, Pb, and Zn (Sahuquillo et al., 2002); Cd, Cu, Pb, and Zn
(Voegelin et al., 2002); Cd, Cu, and Zn (Yuan and Lavkulich, 1997). In studies of
acidified streams, these trace metals were mobilized from stream sediments: Cd, Cu,
Pb, and Zn (Sherrell and Ross, 1999); manganese (Mn) and Pb (Claveri et al., 1995);
Cd, Fe, and Mn (Curtis and Walker, 1994). Some stream acidification experiments
have documented trace metal mobilization of Be, Cd, Fe, and Mn (Navrátil et al, 2003);
Be (Norton et al., 2000); Fe and Zn (Norton et al., 1987); Cd (Ormerod et al., 1987);
Cd, Fe, and Mn (Hall et al., 1980). These results suggest that trace metals compete
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with base cations for adsorption sites on streambed sediments and desorb during stream
acidification.

Effects of DOC on exchangeable cation availability
DOC influences the availability of exchangeable cations for acid neutralization.
Cations that are complexed with organic acids do not contribute to ANC. Significant
fractions of dissolved Al, in particular, bind with dissolved organic matter. An early
stream experiment where Al was experimentally added to a stream (Hall et al., 1985)
suggested that addition of Al caused Al-organic (Alo) complexes to form. The extent to
which Alo forms in streamwater differs at different localities (J. Kopáček, personal
communication; M. Koshikawa, personal communication; Pettersson and Bishop, 1996).
The interactions of DOC with Al have been modeled with the Birkenes Model (BIM)
(Taugbol et al., 1994) and the Windermere Humic Aqueous Model (WHAM) (Tipping,
1994).
Formation of Alo may be pH dependent (van Hees et al., 2001; Browne and
Driscoll, 1993). In a field experiment in a high DOC stream, the dominant form of preacidification Al was Alo. As Al concentrations increased during acidification, the
proportion of ionic Al increased significantly (Hedin et al., 1990). The proportion of
Al existing as Alo also depends on the saturation limit for organic acid bonds with Al
and Fe (Kopáček et al., 2006).
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Association of phosphorus with exchangeable cations
Lake studies have documented the ‘ferrous wheel’ process by which phosphorus
(P) cycling is linked to the changing oxidation state of Fe in hypolimnetic water and
sediments (Mortimer, 1941). When lake hypolimnia are oxic, P adsorbs to solid Fe(III)
hydroxide, but during periodic anoxia, the Fe(III) reduces to Fe(II) and dissolves, and P is
released to solution. However, the ‘ferrous wheel’ does not explain the behavior of P in
all lakes (Amirbahman et al., 2003). Al(OH)3 (s) in sediments can sequester P after it is
released by Fe(III) reduction (Kopáček et al., 2005, 2001, 2000), for example:

Al(OH)3(s) + PO43-(aq) ↔ Al(OH)3 - PO43-(s)

Not only can Al solid phases scavenge P without regard to redox conditions, they also
appear to be generally more effective at binding P than Fe phases (Ulrich and Pöthig,
2000).
Ion exchange processes resulting from neutralization of excess H+ can influence P
mobility because P can adsorb to solid hydroxide phases of Al or Fe that precipitate in the
water column or to Al and Fe adsorbed to stream substrates. As Al and Fe dissolve or
desorb from stream substrates in response to acidification, complexed P can be released
to solution.
At the Bear Brook Watershed in Maine, Roy et al. (1999) documented elevated
concentrations of both Al and P during episodic stream acidification, particularly in the
more acidic stream of the artificially acidified catchment, West Bear Brook. They
attributed the correlation of total P and particulate Al and Fe to occlusion by or
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adsorption of P to Al(OH)3 (s). Norton et al. (2004) demonstrated that Al and Fe
hydroxides in streams can remove dissolved P from solution, and deduced that these
processes could lower trophic status of the lakes receiving those stream waters.

Sulfate adsorption
Adsorption of SO42- to streambed sediments can occur as H+ is adsorbed from the
water column during acidification (Navrátil et al., 2003; Norton et al., 2000). Sulfate
adsorption increases with decreasing pH as the net positive charge on the oxide surfaces
increases (Nodvin et al., 1988). When SO42- adsorbs to sediments, it displaces other
anions (HCO3- and OH-) that can then neutralize excess H+ in the water column.

Conceptual models of acid neutralization over time
Desorption of base cations is a dominant neutralization mechanism for streams
subjected to experimental acidification (Norton, 1983), experimentally acidified lakes
(Cook et al., 1986), and in soils in experimentally acidified catchments (Fernandez et al.,
2003).
In soils, sustained response to artificial acidification may occur for decades,
compared to the scale of minutes to hours in streams, because of the larger total surface
area of possible exchange sites in soils. The long-term behavior of soils at the Bear
Brook experimentally acidified catchment in Maine suggested a conceptual model of the
evolution of base cation concentrations exported to streams in response to catchment
acidification (Norton et al., 2004; Fernandez et al., 2003). This model is based on: (1)
comparisons between the base cation concentrations in the artificially acidified West
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Bear Brook catchment and the reference East Bear Brook catchment over 18 years, (2)
other catchment-scale acidification studies (Edwards et al., 2002a,b), (3) soil column
experiments (Dahlgren et al., 1990) and (4) an earlier conceptual model of the process of
freshwater acidification (Galloway et al., 1983). The model suggests that neutralization
processes are initially dominated by desorption (ion exchange) of Ca2+ (and Mg2+, if
available). Over time, as the reservoirs of readily available Ca2+ and Mg2+ decrease, Al
release begins to dominate. When that reservoir is diminished, Fe may begin to
dominate.

Effects of environmental variables on acid neutralization mechanisms
The response to acid addition in any particular stream will depend upon the local
conditions. Mineralogy of the soils and underlying bedrock controls the stoichiometry of
the ions derived from chemical weathering. Mineralogy also affects the concentrations of
ions; lithologies that are resistant to weathering yield low concentrations of ions. The
antecedent conditions of the catchment may also affect the availability of ions.
Catchments that have experienced recent glaciation (such as the three study sites in
Maine) have relatively young, unweathered soil parent material. In contrast, catchments
with older soils have may have long-term depletion of base saturation due to the long
history of leaching. Pollution-driven acidification in the catchment (Fernandez et al.,
2003; Edwards et al., 2006) accelerates the loss of exchangeable ions in the soils on a
short time scale.
The streambed contributes to short-term acid neutralization within a low-ANC
stream system (Norton et al., 1990; Henriksen et al., 1988). The surface area of the
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stream and of the streambed particles (organic and inorganic) relates to exchange
capacity. The type of substrate affects exchange capacity as well, with vegetation
commonly contributing significantly (Norton et al., 2000; Ferrier et al., 1992; Wathne
and Røgeberg, 1988; Tipping and Hopwood, 1988).

Experimental acidification of streams
Acid used for acidification
Early stream acidification experiments used H2SO4 (Hruška et al., 1999; Curtis
and Walker, 1994; Ferrier et al., 1992; Norton et al., 1992; Hedin et al., 1990; Wathne
and Røgeberg, 1988; Henriksen et al.,1988; Norton et al., 1987; Ormerod et al., 1987;
Hall et al., 1980) or nitric acid (HNO3) (Tipping and Hopwood, 1988). Later experiments
using hydrochloric acid (HCl) showed that acidification can cause adsorption of SO42onto stream sediments (Navrátil et al, 2003; Norton et al., 2000). Using HCl permits
quantification of SO42- adsorption. Cl- from the HCl also serves as a more conservative
tracer than SO42-, and likely NO3- (Bencala et al., 1987).

Sample collection and integrity
pH
If water samples degas CO2, pH will increase, solid phases can precipitate or
adsorb to container walls, and metal speciation can be altered (Norton and Henriksen,
1983). In studies where the only pH measured was air-equilibrated pH (Reinhardt et al.,
2004; Norton et al., 2000; Hruška et al., 1999; Hedin et al., 1990), using this pH to
calculate in-stream solubility and metal speciation likely results in errors, particularly if
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pH exceeds 5. Some stream acidification studies measured continuous in situ pH
(Navrátil et al, 2003; Ferrier et al., 1992; Norton et al., 1992; Henriksen et al., 1988;
Tipping and Hopwood, 1988; Norton et al., 1987; Ormerod et al., 1987; Hall et al., 1980).
No studies of stream acidification reported in the literature used syringe samples without
headspace for laboratory determination of ‘closed cell’ pH.

Cations
Cations can adsorb to polyethylene and polypropylene sample container walls
(Sekaly et al., 1999). Some stream acidification studies have procured samples using
automated samplers and left the samples untreated until they were divided into different
containers for different laboratory analyses (Reinhardt et al., 2004; Ormerod et al.,
1987). This treatment provided opportunities for chemical artifacts caused by container
type and sample preservation. Other studies used multiple bottles to separate aliquots
in the field, but neglected to preserve the dissolved cations by adding acid to prevent
adsorption of cations to container walls or precipitation (Ferrier et al., 1992; Hall et al.,
1980). Some studies do not specify whether or not acid was added to preserve cations
(Norton et al., 2000; Hruška et al., 1999; Norton et al., 1987). Navrátil et al. (2003)
acidified samples immediately in the field with HNO3 to prevent adsorption of metals
to container walls.

Speciation of aluminum
Dissolved Al species include inorganic Al (labile Al, or Ali) and dissolved Al
bound with organic material (non-labile Al, or Alo) (Driscoll, 1985). Some studies did

14

not separate Al into labile and non-labile fractions (Reinhardt et al., 2004; Norton et al.,
2000; Tipping and Hopwood, 1988; Hall et al., 1980). In those studies, DOC was low
enough that most of the dissolved Al could be assumed to be labile. In streams with
higher DOC (Hruška et al., 1999) this assumption was likely incorrect. In the absence of
field measurements of non-labile Al, empirical relationships can be used to estimate the
extent to which Al binds with DOC. However, these relationships vary from site to site
(M. Koshikawa, personal communication; J. Kopáček, personal communication).
Separating dissolved and organically-bound fractions of Al by using ion exchange
columns in the field (Ferrier et al., 1992; Norton et al., 1992; Hedin et al., 1990;
Henriksen et al., 1988; Norton et al., 1987) is a more effective way of dividing Al into
labile and non-labile fractions.

Objectives
In this thesis, I discuss five stream acidification experiments that we conducted at
acid-sensitive catchments with a range of characteristics. We observed how acidification
affects mobility of environmentally significant elements in streams with different acid
neutralization capacities. To improve on previous stream acidification studies, we
developed a new field sampling protocol to optimize preservation of sample integrity and
detection of the analytes of interest. Study design and deviations from previous
experiments are documented in Chapter 2. In Chapter 3, I examine the behavior of the
major and trace elements involved in neutralizing acidity, and the effects of DOC. I
discuss the differences among the streams’ responses to acidification and relate these to
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the watershed characteristics. Finally, I discuss ways in which the results of these
experiments can contribute to understanding of catchment-scale acidification.
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Chapter 2
Study design

Site locations
Acid sensitivity of surface waters depends upon bedrock and soil mineralogical
composition and hydrologic pathways. Weathering of carbonate-bearing rocks yields
base cations and alkalinity (ANC) at rates far exceeding those provided by more
weathering-resistant silicate rocks such as granite. All five of the study streams were
chosen because their low ANC-producing bedrock and soil make them relatively
sensitive to acidification.
While all the streams drain acid-sensitive systems, catchment area, forest types
and history, elevation, glacial history and thus soil development, and climate differ
among the catchments (Table 2.1) and affect stream responses to acidity.
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Table 2.1 Catchment characteristics for the five study streams

East Bear Brook (Maine, USA), Fernow WS3 (West Virginia, USA), and Lesní Potok
(Czech Republic) are the sites of long-term chemical studies that allow us to put
experimental data from this study in the context of long-term conditions. Previous
artificial stream acidification experiments have been conducted at Lesní Potok (Navrátil
et al., 2003) and at Mud Pond Inlet (Maine, USA) (Norton et al., 1992), allowing intrasite comparisons between two experiments.

Experimental design
Different hydrologic landscapes, physiographic settings, and environmental
conditions dictated conditions for each experiment, especially the rate of the acid addition
and the timing of the samples (Table 2.2).
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Table 2.2. Experimental setup for each of the five experiments

We dispensed acid from a 20-liter Nalgene™ carboy with a stopcock and pipette drip
mechanism. We added the hydrochloric acid (HCl) to stream water in the carboy to
achieve a pH between 0 and 1 in the carboy.
The experimental reaches ranged from 56 to 95 m long. Sampling sites were
located in parts of the stream where water was well mixed. A reference site above the
acid carboy was sampled either two or three times during the experiment. Two or three
sites downstream from the acid carboy were sampled more often during the experiment
as the acid plume extended through the experimental reach. All water chemistry data are
included in Appendix A.
At East Bear Brook, Lesní Potok, and Fernow WS3 we also obtained occasional
samples from an adjacent stream. At Lesní Potok we obtained samples below the
confluence of the experimental stream with the higher pH adjacent stream. Results from
these are included in Appendix A but are not discussed here.
At Hadlock Brook, we collected macroinvertebrate samples in drift nets above
and below the experimental reach (20 m above the reference site and 14 m below the
farthest downstream site) every day for three days before and three days after the
experimental acidification. Results and analyses are in Appendix B but are not discussed
here.

Sampling procedure
Sample container preparation
All bottles and syringes used for dissolved inorganic carbon (DIC) determination
and for filtering cation samples were new. Some syringes used for closed cell pH were
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new and some were previously used. All bottles and syringes were washed and stored
partly full or filled with deionized water. Table 2.3 lists the sample containers and their
specific pre-sampling treatments.
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Table 2.3. Sampling container preparation

The left-hand columns in Table 2.3 concern preparations for the experiments at Fernow
WS3, East Bear Brook, and Lesní Potok. The right-hand columns are the preparations
for the two experiments that were performed last, at Mud Pond Inlet and Hadlock Brook.
Sample types 1, 4, and 6 were prepared consistently for all five experiments. We
changed the container types and preparation for sample types 2, 3, and 5 in order to
accommodate protocols for inductively coupled plasma mass spectrometer (ICP-MS)
analysis for trace metals.
Sample 3a was only collected at Hadlock Brook. We assembled ion exchange
columns for field use by packing glass columns (KontesTM brand, 1.0 x 20.0 cm) with new
ion exchange resin (DowexTM HCR-S Cation Exchange Resin, H+ form). Glass wool
plugged the top and bottom of the exchange resin. The resin was flushed with deionized
water and then stored with regenerent solution (0.008% HCl, 0.575 g NaCl/L).

Field sampling
The acidification experiments occurred between May 19 and October 29, 2005. A
sampling event at each site consisted of 6 sample containers, with samples collected in
numerical order (from container #1 to container #6) (Table 2.4). This typically took
approximately ten minutes.
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Table 2.4. Field sampling protocol
#

Analytes

anions,
equilibrated
1 pH, ANC,
DOC, NH4
total cations
2

3

3a

4

5

6

Before samplingÆ
Remove deionized water
immediately before sample
collection. Rinse bottle three
times with stream water.
Remove deionized water
immediately before sample
collection. Rinse bottle three
times with stream water.

Sample collectionÆ

Sample preservation

Fill the bottle to the shoulder with Seal the bottle. Preserve
stream water.
cold with stream water or ice
in the field.

Fill the bottle to the shoulder with Immediately acidify with 10%
stream water.
redistilled grade HNO3 (five
drops if sample is in a 125
mL bottle or three drops if in
60 mL bottle).
dissolved
Remove deionized water
Fill sample #5 syringe with 60 mL Immediately acidify with 10%
cations (0.45 immediately before sample
of stream water. Place a new
redistilled grade HNO3 (five
μm filter)
collection. Rinse Dionex ion
0.45 μm polypropylene filter on drops if sample is in a 125
mL bottle or three drops if in
exchange column by extruding the syringe head and filter the
through it the deionized water water into the bottle. If using a 60 mL bottle).
from sample #5 syringe. Rinse 125 mL sample bottle, fill syringe
this syringe three times in
twice in order to fill bottle to
stream.
shoulder.
dissolved
This syringe was already pre- Fill sample #5 syringe with
Immediately acidify with three
cations (0.2
rinsed before taking sample
stream water. Place a new 0.2 drops of 10% redistilled
μm filter)
#3.
μm polypropylene filter on the
grade HNO3.
syringe head and filter the water
into the bottle.
dissolved
Fill sample #5 syringe with 60 Place the sample bottle under
Immediately acidify with three
organicallymL of stream water. (This
the ion exchange column. Use
drops of 10% redistilled
bound Al
syringe was already pre-rinsed the syringe to expel the
grade HNO3.
before taking sample #3.)
remaining 50 mL of water
Attach a new 0.45 μm
through the column and into the
polypropylene filter to head of bottle.
syringe. Attach syringe and
filter to the ion exchange
column. Expel 10 mL of water
through the column to rinse.
DIC
This syringe was already pre- Fill syringe with 60 mL of stream Place cap on tip of syringe.
rinsed before taking sample
water. Turn the syringe tip side Preserve cold with stream
#3.
up, tap the syringe, and extrude water or ice in the field.
air bubbles.
closed cell pH Rinse syringe three times with Fill syringe with 60 mL of stream Place cap on tip of syringe.
stream water.
water. Turn the syringe tip side Preserve cold with stream
up, tap the syringe, and extrude water or ice in the field.
air bubbles.
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At Hadlock Brook, sample procedure #3 was modified to a 0.2 μm filter to
compare results with the 0.45 μm filtered samples. Sample #3a was collected after
either sample #3 or sample #4. Results are included in the appendix (Table A.5).
Typical differences between the concentrations of <0.2 μm ‘dissolved’ and <0.45 μm
‘dissolved’ samples were <3%, and the 0.2 μm filtering process produced a higher rate
of sample contamination. Henceforth, the term ‘dissolved’ refers to material <0.45 μm.
For organically-bound aluminum (Al) sample #4, the ion exchange column
resin was recharged by a 10 mL syringe of regenerent solution (0.008% HCl, 0.575 g
NaCl/L) every 4 samples. Lindsey and Wilson (2005) demonstrated that the exchange
capacity of these columns for charged Al, before deterioration of performance, was at
least 600 μg (Appendix C). The columns’ exchange capacity is sufficient to process
five samples of water with up to 2400 μg/L. We regenerated the exchange resin every
four samples to ensure acceptable performance.
ISCOTM 500 mL bottles were filled by hand concurrently with some samples for
comparative purposes. There were differences in DIC concentrations between the
syringe samples (#5) and ISCO samples due to CO2 degassing. Results are included in
Appendix A but are not discussed here.
Sediment was collected from each stream just prior to the acidification
experiment. All of the equipment used to collect and sieve the < 2 mm sediments was
dipped in reagent grade 2-3% nitric acid (HNO3) and rinsed six times in deionized
water before transporting to the field. The sieve was covered in plastic wrap to prevent
contamination en route. We obtained the samples from locations along the
experimental reaches with the most fine-grained sediment. The sediment samples were
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scooped from the upper few centimeters of the streambed with a 500 mL high-density
polyethylene (HDPE) bottle and sieved into another clean 500 mL HDPE bottle. One
sediment sample was obtained per stream. Three aliquots from each sample were
analyzed in the laboratory, and results from the triplicates were averaged. The
sediment extraction procedure is described in Appendix D, and all the results are listed
in Appendix E.
Samples were transported from streams to the laboratory in coolers. On warm
days, we placed ice in the coolers. Table 2.5 lists the maximum holding times based on
the quality assurance plan of the Environmental Monitoring and Assessment Program
(EMAP) implemented by the United States Environmental Protection Agency (EPA)
(Peck, 1992).

Table 2.5. EMAP sample holding times
Analyte
pH (closed cell)
DIC (closed system)
pH (equilibrated)
ANC
NO3
Cl
SO4
DOC
NH4
P
Si
base cations, Al, Fe, Mn, Zn
trace metals

Holding time
3 days
3 days
7 days
14 days
7 days
28 days
28 days
14 days
28 days
28 days
28 days
6 months
6 months

We analyzed all samples within their holding times. The samples for analytes with
short holding times (pH and DIC) obtained at Fernow WS3, West Virginia, were
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shipped cold via overnight express to the University of Maine laboratory for
measurement within the holding time.
Upon arrival at the laboratory, sediment samples were stored at -20°C until
analysis, except for the Fernow WS3 sample, which was stored at 4°C for a month
before being frozen. Syringe samples and the 500 mL bottle samples were stored at
4°C until analysis. The 500 mL samples were aliquoted for anions, equilibrated pH,
ANC, dissolved organic carbon (DOC), and ammonium (NH4+). The aliquots for
anions and DOC were filtered through an Osmosonics, Inc. Poretics polycarbonate 0.4μm, 47 mm diameter filter paper.

Laboratory analyses
All samples from East Bear Brook, Fernow WS3, Mud Pond Inlet, and Hadlock
Brook were analyzed for all analytes at the Sawyer Environmental Chemistry Laboratory,
University of Maine, Orono, Maine, USA.
Most samples from Lesní Potok were analyzed in the Czech Republic. Cations,
sulfur (S), phosphorus (P), and silicon (Si) were analyzed at the Institute of Geology,
Czech Academy of Sciences, Prague. Anions were analyzed at the Czech Geological
Survey, Prague. DOC was analyzed at the Institute of Hydrobiology, Czech Academy of
Sciences, České Budĕjovice. Trace metals were analyzed at the Sawyer Environmental
Chemistry Laboratory.
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Analytes
Methods were the same for all samples from East Bear Brook, Fernow WS3,
Mud Pond Inlet, and Hadlock Brook. Differences between U.S. and Lesní Potok
samples are listed at the end of the section describing each analyte.

pH and ANC
Syringe samples for closed cell pH were inserted directly online into an Orion
8104 Ross Combination pH electrode. Before each analytical run, the electrode was
calibrated using buffer solutions at pH 4 and 7. If the two-point calibration curve slope
did not fall in the 98% to 102% range, the probe was re-calibrated. The calibration was
verified with a pH 7 buffer, a laboratory standard, and a pH 6 buffer. A pH 4 standard
solution was measured every 10 samples.
To determine air-equilibrated pH, 30 mL unfiltered aliquots were equilibrated
for 120 seconds with air containing 300 ppm carbon dioxide (CO2) at room
temperature. Samples were analyzed with a Radiometer combination pH electrode
(model GK273920B). pH 4 and pH 7 buffers were used to calibrate the electrode. pH
4.7 and 6 standard solutions were used to verify the calibration. If the two-point
calibration curve slope did not fall in the 98% to 102% range, the probe was recalibrated. A deionized water sample was analyzed after aeration and recorded as a
laboratory blank at the beginning of each analytical run. A deionized water blank and a
laboratory standard solution (1 mL of 0.02 N sulfuric acid in 1 L deionized water,
target pH 4.7 ± 0.025) were measured every ten samples, and a laboratory sample
replicate was measured every 14 samples.
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ANC was determined by titrating 50 mL aliquots with 0.02 N sulfuric acid
(H2SO4), using a Radiometer Titration Manager. ANC was calculated with a multiple
point titration (to pH 3.5) using the Gran function. The electrode was calibrated using
buffer solutions at pH 4 and pH 7. If the two-point calibration curve slope did not fall
in the 98% to 102% range, the probe was recalibrated. After calibration, a pH 7 buffer,
a standard acid, deionized water, and a pH 6 standard were measured. ANC standards
of 20, 40, 80, and 200 μeq/L were measured. Acceptable limits were ±8% for the 200
standard and ±4 μeq/L for the standards with values less than 100. A deionized water
blank and a laboratory standard were measured every seven samples, and a laboratory
sample replicate was measured every 14 samples.
For Lesní Potok samples, pH was measured in situ using a WTW 330 pH meter
that was calibrated in the field with buffer solutions at pH 4 and pH 7. This in situ pH
is judged to be equivalent to closed cell pH obtained for samples from U.S. streams.
Lesní Potok samples were not analyzed for equilibrated pH or ANC.

DIC and DOC
Syringe samples (#5) for DIC analysis were introduced into an OI Corporation
Analytical Model 1010 Wet Oxidation Total Organic Carbon (TOC) Analyzer sample
port using a 60 mL syringe with a 0.4 μm filter attachment.
Samples for DOC were filtered through 0.45-μm filters in the laboratory. 60 mL
of each filtered DOC sample was treated with five drops of concentrated H2SO4, oxidized
with persulfate, and measured with an OI Corporation Analytical Model 1010 Wet

30

Oxidation Total Organic Carbon Analyzer. For East Bear Brook samples, we analyzed
TOC rather than DOC.
For TIC, DIC, and DOC analyses, 10 deionized water blanks and 10 reagent
blanks were measured before calibration. DOC standards ranging from 0.5 to 20 ppm
were used for calibration. A standard check, a deionized water blank, and a laboratory
sample replicate were measured every 10 samples.
For Lesní Potok samples, DOC samples were prepared for analysis in the same
way, and measured with a Shimadzu TOC5000 Total Organic Carbon (TOC) analyzer.
An ASTASOL 1 ppt standard solution of C8H5KO4 was measured every 20 samples.
Lesní Potok samples were not analyzed for DIC.

Anions
Chloride (Cl-), nitrate (NO3-), and sulfate (SO42-), and in some cases fluoride (F-)
were measured by ion chromatography with a Dionex Model 2010I system coupled with
a CD20 conductivity meter, GP50 gradient pump, and AS40 autosampler, using PeakNet
5.1 software. A calibration curve was created using nine standards for each analyte. The
calibration curve had a linearity requirement of r2 > 0.9990, and was verified before each
analytical run. Each run included one laboratory spiked blank, one laboratory spiked
sample matrix, and a deionized water blank with every 10 samples.
For Lesní Potok samples, Cl-, NO3-, SO42- were analyzed by a Shimadzu LC-6A
photometric detector SPD-6A. Fluoride samples from Lesní Potok were treated with a
buffering acetate solution with pH 5.7 and then analyzed by a Monokrystaly Turnov ion
selective F- electrode attached to a Radiometer ION 85 DK conductometer. For
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Cl-, NO3-, and SO42-analysis, a RAIN 97 (Analytical Reference Materials, Environment
Canada) and, for F-, a CRM Batt 01 (0.17 ppm) standard were analyzed every 20
samples.

NH4+
Ammonium (NH4+) was analyzed using the Berthelot reaction on the ALPKEM
Flow SolutionTM IV Automated Analyzer. Four standard solutions and one laboratory
spike solution were used in calibration, and laboratory deionized water blanks were
measured with each batch of samples. Only one sample from each U.S. stream was
analyzed for NH4+. Lesní Potok samples were not analyzed for NH4+, as long-term
monitoring data indicate that it is not a major constituent (Navrátil et al., 2003).

Cations
Unfiltered (sample #2) and filtered (sample #3) samples for base cations (calcium
(Ca2+), magnesium (Mg2+), sodium (Na+), potassium (K+)) and other metals were
acidified to pH < 2 in the field with HNO3. Total metals were determined on unfiltered
and acidified (pH 2) samples and reflect the chemistry of dissolved plus any particulates.
Dissolved metals were determined on samples filtered in the field with 0.45 μm filters.
Dissolved, organically-bound Al was determined on samples filtered in the field with
0.45 μm filters and then put through cation exchange columns (Table 2.4).
Metals were determined with a Perkin-Elmer Optima 3300XL inductively
coupled plasma atomic emission spectrometer (ICP-AES) with axially viewed plasma
and a CETAC International, Inc. ultrasonic nebulizer. We used an online internal
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machine standard consisting of yttrium (Y), lithium (Li), and rubidium (Rb) for each
element to correct for effects the sample matrix may have on the efficiency of its
introduction to the plasma. The instrument was calibrated for all elements
simultaneously, using a minimum of three calibration standards. The calibration was
accepted only if r2 > 0.99990 for each element. Each analytical run included an internal
quality control measurement standard, a laboratory spiked matrix, a laboratory reagent
blank, and a mid-range quality control standard. A laboratory replicate sample was
analyzed every 10 samples. Analytes were base cations (Ca, K, Mg, Na), Al, beryllium
(Be), iron (Fe), manganese (Mn), and silicon (Si). For Fernow WS3, Mud Pond Inlet,
and Hadlock Brook, we also determined zinc (Zn).
Samples from Lesní Potok were analyzed with an IRIS Intrepid II XSP ICP-AES
with axially viewed plasma and a CETAC International, Inc. U5000 AT+ ultrasonic
nebulizer. The samples were measured without an internal machine standard. Analytes
were base cations (Ca, K, Mg,Na), Al, Fe, Mn, P, S, and Si. Quality control samples
consisted of 2 ppm of each element in 3% HNO3 measured every 10 samples. One to two
samples were replicated as laboratory replicates, and were considered acceptable if the
error was less than 2%. ICP-AES wavelengths at the two laboratories are in Table 2.6.
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Table 2.6. ICP-AES wavelengths (nm)
Sawyer Environmental Chemistry Laboratory Czech Academy of Sciences
Mud Pond Inlet, Fernow WS3, East Bear
Brook, and Hadlock Brook samples
Analyte
Al
Be
Ca
Fe
K
Mg
Mn
Na
P
Pb
S
Si
Zn

(if sample > 1 mg/L)
396.2
313.1
317.9
238.2
766.5
279.1
257.6
330.2
213.6
220.4

Lesní Potok samples

(if sample < 1 mg/L)
396.1
396.8

280.3
589.6

184.0
239.5
766.4
285.2
259.3
588.9
213.6
180.2
212.4

251.6
206.2

Trace elements
A Thermo Electron Element2 ICP-MS with an ESI PFA-ST nebulizer was used to
analyze for Al, arsenic (As), barium (Ba), Be, Ca, cadmium (Cd), cobalt (Co), chromium
(Cr), copper (Cu), Fe, Mn, P, lead (Pb), S, titanium (Ti), uranium (U), vanadium (V), and
Zn. Four mL aliquots of sample were spiked with an indium (In) solution. The
instrument was calibrated with five standards bracketing the expected concentration
range of each element, and the calibration curve was accepted if r2 >0.999. Laboratory
blanks and standards were analyzed periodically during analytical runs. Detection limits
vary by element and are generally equivalent to the last reported decimal place.
Accuracy objectives were generally ±5% and precision ±10 to 15%.
For the first two experiments (East Bear Brook and Fernow WS3) we analyzed P
using ICP-AES and the spectrophotometric method. Because of the low concentrations
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of P, ICP-AES and colorimetry did not provide adequate resolution and we discontinued
these methods in favor of ICP-MS.

Sediment analysis
Sediment samples from East Bear Brook, Fernow WS3, Mud Pond Inlet, and
Hadlock Brook were sequentially extracted for different forms of Al, Fe, and P. This
procedure, based on Psenner and Pucsko (1984, 1988), with modifications based on a
procedure of Hieltjes and Lijklema (1980) is summarized briefly in Table 2.7 and in
detail in Appendix D.

Table 2.7. Sediment extraction procedure summary
Extraction
Sequence Type of Extraction

Result

1

NH4Cl

ion-exchangeable Al, Fe, P

2
3
4
5

NaHCO3-Na2S2O4 (BD)
NaOH (25°C)
HCl
NaOH (85°C)

reducible metal hydroxides (Fe, Mn, P)
organic (labile) Al-P, Fe-P, P
crystalline Al, Fe, P
residual (non-labile) Al, Fe, P

The supernatants of all sediment extractions were analyzed for Al, Fe, and P with
ICP-AES at the Sawyer Environmental Chemistry laboratory using the methods outlined
above. P concentrations from the NH4Cl extraction step (#1) were too low for detection
by ICP-AES, so they were analyzed using colorimetry. Samples were digested by
ammonium persulfate oxidation, autoclaved, and analyzed using the ascorbic acid method
on a Thermospectronics Genesys5 Spectrophotometer. Before each analytical run, P
calibration standards of 0, 1, 5, 10, 20, 40, 60, and 100 ppb were analyzed. Quality
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controls consisted of a laboratory standard and laboratory blank determination every 12
to 14 samples.

Data validation
Quality control
Analytical data were transferred to spreadsheets and screened for quality control
(QC) through inspection of laboratory blanks, field replicates, laboratory replicates, and
laboratory spiked matrixes. Laboratory blanks were made from reagent grade deionized
water and treated the same way as samples. Detection limits and precision and accuracy
objectives are summarized in Table 2.8 and Table 2.9.
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Method

Analyte

pH
electrode

Table 2.8. Detection limits and precision and accuracy objectives for samples analyzed
in the Sawyer Environmental Chemistry Laboratory at the University of Maine

pH (closed cell)
pH (equilibrated)

C analyzer

DIC, DOC

Ion chromatography

Titration

Colorimetry
Automated
analyzer

ANC
NO3

Concentration Range

Precision
Objective

Net Accuracy
Objective

n/a

≤ 5.74
> 5.75

± 0.075
± 0.15

± 0.025
± 0.05

n/a

≤ 5.74
> 5.75

± 0.075
± 0.15

± 0.025
± 0.05

0.1 mg/L

≤ 2 mg/L

± 0.1 mg/L

± 0.1 mg/L

> 2 mg/L

± 5%

± 5%

n/a

≤ 100 μeq/L

± 5 μeq/L

± 4 μeq/L

> 100 μeq/L

± 5%

± 4%

0.5 μeq/L

≤ 10 μeq/L

± 0.5 μeq/L

± 0.4 μeq/L

> 10 μeq/L

± 5%

± 4%

Cl

0.8 μeq/L

≤ 20 μeq/L
> 20 μeq/L

± 1.0 μeq/L
± 5%

± 0.8 μeq/L
± 4%

F

0.8 μeq/L

≤ 20 μeq/L
> 20 μeq/L

± 1.0 μeq/L
± 5%

± 0.8 μeq/L
± 4%

SO4

1.0 μeq/L

≤ 20 μeq/L

± 1.0 μeq/L

± 0.8 μeq/L

> 20 μeq/L

± 5%

± 4%

P (sediment
extraction #1)

1.0 μg/L

< 20 g/L

± 1 μg/L

± 0.8 μg/L

≥ 20 g/L

± 5%

NH4
Al
Be
Ca (396)
Ca (317)
Fe
K

ICP-AES

Detection
Limit

Mg (280)
Mg (279)
Mn
Na (589)
Na (330)
Pb
P
Zn

± 4%

0.05 mg/L

≤ 20 μeq/L (0.36 mg/L) ± 0.02 mg/L

± 0.01 mg/L

0.149 μg/L

> 20 μeq/L (0.36 mg/L) ± 5%
all
± 10%

± 4%
± 10%

0.012 μg/L

< 1 μg/L
≥ 1 μg/L

± 0.05
± 10%

± 10%

0.050 mg/L

< 0.100 mg/L

± 0.010 mg/L

± 0.010 mg/L

≥ 0.100mg/L

± 10%

± 10%

< 50 μg/L
≥ 50 μg/L
< 10 μg/L

± 10 μg/L
± 10%
± 10%

± 10%

< 50 μg/L
≥ 50 μg/L

± 10 μg/L
± 10%

± 10%

< 50 μg/L

± 10 μg/L

± 10%

≥ 50 μg/L

± 10%

3.6 μg/L
0.19 μg/L
1.5 μg/L
0.9 μg/L
1.7 μg/L

< 1000 μg/L

use Mg 280.271

≥ 1000 μg/L

± 10%

0.094 μg/L

all

± 10%

± 10%

0.6 μg/L

< 50 μg/L

± 10 μg/L

± 10%

≥ 50 μg/L

± 10%

29.9 μg/L

± 10%

< 1000 μg/L

(use Na 589)

≥ 1000 μg/L

±10%

± 10%

0.3 μg/L

< 10 μg/L

± 1 μg/L

± 10%

unknown
0.089 μg/L

≥ 10 μg/L
unknown
< 10 μg/L

± 10%
unknown
± 1 μg/L

unknown
± 10%

≥ 10 μg/L

± 10%
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Table 2.9. Detection limits and precision and accuracy objectives for samples from Lesní
Potok, analyzed in the Czech Republic
Method

Analyte
pH (in situ)
DOC

Ion selective
electrode

F

Spectrophotometry

pH meter
C analyzer

Cl

NO3

SO4
Al
Ca

Fe

ICP-AES

K
Mg
Si
Mn
Na
P
S

Detection
Limit

Concentration
Range

Precision
Objective

Net Accuracy
Objective

n/a

≤ 7.00

± 0.10%

undetermined

0.1 mg/L

≤ 20 mg/L

± 7.5%

± 5%

0.02 mg/L

≤ 0.7 mg/L

± 7.5%

± 3.5%

> 0.7 mg/L

± 2.5%

± 1%

≤ 4 mg/L

± 3.0%

± 3%

> 4 mg/L

± 0.5%

± 0.5%

0.30 mg/L

≤ 12 mg/L

± 2.0%

± 4%

> 12 mg/L

± 0.5%

± 6.5%

0.50 mg/L

≤ 20 mg/L

± 3.5%

± 4%

> 20 mg/L

± 0.5%

± 4%

≤ 100 μg/L

5 μg/L

5 μg/L

> 100 μg

± 5%

± 5%

≤ 0.5 mg/L

30 μg/L

20 μg/L

> 0.5 mg/L

± 5%

± 5%

3 μg/L

≤ 10 μg/L

1 μg/L

1 μg/L

>10 μg/L

± 10%

± 10%

50 μg/L

≤ 0.5 mg/L

20 μg/L

10 μg/L

> 0.5 mg/L

± 5%

± 4%

≤ 0.12 mg/L

10 μg/L

8 μg/L

> 0.12 mg/L

± 10%

± 8%

≤ 0.9 mg/L

50 μg/L

40 μg/L

> 0.9 mg/L

± 5%

± 4%

≤ 0.004 mg/L

1 μg/L

1 μg/L

> 0.004 mg/L

± 10%

± 10%

≤ 0.9 mg/L

50 μg/L

30 μg/L

> 0.9 mg/L

± 5%

± 4%

2 μg/L

≤ 0.8 mg/L

20 μg/L

15 μg/L

> 0.8 mg/L

± 5%

± 4%

20 μg/L

≤ 0.5 mg/L

20 μg/L

10 μg/L

> 0.5 mg/L

± 5%

± 4%

0.15 mg/L

6 μg/L
30 μg/L

6 μg/L
20 μg/L
2 μg/L
60 μg/L
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The laboratory blank values were accepted if they were below the analytical
detection limit. Any sample concentration that was below detection limits is reported as
‘<’ the detection limit.

Field replicates
For the experiments at East Bear Brook, Fernow WS3, Hadlock Brook, and
Mud Pond Inlet, each water sample type (1-6) was replicated three times nearly
simultaneously, once, during each field experiment. Field replicates were considered
acceptable in the range of ±10%. In most cases, differences among replicates were <
5%. If differences were more than 10% but below detection limits, or if only one of the
three replicates was >10% different from the sample, we considered the replicates
acceptable. Appendix F lists field replicate data, with differences >10% highlighted.
One set of cation replicates (out of eight analyzed with ICP-AES) may have been
contaminated with particles of sediment. Total trace element replicates (analyzed with
ICP-MS) had variation >10% for many elements, likely due to contamination with
particles of sediment. One set of ANC replicates (out of four) has differences likely
caused by the time between each replicate, taken during rapidly changing stream
chemistry (confirmed by the changing concentration of Cl-). Samples from Lesní Potok
were not replicated in the field.

Laboratory replicates
Laboratory replicate values for water samples for most analyses were acceptable
by laboratory standards and are not reported in the appendix. Laboratory replicates and
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statistics are reported for water samples analyzed with ICP-MS (Appendix G) because the
capabilities and limitations of that machine are not as well documented as for the other
analytical instruments. For this study, differences within the percentage range of
(standard deviation/mean) for the laboratory replicates are considered non-significant.
Laboratory replicate values and statistics for sediment extractions are in Appendix E.
Most laboratory replicates for sediment extractions varied >10% because the measured
concentrations were close to detection limits. Values reported for sediment extractions
are means of the three laboratory replicates.

Quality assurance
To quality assure measured concentrations of ions in the water, a charge balance
ratio of the major dissolved components (in μeq/L) was calculated with the formula:
+

2-

[H + ] + [Ca 2+ ] + [Mg 2+ ] + [K + ] + [Na + ] + [Al3+ ] + [Al(OH)2 ] + [Al(OH)2+ ] + [Al(OH)4 ]
[HCO 3 ] + [Cl - ] + [NO 3 ] + [SO 4 ] + ([DOC](mg/L) * 4.5( μeq/mg))
-

-

2-

The Al species were calculated from the concentration of dissolved inorganic Al
(total Al (Alt) minus organically-bound Al (Alo)) and pH. Other Al complexes (Al-F, AlSO4) are negligible. NH4+ was negligible and was not included. CO32- and OH- were
negligible because of the low pH and were not included. Bicarbonate (HCO3-) was
calculated from pH and DIC. For Lesní Potok samples, DIC was not measured, so HCO3could not be included in the charge balance. The contribution of 4.5 μeq of negative
charge per mg of DOC is based on the empirical average charge density for Maine lake
DOC (Kahl et al., 1989).
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If charge balance ratios fell outside 0.95 to 1.05, samples were reanalyzed. In
most cases, reanalysis results were acceptable. A minority of samples for each site were
outside the acceptable range, but were within 0.90 to 1.10. These deviations can likely be
attributed to particulates contaminating ‘dissolved’ samples. Most of the Mud Pond Inlet
samples, all of which were at low pH (<4.5) had charge balances < 0.95. This is likely
because in that pH range, DOC would be increasingly protonated, resulting in a lower
average concentration of negative charge (>4.5 μeq/mg DOC). If the charge balance
formula is adjusted for this condition, the ratios approach 1. Charge balances are
included in Appendix A.
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Chapter 3
Results, discussion, and summary

Results and discussion
pH
The initial pH of streams, the amount, rate, and duration of acid addition, distance
of sampling sites from acid addition, and frequency of sampling varied among the five
experiments (Table 2.2). The extent of the maximum experimentally induced pH
depression ranged from 0.6 pH units (from 4.4 to 3.8) in Mud Pond Inlet, 1.0 pH units
(from 5.1 to 4.1) in Fernow WS3, 0.6 pH units (from 5.4 to 4.8) in East Bear Brook, 1.0
pH units (from 5.4 to 4.4) in Lesní Potok, to 1.6 pH units (from 6.2 to 4.4) in Hadlock
Brook (Figures 3.1 to 3.5).
Figure 3.1. pH during 110 minutes of experimental acidification and 175 minutes of
post-acidification recovery in Mud Pond Inlet, Maine, USA
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Figure 3.2. pH during 1488 minutes of experimental acidification and 253 minutes of
post-acidification recovery in Fernow WS3, West Virginia, USA. pH was not measured
at 24 m before 305 minutes.

Figure 3.3. pH during 1504 minutes of experimental acidification and 255 minutes of
post-acidification recovery in East Bear Brook, Maine, USA
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Figure 3.4. pH during 480 minutes of experimental acidification and 300 minutes of
post-acidification recovery in Lesní Potok, Czech Republic

Figure 3.5. pH during 302 minutes of experimental acidification and 50 minutes of postacidification recovery in Hadlock Brook, Maine, USA
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The maximum pH depression in each experiment depended on the rate of acid
addition, stream discharge, and the stream’s neutralization capacity. Experimentally
induced pH depression was greater in streams of higher ambient pH.
In each experiment, pH was depressed throughout the acidified reach but
increased downstream from the acid addition site as neutralization occurred. In Mud
Pond Inlet, the lowest observed pH at 34 m downstream of acid addition was 3.87, but
only 3.95 at 59 m. In Fernow WS3, the lowest pH at 24 m was 4.1, but only 4.7 at 29 m.
Of the five experiments, Fernow WS3 had the greatest decrease in H+ concentration (a
change of 55 μeq H+ /L) between the sampling site closest to the acid and then next site
farther downstream. There pH rose above background level 29 m downstream of acid
addition. That increase was likely partially due to the influence of groundwater discharge
downstream of acid addition, indicated by a water temperature decrease of 1 to 2º C
between 24 and 29 m downstream of acid addition. In East Bear Brook, the lowest pH at
16 m was 4.8, but only 5.2 at 94 m. In Lesní Potok, the lowest pH at 19 m was 4.4, but
only 5.3 at 69 m. In Hadlock Brook, the lowest pH at 11 m was 4.6, and 4.9 at 73 m.
The maximum pH depression occurred at 476 minutes after the start of acid
addition in Fernow WS3, 1489 minutes in East Bear Brook, and 510 minutes in Lesní
Potok. Maximum pH depression occurred more quickly in the streams with higher
discharge and higher rates of acid addition; it occurred at 15 minutes in Mud Pond Inlet
and 254 minutes in Hadlock Brook.
pH recovered to within 0.15 pH units of background levels at the sampling sites
closest to the acid addition point by 300 minutes after the end of acid addition in Lesní
Potok. pH recovered within 10 minutes in the high-discharge streams (Hadlock Brook
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and Mud Pond Inlet) because of the lower residence time of the water. By the end of the
recovery monitoring period, pH had not yet recovered to within 0.15 pH units in Fernow
WS3 (253 minutes) or in East Bear Brook (254 minutes).

Neutralization
Acid neutralizing capacity components
Water column acid neutralizing capacity (ANC) can be calculated as

ANC = Σ SBC – Σ (SAA + Orgs-)

where SBC represents the concentration of strong base cations (Ca2+, K+, Mg2+, Na+),
SAA is the strong acid anions (Cl, NO3-, SO42-), and Orgs- is the strong organic acids, in
μeq/L. I assumed that 45% of the DOC is dissociated and exists as strong acids not
titrated in the GRAN titration (Morel and Hering, 1993). The Orgs- charge contribution
was estimated as an average of 4.5 μeq/mg DOC (Kahl et al., 1989), generalized for the
entire pH range of the experiments. Calculated ANC at the sampling site closest to the
point of acid addition is plotted for all five experiments against normalized time in Figure
3.6. East Bear Brook and Hadlock Brook generally had higher ANC (>-45 μeq/L)
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Figure 3.6. Acid neutralizing capacity, calculated as Σ SBC – Σ (SAA + Orgs-), during
acidification and recovery in all experimental streams. Time zero corresponds to the
initiation of acid addition.

than Mud Pond Inlet and Fernow WS3 (<-90 μeq/L) during acidification.
At sampling sites closest to the acid addition point, ANC declined quickly after
the beginning of the acidification in Mud Pond Inlet, Fernow WS3, East Bear Brook, and
Hadlock Brook. ANC farther downstream had a similar pattern, though absolute ANC
declines were less. In Lesní Potok, ANC declined during the first 60 minutes of acid
addition but later fluctuated, likely due to erratic rate of acid addition.
At sampling sites closest to the acid addition point, ANC increased to within 9
μeq/L below background levels within < 15 minutes of the end of acid addition in Mud
Pond Inlet and Hadlock Brook, due to the low water residence time. In East Bear Brook
this occurred within 134 minutes. During the 253 minutes of monitored recovery in
Fernow WS3, ANC increased, but only to –62 μeq/L, significantly lower than the new
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reference site background level of –17 μeq/L. In Lesní Potok, ANC continued to
fluctuate for the first 120 minutes after the end of acid addition. By 300 minutes after the
end of acid addition, ANC had increased but only to –27 μeq/L, lower than the initial
background level of –2 μeq/L, but higher than the new background level ANC of –71
μeq/L at the reference site. Erratic rate of acid addition and sampling timing may have
contributed to the fluctuations in calculated ANC. Concentrations of calcium (Ca) and
sulfate (SO42-) fluctuated during the experiment and are major constituents affecting
ANC.
Acid neutralizing capacity is due to several mechanisms. The neutralization
response of each stream to acid addition at one sampling site is plotted over the course of
the acidification experiment and post-acidification recovery in Figures 3.7 to 3.11.
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Figure 3.7. Changes in ion concentration in Mud Pond, 34 m downstream of acid
addition. pH is in parentheses. Orgw is estimated as a maximum during acidification.
Heights of bars are approximately equal to the amount of acid added (ΔCl-).

Figure 3.8. Changes in ion concentration in Fernow WS3, 24 m downstream of acid
addition. pH is in parentheses. Orgw is estimated as a maximum during acidification.
Heights of bars are approximately equal to the amount of acid added (ΔCl-).
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Figure 3.9. Changes in ion concentration in East Bear Brook, 16 m downstream of acid
addition. pH is in parentheses. Orgw is estimated as a maximum during acidification.
Heights of bars are approximately equal to the amount of acid added (ΔCl-).

Figure 3.10. Changes in ion concentration in Lesní Potok, 19 m downstream of acid
addition. pH is in parentheses. Inorganic aluminum (Ali) was calculated as the
difference between unfiltered, organically-bound Al and total (i.e., unfiltered) Al. DIC
was not measured, so HCO3 could not be determined. Orgw is estimated as a maximum
during acidification. Heights of bars are approximately equal to the amount of acid
added (ΔCl-).
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Figure 3.11. Changes in ion concentration in Hadlock Brook, 38 m downstream of acid
addition. pH is in parentheses. Orgw is estimated as a maximum during acidification.
Heights of bars are approximately equal to the amount of acid added (ΔCl-).

Changes in the water chemistry due to the experimental acidification are
expressed as Δ, the difference between dissolved (0.45 μm) ion concentrations in the
sample and a reference concentration from immediately above the acid addition point.
The reference concentrations were based on interpolations from values measured at the
reference site at the start, middle and end of each experiment. Any Δ greater than zero in
Figures 3.7 to 3.11 represents elevated ion concentrations in the water column with
respect to background level, due to acid addition (H+), cation desorption or dissolution.
Any Δ less than zero represents lower ion concentrations in the water column with
respect to background level due to respeciation, adsorption, or precipitation. All
components of neutralization in the figures were measured, with the exception of
protonation of weak organic acids, which was estimated.
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Cl- served as a conservative tracer (Bencala et al., 1987), so ΔCl- represents the
amount of acid added. ΔH+ represents the amount of added acid that was not neutralized.
Based on the ion balance, all added acid should either remain in the water column as
excess ΔH+ or be accounted for by excess positive charge and a decrease in negative
charge in the water column. Neutralization can thus be expressed as:

ΔCl- - ΔH+ = Σ (|ΔHCO3| + |ΔOrgw| + ΔSBC + ΔAli + |ΔSO4|)

Where Orgw represents weak organic acids and Ali represents inorganic aluminum. This
calculation reveals some discrepancies in the data. The sum of ‘neutralization’ plus
excess ΔH+ was < ΔCl- in multiple samples from Fernow WS3, East Bear Brook, and
Hadlock Brook. The discrepancy in East Bear Brook was < 10 μeq/L, perhaps just due to
measurement errors. Fernow WS3 and Hadlock Brook had discrepancies of up to 29
μeq/L and 40 μeq/L, respectively. These discrepancies were likely largely due to the
sampling protocol. Samples analyzed for Cl- were obtained 10 to 15 minutes earlier than
samples analyzed for pH. During acidification, pH could decline substantially during that
time, so measured H+ would be higher than if the sample were obtained simultaneously
with the Cl- sample. This would lead to an underestimation of the chemical response to
acidification. Another possible source of error was inaccurate estimation of the
contribution of weak organic acid protonation. In some samples from downstream sites,
the sum of ‘neutralization’ plus excess ΔH+ was > ΔCl-. This could be due to
measurement errors or could indicate either discharge of groundwater with a higher
concentration of base cations than the stream water or erratic addition of Cl-.
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In all of the streams except Mud Pond Inlet, at the sampling site closest to acid
addition, > 70% of the acid was neutralized by increases in concentrations of positively
charged ions or decreases in negatively charged ions in the water column. However, in
Mud Pond Inlet, the stream with the lowest initial pH and most negative ANC, < 50% of
the acid was neutralized by changes in ion concentration in the water column, so ΔH+
remained high.
Data from Lesní Potok were obtained using analytical equipment at a different
laboratory from that used for the other four streams. Rough comparisons indicate a
significant calibration offset between the two different ICP-AES instruments that is not
consistent enough be rectified by a simple mathematical algorithm. Thus, uncorrected
data are included in this thesis.
The experimental streams’ primary neutralization mechanisms are discussed in
the sequence:
1) protonation of bicarbonate
2) protonation of weak organic acids
3) exchange of H+ in the water column for cations from the stream substrate
4) dissolution of solid phases of aluminum
5) adsorption of sulfate to the stream substrate

Protonation of HCO3Protonation of HCO3- occurs as pH decreases from the > 6.3 range where HCO3dominates to < 6.3 where H2CO3 is increasingly favored. The contribution of HCO3- to
acid neutralization is represented (Figures 3.7 to 3.11) as ΔHCO3-, the decrease in HCO3-
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as it is protonated to H2CO3. Mud Pond Inlet, Fernow WS3, and East Bear Brook had
relatively low DIC (ca. 0.3 to 5 mg/L) and had low enough initial pH (< 5.5) so that little
HCO3- was available. In these three streams, other neutralization mechanisms
contributed more significantly to neutralization. DIC was not measured in Lesní Potok.
The pH in Hadlock Brook was initially > 6, so HCO3- protonation contributed
significantly to neutralization. The Hadlock Brook stream substrate was low in organic
matter and appeared (qualitatively) to have less sediment surface area relative to the other
streams because it was dominated by exposed bedrock and coarser-grained sediment.
These factors likely result in a low cation exchange capacity in the stream substrate, as
seen in the very limited release of Ca, Mg, and Al. Hence, HCO3- provided an important
proportion of neutralization.

Protonation of DOC
DOC concentration did not change significantly with acidification at Mud Pond
Inlet. DOC was only measured in three samples from the low-DOC sites Fernow WS3
and East Bear Brook. In Lesní Potok, DOC decreased from 11.7 mg/L to 7.3 mg/L
during acidification at the sampling site closest to the acid addition, and also decreased at
downstream sampling sites, though initial values were lower because of groundwater
influence. However, DOC varied unsystematically during the experiment. In Hadlock
Brook, DOC increased slightly throughout acidification and recovery in the experimental
reach. DOC increased from 1.9 to 2.1 mg/L at 38 m downstream of acid addition, and
from 1.8 to 1.9 mg/L at 73 m, while background DOC measured at the reference site
decreased from 1.9 to 1.7 mg/L.
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Weak organic acids (Orgw) have negatively charged sites that can protonate,
thereby consuming acidity. Unlike the measured Δ values for other ions in figures 3.7 to
3.11, ΔOrgw is an estimate. Estimates of charge density on DOC and pK values range
widely, depending on DOC quality and pH. Charge density and thus ability to protonate
is higher at higher pH. The contribution of weak organic acid protonation (Orgwn- to HnOrg) to neutralization was calculated with the following assumptions: 1) average charge
density was 4.5 μeq of negative charge per mg of DOC over the entire pH range (based
on an empirical average of Maine lake DOC from Kahl et al., (1989)), 2) 55% of DOC
existed as Orgwn- that could theoretically protonate (Stumm and Morgan, 1996), and 3)
the weak organic acids were completely titrated (a maximum estimation). ΔOrgw is
calculated for the acidification period (as total protonation) and would approach zero
during recovery.
In the high-DOC Mud Pond Inlet, Orgw protonation during artificial acidification
was estimated to contribute a maximum of ca. 50% of the acid neutralization.
Protonation of Orgw in the lower-DOC East Bear Brook, Lesní Potok, and Hadlock
Brook consumed H+, but was estimated to contribute < 20% to neutralization. Changes
in DOC concentration at Lesní Potok and Hadlock Brook did not significantly alter the
proportion of the contribution of DOC protonation to neutralization. DOC concentration
in Fernow WS3 was ca. 0.6 mg/L, too low to consume significant concentrations of acid.

Ion exchange with the stream substrate
A major neutralization mechanism in several of the acidification experiments was
ion exchange of H+ for base cations and Aln+ from the streambed sediment. In East Bear
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Brook, desorption of base cations was: Ca > Mg ≈ Na > K. In Hadlock Brook, the
contributions of Ca and Na varied between Ca > Na and Na > Ca, with Na and Ca both >
Mg. In Mud Pond Inlet, Na > Ca > Mg. In Fernow WS3 and in Lesní Potok, desorption
of base cations was: Ca > Mg > Na > K. Desorption of K was negligible in all streams,
because K is a limiting nutrient taken up by biological processes. Na desorption was
significant in Mud Pond Inlet, East Bear Brook, and Hadlock Brook, all located in
catchments with atmospheric marine influence.
Fe concentrations were negligible in Fernow WS3, East Bear Brook, and Hadlock
Brook, so Fe was not a major neutralization component. In Mud Pond, Fe concentrations
were measurable but did not change during acidification. Lesní Potok was the only
stream where Fe appeared to desorb or dissolve due to acidification. There, Fe
concentration was elevated after 270 minutes of acidification and remained elevated
throughout the monitored recovery period, with ΔFe reaching a maximum of 188 μg/L at
540 minutes (Figure 3.12).

Figure 3.12. ΔFe (dissolved) during acidification and recovery in Lesní Potok. Error
bars represent measurement uncertainty of ± 5%. 49 m and 69 m sites had significant
groundwater influence.
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Exchange of H+ for Ca from the streambed sediment comprised one of the largest
proportions of the neutralization in Fernow WS3, East Bear Brook, and Lesní Potok
(Figures 3.8, 3.9, 3.10). In Fernow WS3, ΔCa reached a maximum of 130 μeq/L
(contributing ca. 48% to the neutralization) by 1416 minutes near the end of acidification
(Figure 3.13). In East Bear Brook, ΔCa increased to a maximum of 16 μeq/L
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Figure 3.13. ΔCa (dissolved) during acidification and recovery in all streams. Error bars
represent measurement uncertainty, ± 10% (± 5% for Lesní Potok samples, which were
analyzed in a different instrument). Fernow WS3 29 m and Lesní Potok 49 m and 69 m
sites had significant groundwater influence.
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(ca. 38% to the neutralization) by 109 minutes, and then decreased to 6 μeq/L (ca. 19% to
the neutralization) by the end of acidification. In Lesní Potok, ΔCa increased to a
maximum of 111 μeq/L (ca. 46% to the neutralization) by 390 minutes, and then
decreased to 86 μeq/L (ca. 29% to the neutralization) by the end of acidification. The
contribution of Ca was smaller in Mud Pond Inlet and Hadlock Brook. In Mud Pond
Inlet, ΔCa was trivial (< 2 μeq/L). In Hadlock Brook, maximum ΔCa of only 6 μeq/L
(ca. 11% of the neutralization) ocurred by 254 minutes, near the end of acidification.
During recovery in four of the streams, ΔCa was negative because Ca adsorbed to
streambed sediments. Ca remained elevated during recovery in Fernow WS3, probably
because the discharge was low, retarding the stream’s recovery.
In each stream, ΔCa and ΔMg correlated significantly throughout acidification
and recovery. Proportions of Ca and Mg released from stream substrates varied among
the streams because of the differing inputs from their catchments’ soils. Their
catchments’ soils vary in terms of cation exchange capacity, base saturation, and
proportions of base cations on the exchange sites, and these differences are reflected in
the stream substrate chemistry. Average ΔCa:ΔMg during acidification ranged from 1.4
to 4.5, and was greater than ambient Ca:Mg (1.2 to 2.4) in each stream, indicating that
not only was Ca more abundant, but it desorbed in greater proportion than Mg, possibly
due to weaker bond strength between Ca and sediments because of Ca atoms’ larger radii.
The role of Al in ion exchange is more complicated than that of the base cations.
Inorganic ionic Al (Ali) was calculated as the difference between total dissolved (i.e.,
filtered) Al (Ald) and the portion of Ald that is dissolved, uncharged, organically bound
Al complexes (Alo) that do not contribute to neutralization. The exception was in Lesní
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Potok samples, where measured Alo represented unfiltered, organically-bound Al, and Ali
was calculated as the difference between that and total (i.e., unfiltered) Al (Alt). The
concentrations of Ali mobilized in response to acidification (μeq/L) were calculated based
on pH-dependent speciation of Ali among the four major dissolved species of Ali (Al3+,
Al(OH)2+, Al(OH)2+, and Al(OH)4-), using thermodynamic constants from Faure (1991).
ΔAli during acidification can result from either dissolution of solid Al phases on the
stream substrate, desorption from the sediment in exchange for H+, or both.
Ali release comprised a large proportion of the neutralization in East Bear Brook
and Lesní Potok (Figures 3.9, 3.10). In East Bear Brook, ΔAli increased to a maximum
of 13 μeq/L (contributing ca. 46% to the neutralization) by 1444 minutes, and continued
contributing at that level until the end of acidification (Figure 3.14). In Lesní Potok, ΔAli
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Figure 3.14. ΔAli (dissolved) during acidification and recovery in all streams. Ali was
calculated as the difference between Ald and Alo (both filtered), except for Lesní Potok
samples where Ali was calculated as the difference between unfiltered, organically-bound
Al and total (i.e., unfiltered) Al. Error bars represent measurement uncertainty, ± 10% (±
5% for Lesní Potok samples, which were analyzed in a different instrument). Fernow
WS3 29 m and Lesní Potok 49 m and 69 m sites had significant groundwater influence.
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increased to a maximum of 74 μeq/L (ca. 25% to the neutralization) by the end of
acidification. It was less important proportionally in Fernow WS3 and Hadlock Brook.
In Fernow WS3, ΔAli increased to a maximum of 40 μeq/L (ca. 15% to the
neutralization) by the end of acidification. In Hadlock Brook, ΔAli increased to a
maximum of 3 μeq/L (ca. 5% to the neutralization) by the end of acidification. In Mud
Pond Inlet, ΔAli increased to a maximum of 6 μeq/L (ca. 16% to the neutralization) by
the end of acidification. During recovery, Ali concentration decreased but was still
higher than background levels in Fernow WS3, East Bear Brook, Hadlock Brook, and
Lesní Potok. Low concentrations of Ali (ΔAli <1 μeq/L) adsorbed to sediments or
precipitated during later stages of recovery in Mud Pond Inlet and Hadlock Brook.
Relative availability of Ca and Ali depends partly on base saturation and
proportions of base cations on the exchange sites. If base saturation of streambed
sediments is high and exchange sites are dominated by Ca, ΔCa > ΔAli during early
stages of stream acidification simply because of higher availability until Ca becomes
depleted. If both Ca and Al occupy sediment exchange sites or if sediment base
saturation is low and exchange sites are dominated by H+ and Al, ΔCa > ΔAli in the water
can only result from preferential desorption of Ca. This would likely be due to lower
average bond strength of the Ca-sediment bonds. This continues until the reservoir of Ca
becomes depleted to the point at which desorption of Al is more energetically favorable
than desorption of the remaining more recalcitrant Ca.
Each experimental stream had a characteristic ΔAli:ΔCa that reflected the ion
selectivity and secondary mineral phases of the streambed sediments, and by extension,
the catchment soils from which they are derived. ΔAli:ΔCa compared among streams
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was: Fernow WS3 < East Bear Brook ≈ Hadlock Brook ≈ Lesní Potok < Mud Pond Inlet.
The magnitude and range of pH change also affects the ΔAli:ΔCa ratio. Lower pH will
tend to increase the solubility of Al, increasing the ratio. Ambient pH among streams just
prior to acidification was: Hadlock Brook > Fernow WS3 ≈ East Bear Brook ≈ Lesní
Potok > Mud Pond Inlet.
Mud Pond Inlet had the highest ΔAli:ΔCa, probably because it was the most
acidic stream due to high DOC as well as acidification from acidic precipitation (Norton
et al., 1992). There, and in three other streams, the ΔAli:ΔCa ratio (μeq/L) increased as
the streams were acidified: in Mud Pond Inlet (from 4.5 to 10.0 after 50 minutes of
acidification at the 34 m sampling site), East Bear Brook (from 0.3 to 2.0 by the end of
acidification at 16 m), Lesní Potok (from 0.1 to 0.9 by the end of acidification at 19 m),
and Hadlock Brook (from 0.3 to 0.4 by the end of acidification at 38 m). Concentrations
of Ca in the water decreased over time relative to Al in the later stages of stream
acidification as the more labile fractions of the exchangeable Ca reservoir were depleted.
However, Ca did not decline to background levels during acidification, indicating that the
acidification did not completely deplete the pools of exchangeable Ca on the streambed
sediments. Rather, as the reservoirs of exchangeable Ca declined, more Ali was desorbed
or dissolved.
Fernow WS3 had the lowest ΔAli:ΔCa, despite having a relatively low pH, and
during acidification the ΔAli:ΔCa ratio at 24 m did not increase from ambient conditions
(0.3). The persistently low ΔAli:ΔCa in the stream reflected the catchment soils’
selectivity for Ca, providing a larger reservoir of Ca to the stream than in the other
catchments.
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In East Bear Brook and Lesní Potok, ΔAli:ΔCa differed during acidification and
post-acidification recovery at equivalent pH values in each stream. In East Bear Brook,
at pH 4.97 during acidification (49 minutes), concentrations of both Ca and Ali were
elevated relative to background levels in the water column, with Ca > Ali. During
recovery when pH was 4.99 (1579 minutes), Al was still elevated, while Ca was lower
than background levels due to adsorption to the sediment. In Lesní Potok, the same
pattern occurred. At pH 4.74 during acidification (240 minutes), concentrations of both
Ca and Ali were elevated, with Ca > Ali. After the end of experimental acidification,
when pH was 4.70 (600 minutes), the concentration of dissolved Al was still elevated
(though decreasing), while Ca was adsorbing to the sediment. The hysteresis in Al and
Ca behavior suggests differences in the kinetics of adsorption and desorption of these
cations.

Dissolution of solid phases of Al
As pH decreases below ca. 5.5, Al(OH)3 solubility increases, and Al dissolution
contributes to acid neutralization. Concentrations of particulate Al (Alp), calculated as
the difference between unfiltered total Al and dissolved Al (Alt-Ald), did not decrease
during acidification in any of the streams, indicating that suspended solid Al phase
dissolution did not contribute significantly to neutralization. However, solid Al phases
on the streambed may have dissolved to contribute to elevated Al.
Mineral saturation indices (SI) were calculated for common Al minerals in
MINEQL+ (Schecher and McAvoy, 1992), with ‘dissolved’ Al defined as Al < 0.45 μm.
All streams were saturated with respect to the crystalline Al phases gibbsite (Al(OH)3)
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and kaolinite (Al2Si2O5(OH)4). As pH dropped during acidification, Al solubility
increased, so dissolution of those phases could occur. As dissolution is kinetically slower
than cation exchange, the rapid increases in dissolved Al concentrations in the
experimentally acidified water were likely primarily from cation exchange with the
stream substrate, and only partly (or not at all) from solid phase dissolution.

Adsorption of SO42Acid neutralization occurs by adsorption of SO42- to the streambed sediments as
H+ is adsorbed from the water column. In Fernow WS3, concentrations of 9 to 15 μeq/L
SO42- adsorbed during acidification, and 8 to 10 μeq/L desorbed during recovery (Figure
3.8). In East Bear Brook, concentrations of 1 to 2 μeq/L SO42- adsorbed throughout
acidification, and the same concentration desorbed during recovery (Figure 3.9). In Lesní
Potok, SO42- initially desorbed (3 to 20 μeq/L) during initial stages of acidification, and
adsorbed with ΔSO42- ranging from -3 to -98 μeq/L during the later stages of acidification
(Figure 3.10). With the exception of the sample taken at 600 minutes, SO42- continued to
adsorb during recovery, with ΔSO42- from -5 to -71 μeq/L. Desorption likely continued
during the slow pH recovery because pH was similar (4.39 to 4.89) during the recovery
period (480 to 660 minutes) to pH (4.99 to 4.45) during the later stages of the
acidification period (120 to 480 minutes).
In Mud Pond Inlet and Hadlock Brook, SO42- adsorption was undetectable. These
streams had similar levels of ambient SO42- (ca. 70 μeq/L in Mud Pond Inlet and ca. 80
μeq/L in Hadlock Brook) to East Bear Brook (ca. 85 μeq/L) where adsorption did occur.
Additionally, the pH range in Mud Pond Inlet was favorable for SO42- adsorption, which
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increases with decreasing pH (to a peak around pH 4) (Nodvin et al., 1988) as the net
positive charge on the metal hydroxide surfaces increases and competition with OH- for
surface sites decreases. The absence of significant SO42- adsorption in Mud Pond Inlet
and Hadlock Brook was perhaps because of low anion adsorption capacity of the
streambed.

Effects of neutralization on Al: “The Al chromatographic effect”
Experimental acidification mobilized Ca and Al in all streams. In all streams, Ca
remained elevated above background levels at all sites downstream of acid addition
(Figure 3.13). In Mud Pond, East Bear Brook, and Hadlock Brook, ΔCa increased with
distance downstream from the acid addition as Ca accumulated in the water column. In
Fernow WS3 and Lesní Potok, any Ca accumulation occurring due to acidification as the
water column moved downstream was masked by the influence of significant
groundwater influx of base cations at downstream sites.
In all streams, Ali remained elevated above background levels at all sites
downstream of acid addition (Figure 3.14). Mud Pond Inlet and Hadlock Brook had
maximum ΔAli of 6 μeq/L and 2 μeq/L respectively during acidification, the lowest ΔAli
of the experimental streams. Ali there increased in the water column downstream in the
same manner as Ca, rather than precipitating or adsorbing to the streambed. Relatively
low increases in Ali and the continued depression of pH maintained a state of
undersaturation of Al with respect to solid phases. Al was not adsorbed to the streambed
either, likely due to the short residence time of the water.
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Fernow WS3, East Bear Brook, and Lesní Potok had higher maximum ΔAli
during acidification, 40 μeq/L, 13 μeq/L, and 74μeq/L respectively. In these three
streams, ΔAli decreased substantially from the maximum downstream, as pH increased.
This is a chromatographic effect, whereby mobilized Al is carried downstream, but some
proportion is retarded by either adsorption or precipitation as pH rises due to release of
Ca and other neutralizing mechanisms. The strongest evidence for the chromatographic
effect was in East Bear Brook, which had no substantial groundwater influences to affect
solute concentrations downstream.
Mineral saturation indices (SI) for common Al minerals, calculated in MINEQL+
(Schecher and McAvoy, 1992), with ‘dissolved’ Al defined as Al < 0.45 μm, indicated
that all streams were saturated with respect to the crystalline phases gibbsite (Al(OH)3)
and kaolinite (Al2Si2O5(OH)4). However, the short residence time of water in the streams
would not allow for precipitation of those crystalline phases. All streams were
undersaturated (SI < 0) with respect to amorphous Al(OH)3. Mud Pond Inlet, Fernow
WS3, and Hadlock Brook were undersaturated with respect to alunite
(KAl3(SO4)2(OH)6). Lesní Potok was consistently saturated with respect to alunite
throughout the experimental reach, as was East Bear Brook at the sites farthest
downstream of acid addition (46 m and 94 m). However, Alp concentrations did not
increase in any stream displaying the Al chromatographic effect, so little or no
precipitation of > 0.45 μm particles of any Al phase occurred. Declines of Al in the
water column downstream were likely not attributable to precipitation, but primarily to
adsorption to streambed sediments.
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Effects of acidification on trace elements
Concentrations of some dissolved trace elements increased in the water column
during acidification. Changes were considered significant if the percentage difference
from reference concentration was greater than the standard deviation divided by the mean
(coefficient of variation, CV) for laboratory replicates.
Cd concentrations increased up to 6.17 ug/L in Fernow WS3, 0.031 ug/L in East
Bear Brook, 0.177 in Lesní Potok, and 0.009 ug/L in Hadlock Brook (Figure 3.15).
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Figure 3.15. ΔCd (dissolved) during acidification and recovery in all streams except Mud
Pond Inlet. There, ΔCd was not significant. Fernow WS3 29 m and Lesní Potok 49 m
and 69 m sites had significant groundwater influence. Some Fernow WS3 24 m samples
were omitted due to contamination.
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Trace element responses from all streams are compared in Table 3.1, and all data are
listed in Appendix A.
Table 3.1. Trace element responses to acidification. + indicates elevated concentrations
in the water column with acidification, - indicates lower concentrations with acidification
and elevated concentrations post-acidification, and a blank indicates no significant
change.
Be * P
Mud
Pond
Inlet
Fernow
WS3
East
Bear
Brook
Lesní
Potok

Cd Mn

Ba

Pb

Cr

Co

Fe

+

Cu

Ti

V As

+

+

U

Zn

-

+

+

+

+

+

+

+

+

+

+

+

-

+

+

+

+

+

+

Hadlock +
+
+
+
Brook
* measured with ICP-AES

+

+

+

+

+

+

+

+

Previous studies have documented mobilization of Be, Cd, Co, Cr, Cu, Fe, Mn,
Pb, and Zn during acidification. In all experiments in this study, acidification mobilized
Be significantly. Cd, Mn, and P were mobilized in four experiments. Ba was mobilized
in three experiments. Cr, Co, and Fe were mobilized in two experiments. Ti and V were
mobilized in one experiment. Pb was mobilized during acidification in three experiments
but decreased during acidification in one experiment. Cu concentration increased during
acidification in one experiment and decreased in another experiment. As, U, and Zn were
not mobilized during any experiments.
Which trace elements were significantly mobilized differed among the streams; at
the extremes, only one trace element was mobilized in Mud Pond Inlet, while 12 trace
elements were mobilized in Fernow WS3. Which and how many trace elements are
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mobilized due to acidification depends partly on abundance of that trace element in the
stream. Ion exchange selectivity will also affect mobilization of trace elements, because
trace metals compete with base cations and Al for exchange sites. Solubility may affect
trace element mobility also, though no relationship between ambient pH and trace metal
desorption was apparent among the experimental streams.
Trace elements may also be mobilized in conjunction with the phases to which
they are complexed or adsorbed. P can be complexed or adsorbed to Al or Fe hydroxide
phases (Amirbahman et al., 2003; Kopáček et al 2001, 2000; Ulrich and Pöthig, 2000),
and Al and P export have been linked during low pH episodes at the Bear Brook
Watershed (Roy et al., 1999). Ald was significantly elevated in all five experimental
streams during acidification. Ald and dissolved P (Pd) were significantly correlated (α =
0.02) during the acidification and post-acidification periods only in two streams. In
Hadlock Brook, the correlation had r2 = 0.69 (n = 11) (Figure 3.16).

Figure 3.16. Ald versus Pd during acidification (filled symbols) and recovery (open
symbols) at 38 m and 73 m sampling sites in Hadlock Brook. Data from the 11 m site are
not included due to sample contamination.
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This suggests that P may have been associated with solid phase Al prior to
acidification, and that dissolution or desorption of these solid Al phases from sediments
liberated P. The correlation of Ald and Pd persisted post-acidification. Ald and Pd also
correlated in Mud Pond Inlet during acidification (r2 = 0.83, n = 5, at α = 0.1). However
due to the proximity to ICP-MS detection limits, changes in Pd were not statistically
significant. Though these results imply that mobilization of Al due to short-term stream
acidification may mobilize P, the changes in P and the absolute concentrations were
small. Release of P from the streambed would not have a large influence on long-term
lake trophic status. Mobilization of P at levels significant for lake productivity would be
caused instead by high flow causing resuspension of solid phase P in sediments and
mobilization of P from soil, as found by Roy et al. (1999) and Reinhardt et al. (2004).

DOC regulation of Fe and Al
Organic acids play multiple roles during stream acidification. They can protonate
to neutralize added acid. Additionally, in acidic waters, organic acids regulate Fe and Al,
because of the affinity of Fe and Al for negatively charged organic ligands (Urban et al.,
1990). Dissolved Al and Fe partition between inorganic ionic forms (Ali, Fei) and
organically bound complexes (Alo, Feo), expressed simply as:

(Ali + Fei) + DOC ↔ (Alo + Feo).
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Alo formation has no net effect on acid neutralizing capacity, because it involves the
coupling of a negative and positive species. However it does affect the availability of Ali
and Fei for ion exchange relative to other sources of neutralization.
Acidification causes competition between Al and H+ for negatively charged sites
on dissolved organic acids, which may lead to dissociation of Alo. However, while the
concentration of Ald increased with acid addition in all streams, the concentration of Alo
did not change significantly in four of the five experimental streams. The constancy of
Alo during acidification may indicate that the kinetics of Alo dissociation are slow.
However, in Lesní Potok, the concentration of Alo decreased significantly during
acidification. Nineteen m downstream of acid addition, Alo decreased from 135 μg/L
before acidification to a minimum of 49 μg/L by the end of acidification, and increased
during recovery to 78 μg/L, still lower than background level (147 μg/L). In this stream,
some organic Al complexes may have dissociated during acidification to provide Ali.
The extent to which dissolved Al binds with organic acids depends on pH,
concentration of dissolved Al and Fe (Ald, Fed), concentrations of competing ligands, and
concentration and quality of DOC, all of which may change during acidification. The
(Alo+Feo):DOC ratio is plotted versus pH in Figure 3.17.
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Figure 3.17. pH versus (Alo+Feo):DOC (moles/moles). DOC was measured directly for
Mud Pond Inlet and Hadlock Brook. DOC concentrations were interpolated for Fernow
WS3 and East Bear Brook from their three measured samples. Lesní Potok data are not
included because of incompatible sample measurements.

Data from Mud Pond Inlet, Fernow WS3, and Hadlock Brook support a proposed
saturation limit of 0.015 for organic bonds of Al and Fe with DOC (Kopáček et al.,
2006). The East Bear Brook data are primarily above the proposed saturation limit, as
are two outliers from Fernow WS3. However, that Alo did not increase during
acidification in these streams, despite the increases in Ald concentration, suggests that
organic acids were saturated with Al prior to the acidification.
A means separation test (Tukey’s test, α=0.05) was performed using SAS®
statistical software on the (Alo+Feo):DOC ratio in water samples from four different
streams throughout the acidification and recovery. The ratios in Fernow WS3 (mean
0.0077) and East Bear Brook (mean 0.0179) were significantly different from each other
and from the other streams. Mud Pond Inlet and Hadlock Brook ratios (means 0.0139
and 0.0116, respectively) were not significantly different from each other, but were each
different from both Fernow WS3 and East Bear Brook. Kopáček et al. (2006) suggested
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that the (Alo+Feo):DOC ratio in lakes is higher at lower pH, possibly due to the increased
solubility of Al and Fe leading to higher Ald and Fed available to bind with organic acids.
However, the low pH Mud Pond Inlet and the high pH Hadlock Brook had similar ratios.
These data do not indicate pH dependence or Al and Fe availability as the primary
or only drivers in the ability of DOC to bind Al and Fe; rather they suggest that
differences in Alo and Feo complex formation among streams were largely attributable to
DOC quality. Vegetation type and season varied among the catchments in this study:
Fernow WS3 and East Bear Brook are in hardwood-dominated catchments and were
sampled during summer. The two streams with similar (Alo+Feo):DOC ratios, Mud Pond
Inlet and Hadlock Brook, are both in mixed softwood/hardwood catchments and were
both sampled in October. Additionally, the proportion of wetlands in a catchment may
affect the Al:DOC ratios and proportions of Ali versus Alo, as found by Cory et al.
(2006). Catchment land and vegetation types and seasonal variation in biological
processes may drive DOC quality, and thus influence Alo and Feo formation.

Streambed sediments
Streambed sediment samples (< 2 mm) from Mud Pond Inlet, Fernow WS3, East
Bear Brook, and Hadlock Brook were analyzed by sequential extraction for Al, Fe, and P
to examine the availability and speciation of these ions. Due to heterogeneity of the
streambeds, the percentage of streambed sediment that was < 2 mm is unknown. Because
sample size was = 1, interpretation of these sediment data is speculative.
Sequential extractions of the sediment yielded total concentrations of Al > Fe > P,
reflecting their relative availability for mobilization during acidification (Figure 3.18).
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Figure 3.18. Results of stream sediment sequential extractions for Al, Fe, and P. No
sediment extraction data exist for Lesní Potok.
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Virtually no Fe, Al, or P was released from the ‘ion exchangeable’ fraction (1st
extraction), except for a relatively larger amount of Fe from Fernow WS3 sediment. In
all sediment samples, Fe was primarily in the ‘reducible metals’ (2nd extraction) and
‘crystalline’ (4th extraction) fractions, with very little in the ‘residual’ (5th extraction)
fraction. In all sediment samples, Al was released almost entirely from the last three
extractions, mostly from the ‘organic’ (3rd) and 5th extractions. While Al was more
abundant in absolute terms, it was relatively more recalcitrant than Fe in that a larger
proportion of Al resided in phases liberated by later extractions.
The relative lack of Al release from the ‘ion exchangeable’ fraction of the
sequential extractions (< 0.09 μg/g dry sediment in all samples) appears to suggest a low
capacity of the sediments to supply Al through ion exchange. However, due to the
uncertainty involved in estimating the mass of sediment and surface area available for
exchange in the stream substrates, streambed exchange capacity cannot be directly
extrapolated from laboratory sediment extractions. Additionally, the operationally
defined ‘ion exchangeable’ fraction of Al is extracted from the sediment with NH4Cl at
pH 7.0, while water in contact with sediments during the stream acidification experiments
was in the range of pH 6.2 to 3.8. The lower in situ pH might lead to higher rates of ion
exchange from the sediments than the pH 7.0 laboratory extractions. I conjecture that Al
mobilization from streambed sediments due to stream acidification experiments was
likely from a combination of Al dissolution and ion exchange, but that the proportion
from each mechanism is undetermined.
More than 90% of the extractable P was in the last three extractions, with the
majority of that in the 4th. P was released primarily from the extractions that released Al,

77

suggesting a stronger association of P with Al than with Fe. The one exception was
Fernow WS3 sediment where the majority was in the 3rd extraction, suggesting that P
may have been associated with both Al and Fe in that fraction.
The total concentrations of Al, Fe, and P released by sequential extraction were
lowest for Mud Pond Inlet and highest for Fernow WS3. Though the sediments from all
streams were sieved to < 2 mm, the average grain size of Fernow WS3 sediments was
smaller than that of the other streams. Because of the larger surface area/gram available
on smaller particles, these sediments should have more exchange capacity per g, and thus
release more in the ‘ion exchangeable’ extraction. However, the contribution of that
extraction to the total was low. Differences in total concentrations released by sequential
extraction are likely primarily due to differences in catchment soil mineralogy.
Lake sediment cores were analyzed with the same sequential extraction
procedures for lakes fed by Mud Pond Inlet (Mud Pond) and by Hadlock Brook (Upper
Hadlock Pond) (T. Wilson, personal communication) (Table 3.2).

Table 3.2. Comparisons of total Al, Fe, and P (μmol/g dry sediment) extracted from
stream sediments and lake sediments from Mud Pond Inlet and Mud Pond and Upper
Hadlock Stream and Pond
stream
lake core
stream
lake core
sediment,
sediment,
Total
sediment * normalized sediment ** normalized to
Site
extracted
(μmol/g) to P (μmol/g) (μmol/g)
P (μmol/g)
Al
52
10
635
15
Mud
Fe
21
4
34
1
P
5
1
41
1
Al
162
27
1182
26
Upper
Fe
36
6
183
4
Hadlock
P
6
1
45
1
* averaged value from 3 subsamples
** numerically averaged over depth of core (Mud Pond 36.5 cm core, n=24; Upper
Hadlock Pond 51 cm core, n=21)
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The total Al:total Fe ratio was slightly different in the stream sediments from Mud
Pond Inlet (2.5:1) and Hadlock Brook (5:1). If this difference is significant, it may reflect
a combination of factors. The primary mineral phases that come from catchment soils
and are deposited as streambed sediments may differ in their Al and Fe abundances.
Hadlock Brook water contained little Fe (< 5 μg/L) compared to Mud Pond Inlet (ca. 7595 μg/L), so Hadlock Brook was more likely to have a higher Al:Fe ratio in secondary
phases if they precipitate onto streambed sediments.
The lake sediments had on average two to 12 times higher concentration of
extractable Al, Fe, and P than the stream sediments. The lake sediments are enriched by
influxes of these metals from colloids that eventually settle out of the water column,
while the suspended colloids in the streams are not included in the stream sediment
samples. Alp, particulate Fe (Fep), and Pp in the streams, defined as the difference
between the unfiltered total and dissolved fractions of those ions, was low (<< 10% of the
total) in most cases. Episodic high discharge can entrain and transport larger amounts of
metals in particulate form into lakes. During normal discharge, the majority of the Al
and Fe in these streams is dissolved and can precipitate or adsorb to lake sediments.
Hence, the enrichment of these elements in lake sediment cores relative to streambed
sediments is due to a combination of factors: colloidal solutes settling from the water
column in the lakes, precipitation of solutes in the lakes, and adsorption due to larger
surface area/g sediment in the lake sediments.
In sediments from Hadlock Brook, the Al:Fe:P ratio was similar to Upper
Hadlock Pond lake sediment. However, at Mud Pond, Al:Fe (normalized to P) increased
from 2.5:1 in stream sediment to 15:1 in lake sediment. This suggests that as sediment
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travels from Mud Pond Inlet to Mud Pond, the sediment becomes selectively enriched in
Al relative to Fe. One possible mechanism for Al enrichment may be precipitation of
dissolved ionic Al as Al(OH)3 upon reaching higher pH lake waters. Alo complexes from
streams can dissociate due to reactions with ultraviolet (UV) radiation in lakes, yielding
increased concentrations of Ali in the water column that may then precipitate as Al(OH)3
and settle into the lake sediment (Kopáček et al., 2006). Dissolved ionic Fe can also
precipitate upon reaching the lake water, but subsequent hypolimnetic redox processes
can bring Fe that has settled into lake sediments back into the water column. Al is not
redox sensitive, so it is not re-mobilized due to redox conditions. Regardless of the redox
processes occurring during summer hypolimnetic anoxia, Ald >> Fed in the stream water,
so precipitation will enrich lake sediment with Al relative to Fe.

Comparisons with previous acidification experiments
Mud Pond Inlet
We acidified a 59 m long reach of Mud Pond Inlet for this study. Norton et al.
(1992) acidified 125 m of the same stream in approximately the same location in 1986
(Table 3.4).

Table 3.3. Comparison of the two Mud Pond Inlet acidification experiments
Date of experiment
Length of reach (m)

October 11, 2005
59

August 29, 1986
125

HCl
0.55
110
60
4.4 to 3.8
(this study)

H2SO4
unknown
1320
<< 60 *
4.5 to 4.1
Norton et al., 1992

Type of acid added
Rate of acid addition (mol/min)
Duration of acid addition (min)
Approximate flow (L/s)
Maximum pH depression
Reference
* S. Norton, personal communication
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The 2005 experiment was conducted under much higher discharge conditions, and
depressed the pH more than the 1986 experiment did. In both cases, the stream
responded similarly. DOC concentration was high (7-8 mg/L in 1986, 9-10 mg/L in
2005), and did not change significantly due to acidification. Al was mobilized during
acidification and adsorbed during recovery, but all changes were in Ali, not in Alo. Ca
was also mobilized during acidification and adsorbed during recovery.
The 1986 experiment led to a rapid release and then decline of excess Ca as the
exchangeable pool became depleted. ΔCa was approximately twice as high as ΔAl,
whereas in the 2005 experiment, ΔAl was four to five times higher than ΔCa. The 1986
experiment had a maximum ΔAl of 250 μg/L, while in 2005, the maximum ΔAl was 43
μg/L. The lower overall concentrations of exchangeable cations mobilized in the 2005
experiment can be attributed to dilution from extremely high discharge. The higher
ΔAl:ΔCa in 2005 resulted from depletion of exchangeable Ca during the antecedent
storm event. The chromatographic effect of Al concentration decreasing in the water
column downstream was suggested in 1986, but was not evident in 2005 because of the
relatively lower concentrations of Al mobilized. Recovery of Al and Ca at 20 m from the
acid addition site was evident within 120 minutes in 1986, while it was evident within 15
minutes in 2005. The stream recovered more quickly in 2005 due to the higher discharge
rate.

Lesní Potok
We acidified the same 70 m long reach of Lesní Potok in 2005 as was acidified in
an experiment in 2001 (Navrátil et al., 2003) (Table 3.5).
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Table 3.4. Comparison of the two Lesní Potok acidification experiments
Date of experiment
Length of reach (m)
Type of acid added
Rate of acid addition (mol/min)
Duration of acid addition (min)
Flow (L/s)
Maximum pH depression
Reference

August 11, 2005
70
HCl
0.02
480
0.45 to 0.23
5.5 to 4.4
(this study)

May 11, 2001
70
HCl
0.09
240
2.73 to 2.43
4.8 to 3.2
Navrátil et al., 2003

Samples were obtained less frequently during the 2001 experiment. The stream
had not undergone major chemical changes between the 2001 and 2005 experiments (T.
Navrátil, personal communication). The 2001 experiment was conducted during higher
stream discharge and pH was depressed to lower values.
The stream responded similarly to both experiments. Each experiment produced a
similar total Δ(+ ions) contributing to neutralization at any time, despite the differences in
acid addition rate and discharge. Mobilization of Ca and Al from the streambed
dominated neutralization; mobilization of base cations was Ca > Mg > Na > K. During
acidification ΔCa was two to four times higher than ΔAl. As the reservoir of Ca became
depleted, Al contributed proportionally more to the process of neutralization. Ca
adsorbed to the streambed during recovery, but Al did not.
Sulfate adsorption to sediments due to acidification was measured during the
2005 experiment but not during the 2001 experiment, when SO42- concentration in the
water was higher. In 2001, the initial pH of the stream was 4.8, a range where SO42adsorption to solid phases such as Fe(OH)3(s) is close to maximum (ca. 90%) (Dzombak
and Morel, 1990), so the additional pH depression caused by acidification could not
cause much additional adsorption (from 90% to 100%). However, at the 2005 initial pH
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of 5.5 the SO42- adsorption capacity was likely higher, so the pH depression caused by the
experiment had the potential to substantially increase the SO42- adsorption.
The chromatographic effect causing decreased Al concentration downstream was
evident in 2005 but not in 2001. The 2005 experiment had significant pH differences
between the upstream and downstream sampling sites during acidification (4.4 to 5.2 and
4.3 to 5.1, for example). Adsorption of Al occurred downstream where pH was higher.
During the 2001 acidification, water moving from upstream to downstream sampling
sites declined in pH (from 3.3 to 3.7, or 3.2 to 3.6, for example) that would decrease
solubility. However, at those low pH values, Al solubility is very high. The water was
well undersaturated with respect to common solid phases of Al, so Al likely neither
precipitated nor adsorbed substantially at downstream sites.

Acidification experiments as microcosms of catchment acidification
Norton et al. (2004) and Fernandez et al. (2003) proposed a conceptual model of
the evolution of catchment acidification based on patterns that occur over decades in the
soil and soil waters of acidified catchments. In their model, Ca contributes proportionally
more to neutralization in soil water than Al during early stages of acidification. The
ΔAl:ΔCa ratio first decreases and then increases as the exchangeable Ca supply
diminishes and Al becomes more important. Acidification responses are analogous in
streams. Because of the smaller volume of sediment surfaces in a stream relative to in
the soils of a catchment, the surface exchange sites available for neutralization are
occupied more quickly in streams. Thus, the stream acidification experiments in this
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study should induce similar patterns to those observed and modeled on the catchment
scale, but within a much shorter time span.
Under experimental acidification, the ΔAli:ΔCa ratio in a stream’s response can
indicate the position of the catchment in terms of neutralization mechanism evolution.
Exchangeable cations on streambed sediments come from catchment soils, so their
stoichiometry can indicate the evolution of the soils. A non-acidified catchment or one in
early stages of acidification will provide proportionally more Ca than Al to the exchange
sites on soils, and thus on the stream sediments. Catchments in later stages of
acidification will have stream sediments more depleted in Ca, and provide proportionally
more Al than Ca until the Ca contribution becomes negligible with respect to Al.
ΔAli:ΔCa compared among streams was: Fernow WS3 < East Bear Brook ≈
Hadlock Brook ≈ Lesní Potok < Mud Pond Inlet. In the Mud Pond Inlet catchment, the
stream acidification experiment yielded ΔAli >ΔCa because the catchment soils are
relatively depleted in Ca. The Ca depletion is likely because Mud Pond Inlet catchment
soils are relatively acidic due to high DOC as well as historic acidification from acidic
precipitation (Norton et al., 1992).
The East Bear Brook stream acidification produced cation mobilization where Ca
> Ali, but where the ΔAli:ΔCa increased during acidification. This response suggests that
the East Bear catchment is relatively early in the acidification process, where soil water is
experiencing decreases in base cation export and increases in Ali, but not to the point of
Ali > Ca (Norton et al., 2003). This is in contrast to East Bear’s artificially acidified
paired catchment, West Bear. There, over time, Ca has been depleted and Al now
dominates. If a stream acidification experiment were conducted in West Bear Brook, the
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response would likely be dominated by Al from the beginning. I suggest that Hadlock
Brook and Lesní Potok catchments are both at early to intermediate stages of
acidification, like East Bear Brook, because of their similar ΔAli:ΔCa ratios.
The Fernow WS3 stream response produced Ca > Ali, and ΔAli:ΔCa did not
change during acidification. Low ΔAli:ΔCa according to the conceptual model of
catchment evolution might indicate a very early stage of acidification or no acidification.
However, the low ratio is not attributable to a lack of historical acidification, because the
entire Fernow WS3 catchment has been artificially acidified since 1989 (Kochenderfer,
2006). The persistence of Ca as the more important neutralization mechanism may be
due to the large reservoir of exchangeable Ca in the WS3 catchment soils, where
pretreatment levels of exchangeable Ca were 4.79 meq/100 g soil, in contrast to only 1.39
meq/100 g soil for Al in the mineral horizon (Adams et al., 2006). Though stream
chemistry changes since 1989 indicate increased base cation mobility, exchangeable Ca
in soils has not decreased significantly due to treatment (Edwards et al., 2006), so the
soils still provide a large reservoir of Ca to the streambed. Thus, Fernow WS3 is still in a
relatively early stage of acidification response despite being artificially acidified since
1989.
Using the ion exchange stoichiometry of a stream acidification experiment to
speculate on the acidification status of a catchment does entail caveats. The response of
Mud Pond Inlet suggested that the catchment has acidified considerably. The 2005
stream acidification experiment was conducted at a time when antecedent storm
conditions had likely stripped much of the exchangeable base cations from the streambed.
Though cation exchange sites are likely to be replenished rapidly following storm-
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induced flushing, it is possible that the sustained high discharge prevented full
replenishment of streambed exchange capacity. An acidification experiment conducted
during a normal flow regime would provide a more accurate idea of which exchangeable
cations dominate. From a qualitative comparison, Fernow WS3 experimental reach
sediments had a smaller average grain size than sediments from other streams. If the
streambed sediments had a higher average surface area/gram available for exchange, this
might enhance the size of the exchangeable Ca reservoir, leading to an inaccurate
reflection of the degree of Ca-depletion in the catchment soils.

Scaling up the stream response to the catchment scale
The experimental streams, with the exception of Mud Pond Inlet, neutralized
much of the added acid in the experimental reach. Stream acidification experiments
replicate some of the processes that occur when acidic precipitation falls on a catchment,
interacts with soil, and enters the stream. However, the experiments do not account for
the effects of the full stream length and the catchment size.
The acid neutralization capacity of the five experimental streams can be compared
in a theoretical scenario with the following assumptions: 1) one cm of precipitation is
deposited over the entire catchment area, 2) the entire volume of precipitation runs off
directly into the stream and is not subject to any chemical interactions with the soil before
reaching the stream, and 3) that volume of precipitation receives the acid neutralization
capacity generated during the acidification experiment. Assumptions 2 and 3, while not
realistic, allow for a conceptual comparison of stream responses.
The volume of water running off of the catchment (VH20) is:
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VH20 (L) = A (m2) * P (m) * (103 L/m3)

where A is catchment area and P represents the one cm of precipitation.
To calculate the magnitude of acid neutralizing capacity generated in the stream,
total masses of solutes exported from a portion of the experimental reach (the first 11 to
24 m downstream of acid addition) as a result of acidification (Msol(l)) were calculated by
integration of sample concentrations over the time period of acidification:

Msol(l) (μeq) = Σ t=0Æt=x {ΔC (μeq/L)* Q (L/s)* t (s)}

where changes in solute concentrations due to acidification are represented as ΔC,
discharge is Q, and time is t.
Masses of solute exported from the experimental reach due to experimental
acidification (Msol(l)) were scaled up to the full length of the stream (Msol(L)). Full stream
lengths and average widths are approximated. This calculation assumes that the entire
stream would be subjected to the same magnitude of acidification and would respond
similarly to acidification:

Msol(L) (μeq) = Msol(l) (μeq) * (aL (m2)/al (m2))

where al represents the surface area of the experimental reach and aL represents the
surface area of the full length of the stream.
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The concentration of solute that could be exported from the stream as a result of
the theoretical one cm of precipitation on the catchment (ΔC) is thus:

ΔC (μeq/L) = Msol(L) (μeq)/VH20 (L).

ΔC from the streambed is reported for H, Ca, Ali, Mg, and Na in (Table 3.6).

Table 3.5. Calculated maximum export concentrations from streams under theoretical
condition of one cm of rain neutralized entirely in the stream. Highlighted values are ΔC
that are > concentrations of solute measured during acidification experiments (Msol(l)/L).
Approx. Approx.
full
average
Catchment length of stream
Flow Drainage stream
width Δ μeq Δ μeq Δ μeq Δ μeq Δ μeq
(L/s) area (km2)
H/L
Ca/L Ali/L Mg/L Na/L
(m)
(m)

Site
Mud
ca. 60
Pond
Inlet
Fernow 0.7 to
0.4
WS3
East
5 to 3
Bear
Brook
Lesní 0.45 to
0.23
Potok
Hadlock
ca. 40
Brook

0.25

1000

1

261.96

1.68

20.49

-0.36

27.89

0.343

250

0.5

4.32

7.75

2.49

4.56

0.12

0.107

250

0.5

30.54

22.14

30.82

4.49

13.82

0.765

1000

0.5

0.46

2.57

23.10

0.60

0.15

1

2000

1

193.11 16.65

20.41

1.25

41.98

The predicted one-time responses of Mud Pond Inlet, East Bear Brook, and Hadlock
Brook are of greater magnitude than the responses resulting from the acidification
experiments in those streams. This is an unlikely scenario, because the capacity of the
streams to neutralize any additional acidity would be close to zero except for trivial
contributions from chemical weathering. The concentration of solutes exported from the
streams due to ion exchange would be inversely proportional to the area of the catchment,
with streams in larger catchments producing lower concentrations due to dilution. The
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exception is the large response from Hadlock Brook, which occurs because the area of its
streambed is greater than the others.
Even though the stream acidification experiments in Mud Pond Inlet and Hadlock
Brook yielded relatively low exports of base cations, each would have a relatively large
cation exchange response to the catchment-scale runoff scenario. This is due to either
relatively small catchment size that concentrates solutes (Mud Pond Inlet) or relatively
long stream length that provides high surface area for exchange (Hadlock Brook).
Streambed capacity to neutralize acidity will depend directly on the exchange capacity of
the streambed material, be inversely proportional to the size of the catchment, and
proportional to the area of the streambed.

Lessons learned: sampling and measurement
The six-container sampling procedure used for this study provided a
comprehensive view of the streams’ chemistry because containers and sampling protocol
were designed specifically to preserve each type of analyte. However, the shortcoming
of this procedure is the length of time required to obtain one ‘time-based sample’ that
consists of six different containers. Chemistry can change substantially in an acidifying
or recovering stream during the 10 to 15 minutes required to collect a sample suite,
resulting in erroneous charge balances and imperfect understanding of neutralization. To
improve the accuracy of the estimation of neutralization (ΔCl- compared with ΔH+), the
anions bottle and pH syringe should be filled simultaneously.
Comparisons among the results of the four experiments in the U.S. and the one in
the Czech Republic indicate that standardization is crucial for useful comparison of
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results. Differences in sampling protocols led to fundamentally different definitions of
what constitutes Alo and Ali. The cation measurement instruments were not calibrated
the same way. The difference between the two instruments was not consistent, therefore
the data were uncorrectable. To compare data from future experiments with confidence,
samples should be analyzed in the same laboratory. If it is necessary to analyze samples
with short holding times at different laboratories, inter-laboratory comparison should be
performed in advance to verify comparability.

Areas for future study
Findings in this study suggest several directions that should be explored. The
relationship of organic acids to Al and Fe mobility should be better understood. DOC
quality must be examined to characterize the types of sites that are most favorable for Alo
and Feo formation and to better constrain the limits of saturation of DOC. Influences of
vegetation type and seasonal biological processes on DOC quality should be examined to
evaluate the significance of the (Alo+Feo):DOC ratio.
This study focused on stream water chemistry, with only one stream sediment
sample from each stream analyzed for extractable cations. When connecting the
experimentally-induced increases in solutes in the water to desorption and dissolution
from streambed sediment material, heterogeneity of the streambeds must be considered.
The streambed’s exchange capacity cannot be generalized from one sample.
Additionally, in some cases much of the streambed exchange capacity may come from
organic material; future streambed sediment analyses should include loss-on-ignition for
organic carbon.
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Differences exist in the stoichiometry of Al, Fe, and P between streambed and
lake sediments in some cases. Linking stream sediment with lake sediment requires
additional understanding of processes affecting Al, Fe, and P transport to lakes, including
seasonal redox and pH conditions in streams, transient seasonal differences in stream
chemistry, redox and pH variability among lakes, and the effects of in-lake UV radiation
on Alo and Feo.
The comparison of the acidification status of the East Bear Brook catchment
based on soil characteristics and the acid neutralization mechanisms that occurred during
the experimental acidification of that stream indicates that a stream acidification
experiment can be used as an indicator of the acidification status of the catchment. This
connection will be more robust if more studies are conducted to link stream acidification
experiments with systematic analysis of catchment soils.

Summary
Neutralization
Several sediment-water and aqueous processes contributed to measurable
neutralization of acid in the five experimental streams. Protonation of bicarbonate,
protonation of organic acids, cation exchange of H+ from the water column for cations
adsorbed to the stream substrate, dissolution of solid Al phases, and adsorption of sulfate
to the stream substrate provided the acid neutralization. Protonation of bicarbonate only
contributed significantly in the relatively high pH Hadlock Brook where a substantial
proportion of the DIC existed as bicarbonate. Protonation of weak organic acids was
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predicted to be significant in the streams with relatively high DOC, Mud Pond Inlet and
Lesní Potok.
Neutralization from ion exchange of base cations and Al and dissolution of Al
solid phases were the primary neutralization mechanisms in Mud Pond Inlet, Fernow
WS3, East Bear Brook, and Lesní Potok. In Hadlock Brook, bicarbonate protonation
dominated neutralization likely because low surface area and little organic matter in the
stream substrate provided relatively low ion exchange capacity.
The proportions of cations involved in neutralization in each stream were affected
not only by availability of exchangeable ions, but also by selectivity for different sorption
sites with different binding energies, and exchange capacity. Mobilization of Ca, Mg,
and Ali was important for neutralization. Ca was more abundant and desorbed in greater
concentrations than Mg. ΔAli:ΔCa varied among the streams, with Ca dominating in
Fernow WS3 due to the selectivity of catchment soils for Ca, and Ali dominating in Mud
Pond Inlet due to that catchment’s antecedent acidification causing depletion of Ca. ΔAli
likely derived partly from desorption and partly from dissolution from Al solid phases in
streambed sediments in all streams.
Though sulfate was available at similar concentrations in all streams where it did
adsorb during acidification, it did not adsorb at Mud Pond Inlet and Hadlock Brook. The
contribution of sulfate adsorption to neutralization likely depended on anion adsorption
capacity, rather than simply on sulfate availability.
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Patterns of chemical responses
Monitoring of both acidification and post-acidification recovery in stream water
indicated asymmetry in rates of change and in the stoichiometry of chemical changes. In
all streams, post-acidification pH recovery occurred ca. 20-50% more quickly than pH
depression had. However, even after pH recovery, the water had not returned to
background major cation and anion chemistry. Cations that had mobilized during
acidification were in some cases continuing to mobilize and in some cases adsorbing to
streambed sediments, and not necessarily in the same proportions as during desorption.
Hysteresis in the relative importance of different cations during neutralization and
recovery was clear. This was particularly evident in East Bear Brook and Lesní Potok,
where Ali and Ca mobilized during acidification, but at the same pH during recovery, Ali
remained elevated in the water column while Ca had begun adsorbing. During initial
stages of acidification, Ca desorbed in higher concentrations, whereas Ali dominated
during later stages. During the initial stages of recovery, adsorption of Ca to the
streambed sediments was kinetically favored over adsorption and precipitation of Ali.
While ΔCa was due to ion exchange both during acidification and recovery,
mechanisms of changing Ali concentration during acidification and recovery were not
parallel. Ali mobilized during acidification partly from desorption and possibly partly
from dissolution. During recovery, Al was undersaturated with respect to solid Al phases
likely to precipitate quickly, and there were no changes in Alp concentrations. The small
decreases in Ali in Mud Pond Inlet and Hadlock Brook were thus primarily due to
adsorption rather than to precipitation.
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Base cations mobilized from the streambed by ion exchange accumulated in the
water column as the water moved downstream. In streams with low Al and continued pH
depression downstream, Mud Pond Inlet and Hadlock Brook, Ali accumulated in the
water column downstream. At the other three streams, where Al was higher and pH
increased more dramatically downstream, Al solubility decreased. However, Al was not
saturated with respect to common relatively quickly-forming amorphous solid Al phases
and did not precipitate, so the declines in Ali concentration downstream were likely
caused by resorption to streambed sediments as pH increased. Ca adsorption did not
occur. This contrasts to the recovery period in East Bear Brook and Lesní Potok where
Ca adsorption appeared to be kinetically favored over Al adsorption as pH increased.
Trace elements were mobilized to different extents in each stream acidification
experiment. No relationship between ambient pH and desorption of trace metals was
apparent among the experimental streams. Reservoir size, solubility and selectivity
determined the degree to which trace elements were mobilized. Trace metals may
compete with base cations and Al for exchange sites. Trace elements may also be
complexed with solid phases of major ions, and then be liberated by dissolution, as in
Hadlock Brook where Ald and Pd correlated. Though P may be controlled by Al in this
way in streams, the magnitude of changes caused by stream acidification would not have
a large impact for lake trophic levels. Mobilization of P at levels significant for lake
productivity would be caused instead by storm-induced physical changes that mobilize P
in particulate form.
Al-DOC complexes occurred in all streams, and Fe-DOC complexes occurred
when Fe concentrations were measurable. In four of the five streams, Alo concentrations
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did not change due to acidification, so this fraction of dissolved Al did not contribute to
neutralization. The concentration of DOC, pH, and concentrations of Ald and Fed are all
interdependent and all contribute to differences in the extent of Alo and Feo formation.
The (Alo+Feo):DOC ratio was significantly different among different streams, but not
different between sites with different pH ranges, suggesting that differences in Alo and
Feo complex formation among streams were primarily attributable to DOC quality.
The total extractable Al, Fe, and P varied among the different streams’ sediment.
Differences are likely primarily due to catchment soil mineralogy. In all sediments,
extractable Al was more abundant than Fe, but also more recalcitrant. P was released
primarily from the extractions that also extracted Al, suggesting P may be more
commonly associated with Al than with Fe. Comparisons between extractable solutes
from stream sediments and lake sediments at Mud Pond indicate possible enrichment of
Al in the lake sediments. Precipitation of Al(OH)3 from the stream water upon reaching
the higher pH lake, or from photo-oxidation of Alo, is a likely cause of this selective
enrichment. In sediments from Hadlock Brook, the Al:Fe ratio was similar in stream
sediment and lake sediment.
According to conceptual models based on long-term study of acidified
catchments, ΔAli:ΔCa in catchment soils increases as the catchment acidifies. Because
stream sediments derive from catchment soils, the ΔAli:ΔCa ratio in a stream’s response
to acidification experiments can indicate the acidification status of the surrounding
watershed. Mud Pond Inlet is in a later stage of acidification due to high DOC and
antecedent natural catchment acidification. East Bear Brook, and likely also Hadlock
Brook and Lesní Potok catchments are in early to intermediate stages of acidification.
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The Fernow WS3 catchment is still in a relatively early stage of acidification response
despite being artificially acidified since 1989, because of the soils selectivity for Ca.
Antecedent discharge conditions and average grain size surface area can affect ΔAli:ΔCa
in a stream’s response, so these factors must be considered when using the ion exchange
stoichiometry of response to stream acidification to speculate on the acidification status
of a catchment.

96

REFERENCES
Adams, M. B., DeWalle, D. R., Peterjohn, W. T., Gilliam, F. S., Sharpe, W. E., and
Williard, K. W. J.: Soil chemical response to experimental acidification treatments, in
The Fernow Watershed Acidification Study (eds. M.B. Adams et al.), Springer, 4169, 2006.
Amirbahman, A., Pearce, A. R., Bouchard, R. J., Norton S. A., and Kahl, J. S.:
Relationship between hypolimnetic phosphorus and iron release from eleven lakes in
Maine, USA, Biogeochem., 65, 369—386, 2003.
Bencala, K. E., McKnight, D. M., and Zellweger, G. W.: Evaluation of natural tracers in
an acidic and metal-rich stream, Water Resour. Res., 23 (5), 827—836, 1987.
Browne, B. A. and Driscoll C. T.: pH-dependent binding of aluminum by a fulvic acid,
Environ. Sci. Technol., 27, 915—922, 1993.
Claveri, B., Guérold, F., and Pihan, J. C.: Use of transplanted mosses and autochthonous
liverworts to monitor trace metals in acidic and non-acidic headwater streams
(Vosges mountains, France), Sci. Tot. Environ., 175, 235—244, 1995.
Cook, R. B., Kelly, C. A., Schindler, D. W., and Turner, M. A.: Mechanisms of hydrogen
ion neutralization in an experimentally acidified lake, Limnol. Oceanogr., 31, 134—
148, 1986.
Coolidge, K. M.: Phosphorus Cycling in Maine Lakes: A Sedimentary Analysis, M.S.
thesis, Univ. of Maine, Orono, Maine, USA, 2004.
Cory, N., Buffam I., Laudon, H., Köhler, S., and Bishop, K.: Landscape control of stream
water aluminum in a boreal catchment during spring flood, Environ. Sci. Technol.,
40, 3493-3500, 2006.
Cosby, B. J., Hornberger, G. M., and Galloway, J. N.: Modeling the effects of acid
deposition: Assessment of a lumped parameter model of soil water and streamwater
chemistry, Water Resour. Res., 21(1), 51—63, 1985.
Cosby, B. J., Ferrier, R. C., Jenkins, A., and Wright, R. F.: Modelling the effects of acid
deposition: refinements, adjustments and inclusion of nitrogen dynamics in the
MAGIC model, Hydrol. Earth Syst. Sci., 5(3), 499—517, 2001.
Cuppuyns, V., Swennen, R., and Verhulst, J.: Assessment of acid neutralizing capacity
and potential mobilization of trace metals from land-disposed dredged sediments, Sci.
Total Environ., 333, 233—247, 2004.

97

Curtis, P. J. and Walker, P.: Release of metals from a Cd-contaminated streambed in
response to experimental acidification and neutralization, Water Resour. Res., 30,
3449—3454, 1994.
Dahlgren, R. A., McAvoy, D. C., and Driscoll, C. T.: Acidification and recovery of a
Spodosol Bs horizon from acidic deposition, Environ. Sci. Technol., 24, 531—537,
1990.
Driscoll, C.T.: Aluminum in acidic surface waters: Chemistry, transport, and effects,
Environ. Health Perspect., 63, 93—104, 1985.
Driscoll, C. T., Fuller, R. D., and Simone, D. M.: Longitudinal variations in trace metal
concentrations in a northern forested ecosystem, J. Environ. Qual., 17, 101—107,
1988.
Driscoll, C.T., Fuller, R.D., and Schecher, W.D.: The role of organic acids in the
acidification of surface waters in the eastern United States, Water, Air, Soil Pollut.,
43, 21-40, 1989.
Driscoll, C. T., Lawrence, G. B., Bulger, A. J., Butler, T. J., Cronan, C. S., Eagar, C.,
Lambert, K. F., Likens, G. E., Stoddard, J. L., and Weathers, K. C.: Acidic deposition
in the northeastern United States: Sources and inputs, ecosystem effects, and
management strategies, BioScience, 51(3), 180—198, 2001.
Dzombak, D. A. and Morel, F. M. M.: Surface complexation modeling: Hydrous ferric
oxide, Wiley-Interscience, New York, 1990.
Edwards, P. J., Williard, K. W. J., Wood, F., and Sharpe, W. E.: Soil water and stream
water chemical responses, in The Fernow Watershed Acidification Study (eds. M.B.
Adams et al.), Springer, 71-136, 2006.
Edwards, P. J., Wood, F., and Kochenderfer, J. N.: Baseflow and peakflow chemical
responses to experimental applications of ammonium sulphate to forested watersheds
in north-central West Virginia, USA, Hydrol. Process., 16, 2287—2310, 2002 (a).
Edwards, P. J., Kochenderfer, J. N., Coble, D. W., and Adams, M. B.: Soil leachate
responses during 10 years of induced whole-watershed acidification, Water, Air, Soil
Pollut., 140, 99—118, 2002 (b).
Fernandez, I. J., Rustad, L. E., Norton, S. A., Kahl, J. S., and Cosby, B. J.: Experimental
acidification causes soil base-cation depletion at the Bear Brook Watershed in Maine,
Soil Sci. Soc. Am. J., 67, 1909—1919, 2003.
Ferrier, R. C., McMahon, R. G., Walker, T. A. B., Harriman, R., Edwards, A. C., and
King, D.: Experimental stream acidification—the influence of sediment and
streambed vegetation, J. Hydrol., 140, 361—370, 1992.

98

Galloway, J. N., Norton, S. A., and Church, M. R.: Freshwater acidification from
atmospheric deposition of sulfuric acid: A conceptual model, Environ. Sci. Technol.,
17, 541a—545a, 1983.
Hall, R. J., Likens, G. E., Fiance, S. B., and Hendrey, G. R.: Experimental acidification of
a stream in the Hubbard Brook Experimental Forest, New Hampshire, Ecology,
61(4), 976—989, 1980.
Hall, R. J., Driscoll, C. T., Likens, G. E., and Pratt, J. M.: Physical, chemical, and
biological consequences of episodic aluminum additions to a stream, Limnol.
Oceanogr., 30(1), 212—220, 1985.
Hedin, L. O., Likens, G. E., Postek, K. M., and Driscoll, C. T.: A field experiment to test
whether organic acids buffer acid deposition, Nature, 345, 798—800, 1990.
Henriksen, A., Wathne, B. M., Røgeberg, E. J. S., Norton, S. A., and Brakke, D. F.: The
role of stream substrates in aluminum mobility and acid neutralization, Wat. Res.,
22(8), 1069—1073, 1988.
Hieltjes, A. H. M., and Lijklema, L.: Fractionation of inorganic phosphates in calcareous
sediments, J. Environ. Qual., 9(3), 405-407, 1980.
Hruška, J., Kohler, S., and Bishop, K.: Buffering processes in a boreal dissolved organic
carbon-rich stream during experimental acidification, Environ. Pollut., 106, 55—65,
1999.
Hruška, J., Moldan, F., and Kram, P.: Recovery from acidification in central Europe—
observed and predicted changes of soil and streamwater chemistry in the Lysina
catchment, Czech Republic, Environ. Pollut., 120, 261—274, 2002.
Kahl, J. S., Norton, S. A., MacRae, R. K., Haines, T. A., and Davis, R. B.: The influence
of organic acidity on the acid-base chemistry of surface waters in Maine, USA,
Water, Air, Soil Pollut., 46, 221—233, 1989.
Kahl, J. S., Nelson, S., Fernandez, I., Haines, T., Norton, S., Wiersma, G.B., Jacobson,
Jr., G., Amirbahman, A., Johnson, K., Schauffler, M., Rustad, L., Tonnessen, K.,
Lent, R., Bank, M., Elvir, J., Eckhoff, J., Caron, H., Ruck, P., Parker, J., Campbell, J.,
Manski, D., Breen, R., Sheehan, K. and Grygo, A. Watershed nitrogen and mercury
geochemical fluxes integrate landscape factors in long-term research watersheds at
Acadia National Park, Maine, USA, in review, 2005.
Kalff, J.: Limnology, Prentice Hall, Inc., New Jersey, 2002.
Faure, G.: Principles and applications of inorganic chemisty: A comprehensive textbook
for geology students, MacMillan, 1991.

99

Kochenderfer, J. N.: Fernow and the Appalachian hardwood region, in The Fernow
Watershed Acidification Study (eds. M.B. Adams et al.), Springer, 17-39, 2006.
Kjøller, C., Postma, D., and Larsen, F.: Groundwater acidification and the mobilization of
trace metals in a sandy aquifer, Environ. Sci. Technol., 38, 2829—2935, 2004.
Kopáček, J., and Veselý, J.: Sulfur and nitrogen emissions in the Czech Republic and
Slovakia from 1850 till 2000, Atmos. Environ., 39, 2179—2188, 2005.
Kopáček, J., Klementová, S., and Norton, S. A.: Photochemical production of ionic and
particulate aluminum and iron in lakes, Environ. Sci. Technol., in press, 2006.
Kopáček, J., Hejzlar, J., Borovec, J., Porcal, P., and Kotorová, I.: Natural inactivation of
phosphorus by aluminum in atmospherically acidified water bodies, Limnol.
Oceanogr., 45, 212—225, 2000.
Kopáček, J., Ulrich, K. U., Hejzlar, J., Borovec, J., and Stuchlik, E.: Phosphorus
inactivation by aluminum in the water column and sediments: Lowering of in-lake
phosphorus availability in an acidified watershed-lake ecosystem, Wat. Res., 35,
3783—3790, 2001.
Kopáček, J., Borovec, J., Hejzlar, J., Ulrich, K-U, Norton, S.A., and Amirbahman, A.:
Aluminum control of phosphorus sorption by lake sediments, Environ. Sci. Technol.,
39, 8784—8789, 2005.
Laudon, H., Dillon, P. J., Eimers, M. C., Semkin, R. G. and Jeffries, D. S.: Climateinduced episodic acidification of streams in central Ontario, Environ. Sci. Technol.,
38, 6009—6015, 2004.
Lawrence, G. B.: Persistent episodic acidification of streams linked to acid rain effects on
soil, Atmos. Environ., 36, 1589—1598, 2002.
Lindsey, E., and Wilson, T.: The reliability of cation exchange columns with solutions
containing aluminum, unpublished report, Univ. of Maine, 2005.
McKnight, D., and Bencala, K. E.: Reactive iron transport in an acidic mountain steam in
Summit County, Colorado: A hydrologic perspective, Geochim. Cosmochim. Acta,
53, 2225—2234, 1989.
Minařík, L., Skřivan, P., Novák, J. K., Fottová, D., and Navrátil, T.: Distribution, cycling,
and impact of selected inorganic contaminants on ecosystem of the Lesní Potok
catchment, the Czech Republic, Ecology-Ekológia, 22(3), 305—322, 2003.
Morel, F.M.M. and Hering, J.G.: Principles and Applications of Aquatic Chemistry,
Wiley-Interscience, New York, 1993.

100

Mortimer, C.H.: The exchange of dissolved substances between mud and water in lakes
(Parts I and II), J. Ecology, 29, 280—329, 1941.
Navrátil, T., Vach, M., Norton, S. A., Skřivan, P., Hruška, J., and Maggini, L.: The
response of a small stream in the Lesní Potok forested catchment, central Czech
Republic, to a short-term in-stream acidification, Hydrol. Earth Syst. Sci., 7(3), 411—
422, 2003.
Nodvin, S. C., Driscoll, C. T., and Likens, G. E.: Soil processes and sulfate loss at the
Hubbard Brook Experimental Forest, Biogeochem., 5(2) 185—199, 1988.
Norton, S.A.: The chemical role of lake sediments during lake acidification and deacidification, Proceedings of the 11th Nordic Symposium on Sediments, Finse,
Norway, 7-19, 1983.
Norton, S. A. and Henriksen, A.: The importance of CO2 in evaluation of effects of acidic
deposition, Vatten, 39, 346—354, 1983.
Norton, S. A. and Veselý, J.: Acidification and acid rain, in Treatise on Geochemistry,
Vol. 9 (ed. B.S. Lollar), Elsevier Ltd., 367—406, 2003.
Norton, S. A., Henriksen, A., Wathne, B. M., and Veidel, A.: Aluminum dynamics in
response to experimental additions of acid to a small Norwegian stream, Proceedings
of UNESCO/IHP-III Symposium on Acidification and Water Pathways, Bolkesjø,
Norway 1, 249—258, 1987.
Norton, S. A., Kahl, J. S., Henriksen, A., and Wright, R. F.: Buffering of pH depressions
by sediments in streams and lakes, in Soils, Aquatic Processes, and Lake
Acidification: Acidic Precipitation, Vol. 4 (eds. S.A. Norton, S.E. Lindberg, and A.L.
Page), Springer-Verlag, 133—157, 1990.
Norton, S. A., Brownlee, J. C., and Kahl, J. S.: Artificial acidification of a non-acidic and
an acidic headwater stream in Maine, USA, Environ. Pollut., 77, 123—128, 1992.
Norton, S., Kahl, J., Fernandez, I., Haines, T., Rustad, L., Nodvin, S., Scofield, J.,
Strickland, T., Erickson, H., Wigington, Jr., P., and Lee, J.: The Bear Brook
Watershed, Maine (BBWM), USA, Environ. Monit. Assess., 55, 7—51, 1999.
Norton, S. A., Wagai, R., Navrátil, T., Kaste, J. M., Rissberger, F. A.: Response of a firstorder stream in Maine to short-term in-stream acidification, Hydrol. Earth Syst. Sci.,
4(3), 383—391, 2000.
Norton, S. A., Fernandez, I. J., Kahl, J. S., and Reinhardt, R. L.: Acidification trends and
the evolution of neutralization mechanisms through time at the Bear Brook

101

Watershed in Maine (BBWM), U.S.A, Water, Air, Soil Pollut.: Focus, 4, 289—310,
2004.
Ormerod, S. J., Boole, P., McCahon, C. P., Weatherley, N. S., Pascoe, D., and Edwards,
R. W.: Short-term experimental acidification of a Welsh stream: comparing the
biological effects of hydrogen ions and aluminum, Freshwat. Bio., 17, 341—356,
1987.
Peck, D. V.: Environmental Monitoring and Assessment Program: Integrated quality
assurance project plan for the surface waters resource group, EPA/600/X-91/080,
U.S. EPA, 1992.
Pettersson, C. and Bishop, K.: Seasonal variations of total organic carbon, iron, and
aluminium on the Svartberget catchment in northern Sweden, Environ. International,
22 (5), 541-549, 1996.
Psenner, R. and Pucsko, R.: Phosphorus fractionation: advantages and limits of the
method for the study of sediment P origins and interactions, Arch. Hydrobiol. Beih.
Ergebn. Limnol., 30, 43—59, 1988.
Psenner, R., Pucsko, R., and Sager, M.: Die Fraktionierung organischer und
anorganischer Phosphorverbindungen von Sedimenten, Arch. Hydrobiol/Suppl.,
70(1), 111-155, 1984.
Reinhardt, R. L., Norton, S. A., Handley, M., and Amirbahman, A.: Dynamics of P, Al,
and Fe during high discharge episodic acidification at the Bear Brook Watershed in
Maine, U.S.A, Water, Air, Soil Pollut.: Focus, 4, 311—323, 2004.
Roy, S., Norton, S., and Kahl, J.: Linkages of P and Al export at high discharge at the
Bear Brook Watershed in Maine, Environ. Monit. Assess., 55, 133—147, 1999.
Sahuquillo, A., Rigol, A., and Rauret, G.: Comparison of leaching tests for the study of
trace metals remobilization in soils and sediments, J. Environ. Monit., 4, 1003—1009,
2002.
Schecher, W. D. and McAvoy, D. C.: MINEQL+: A software environment for chemical
equilibrium modeling, Computers Environment and Urban Systems, 16 (1), 65-76,
1992.
Schindler, D. W., Kling, H., Schmidt, R. V., Prokopowich, J., Frost, V. E., Reid, R. A.,
and Capel, M.: Eutrophication of Lake 227 by addition of phosphate and nitrate. Part
2. The second, third and fourth years of enrichment, 1970, 1971, 1972, J. Fish. Res.
Board Can., 30, 1415—1440, 1973.
Sekaly, A. L. R., Chakrabarti, C. L., Back, M. H., Grégoire, D. C., Lu, J. Y., and
Schroeder, W. H.: Stability of dissolved metals in environmental aqueous samples:
Rideau River surface water, rain, and snow, Anal. Chim. Acta, 402, 223—231, 1999.
102

Sherrell, R. M. and Ross, J.,M.: Temporal variability of trace metals in New Jersey
pinelands streams: Relationships to discharge and pH, Geochim. Cosmochim. Acta,
63, 3321—2226, 1999.
Stumm, W. and Morgan, J.J.: Aquatic Chemistry: Chemical Equilibria and Rates in
Natural Waters, John Wiley and Sons, Inc., New York, 1996.
Taugbol, G., Seip, H.M., Bishop, K., and Grip, H.: Hydrochemical modeling of a stream
dominated by organic-acids and organically bound aluminium, Water, Air, Soil
Pollut., 78 (1-2), 103-139, 1994.
Tipping, E.: WHAM – A chemical-equilibrium model and computer code for waters,
sediments, and soils incorporating a discrete site electrostatic model of ion-binding by
humic substances, Computers and Geosciences, 20 (6), 973-1023, 1994.
Tipping, E. and Hopwood, J.: Estimating streamwater concentrations of aluminum
released from streambeds during ‘acid episodes,’ Environ. Technol. Letters., 9, 703—
712, 1988.
Ulrich, K-U. and Pöthig, R.: Evidence for aluminum precipitation and phosphorus
inactivation in acidified watershed-reservoir ecosystems, Silva Gabreta, 4, 185—198,
2000.
Urban, N.R., Gorham, E., Underwood, J.K., Martin, F.B., and Ogden III, J.G.:
Geochemical processes controlling concentrations of Al, Fe, and Mn in Nova Scotia
lakes, Limnol. Oceanogr., 35(7), 1516-1534.
van Hees, P.A.W., Tipping, E., and Lundstrom, U.S.: Aluminium speciation in forest soil
solution – modeling the contribution of low molecular weight organic acids, Sci. Tot.
Environ., 278 (1-3), 215-229, 2001.
Voegelin, A., Barmettler, K., and Kretzschmar, R.: Heavy metal release from
contaminated soils, J. Environ. Qual., 32, 865—875, 2002.
Wathne, B. M. and Røgeberg, E. J. S.: Buffering effects of river substrates under acidic
conditions, Norwegian Institute for Water Research Report Serial F525, 19 pp., 1988.
Wetzel, R.G.: Limnology: Lake and river ecosystems, Academic Press, San Diego, 2001.
Wright, R. F., Norton, S. A., Brakke, D. F., and Frogner, T.: Experimental verification of
episodic acidification of freshwaters by sea salts, Nature, 334, 422—424, 1988.
Yuan, G. and Lavkulich, L. M.: Sorption behavior of copper, zinc, and cadmium in
response to simulated changes in soil properties, Commun. Soil Sci. Plant Anal., 28
(6-8), 571—587, 1997.

103

APPENDICES

104

Appendix A
Water chemistry results

These tables include results of the water chemistry analysis for all experimental streams
during experimental acidification and post-acidification recovery. Values below
detection limits are indicated by ‘<’. Highlighted values are suspect and likely are
contaminated. Except where otherwise noted, analyses were performed at the Sawyer
Environmental Chemistry Laboratory, University of Maine, USA.

Table A.1. Water chemistry from stream acidification at Mud Pond Inlet, Maine, USA,
10/11/2005
Table A.2. Water chemistry from stream acidification at Fernow WS3, with reference
samples from reference stream (FW4), West Virginia, USA, 7/16-17/2005
Table A.3. Water chemistry from stream acidification at East Bear Brook, with reference
samples from West Bear Brook (WBB), Maine, USA, 5/19-20/2005
Table A.4. Water chemistry from stream acidification at Lesní Potok, with reference
samples from adjacent stream (LL) and mixing zone (MIX), Czech Republic, 8/11/2005
Table A.5. Water chemistry from stream acidification at Hadlock Brook, Maine, USA,
10/29/2005
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Table A.1. Water chemistry from stream acidification at Mud Pond Inlet, Maine, USA,
10/11/2005
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Table A.1. Water chemistry from stream acidification at Mud Pond Inlet, Maine, USA,
10/11/2005, continued
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Table A.1. Water chemistry from stream acidification at Mud Pond Inlet, Maine, USA, 10/11/2005, continued
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Table A.1. Water chemistry from stream acidification at Mud Pond Inlet, Maine, USA, 10/11/2005, continued

Table A.2. Water chemistry from stream acidification at Fernow WS3, with reference
samples from reference stream (FW4), West Virginia, USA, 7/16-17/2005
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Table A.2. Water chemistry from stream acidification at Fernow WS3, with reference
samples from reference stream (FW4), West Virginia, USA, 7/16-17/2005, continued
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Table A.2. Water chemistry from stream acidification at Fernow WS3, with reference
samples from reference stream (FW4), West Virginia, USA, 7/16-17/2005, continued
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Table A.2. Water chemistry from stream acidification at Fernow WS3, with reference samples from reference stream
(FW4), West Virginia, USA, 7/16-17/2005, continued
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Table A.2. Water chemistry from stream acidification at Fernow WS3, with reference samples from reference stream
(FW4), West Virginia, USA, 7/16-17/2005, continued

Table A.3. Water chemistry from stream acidification at East Bear Brook, with reference
samples from West Bear Brook (WBB), Maine, USA, 5/19-20/2005
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Table A.3. Water chemistry from stream acidification at East Bear Brook, with reference
samples from West Bear Brook (WBB), Maine, USA, 5/19-20/2005, continued
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Table A.3. Water chemistry from stream acidification at East Bear Brook, with reference
samples from West Bear Brook (WBB), Maine, USA, 5/19-20/2005, continued
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Table A.3. Water chemistry from stream acidification at East Bear Brook, with reference samples from
West Bear Brook (WBB), Maine, USA, 5/19-20/2005, continued

Table A.3. Water chemistry from stream acidification at East Bear Brook, with reference
samples from West Bear Brook (WBB), Maine, USA, 5/19-20/2005, continued
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Table A.4. Water chemistry from stream acidification at Lesní Potok, with reference
samples from adjacent stream (LL) and mixing zone (MIX), Czech Republic, 8/11/2005
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Table A.4. Water chemistry from stream acidification at Lesní Potok, with reference
samples from adjacent stream (LL) and mixing zone (MIX), Czech Republic, 8/11/2005,
continued
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Table A.4. Water chemistry from stream acidification at Lesní Potok, with reference
samples from adjacent stream (LL) and mixing zone (MIX), Czech Republic, 8/11/2005,
continued
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Table A.4. Water chemistry from stream acidification at Lesní Potok, with reference
samples from adjacent stream (LL) and mixing zone (MIX), Czech Republic, 8/11/2005,
continued
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Table A.5. Water chemistry from stream acidification at Hadlock Brook, Maine, USA,
10/29/2005
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Table A.5. Water chemistry from stream acidification at Hadlock Brook, Maine, USA,
10/29/2005, continued

125

Table A.5. Water chemistry from stream acidification at Hadlock Brook, Maine, USA,
10/29/2005, continued
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Table A.5. Water chemistry from stream acidification at Hadlock Brook, Maine, USA,
10/29/2005, continued
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Table A.5. Water chemistry from stream acidification at Hadlock Brook, Maine, USA, 10/29/2005, continued
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Table A.5. Water chemistry from stream acidification at Hadlock Brook, Maine, USA, 10/29/2005, continued

Appendix B
Response of aquatic insects to the acidification of Hadlock Brook
Rebecca Norris1, Katherine Webster2

1

University of Maine, Department of Wildlife Ecology, Nutting Hall, Orono, Maine, 04469, USA

1

University of Maine, Department of Biological Sciences, Murray Hall, Orono, Maine, 04469, USA

Introduction
A short-term pulse addition of hydrochloric acid was added to Hadlock Brook in Acadia
National Park, Maine, USA on October 29, 2005 to examine geochemical processes at
the sediment-water interface. As part of that experiment, we conducted an assessment of
how the short-term acidification pulse influenced macroinvertebrates in the stream.

Most macroinvertebrates move in the water column using a process called drift. There are
two major types of drift. Behavioral drift is related to predator avoidance or competition
in regards to food availability. The other major type of drift is catastrophic drift.
Catastrophic drift is more irregular and occurs from major physical or chemical
disturbances (Giller and Malmqvist, 1998). A pulse acidification in Hadlock Brook
would be a type of catastrophic drift. Acidification experiments both in pulsed or press
mode induced increased drift in studies conducted in both Ontario (Hall 1994) and at
Hubbard Brook (Hall et al., 1980). Our study examined how the catastrophic event of a
short pulse acidification affected macroinvertebrate populations in Hadlock Brook.
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Methods
The upstream-downstream / pre-post treatment design was chosen to evaluate the
response of macroinvertebrates to the treatment. This design allowed us to establish
comparability between the two sites prior to the experiment, which could then be
contrasted with relationships post-treatment. Divergence post-treatment provides
evidence for an effect. In our analysis we focused on aquatic insects, as they are
considered sensitive to acid pulses (Hall1994; Hall et al. 1980).

Two locations were chosen to measure drift. The upstream reference site was
approximately 20 m upstream of the acidification point. The experimental site was 14 m
downstream of the point of acidification. Drift nets (1 m long, opening 30x46 cm, and
mesh size 500 µ) were anchored at the two sites with rope and stakes in the center of the
stream. Drift nets were checked after 24 hours (usually at 4:30 pm) and contents
removed. After removing large organic debris such as sticks, the remaining contents
were placed in collection bottles, and preserved in ethanol. The nets were rinsed to ensure
all biota was collected.

Drift nets were set for 24 hour intervals over five days in late October. Three days were
considered pre-treatment samples (Oct. 27-29), while samples from Oct. 30-31st were
after the acid pulse. October 30th samples in particular should be most reflective of any
catastrophic drift response by the insect larvae.
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In the lab, the contents were emptied into aluminum insect trays filled with water. The
leaves and twigs were carefully rinsed in the water and discarded. Macroinvertebrates
were sorted by order and counted. Identification was to the order level.

Results and Discussion
The aquatic insects in Hadlock Brook included representatives of orders such as mayflies
(Ephemeroptera) considered indicators of good water quality and sensitivity to
acidification (Figure B.1). Other macroinvertebrates found in the drift nets included

Figure B.1. Composition of aquatic insect community in samples collected from drift
nets in Hadlock Brook upstream (left panel) and downstream (right panel) of the
experimental acidification site. Arrows indicate the time of the acidification.

horsehair worms and leeches. Other insect orders not shown on Figure B.1 were Diptera
and Odonata. While composition of the aquatic insects was roughly comparable at the
two sites, numbers were higher at the upstream site on all dates. Further, after the first
sampling date, Oct 27th, numbers declined dramatically at the downstream site, and more
gradually at the upstream site. The same pattern is apparent for both total aquatic insect
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abundance and for the sum of EPT (Ephemeroptera+Plecoptera+Trichoptera) (Figure
B.2).

Figure B.2. Total aquatic insect (left panel) and EPT abundance in samples from
the upstream and downstream sites. Arrows indicate the time of the
experimental acidification.

The patterns of abundance of aquatic insects do not indicate a response at the downstream
experimental site to the acid pulse. Instead numbers at the two sites were roughly
comparable the first day of sampling, but declined thereafter at both sites (Figure B.3).
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Figure B.3. Difference between downstream
(experimental) and upstream (reference) sites for
total aquatic insects and the EPT index. The arrow
indicates the experimental acidification.

This decline was very sharp for the downstream site; by the second sampling date
abundances were very low. In contrast abundances at the upstream site declined more
gradually over the study period until comparable levels, and low, values were reached on
the last sampling date.

Our observations suggest that the decrease in abundance was linked to changes in flow
and the amount of organic matter being transported downstream. Flow on Oct 27 was
extremely high, and declined over the rest of the study period. We also noted that the
quantity of leaves and other coarse organic matter declined with flow. The amount of
organic matter declined more precipitously at the downstream site.
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These observations suggest that the insects were responding more to changes in flow and
associated organic matter than to any catastrophic effect related to the acidification.
Unlike other experimental acidification studies (Hall 1994; Hall et al. 1980), we detected
no signal directly attributable to the acid addition. In contrast, physical changes related to
flow appeared to be a more important control on temporal dynamics of the aquatic insect
community during our study period.
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The reliability of cation exchange columns with solutions containing aluminum
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Abstract: Ion exchange columns used to separate charged and uncharged
aluminum species in natural waters were tested for efficiency, capacity and
repeatability. The study suggests that the ion exchange resin is efficient at
removing charged Al species at several different push rates. The exchange
capacity of each column is at least 600μg of charged Al, or 1.5 liters of a
400μg/L solution. There were insignificant differences between the Al
exchange performances of two different columns, suggesting good
repeatability among columns.

We sought answers to three questions.
1. Does the rate at which a solution is pushed through a column of ion-exchange
resin change the quantity of charged aluminum removed by the resin?
2. How many high aluminum samples can be passed through ion exchange columns
with no regeneration before performance deteriorates?
3. How similar are the results of two columns used to exchange the same natural
solution (stream water)?
136

Methods
We packed two glass columns (Kontes™ brand, 1.0 x 20.0 cm) with new ion exchange
resin (Dowex™ HCR-S Cation Exchange Resin, H+ Form). Glass wool plugged the top
and bottom of the exchange resin. The resin was flushed with deionized water (DIW) and
then stored in regenerant solution (0.008% HCl, 0.575 g/L NaCl). In the laboratory, we
prepared a solution of inorganic aluminum by adding 0.5 mL of SPEX™ brand aqueous
aluminum standard (1000 mg/L Al from Al(NO3)3, 2% HNO3, Lot # 0-89AL) to
deionized water (DIW) to a volume of 1000 mL. We used Nalgene™ bottles made of
PCA-C Teflon™. The pH of the laboratory-prepared solution was 4.04, which should
have been low enough to keep all of the aluminum in a positive ionic state, according to
the following solubility calculation for Al(OH)3:
Al(OH)3 + 3H+ = Al3+ + 3H2O

Free energies of formation:

-275.9

-116.9

-170.07

(Kcal/mole)
–275.9

–286.97
∆G = –11.07

logKeq =

=

− ΔG
2.303RT

11.07
(2.303)(0.001987 )(298.15)
logK = 8.1
logK =

[Al 3+ ]
= 8.1
[ H + ]3
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log [Al 3+ ] – [ H + ]3 = 8.1
log 1.85 × 10 –5

moles
= 3log [ H + ] + 8.1
L

500 μg/L

–4.7 = 3log [ H + ] + 8.1
–12.8 = 3log [ H + ]
log [ H + ] = –4.27
pH = 4.27 at saturation, and the pH of the solution was 4.04.

However, after several days of sitting undisturbed in the bottle, the laboratory-prepared
solution contained only 400 μg/L Al, rather than the calculated 500 μg/L. It is possible
that an aluminum precipitate had formed or aluminum had adsorbed to the side of the
bottle. The manufacturer’s standard solution is made with 2% HNO3, so a combination of
Al3+ and NO3− could be considered as a possible precipitate, but Al(NO3)3 is a very
soluble salt, so it is not likely to have precipitated. This leaves Al(OH)3 as the other more
likely possibility.

The laboratory-prepared solution was then acidified to a pH of <2. When this more acidic
solution was analyzed, the [Al] was 507 μg/L, very close to the calculated 500 μg/L. This
is further evidence that a solid Al phase had precipitated in the original solution, which
dissolved after addition of acid. For all of the exchange column tests in this study the 400
μg/L, pH 4.04 solution was used.

138

All tests were performed by two persons working simultaneously, each with an ion
exchange column (A or B). Samples were collected in 60 mL Nalgene™ polypropylene
bottles and acidified with 5 drops of 10% HNO3 within one hour.

All analyses for aluminum were done with a Perkin-Elmer Model 3300XL Inductively
Coupled Plasma Atomic Emission Spectrometer (ICP-AES). The ICP-AES analytical
method for measuring Al is based on EPA method 6010B Inductively Coupled Plasma
Atomic Emission Spectrometry, rev. 2 1996. Laboratory QA defines the aluminum
reporting limit for this method as 10 μg/L and precision at +/- 10 μg/L.

Before the first trial and between each trial, 60 mL of DIW were pulled into plastic
syringes from a beaker. The syringes were attached to the tops of the exchange columns
using a luer lock, and the regenerant (or previous sample) was flushed from the resin
using 60 mL of DIW.

Methods for Question 1: Sixty mL of the 400 μg/L Al solution was pulled into syringes,

the syringes were attached to the exchange columns, and 10 mL was pushed through as a
column and collection bottle rinse. The remaining 50 mL were then pushed through the
column. This procedure was performed for five samples at five different push rates (10,
15, 25, 40, and 60 mL/minute). The columns were flushed with DIW but not regenerated
between any of these trials.
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Methods for Question 2: The resin in the columns was regenerated, then flushed with

DIW. Thirty 50 mL samples of the 400 μg/L Al solution were pushed through each
exchange column with no regeneration of the resin (but with a DIW rinse after each
sample). A consistent push rate of 15 mL/minute was used.

Methods for Question 3: Two workers, each with an ion exchange column,

simultaneously collected ten natural water samples from the same location from a highaluminum stream (an inlet to Mud Pond, in Township T10 SD, Hancock County, Maine).
Each sample was pushed through an in-line 0.45 μm filter placed between the syringe and
the exchange column. The exchange columns were regenerated (with a solution of
0.008% HCl, 0.575 g/L NaCl) after the first six samples of stream water were pushed
through the columns. Then the remaining four stream samples were pushed through the
columns. To check the performance of the resin after natural water had been exchanged
through it, samples of the 400 μg/L laboratory-prepared Al test solution were run through
an in-line filter and the exchange columns. A consistent push rate of 15 mL/minute was
used. Finally, samples of filtered and unfiltered stream water were brought back to the
laboratory for determination of dissolved aluminum and total aluminum.

Results

Question 1: The Push Rate Test
Does the rate at which a solution is pushed through
a column of ion-exchange resin change the quantity
of charged aluminum removed by the resin?
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The aluminum concentration in the exchange column eluent for all push rates was less
than the 10 μg/L analytical detection limit of the ICP-AES (Table C.1).
Push Rate
(mL/minute)
10
15
25
40
60

Column A [Al]
(μg/L)
<10
<10
<10
<10
<10

Column B [Al]
(μg/L)
<10
<10
<10
<10
<10

Table C.1: Comparison of [Al] in the discharge
from two exchange columns (A and B) with
different operators at varying push rates. The
analytical detection limit for Al in this study is 10
μg/L.
The column removed 400 μg/L(+/-10 μg/L) of charged Al from the 400 μg/L Al
laboratory-prepared solution (Figure C.1). In all but one sample, less than 1% of the
initial ionic aluminum remained in the eluent, so the exchange columns were still quite
effective at higher push rates.
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Figure C.1: [Al] in exchange column eluent using push rates of 10, 15, 25, 40 and 60
mL/min. Initial concentration of Al (exchangeable + unexchangeable) is 400 μg/L
and the analytical detection limit is 10 μg/L.
Question 2: The Capacity Test
How many high aluminum samples can be passed through
ion exchange columns with no regeneration before
performance deteriorates?

The concentration of Al in the eluent (unexchanged or organically bound Al) of two
columns was <10 μg/L over the course of exchange of 30 samples (Figure C.2).
Therefore the exchange capacity of each column for charged Al is at least 600 μg (30 X
0.050 L X 400 μg/L = 600 μg Al). In this study we did not put through enough charged
Al to exceed the exchange capacity and the actual exchange capacity may be greater than
600 μg. The results of the capacity test support the effectiveness of the current field
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method in which the columns are regenerated after every five surface water samples. The
columns would only be exceeded in less than 5 sample exchanges if the surface water
samples contained ~2400 μg/L of charged Al or other charged species.

Column effectiveness and column variability
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Figure C.2: Change in unexchanged [Al] collected from samples using two exchange
columns (A and B) over time with no regeneration of the columns. The volume of each
sample was 50 mL and the initial concentration of each sample was 400 μg/L.
Question 3: The Test of Reliability in the Field
How precise are the results of two columns used to
exchange the same natural solution?

143

Unfiltered water from Mud Stream had a total concentration of [Altot]= 346 μg/L.
Dissolved aluminum in the same water (passed through a 0.45 μm filter in the field) was
[Al diss]= 323 μg/L. The two sampling locations were less than one meter apart, so we
assume that the [Al diss] in the stream water was the same at each location. Figure C.3
shows the dissolved unexchanged Al concentrations from samples exchanged through
two columns simultaneously in the field.

Variability of two columns under field conditions
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Figure C.3: Variability of dissolved unexchanged Al from the eluents of
two exchange columns operated by individuals working simultaneously at
Mud Stream ([Aldiss] = 323 μg/L). The stream water was passed through
an in-line 0.45μm filter prior to exchange.
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The values for the two columns are not significantly different (p=0.19). The average
difference between the two columns for all of the tests was about 3 μg/L of dissolved
unexchanged aluminum.

Discussion
1. Does the rate at which a solution is pushed through a

column of ion-exchange resin change the quantity of
charged aluminum removed by the resin?

The ion exchange resin appears to work very efficiently even at higher rates of flow
through the exchange columns. The resin effectively removed 400 μg/L +/-10 μg/L
exchangeable (charged) Al at all push rates. Any differences in effectiveness of the push
rates were less than the analytical limits for Al determination for this study, and were
therefore insignificant.

2. How many high aluminum samples can be passed

through ion exchange columns with no regeneration before
performance deteriorates?

The ion exchange resin appears to work with very little deterioration in performance even
after many high [Al] samples have been exchanged. After exchanging 30 samples of [Al]
= 400 μg/L, the mean of [Al] appearing in the eluent increased by an amount less than the
analytical detection limit for Al in this study. This finding leads to a confirmation of
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standard field procedure which is that the ion exchange resin be regenerated after five
samples have been exchanged.

3. How precise are the results of two columns used to

exchange the same natural solution?

All three tests offer information in answer to this question. In all tests, the differences in
Al concentration between the eluent from two different columns were less than the
precision of the analytical method for measuring Al concentration in this study. The
conclusion is that any two similarly prepared columns will be equally efficient at
removing charged Al from natural surface waters or laboratory-prepared Al solutions.

Future Studies

The exchange method evaluated in this study is effective for speciating Al in laboratoryprepared or natural surface waters, assuming that a precision of +/-10 μg/L is sufficient
for a particular application. Further studies may include a more precise method for
analysis of Al, in order to determine the effectiveness of the columns at speciating lower
levels of Al. Future studies may also include quantifying the effectiveness of the
exchange columns for speciating Al in water with high dissolved organic carbon or other
matrix constituents.
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Appendix D
Sediment extraction procedure:
Sequential extractions for extractable forms of aluminum, iron, and phosphorus

This procedure is the procedure outlined by Coolidge (unpublished thesis, 2004) and
based on Psenner and Pucsko (1984, 1988). Modifications based on the HieltjesLijklema procedure (1980) include using NH4Cl rather than DIW for step 1 and using 0.1
M NaOH rather than 1 M NaOH for step 3 of the extraction.

Reagents
1 M ammonium chloride (NH4Cl):

26.7 g NH4Cl → 500 mL of deionized water. Bring to pH 7.0 using dilute NaOH.
Solution is stable for ~1 month.
0.11 M sodium bicarbonate (NaHCO3), 0.11 M sodium dithionite (Na2S2O4)
(BD) solution:

9.24 g NaHCO3 + 19.14 g Na2S2O4 diluted to 1 L with deionized water.
Or 4.62 g NaHCO3 + 9.57 g Na2S2O4 diluted to 500 mL with deionized water
Add salts to water under a fume hood. There will be some reactivity during
mixing.
Solution is a strong reductant, and is stable for ~ 2 weeks at 4° C.
1 M sodium hydroxide (NaOH):

40 g NaOH (pellets) in 40 mL deionized water.
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Weigh the NaOH pellets into a large beaker, and add the DIW. Stir the pellets in
the DIW until they are completely dissolved. Continue stirring the solution and
add DIW to make 1 L final volume.
0.5 M hydrochloric acid (HCl):

41.3 mL concentrated HCl diluted to1 L with deionized water.
Or 48.7g concentrated HCl diluted to 1 L with deionized water.

Equipment

Sarstedt polyethylene 50 mL centrifuge tubes with screw caps
Centrifuge tube rack
Centrifuge
Water bath with agitating platform
8 mL pipette with tips
25 mL pipette with tips
50 mL polyethylene bottles with caps

Procedure

A. Ion-exchangeable P-Al-Fe fraction

1. Weigh ~1 g of wet sediment into a clean centrifuge tube.
2. Add 8 mL 1 M NH4Cl and cap the tube.
3. Agitate the sample at 25° C (approximately room temperature) for 1 hour.
4. Centrifuge the sample at 1000 g (3000 rpm) for 15 minutes.
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5. Use a pipette to decant the supernatant into a clean, labeled 50 mL polyethylene
bottle
6. Repeat steps 2-5 as an NH4Cl rinse step, reducing agitation time to ~1 minute.
Final volume of NH4Cl-extractant = ~16 mL

B. Reducible metal hydroxides fraction

1. Add 25 mL of the NaHCO3-Na2S2O4 (BD) solution to the sediment sample
remaining from sequence A.
2. Agitate the sample in a 40° C water bath for 0.5 hours.
3. Centrifuge at 1000 g (3000 rpm) for 15 minutes.
4. Decant the supernatant into a clean, labeled 50 mL polyethylene bottle
5. Repeat 1-4 as a BD rinse step, reducing agitation time to ~1 minute.
Final volume of BD-extractant = ~50 mL

C. Organic P, Fe-P, Al-P (more labile Al) fraction

1. Add 25 mL 0.1 M NaOH to the remaining sediment sample from sequence B.
2. Agitate the sample at 25° C (approximately room temperature) for 16 hours.
3. Centrifuge at 1000 g (3000 rpm) for 15 minutes.
4. Decant the supernatant into a clean, labeled 50 mL polyethylene bottle
5. Repeat steps 1-4 as an NaOH rinse step, reducing agitation time to ~1 minute.
Final volume of NaOH-extractant = ~50 mL
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D. Crystalline Al-Fe-P (calcite, apatite) fraction

1. Add 25 mL 0.5 M HCl to the remaining sediment sample from sequence C.
2. Agitate the sample at 25° C (approximately room temperature) for 16 hours.
3. Centrifuge at 1000 g (3000 rpm) for 15 minutes.
4. Decant the supernatant into a clean, labeled 50 mL polyethylene bottle
5. Repeat steps 1-4 as an HCl rinse step, reducing agitation time to ~1 minute.
Final volume of HCl-extractant = ~50 mL

E. Residual Al-Fe-P (non-labile) fraction

1. Add 25 mL 1 M NaOH to the remaining sediment sample from sequence D.
2. Agitate the sample in an 85° C water bath for 24 hours.
3. Cool the sample, then centrifuge at 1000 g (3000 rpm) for 15 minutes.
4. Decant the supernatant into a clean, labeled 50 mL polyethylene bottle
5. Repeat steps 1-4 as an NaOH rinse step, using 10 mL 1 M NaOH and reducing
agitation time to ~1 minute.
Final volume of hot NaOH-extractant = ~35 mL

References

Coolidge, K. M.: Phosphorus Cycling in Maine Lakes: A Sedimentary Analysis, M.S.
thesis, Univ. of Maine, Orono, Maine, USA, 2004.
Hieltjes, A. H. M., and Lijklema, L.: Fractionation of inorganic phosphates in calcareous
sediments, J. Environ. Qual., 9(3), 405—407, 1980.

150

Psenner, R. and Pucsko, R.: Phosphorus fractionation: advantages and limits of the
method for the study of sediment P origins and interactions, Arch. Hydrobiol. Beih.
Ergebn. Limnol., 30, 43—59, 1988.
Psenner, R., Pucsko, R., and Sager, M.: Die Fraktionierung organischer und
anorganischer Phosphorverbindungen von Sedimenten, Arch. Hydrobiol./Suppl.,
70(1), 111—155, 1984.

151

Appendix E

Sediment extraction results

This table includes results of the sequential extraction analysis of dry sediment from the
four U.S. streams, analyzed with ICP-AES. Three subsamples were analyzed from one
sample obtained from each stream. Values reported in the results section are averages of
the three subsamples. Statistics on the subsamples are included. Highlighted values
indicate where the standard deviation divided by the mean is > 20%.

Table E.1. ICP-AES results of sequential extractions for dry sediment from four
experimental streams
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Table E.1. ICP-AES results of sequential extractions for dry sediment from four experimental streams

Appendix F

Water chemistry results from field replicates

These tables include water chemistry results from field replicates. During the
acidification experiment at each U.S. stream, three field replicates were obtained once for
each analyte. Highlighted values are >10% different from sample values, and are
attributable to particulate sample contamination or time lag in sampling among the
sample and replicates.

Table F.1. Field replicates from bottle #1 (equilibrated pH, ANC, DOC, anions)
Table F.2. Field replicates from bottle #2 (totals, ICP-AES)
Table F.3. Field replicates from bottle #2 (totals, ICP-MS)
Table F.4. Field replicates from bottle #3 (dissolved, ICP-AES)
Table F.5. Field replicates from bottle #4 (Alo), syringe #5 (DIC), syringe #6 (pH)
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Table F.1. Field replicates from bottle #1 (equilibrated pH, ANC, DOC, anions)
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Table F.2. Field replicates from bottle #2 (totals, ICP-AES)

157

Table F.3. Field replicates from bottle #2 (totals, ICP-MS)
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Table F.4. Field replicates from bottle #3 (dissolved, ICP-AES)
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Table F.5. Field replicates from bottle #4 (Alo), syringe #5 (DIC), syringe #6 (pH)

Appendix G

Water chemistry ICP-MS laboratory replicate results

This table includes results of water chemistry ICP-MS analysis of laboratory replicates.
Replicates were analyzed to determine typical instrument error ranges for each element.
In the results section, concentration changes greater than the standard deviation divided
by the mean for laboratory replicates were considered significant differences.

Table G.1. Water chemistry of ICP-MS laboratory replicates
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Table G.1. Water chemistry of ICP-MS laboratory replicates
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