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ABSTRACT: The interaction between human activities and
watershed geology is accelerating long-term changes in the
carbon cycle of rivers. We evaluated changes in bicarbonate
alkalinity, a product of chemical weathering, and tested for
long-term trends at 97 sites in the eastern United States
draining over 260 000 km2. We observed statistically significant
increasing trends in alkalinity at 62 of the 97 sites, while
remaining sites exhibited no significant decreasing trends. Over
50% of study sites also had statistically significant increasing
trends in concentrations of calcium (another product of
chemical weathering) where data were available. River
alkalinization rates were significantly related to watershed
carbonate lithology, acid deposition, and topography. These
three variables explained ∼40% of variation in river alkalinization rates. The strongest predictor of river alkalinization rates was
carbonate lithology. The most rapid rates of river alkalinization occurred at sites with highest inputs of acid deposition and
highest elevation. The rise of alkalinity in many rivers throughout the Eastern U.S. suggests human-accelerated chemical
weathering, in addition to previously documented impacts of mining and land use. Increased river alkalinization has major
environmental implications including impacts on water hardness and salinization of drinking water, alterations of air−water
exchange of CO2, coastal ocean acidification, and the influence of bicarbonate availability on primary production.

■ INTRODUCTION

Streams and rivers serve as a major conduit for carbon transport
from continents to marine systems and therefore act as
important links in the global carbon (C) cycle.1,2 Global
riverine inorganic carbon transport is estimated to be between
0.21−0.30 Pg per year.3 Changes in agricultural liming,
urbanization, and mining can contribute to increased inorganic
carbon fluxes, in the form of bicarbonate alkalinity in rivers.4,5

Such impacts carry implications for quantifying the effects of
acid rain, transport of acid neutralizing capacity to coastal
zones, and consumption of atmospheric CO2 by regional
weathering.6 Other factors, such as acid rain and weathering of
carbonates in bedrock, soils, and cement, can also influence
alkalinity and inorganic carbon transport.6,7 Major questions
persist such as the regional extent, rates, and causes of changing
alkalinity in rivers, and corresponding mechanistic drivers.8,9

Alkalinity is comprised of inorganic and organic acids and
bases and typically dominated by bicarbonate and carbonate
species in streams at circum-neutral to alkaline pH.10 It is
typically defined as carbonaceous alkalinity or [Alk] =

[HCO3
−] + 2[CO3

2‑] + [OH−] - [H+] or the equivalent sum
of conservative base cations minus conservative anions [Alk] =
[Na+] + [K+] + 2[Ca2+] + 2[Mg2+] + [NH4

+] − [Cl−] −
2[SO4

2‑] − [NO3
−].10 Many weathering reactions produce

alkalinity as a result of acid neutralization by geologic materials
and a few examples of these reactions include carbonates such
as calcite: CaCO3(s) + H2CO3 → Ca2+ + 2HCO3

− and silicates
such as olivine: FeMgSiO4(s) + 4H+ → Fe2+ + Mg2+ + H4SiO4.
Detailed weathering reactions for a variety of minerals and their
influence on alkalinity production are provided in Supporting
Information (SI) Table 1.
Alkalinity in running waters reflects a number of terrestrial

and in-stream processes. Natural sources of alkalinity include
bicarbonate produced from silicate and carbonate weathering
and transport of CO2 from soil respiration occurring in
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watersheds.1,2 Weathering of bedrock and overlying soils can be
a sink for H+, and produces alkalinity, base cations, dissolved
aluminum, and dissolved silica that can be transported to
surface waters.11,12 Anthropogenic impacts, particularly atmos-
pheric acid deposition, can influence the production and export
of alkalinity in headwater streams.12 Streams draining water-
sheds with carbonate lithology are buffered against acid
deposition, but can develop higher alkalinity due to accelerated
weathering and dissolution of carbonates, especially when acid
deposition rates are high.11,13 Thus, chemical weathering and
production of alkalinity by weathering of bedrock and overlying
soils should be stimulated by elevated H+ ion concentrations in
acid deposition, particularly in areas with carbonate lithology.13

Although acidification should increase weathering rates and
alkalinity generation, quantifying this process in watersheds is
complex due to variability in mineral dissolution and differential
impacts of mineral versus organic acids.
Land use may also influence stream and river alkalinity by

directly increasing weathering rates on land and/or contribu-
ting watershed sources of alkalinity, but the regional
significance of land use beyond site specific scales warrants
evaluation. In addition to acid deposition from combustion of
fossil fuels, there may be additional sources of acidification from
agricultural sources.14,15 For example, nitrification following
clearcutting and agricultural fertilizer applications (including
organic fertilizers) promotes soil acidification, and can
consequently accelerate weathering and modify the carbon
cycle.16−18 Agricultural practices can also contribute to stream

alkalinity directly, particularly via liming meant to raise the pH
of soils for select crops.19 Finally, urbanization may increase
alkalinity via weathering of cement and runoff from impervious
surfaces.20 Although less studied, urban infrastructure contain-
ing cement and calcium can also degrade over time and may
influence trends in stream chemistry.21 Overall, the effect of
chemical weathering on the carbon cycle across different types
of land use will strongly depend on (1) the nature of the rock/
geologic substrate weathered and (2) the origin of the
acidification process. These factors influence whether there is
a correlation between acidification and alkalinity increase (as
the role of soil buffering may be somewhat complex).22

Here, we present a comprehensive analysis of long-term
alkalinity trends ranging from small headwater streams to large
rivers on the east coast of the United States, and identify
potential drivers behind these trends. Previous studies have
analyzed long-term alkalinity trends in only a small number of
river sites with important implications.5,19,23 We document
trends and identify predictors of alkalinization at 97 sites
cumulatively draining over 260 000 km2 in the eastern U.S.
Alkalinity trends can reflect changes in continental weathering
rates and uptake of carbon dioxide by rock weathering. It has
been argued that silicate weathering represents a sink for
atmospheric CO2 for millions of years over geologic time scales,
whereas carbonate weathering represents a shorter term sink
over hundreds to thousands of years due to carbonate
precipitation in the ocean.5,24 An improved understanding of
the influence of lithology on river alkalinity is particularly

Figure 1. (A) Map of monitoring sites and cumulative watershed areas in the Eastern U.S. Five small watersheds are not shown in Connecticut and
Florida.
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needed given that an increase in carbonate vs silicate
weathering on land could contribute to carbon dioxide release
from the coastal ocean due to carbonate precipitation.5 In
addition, changes in riverine alkalinity can influence ecosystem
processes and alter the coastal carbonate system.25,26

■ MATERIALS AND METHODS

Historical time series of alkalinity measurements were obtained
from 97 different stream and river sites located throughout the
Eastern U.S. (east of the continental divide, including Florida)
(Figure 1 Map and SI Table 2). The Chesapeake Bay watershed
provided the largest number of sites with consistent and regular
monitoring data. Some sites had multiple locations along the
same river or within nested watersheds. Records were compiled
from historical water quality measurements made by the U.S.
Geological Survey (USGS), Hubbard Brook Experimental
Forest, and EPA Chesapeake Bay Program (SI). All the time
series included in our analyses were based on at least 25 years
of alkalinity data and greater than 156 observations. Although
some records had temporal discontinuities, we retained series
with less than 6 years of consecutive missing data and a period
of monitoring until at least the year 2000. The final time series
included in our analysis ranged from 25 to 60 years in length.

Further information on methods for alkalinity analyses can be
found elsewhere5,23,27 and in the SI.

Watershed Attributes. Potential watershed attributes that
may influence long-term changes in stream and river alkalinity,
such as acid deposition, land use, lithologic features including
carbonate, elevation, and watershed size, were quantified from a
geographic information system. Watershed boundaries were
delineated using 30 m resolution elevation data.28 Low-lying
karstic topology or errors in the elevation data set prevented
accurate watershed delineation for five sites (the Whippany
River, three sites along the Quinnipiac River, and the Pequbuck
River), and these were omitted from analyses of predictors at
the landscape scale. Land-use data were derived from the
National Land Cover Database (NLCD) 2001 coverage.29

Broad categories of land use were quantified by summing the
percentages of related classes (i.e., row crop and hay/pasture
were summed to determine percent watershed agricultural
cover) that constituted the total land use in each watershed.
Impervious surface cover (%) for each watershed was also
derived from the 2001 NLCD. The percentage of watershed
lithologic attributes comprised of karstic features was calculated
by summing the area of carbonate geologic features extracted
from a national-scale karst lithology map30 and dividing by the

Figure 2. Examples of significant increases in alkalinity in rivers of the eastern U.S (p < 0.05). Scatter plots show all time-series data, and Theil-Sen
slope estimates were calculated based on seasonal alkalinity averages (shown in red). All time-series data are shown to provide examples of the
frequency and duration of the available data. Further details on watershed areas and land use for these sites can be found in the SI.
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watershed area. Mean H+ concentration in precipitation was
determined by first converting 3 × 3 km2 pixel-scale pH values
to H+ concentrations and then averaging pixel values within
each watershed from data provided by the National
Atmospheric Deposition Program.31 Further details on land
cover/land use and atmospheric deposition data can be found
in SI.
Statistical Analyses. Theil-Sen slopes were estimated to

characterize average rates of change in alkalinity per year at
each site. Theil-Sen slopes are calculated as the median of all
possible slopes and are frequently used with time-series data
because they are robust in regards to missing data, non-normal
distributions, and occasional outliers.32 P-values <0.05 were
considered to be significant for all trends. Due to the large
number of sites that had irregular sampling periods, seasonal
average values of alkalinity (mg/L) were used to detect long-
term trends. Seasonal averages were defined as winter
(December, January, February), spring (March, April, May),
summer (June, July, August), and fall (September, October, and
November). A bootstrap resampling procedure was used to
generate confidence intervals and estimate p-values.
We evaluated potential effects of landscape-scale watershed

attributes on long-term trends in river alkalinity by comparing
multiple regression models predicting Theil-Sen slope variation
among sites. Thirty candidate models selected a priori were
compared for relative goodness of fit using Akaike’s information
criterion for small sample sizes (AICc),33 a model selection tool
that rewards parsimony and penalizes models based on variable
number and/or with redundant variables. Candidate model
terms included watershed size, percent impervious surface
cover, percent agricultural land, percent of watershed underlain
by karstic features (similar to carbonate formations), the pH of
precipitation (as observed in 1994), and various interactive
effects. Independent variables were not highly correlated with
one another (Pearson correlation coefficients among variables
were all <0.5). Although multiple linear models were compared,
potential nonlinear effects were considered by transforming
independent variables data terms in a subset of models. We
selected the model with the lowest AIC score as the top
candidate model and assessed transformations of candidate

variables using multiple linear regression. The appropriateness
of a parametric approach was checked using Levene’s test on
the data and assessing plots of residual versus fitted value plots
on the selected model.34 Further description of statistical
analyses can be found in the SI.

■ RESULTS
Significantly increasing alkalinity trends were detected at 62 of
97 stream and river sites of the Eastern U.S. (Figure 2, Table 1,
SI Table 2). The remaining watersheds showed no statistically
significant trends, and there were no significantly decreasing
trends in the entire data set (Table 1). Sites exhibiting the
highest Theil-Sen slopes were in the northeastern U.S., where
acid precipitation was highest (Table 1, Figure 3). The river
with the longest increasing record was the Schuylkill River,
where alkalinity increased from approximately 40 to 80 mg/L
over 60 years (Figure 2). The river with the most monitoring
sites was the Potomac River, the second largest tributary of the
Chesapeake Bay. In the Potomac River, alkalinity increased
over time consistently from the small headwaters in the
Appalachian Mountains to the beginning of its tidal section in
Washington, DC (i.e., Potomac River at Washington DC.
shown in Figure 2). We also observed increasing alkalinity
trends in smaller streams located in urbanized watersheds as,
for example, Gwynns Falls of Baltimore, Maryland and the
Anacostia River of Washington DC, SI Table 1). In the
Southeastern U.S., statistically significant increasing alkalinity
trends were detected in the Chattahoochee River, Tombigbee
River, Alabama River, and Peace River (Figure 2). Finally, over
50% of study sites had statistically significant increasing trends
in calcium concentrations, another product of chemical
weathering, for which long-term data were available in a
number of cases (Table 2 and SI).
Theil-Sen slope estimates were statistically related to

multiple landscape-scale watershed attributes. The statistical
model with the lowest AICc score among candidate models
relating Theil-Sen slopes to landscape-scale attributes included
terms for percent watershed karst, H+ concentration in
precipitation, elevation and a watershed karst × elevation
interaction term (Table 3, Figure 3, SI Table 4). The full model

Table 1. Mean Theil-Sen Slope Estimates Describing Rates of Change in River and Stream Water Alkalinity Throughout States
of the Eastern U.S.a

state
sample
size

ranges of observations
across sites

significant increasing
trends (p < 0.05)

significant decreasing
trends (P < 0.05)

Mean Theil-Sen slope
(mg/L/year)

standard error of mean
Theil-Sen slope

Alabama 2 1966−2008 2 0 0.340 0.050
Connecticut 18 1952−2011 9 0 0.237 0.045
Florida 4 1957−2011 2 0 0.610 0.130
Georgia 2 1968−2011 1 0 0.220
Maryland 45 1964−2010 30 0 0.592 0.045
New

Hampshire
1 1973−2009 1 0 0.85

New Jersey 10 1962−2010 9 0 0.272 0.048
New York 2 1966−2001 1 0 0.210

North Carolina 1 1973−2011 0 0
Pennsylvania 4 1945−2009 2 0 0.490 0.050
Rhode Island 3 1978−2002 1 0 0.160
South Carolina 1 1967−2011 0 0
Washington,

DC
2 1973−2010 1 0 0.510

West Virginia 2 1986−2010 2 0 0.645 0.185
totals 97 62 0

aTheil-Sen Slope estimates, locations, and descriptions for all individual sites can be found in the SI.
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was highly significant (F3,83 = 13.2, p < 0.0001) and had an r2

value of 0.41. All terms in the selected model were statistically
significant (Table 3). There were some other models that
explain the data well and are likely (SI Table 4) but these
models have fairly similar sets of independent variables so that
we focus our discussion for brevity on the model with the
highest AICc value. The Monte Carlo bootstrapping procedure
suggested that the presence of nested watersheds in the full
data set did not result in spurious conclusions. Mean p-values of
all model terms derived from randomly selected, less-nested

sites were consistent with the statistical conclusions of the
model run on the full data set (Table 3, SI Table 4).

■ DISCUSSION
Alkalinity is increasing in a majority of running waters
throughout the eastern U.S. We observed increasing trends in
alkalinity at 64% of 97 sites, from headwater streams to large
rivers, particularly those in watersheds draining carbonate
lithology. Many of the sites across regions have disparate soil,
parent material, vegetation, topographic features, and climatic
attributes. Despite this heterogeneity, several patterns emerged
that suggest rivers are integrators of heterogeneous geochemical
processes in watersheds. Based on our analysis, long-term
trends in stream and river alkalinity can be influenced by
carbonate lithology, acid deposition, and topography in
watersheds. Overall, our results suggest that human-accelerated
weathering is influencing stream and river alkalinity across
watersheds throughout the Eastern U.S.

Increasing Alkalinity from Streams to Large Rivers.
Small streams draining igneous and metamorphic lithology are
more susceptible to acidification while larger watersheds are
buffered further downstream.35 Most research has been devoted
to understanding alkalinity trends in small watersheds draining
acid sensitive areas, and less is known regarding long-term
changes in bedrock weathering and acid neutralizing capacity in
larger watersheds, especially those with carbonate lithology. We
observed consistently increasing patterns of alkalinity from the
Hubbard Brook stream at the Hubbard Brook Experimental
Forest (<31 km2) to larger rivers such as the Susquehanna
River (71 474 km2), Alabama River (57 471 km2), and
Tombigbee River (48 108 km2). Our results suggest that
accelerated weathering is influencing alkalinity similarly in both
streams and large rivers.
Watersheds (both small and large) are buffered by

neutralization of acidic water by geologic materials and
production of alkalinity (SI Table 1) as water comes into
contact with soils, till, and bedrock.10 For example, alkalinity
production can be substantial throughout drainage networks
due to acid neutralization along hydrologic flowpaths.35,36 River
chemistry in large watersheds can reflect an accumulation of
weathering products over time, given that watersheds with
greater soil development and depth can have longer flow paths
and thus greater residence times.37

Karst Lithology As a Source of Alkalinity. We found
that the sensitivity of a watershed to alkalinization varies
substantially in the presence of carbonate lithology. The
percentage of karstic features within the watershed was the
strongest predictor of rates of increasing alkalinity in our
analysis. Dissolution rates are very rapid in watersheds with
carbonate lithology relative to those with crystalline lithology.38

Watersheds draining karst lithology typically exhibit consid-
erably higher weathering rates, even when acid deposition is
minimal.38 In karstic regions impacted by acid rain,
neutralization occurs through reactions with carbonate
minerals, and this response can prevent sustained watershed
acidification in some cases.13 Even the presence of modest
amounts of carbonates as low as ∼1% in watersheds can
contribute to a considerable proportion of the alkalinity,
generated by chemical weathering, in rivers draining such
watersheds.36 If weathering rates were to equal or exceed rates
of H+ deposition in watersheds,13 soils would maintain a buffer
in base cations and accumulate residual alkalinity explaining our
observations of increasing trends in streams and rivers

Figure 3. Plots of (a) karst lithology, (b) precipitation pH in 1994,
and (c) mean watershed elevation against Theil-Sen slope estimates of
alkalinity trends in eastern U.S. rivers. The closed points represent
significant Theil-Sen slope estimates (p < 0.05) whereas open points
represent all other Theil-Sen slope estimates that were not statistically
significant. Because we assessed the relationships between Theil-Sen
slopes and independent variables in a multiple linear regression model,
lines of fit are not shown for specific variables here. The coefficients for
the multivariate model selected using AICc, which included the terms
shown in the figure plus a karst × elevation interaction term, are listed
in Table 2.
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(particularly in watersheds with karst lithology) (e.g., alkalinity
is the equivalent sum of conservative base cations minus
conservative anions as discussed previously). As an example, we
observed that sites underlain by carbonate rocks had higher
river alkalinization rates than Hubbard Brook, New Hampshire
underlain by crystalline lithology. This may be due to
differences in the availability of base cations and geologic
materials to sustain continued acid neutralization and buffering
capacity across sites (e.g., Hubbard Brook has shown long-term
depletion of base cations in soils over time,12 whereas the base
cation supply may not be exhausted in carbonate watersheds
such as those in the Potomac River watershed) (discussed
further below).
The extent of karstic geologic attributes at large spatial scales

suggests that karst is a key feature in understanding river
alkalinization globally. Karst lithology is extensive in the Eastern
United States covering 78 729 km2 or about 30% of our study
region. In the contiguous United States, we estimate that karstic
features cover approximately 20% of the land area29 while
carbonates represent about 20% of continental rock outcrops
globally.39 Thus, the observation of increasing alkalinity in
streams and rivers due to human-accelerated weathering may
be important in other regions with karst lithology, particularly
areas strongly impacted by acid deposition such as eastern Asia
and Europe.40,41 More work is necessary regarding a
comparison of human-accelerated weathering across continents
and impacts on alkalinity and the riverine carbon cycle.
Acid Deposition Increases Regional Weathering. Early

research on the effects of acid deposition predicted increased
weathering,10,42 and previous work in Europe and Asia has

suggested that acidification has increased weathering
rates.40,41,43−45 However, considerable work in the Northeast-
ern U.S. has suggested more complex results regarding the
impacts of acid deposition on weathering products in small
watersheds.45−47 Weathering reactions generally increase with
acidity:10 a 10-fold increase in hydrogen ions can result in a 2−
3 fold increase in dissolution rates.42 While these results
indicate the importance of both acid deposition and weathering,
our analysis did not detect a statistically significant interaction
between karst and acid deposition, an interaction term which
was included in several candidate regression models between
landscape-scale variables and Theil-Sen slopes. Previous work
on weathering kinetics has shown a fractional order depend-
ence of mineral dissolution on hydrogen ion activity suggesting
the importance of acidity.10 Silicates and other minerals may be
less impacted by weathering processes, and increased weath-
ering may not be evident due to variability in mineralogy and
weathering agents. Our analysis at 97 sites throughout the
eastern U.S. suggest that acid deposition has increased alkalinity
by stimulating weathering through neutralization reactions,
particularly in watersheds with substantial carbonate lithology.
More acid deposition has led to increased outputs of alkalinity
from watersheds and contributed to long-term, increasing
trends in rivers.
Acid deposition should increase weathering of carbonates,

but most research has focused on understanding acid
deposition effects in sensitive small watersheds with minimal
buffering capacity. Our database can be used in order to identify
more clearly the role of the various mineralogies through
comparison of watersheds with contrasting lithology. As an
example, the Potomac River watershed showed long, sustained,
and continuous increases in alkalinity concentrations at
multiple sites underlain by carbonate lithology. In contrast,
changes in the chemistry of atmospheric deposition can result
in relatively rapid and shifting responses in alkalinity in
watersheds draining crystalline lithology. Because of the Clean
Air Act Amendments of 1990,12 acid deposition has recently
declined in eastern North America and such trends likely
influence alkalinity in watersheds with crystalline lithology.12,48

For example, at Hubbard Brook Experimental Forest in the
White Mountains of New Hampshire, there has been a long-
term hysteresis response following acidification (decreasing
alkalinity in streams) from 1963 to 1970 and then recovery in
response to more recent air pollution regulations (increasing
alkalinity in streams).12,48 Such patterns in stream alkalinity are

Table 2. Mean Theil-Sen Slope Estimates Describing Rates of Change in Calcium Concentrations in Stream Water Throughout
States of the Eastern U.S.a

state
sample
size

ranges of observations
across sites

significant increasing
trends (p < 0.05)

significant decreasing
trends (P < 0.05)

Mean Theil-Sen slope
(mg/L/Year)

standard error of the mean
Theil-Sen slope

Alabama 2 1966−2001 2 0 0.097 0.006
Connecticut 18 1952−2010 9 3 0.666 0.026
Florida 3 1948−2011 1 0 0.231
Maryland 1 1978−2010 0 0
New Jersey 10 1923−2010 8 0 0.159 0.039
North Carolina 1 1955−2001 1 0 0.040
Pennsylvania 3 1925−2009 0 0
Rhode Island 1 1953−2010 0 0
Washington,
DC

1 1978−2010 1 0 0.188

Totals 40 22 3
aResults are for available calcium data at study sites. Theil-Sen slope estimates, locations, and descriptions for all individual sites can be found in the
SI.

Table 3. Results from the Multiple Linear Regression Model
Relating Site Watershed Attributes to Theil-Sen Slopes of
Alkalinity Trendsa

full model (n = 87)
Monte Carlo mean

(n = 53)

term coefficient F p-value p-value

karst (%) 5.1 × 10−3 4.7 <0.0001 0.0012
[H+] 1.2 × 104 2.7 0.0092 0.0341
elevation (m) 1.5 × 10−3 3.5 0.0008 0.0082
karst ×
elevation

−2.1 × 10−5 2.8 0.0064 0.0148

aMean p-values from the 1000 iteration Monte Carlo bootstrapping
procedure on the model are also provided.
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driven by the changing (increasing and decreasing) atmos-
pheric input of acid anions (SO4

2‑ and NO3
−).12 In comparison,

impacts of acid deposition on carbonate watersheds may show
less hysteresis due to ample capacity for acid neutralization, but
these processes are less studied.
The increasing alkalinity trends in rivers that we observed are

a response to historical acidification. Regional responses to acid
rain vary and there are direct responses in alkalinity in some
cases and lag times in other watersheds. Previous studies in the
Northeastern and Southeastern U.S. have shown a change in
alkalinity over time but the response time varies. For example,
there is a relationship between cumulative acid deposition and
cumulative export of alkalinity in the Hubbard Brook watershed
of the northeastern U.S.,12 but there are lag times in the
alkalinity response of watersheds in the Shenandoah moun-
tains.49 These lag times can be related to differences in the
weathering of geologic materials and available base cation
supply suggesting that some systems can be transport limited
(e.g., weathering processes are efficient at generating chemical
weathering products but transport processes can be inefficient
at removing them from the watershed).
In the Northeastern U.S., acid deposition due to anthro-

pogenic factors has persisted for over five decades.12 When acid
precipitation is deposited onto soils, elevated H+ concentrations
deplete soil alkalinity but also increase alkalinity in receiving
waters, resulting in river alkalization.37 Over time, there can be
drainage basin retention of weathering byproducts, and these
can be observed in the longest records of river alkalinity
measurements. The most rapid rates of increasing river
alkalinity are in areas with higher acid deposition in the
Northeastern U.S., patterns that are likely due to the greater
rates of historical chemical weathering in acidic environ-
ments.12,37 Acid deposition is often neutralized to geologically
normal pH levels by the time it reaches larger rivers. This
neutralization occurs via weathering reactions that take place as
water travels through watersheds (generating alkalinity),37 and
this process has been demonstrated by experimental acid-
ification in watersheds draining crystalline lithology that are
more resistant to weathering.50

Elevation as a Predictor of Alkalinization. Our results
suggest that watershed elevation plays a role in alkalinization
rates, a pattern that may also be related to acid deposition.
There may be greater acid deposition at higher elevations in
mountainous areas, and higher elevations tend to be more
sensitive to the effects of acid deposition due to thinner soils
and lack of buffering capacity.51 Rates of physical weathering
can be considerable on steep slopes and physical weathering
can be an order of magnitude greater than chemical
weathering.38 Physical weathering can further enhance chemical
weathering by providing fresh surface areas for chemical
weathering, and contribute to greater river alkalinization rates
with increasing elevation in watersheds.52 Our study region
included the Appalachian Mountains of the Eastern U.S., which
may be particularly vulnerable to accelerated weathering based
on both higher acid deposition rates and large areas of higher
elevation in this region.51,53,54

Contributions of Mining, Agriculture, and Urban-
ization. The effects of land use were not evident in our
regional analysis, but have been previously shown to influence
alkalinity concentrations at specific sites,5,19 including some in
the present study. Sites downstream of mining activities,
agriculture, and urbanization can be influenced by acid mine
drainage, soil liming, and runoff from impervious surfaces,

respectively. At the site scale, riverine alkalinity concentrations
in crop-lands that received agricultural lime applications were
5−6 times greater than alkalinity concentrations draining
forested lands in the Mississippi watershed.19 Mining can also
further contribute to alkalinization.5 However, we did not
consider mining activities in our analysis due to a lack of
comprehensive geographic data and large variability in
subsurface and surface mining practices among our study
watersheds.
We also observed increased alkalinization in urbanizing areas

near Baltimore, Maryland, Washington, DC, and Atlanta,
Georgia, which have been heavily impacted by increasing
impervious surface cover and cement use.21,55−57 Urbanization
may result in alkalinization due to a number of processes,
including the removal of organic soils and the dissolution of
cement, which is rich in base cations.57 In addition, urban
wastewater and enhanced organic matter loadings and river
metabolism can contribute to increased alkalinity concen-
trations in streams.58−60 In the present study, we observed
increasing alkalinity concentrations in urban watersheds that
have been experiencing aging infrastructure, degradation of
cement, and potential changes in organic matter metabo-
lism.21,60 The effects of urban land use on alkalinity
concentrations in streams and rivers warrant further study (SI).
The effects of mining and land use may be more evident in

subsets of catchments with more homogeneous parameters in
our data set. For example, we did observe a long-term increase
in river alkalinity concentrations in the Susquehanna River
similar to previous work,5 which attributed this response to
decreased acid mine drainage and intense mineral weathering of
carbonates since the 1940s by pryrite oxidation. In our regional
analysis, the locations with the highest alkalinization rates were
influenced by percentage karst lithology, acid deposition rates,
and elevation, and these may have included some mountainous
watersheds with mining activity. While mining and land use can
contribute to river alkalinization at the individual site scale,
lithology and weathering processes are the most important
explanatory variables across broader regional scales. More
research is necessary to investigate the interaction between
watershed geology and human activities and alteration of river
alkalinization patterns across local, regional, and global scales.

Implications for Regional Carbon Cycles and the
Environment. Increased chemical weathering has elevated
bicarbonate concentrations in streams and rivers throughout
the Eastern U.S. Chemical weathering consumes 50 Mt of
atmospheric CO2−C per year in North America, and almost
50% of this weathering originates from only 10% of the area of
North America.6 Weathering by sulfuric and nitric acids from
acid rain decreases the capacity for permanent uptake of
atmospheric carbon dioxide during continental weathering.41,45

It has also been suggested that accelerated weathering on land
may cause total alkalinity in coastal marine zones to increase by
almost 3% by the year 2100 above its historical concentration in
the year 1850.26 Thus, human-accelerated land weathering may
alter the coastal carbon cycle with implications for coastal ocean
acidification and air−water exchange of CO2.

25,26

Changes in buffering capacity are critical to biological
processes, as large swings in H+ concentration can be
detrimental to organisms. For example when pH drops below
5.9, there can be potentially adverse effects on Atlantic
salmon.61 In contrast, elevated values of pH in the range of
7.6 - 8.2 may contribute to ammonia toxicity in some lowland
streams.62 Alkalinity may influence efficiency of carbon fixation
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and primary productivity of aquatic ecosystems.63 Primary
production can be an important sink for bicarbonate,
particularly in nutrient-rich streams.64 Running waters with
higher alkalinity tend to exhibit elevated rates of primary
productivity65 and support greater abundances of secondary
and tertiary consumers.66 Long-term increasing alkalinity will
likely induce changes at multiple levels of lotic food webs.
Finally, river alkalinization can also impact water quality and

increase water hardness and concentrations of calcium and
magnesium, which impact scaling of pipes and water treatment
processes. Alkalinization and accelerated weathering contribute
to increased total dissolved solids in rivers, and this change may
exacerbate salinization of fresh water,21,55 particularly in
watersheds with carbonate lithology. Freshwater salinity is
already increasing in the Northeastern U.S., and if current
trends continue, some drinking water supplies in the region
may not be potable for human consumption within the next
century.55

Overall, our analysis suggests that the interaction between
watershed geology and human activities are accelerating
weathering throughout large regions of the U.S., particularly
in watersheds with extensive carbonate. Further work is
necessary to elucidate ecosystem scale cycling, generation of
alkalinity by stream and river processes, and calcite
precipitation.64,67 Increasing temperatures may further enhance
future weathering rates25,26 and water temperatures in some
major rivers in the U.S. have increased over time.68 Our results
have implications for geological studies of weathering of the
continental crust, given that stream and river chemistry is used
to infer processes, rates and intensity. Given that human
activities are affecting weathering and river chemistry at such
large regional scales, river alkalinization also raises implications
regarding quantifying and tracing sources of increasing chemical
fluxes from human-accelerated land weathering to coastal
zones.

■ ASSOCIATED CONTENT

*S Supporting Information
Supporting Information includes examples of dissolution
reactions ranked in approximate order from most easily
weathered to most resistant to weathering; descriptions of
alkalinity measurements and quality assurance/quality control;
Further descriptions of watershed attributes and statistical
analyses; significant rates of increase in river alkalinity for sites
determined by Theil-Sen slope analyses; Trends in calcium
concentrations determined by Theil-Sen slope analyses;
mulitple linear regression model comparisons of landscape-
scale watershed attribute effects on Theil-Sen slope values using
Aikiake’s Information Criterion for small sample sizes (AICc);
watershed characteristics for sites in Figure 2 of the manuscript;
examples of long-term trends in calcium concentrations for
selected sites; further discussion of land use and carbonate
sources in watersheds; distribution of the pH of precipitation in
the U.S. from the National Atmospheric Deposition Program;
examples of long-term alkalinity concentrations in other U.S.
regions. This material is available free of charge via the Internet
at http://pubs.acs.org.

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: skaushal@umd.edu.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was supported by NASA NNX11AM28G, NSF DBI
0640300, and NSF CBET 1058502. Bill Stack and Roberta
Rudnick provided helpful discussions. Cassandra Smith assisted
with data analysis. U.S. Geological Survey, EPA Chesapeake
Bay Program, and Maryland Department of Natural Resources
provided data. Financial support for data from the Hubbard
Brook Experimental Forest was provided by the National
Science Foundation, including the LTER and LTREB
programs, and the A.W. Mellon Foundation.

■ REFERENCES
(1) Berner, R. A.; Lasaga, A. C.; Garrels, R. M. The carbonate-silicate
geochemical cycle and its effect on atmospheric carbon-dioxide over
the past 100 million years. Am. J. Sci. 1983, 283 (7), 641−683.
(2) Meybeck, M. Global chemical-weathering of surficial rocks
estimated from river dissolved loads. Am. J. Sci. 1987, 287 (5), 401−
428.
(3) Cole, J. J.; Prairie, Y. T.; Caraco, N. F.; McDowell, W. H.;
Tranvik, L. J.; Striegl, R. G.; Duarte, C. M.; Kortelainen, P.; Downing,
J. A.; Middelburg, J. J.; Melack, J. Plumbing the global carbon cycle:
Integrating inland waters into the terrestrial carbon budget. Ecosystems
2007, 10 (1), 171−184.
(4) Barnes, R. T.; Raymond, P. A. The contribution of agricultural
and urban activities to inorganic carbon fluxes within temperate
watersheds. Chem. Geol. 2009, 266 (3−4), 318−327.
(5) Raymond, P. A.; Oh, N. H. Long term changes of chemical
weathering products in rivers heavily impacted from acid mine
drainage: Insights on the impact of coal mining on regional and global
carbon and sulfur budgets. Earth Plane. Sci. Lett. 2009, 284 (1−2), 50−
56.
(6) Moosdorf, N.; Hartmann, J.; Lauerwald, R.; Hagedorn, B.;
Kempe, S. Atmospheric CO2 consumption by chemical weathering in
North America. Geochim. Cosmochim. Acta 2011, 75 (24), 7829−7854.
(7) Johnson, C. E., Litaor, M. I., Billett, M. F., Bricker, O. P. SCOPE;
John Wiley & Sons Ltd, 1994.
(8) Jones, J. B.; Stanley, E. H.; Mulholland, P. J. Increased alkalinity
in the Mississippi. Science 2003, 302 (5647), 985−986.
(9) Jones, J. B.; Stanley, E. H.; Mulholland, P. J. Long-term decline in
carbon dioxide supersaturation in rivers across the contiguous United
States. Geophys. Res. Lett. 2003, 30, (10).
(10) Schnoor, J. L.; Stumm, W. The role of chemical-weathering in
the neutralization of acidic deposition. Schweiz. Z. Hydrol. 1986, 48,
171−195, DOI: 10.1007/bf02560197.
(11) Johnson, N. M. In Geological Aspects of Acid Deposition. Acid
Deposition Series; Bricker, O.P., Ed.; Butterworth: Stoneham, MA,
1984; Vol. 7.
(12) Likens, G. E.; Driscoll, C. T.; Buso, D. C. Long-term effects of
acid rain: Response and recovery of a forest ecosystem. Science 1996,
272 (5259), 244−246.
(13) Kilham, P. Acid precipitationIts role in the alkalinization of a
lake in Michigan. Limnol. Oceanogr. 1982, 27 (5), 856−867.
(14) West, T. O.; McBride, A. C. The contribution of agricultural
lime to carbon dioxide emissions in the United States: Dissolution,
transport, and net emissions. Agric. Ecosyst. Environ. 2005, 108 (2),
145−154.
(15) Perrin, A. S.; Probst, A.; Probst, J. L. Impact of nitrogenous
fertilizers on carbonate dissolution in small agricultural catchments:
Implications for weathering CO2 uptake at regional and global scales.
Geochim. Cosmochim. Acta 2008, 72 (13), 3105−3123.
(16) Likens, G. E.; Driscoll, C. T.; Buso, D. C.; Siccama, T. G.;
Johnson, C. E.; Lovett, G. M.; Fahey, T. J.; Reiners, W. A.; Ryan, D. F.;
Martin, C. W.; Bailey, S. W. The biogeochemistry of calcium at
Hubbard Brook. Biogeochemistry 1998, 41 (2), 89−173.

Environmental Science & Technology Article

dx.doi.org/10.1021/es401046s | Environ. Sci. Technol. XXXX, XXX, XXX−XXXH

http://pubs.acs.org
mailto:skaushal@umd.edu


(17) Pierson-Wickmann, A. C.; Aquilina, L.; Martin, C.; Ruiz, L.;
Molenat, J.; Jaffrezic, A.; Gascuel-Odoux, C. High chemical weathering
rates in first-order granitic catchments induced by agricultural stress.
Chem. Geol. 2009, 265 (3−4), 369−380.
(18) Aquilina, L.; Poszwa, A.; Walter, C.; Vergnaud, V.; Pierson-
Wickmann, A. C.; Ruiz, L. Long-term effects of high nitrogen loads on
cation and carbon riverine export in agricultural catchments. Environ.
Sci. Technol. 2012, 46 (17), 9447−9455.
(19) Raymond, P. A.; Oh, N. H.; Turner, R. E.; Broussard, W.
Anthropogenically enhanced fluxes of water and carbon from the
Mississippi River. Nature 2008, 451 (7177), 449−452.
(20) Davies, P. J.; Wright, I. A.; Jonasson, O. J.; Findlay, S. J. Impact
of concrete and PVC pipes on urban water chemistry. Urban Water J.
2010, 7 (4), 233−241.
(21) Kaushal, S. S.; Belt, K. T. The urban watershed continuum:
evolving spatial and temporal dimensions. Urban Ecosystems 2012, 15
(2), 409−435.
(22) *Brady, N. C.; Weil, R. R. The Nature and Properties of Soils, 14
ed.; Pearson-Prentice Hall: Upper Saddle River, NJ. 2008; ISBN: 13-
978-0-13-227938-3.
(23) Raymond, P. A.; Cole, J. J. Increase in the export of alkalinity
from North America’s largest river. Science 2003, 301 (5629), 88−91.
(24) Gaillardet, J.; Dupre, B.; Louvat, P.; Allegre, C. J. Global silicate
weathering and CO2 consumption rates deduced from the chemistry
of large rivers. Chem. Geol. 1999, 159 (1−4), 3−30.
(25) Mackenzie, F. T.; Andersson, A. J.; Arvidson, R. S.; Guidry, M.
W.; Lerman, A. Land-sea carbon and nutrient fluxes and coastal ocean
CO2 exchange and acidification: Past, present, and future. Appl.
Geochem. 2011, 26, S298−S302.
(26) Lerman, A.; Wu, L. L.; Mackenzie, F. T. CO2 and H2SO4

consumption in weathering and material transport to the ocean, and
their role in the global carbon balance. Mar. Chem. 2007, 106 (1−2),
326−350.
(27) Chesapeake Bay and watershed programs monitoring and non-
tidal assessment (CBWP-MANTA-MN-09−2, 2009).
(28) Gesch, D. B. In Digital Elevation Model Technologies and
Applications: The DEM Users Manual, 2nd ed.; American Society for
Photogrammetry and Remote Sensing: Bethesda, MD, 2007.
(29) Homer, C. Completion of the 2001 National Land Cover
Database for the conterminous United States. Photogramm. Eng.
Remote Sens. 2007, 73, 337−341.
(30) Tobin, B. D.; Weary, D. J. Digital engineering aspects of Karst
Map: A GIS version of engineering aspects of karst. In National atlas of
the United States of America, scale 1:7,500,000; Davies, W. E., Simpson,
J. H., Ohlmacher, G. C., Kirk, W. S., Newton E. G., Eds.; U.S.
Geological Survey, 1984.
(31) The National Atmospheric Deposition Program: National
Trends Network maps and grids. http://nadp.ses.uiuc.edu/NTN/
grids.aspx (accessed July 6, 2012).
(32) Carslaw, D. C.; Ropkins, K. openair - An R package for air
quality data analysis. Environ. Modell. Software 2012, 27−28, 52−61.
(33) Burnham, K. P. & Anderson, D. R. Model Selection and Multi-
Model Interference: A Practical Information-Theoretic Approach, 2nd ed.;
Springer Verlag: New York, 2010.
(34) Levene, H. IN Contributions to Probability and Statistics; Ghurye,
S.G., Olkin, I., Hoeffding, W., Madow, W.G., Mann, H.B., Eds.;
Stanford University Press: Palo Alto, CA, 1960.
(35) Johnson, N. M. Acid rain-neutralization within the Hubbard
Brook ecosystem and regional implications. Science 1979, 204 (4392),
497−499.
(36) Drever, J. I.; Hurcomb, D. R. Neutralization of atmospheric
acidity by chemical weathering in an alpine drainage-basin in the
North Cascade Mountains. Geology 1986, 14 (3), 221−224.
(37) Johnson, N. M.; Reynolds, R. C.; Likens, G. E. Atmospheric
sulfurIts effect on chemical weathering of New England. Science
1972, 177, (4048), 514−-516, DOI: 10.1126/science.177.4048.
(38) Ryu, J. S.; Lee, K. S.; Chang, H. W.; Shin, H. S. Chemical
weathering of carbonates and silicates in the Han River basin, South
Korea. Chem. Geol. 2008, 247 (1−2), 66−80.

(39) Suchet, P. A.; Probst, J. L.; Ludwig, W. Worldwide distribution
of continental rock lithology: Implications for the atmospheric/soil
CO2 uptake by continental weathering and alkalinity river transport to
the oceans. Global Biogeochem. Cycles 2003, 17 (2), 14.
(40) Meyer, H.; Strauss, H.; Hetzel, R. The role of supergene
sulphuric acid during weathering in small river catchments in low
mountain ranges of Central Europe: Implications for calculating the
atmospheric CO2 budget. Chem. Geol. 2009, 268 (1−2), 41−51.
(41) Chetelat, B.; Liu, C. Q.; Zhao, Z. Q.; Wang, Q. L.; Li, S. L.; Li,
J.; Wang, B. L. Geochemistry of the dissolved load of the Changjiang
Basin rivers: Anthropogenic impacts and chemical weathering.
Geochim. Cosmochim. Acta 2008, 72 (17), 4254−4277.
(42) Stumm, W. In Processes at the Mineral-Water and Particle-Water
Interface in Natural Systems; John Wiley & Sons: Canada, 1992.
(43) Paces, T. Weathering rates of gneiss and depletion of
exchangeable cations in soils under environmental acidification. J.
Geol. Soc. 1986, 143, 673−677.
(44) Land, M.; Ingri, J.; Ohlander, B. Past and present weathering
rates in northern Sweden. Appl. Geochem. 1999, 14 (6), 761−774.
(45) Li, S. L.; Calmels, D.; Han, G.; Gaillardet, J.; Liu, C. Q. Sulfuric
acid as an agent of carbonate weathering constrained by delta C-
13(DIC): Examples from Southwest China. Earth Planet. Sci. Lett.
2008, 270 (3−4), 189−199.
(46) April, R.; Newton, R.; Coles, L. T. Chemical-weathering in two
Adirondack watershedsPast and present day rates. Geol. Soc. Am.
Bull. 1986, 97 (10), 1232−1238.
(47) Bailey, S. W.; Buso, D. C.; Likens, G. E. Implications of sodium
mass balance for interpreting the calcium cycle of a forested
ecosystem. Ecology 2003, 84 (2), 471−484.
(48) Likens, G. E.; Buso, D. C. Dilution and the Elusive Baseline.
Environ. Sci. Technol. 2012, 46 (8), 4382−4387.
(49) Robison, A. L.; Scanlon, T. M.; Cosby, B. J.; Webb, J. R.;
Galloway, J. N. Roles of sulfate adsoprtion and base cation supply in
acidification and recovery of streams of western Virginia. Biogeochem-
istry (in review).
(50) Hall, R. J.; Likens, G. E.; Fiance, S. B.; Hendrey, G. R.
Experimental acidification of a stream in the Hubbard Brook
Experimental Forest, New Hampshire. Ecology 1980, 61 (4), 976−989.
(51) Weathers, K. C.; Lovett, G. M.; Likens, G. E.; Lathrop, R. The
effect of landscape features on deposition to Hunter Mountain,
Catskill Mountains, New York. Ecol. Appl. 2000, 10 (2), 528−540.
(52) Drever, J. I.; Zobrist, J. Chemical-weathering of silicate rocks as
a function of elevation in the southern Swiss Alps. Geochim.
Cosmochim. Acta 1992, 56 (8), 3209−3216.
(53) Miller, E. K.; Friedland, A. J.; Arons, E. A.; Mohnen, V. A.;
Battles, J. J.; Panek, J. A.; Kadlecek, J.; Johnson, A. H. Atmospheric
deposition to forests along an elevational gradient at Whiteface-
Mountain, NY, USA. Atmos. Environ., Part A 1993, 27 (14), 2121−
2136.
(54) Cai, M. J.; Schwartz, J. S.; Robinson, R. B.; Moore, S. E.; Kulp,
M. A. Long-term annual and seasonal patterns of acidic deposition and
stream water quality in a Great Smoky Mountains high-elevation
watershed. Water, Air, Soil Pollut. 2011, 219 (1−4), 547−562.
(55) Kaushal, S. S.; Groffman, P. M.; Likens, G. E.; Belt, K. T.; Stack,
W. P.; Kelly, V. R.; Band, L. E.; Fisher, G. T. Increased salinization of
fresh water in the northeastern United States. Proc. Natl. Acad. Sci.
U.S.A. 2005, 102 (38), 13517−13520.
(56) Peters, N. E. Effects of urbanization on stream water quality in
the city of Atlanta, Georgia, USA. Hydrol. Processes 2009, 2860−2878,
DOI: 10.1002/hyp.7373.
(57) Rose, S. Comparative major ion geochemistry of Piedmont
streams in the Atlanta, Georgia region: Possible effects of urbanization.
Environ. Geol. 2002, 42 (1), 102−113.
(58) Daniel, M. H. B.; Montebelo, A. A.; Bernardes, M. C.; Ometto,
J.; DeCamargo, P. B.; Krusche, A. V.; Ballester, M. V.; Victoria, R. L.;
Martinelli, L. A. Effects of urban sewage on dissolved oxygen, dissolved
inorganic and organic carbon, and electrical conductivity of small
streams along a gradient of urbanization in the Piracicaba River basin.
Water, Air, Soil Pollut. 2002, 136 (1−4), 189−206.

Environmental Science & Technology Article

dx.doi.org/10.1021/es401046s | Environ. Sci. Technol. XXXX, XXX, XXX−XXXI

http://nadp.ses.uiuc.edu/NTN/grids.aspx
http://nadp.ses.uiuc.edu/NTN/grids.aspx


(59) Barnes, R. T.; Raymond, P. A. The contribution of agricultural
and urban activities to inorganic carbon fluxes within temperate
watersheds. Chem. Geol. 2009, 266 (3−4), 318−327.
(60) Prasad, M. B. K.; Kaushal, S. S.; Murtugudde, R. Long-term
pCO2 dynamics in rivers in the Chesapeake Bay watershed. Appl.
Geochem. 2013, 31, 209−215.
(61) Liebich, T.; McCormick, S. D.; Kircheis, D.; Johnson, K.; Regal,
R.; Hrabik, T. Water chemistry and its effects on the physiology and
survival of Atlantic salmon Salmo salar smolts. J. Fish Biol. 2011, 79
(2), 502−519.
(62) Hickey, C. W.; Vickers, M. L. Toxicity of ammonia to 9 native
New Zealand fresh water invertebrate species. Arch. Environ. Contam.
Toxicol. 1994, 26 (3), 292−298.
(63) Allan, J. D.; Castillo, M. M. Stream Ecology, 2nd ed.; Springer,
2007.
(64) Tobias, C.; Bohlke, J. K. Biological and geochemical controls on
diel dissolved inorganic carbon cycling in a low-order agricultural
stream: Implications for reach scales and beyond. Chem. Geol. 2011,
283 (1−2), 18−30.
(65) Lay, J. A.; Ward, A. K. Algal community dynamics in 2 streams
associated with different geological regions in the Southeastern United
States. Archiv Fur Hydrobiologie 1987, 108 (3), 305−324.
(66) Almodovar, A.; Nicola, G. G.; Elvira, B. Spatial variation in
brown trout production: The role of environmental factors. Trans. Am.
Fish. Soc. 2006, 135 (5), 1348−1360.
(67) Dubois, K. D.; Lee, D.; Veizer, J., Isotopic constraints on
alkalinity, dissolved organic carbon, and atmospheric carbon dioxide
fluxes in the Mississippi River. J. Geophys. Res., [Biogeosci.] 2010, 115.
(68) Kaushal, S. S.; Likens, G. E.; Jaworski, N. A.; Pace, M. L.; Sides,
A. M.; Seekell, D.; Belt, K. T.; Secor, D. H.; Wingate, R. L. Rising
stream and river temperatures in the United States. Front. Ecol.
Environ. 2010, 8 (9), 461−466.

Environmental Science & Technology Article

dx.doi.org/10.1021/es401046s | Environ. Sci. Technol. XXXX, XXX, XXX−XXXJ


