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Supplementary Sections

Section S1 : Pedology of the Watersheds in this Present Study

The soils underlying the eight river subregions range from primarily Spodosols in the Con-
necticut, to Inceptisols in the Hudson, Delaware and Susquehanna, to Ultisols in the Pa-
munkey and Roanoke (Table 2). Differences in parent material, climate and time—three of
the five soil forming factors—have determined the predominant soils within each subregion
[Ciolkosz et al., 1989].
In the Connecticut River and the northern Hudson River subregions, parent materials are

granites, schists and gneisses, now overlain with glacial tills. Beneath parts of the Hudson,
Delaware, Susquehanna, Schuylkill and Potomac River subregions are various sandstones,
shales and limestones, some also which were reworked into glacial tills. More granites, schists
and gneisses underly the Potomac and Roanoke River subregions, while unconsolidated acid
sands and clays underly the Pamunkey (and parts of the Roanoke) River subregion [Ciolkosz
et al., 1984, 1989].
Moving south from the Connecticut River subregion to the Roanoke River subregion,

the regional climate warms (see e.g., Table 1) and soils weather more quickly. Dominant
vegetation transitions from white pines and northern hardwoods (e.g., beech, birch, maple)
in the northernmost river subregions, through oak and chestnut forests, to oak and hickory
and yellow pine forests in the southernmost river subregions [Ciolkosz et al., 1984].
One major pedologic (and lithologic) distinction between the eight rivers stems from the

most recent geologic event: the Wisconsin Glacial Episode [Ciolkosz et al., 1984, 1989]. Dur-
ing the Pleistocene, the North American Laurentide ice sheet extended into the northernmost
parts of Pennsylvania and New Jersey. Consequently, soils comprising the Connecticut and
Hudson River subregions, as well as portions of the Susquehanna and Delaware River subre-
gions, formed much more recently (12,000 yr to 18,000 yr ago) in glacial tills, whereas soils
comprising the other river subregions are much older.
The Connecticut River subregion consists primarily of Spodosols and less developed soils

such as Inceptisols and Entisols. All soils tend to be acidic, sandy loams [Ciolkosz et al.,
1989]. The Hudson River subregion is dominated by Inceptisols, with some Spodosol and
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Alfisol formations. The Inceptisols of the Hudson River, in contrast to the Connecticut River,
developed from sandstone- and shale-derived glacial till and tend to form silt loams to loams
with fragipans. The base-rich Alfisols in the subregion developed in carbonaceous glacial tills,
which weathered more quickly than the Inceptisol-forming tills. Although more developed,
having formed in glacial tills, the Alfisols are relatively young (12,000 yr to 18,000 yr) and
have a thinner solum (60 cm to 75 cm) than most typical Alfisols [Ciolkosz et al., 1989].
Both the Delaware and Susquehanna River subregions span glaciated and unglaciated

landscapes. Like the Hudson, soil formations include Inceptisols and more weathered Alfisols
derived from glacial tills. Soil formations also include: Inceptisols derived from unglaciated,
weather-resistant sandstones and shales (these soils tend to be rocky and lack fragipans);
Alfisols developed from unglaciated limestones; and Ultisols from unglaciated acid shales
[Ciolkosz et al., 1989]. The latter three unglaciated soil formations also comprise the Schuylkill
and Potomac River subregions. The Potomac River subregion, along with the Susquehanna,
is further comprised of Ultisols developed from granites and schists.
Finally, the Pamunkey and Roanoke River subregions are primarily composed of Ultisols

developed either from granites and schist (like the Potomac and Susquehanna), or from
unconsolidated sands and clays [Ciolkosz et al., 1989].
Considering the variability in soil age, from very “young” soils of the glaciated Connecticut

and Hudson Rivers (12,000 yr to 18,000 yr; Ciolkosz et al. [1989]) to the much older soils of the
Pamunkey and Roanoke Rivers (700,000 yr to 1,600,000 yr; Howard et al. [1993]), substantial
contributions of aged soil organic matter to the rivers should evidence as depleted ∆14C
signatures in the subregions dominated by older soils. This trend, however, is not observed,
and in fact, ∆14C shows enrichment in the older subregions (see e.g., Figure 2 and Table S1
in Hossler and Bauer [Accepted]), suggesting other C sources likely dominate in these rivers.

Section S2 : Lithology of the Watersheds in this Present Study

The lithologies underlying the watersheds of the eight northeastern U.S. rivers vary from
granites, schists and gneisses in the most northern subregions, to sedimentary sandstones,
shales and limestones in the upper middle subregions, to more granites, schists and gneisses
in the lower middle subregions, to unconsolidated sands and clays in the most southern
subregions [Ciolkosz et al., 1984, 1989]. Of particular interest in terms of C cycling are
limestones and dolomites, which can contribute carbonates to the DIC pool, and black
shales and slates, which can contribute fossil OM to the POC and DOC pools.
Descriptions of regional lithologies suggest the Hudson, Delaware, Susquehanna and Po-

tomac Rivers, and to a lesser extent, the Schuylkill and Roanoke Rivers, are underlain by
some amount of carbonate rock [Ciolkosz et al., 1984, 1989], while more detailed analysis of
GIS lithology data (see Section S3) indicates all but the Pamunkey River subregion are com-
prised of carbonate rock to a degree—particularly the Potomac and Hudson rivers (Table 2)
[Dicken et al., 2007; Nicholson et al., 2007a,b; Dicken et al., 2008]. The more carbonate-
rich lithologies of the Hudson, Delaware, Schuylkill, Susquehanna, and Potomac rivers were
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also evident through comparison of Na+-normalized dissolved ions such as HCO−

3 , Ca
+2 and

Mg+2 (Figure S10; see also Gaillardet et al. [1999]).
Regarding fossil OM sources, one major black shale deposit—the Marcellus Shale Formation—

is found in the Appalachian basin, which is spanned by the Hudson, Delaware, Susque-
hanna and Potomac river subregions, and to a minor extent, the Schuylkill and Roanoke
river subregions [e.g., Charpentier et al., 1993]. Scattered coal deposits also underlie the
Schuylkill, Susquehanna and Potomac river subregions, and small portions of the Pamunkey
and Roanoke River subregions [Tully , 1996]. Other carbonaceous bedrocks include miscella-
neous black shales underlying the Connecticut, Hudson, Susquehanna, Potomac and Roanoke
river subregions; OC-rich slates, phyllites and schists in the Connecticut subregion; OC-rich
clays in the Delaware and Schuylkill subregions; and OC-rich limestones and siltstones in the
Delaware, Schuylkill and Susquehanna subregions [Nicholson et al., 2007a,b; Dicken et al.,
2008]. Analysis of GIS lithology data suggests carbonaceous rocks are most abundant in the
Connecticut, Hudson, Susquehanna, and Potomac river subregions and are least abundant in
the Pamunkey and Roanoke river subregions [Dicken et al., 2007; Nicholson et al., 2007a,b;
Dicken et al., 2008; Table 2].
Lithologic influence on riverine C will depend on not only the bedrock mineralogy (e.g.,

presence of carbonates or organics), but also the resistance to weathering and exposure
to weathering elements. Granites, schists and gneisses tend to be resistant to weathering,
whereas limestones, sandstones and shales weather readily. Rocks can weather upon exposure
at the earth’s surface, or through action of groundwater beneath the surface. Principal
groundwater reservoirs can be found in unconsolidated sands, limestones and dolomites, and
sandstones [Heath, 1984]. In contrast, formations of clay and shale impede the movement of
water [Heath, 1984].
Based on subregional lithologies, we expected significant carbonate contributions in the

Hudson, Delaware, Schuylkill, Susquehanna and Potomac rivers, and significant fossil OC
contributions in the Connecticut, Hudson, Delaware, Schuylkill, Susquehanna and Potomac
rivers (Table 2). DIC concentrations did have a tendency to be higher in the more carbonate-
rich rivers (e.g., 8.7 mg·L−1 to 27.8 mg·L−1 compared to 3.9 mg·L−1 to 10.5 mg·L−1 in
the three less carbonate-rich rivers; see also Table 1 in Hossler and Bauer [Accepted]).
However, POC and DOC concentrations demonstrated no lithologic-based patterns. DIC
∆14C signatures also tended to be slightly depleted in the more-carbonate rich rivers, but
POC and DOC ∆14C signatures were more variable (see Figure 2 and Table S1 in Hossler
and Bauer [Accepted]). The importance of lithology as a controlling factor for riverine C
exports, as well as allochthonous and aged C contributions, is discussed more thoroughly in
the main text (see Sections 3.1–3.3).
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Section S3 : Description of Supplementary Data

Site Attributes

For each of the eight sampled rivers, site attributes were compiled over drainage subregions
and subbasins (also called cataloging units)—these are the 4-digit and 8-digit, respectively,
Hydrologic Unit Codes (HUC) established by the United States Geological Survey [Seaber
et al., 1987] (see Table S1). The HUC units are hierarchical, with the subbasin representing
the more localized drainage area for each sample site and the subregion representing the
broadest drainage area for each sample site. Note however, for the Schuylkill and Pamunkey
rivers, the highest level of classification was the drainage subbasin (i.e., “subregional” and
“subbasinal” attributes are identical for these two systems).
Subregional drainage area, cumulative river length, slope, relief, velocity, precipitation

and temperature were estimated using the National Hydrography Dataset Plus (NHDPlus;
U.S. Environmental Protection Agency and U.S. Geological Survey , 2005). NHDPlus dBase
files were imported into R [R Development Core Team, 2009] using the shapefiles package.
Within the NHDPlus dBase files, hydrographic attributes were available by stream segment,
or flowline (COMID). Flowline attributes of drainage area (CUMDRAINAG), mean annual
precipitation (AREAWTMAP) and mean annual temperature (AREAWTMAT) were cu-
mulative for the catchment area upstream from the bottom of the flowline, so were used
as is (i.e., values reported are for the flowlines containing the sample locations). Flowline
attributes of length (LENGTHKM), mean annual velocity (MAVELU), and slope (SLOPE)
were per flowline unit. For cumulative river length then, all flowline lengths upstream of
sample locations were summed. For mean annual velocity and slope, values were weight-
averaged by length for all flowlines upstream of sample locations. For relief, or net difference
in elevation, the minimum smoothed elevation (MINELEVSMO) was subtracted from the
maximum smoothed elevation (MAXELEVSMO) among the flowlines upstream of the sam-
ple locations.
Mean annual discharge was estimated using data available for U.S. Geological Survey

(USGS) water monitoring stations [U.S. Geological Survey , 2011] for the years 2003 through
2010. For USGS stations nearest each sampling location (see Table S1) we obtained daily
average discharges for the period 01 January 2003 to 31 December 2010; discharges over
the entire period were averaged for the mean annual discharge (note: for the Hudson River
station (01372058), tidal-filtered discharge values were used). Coefficients of variation ranged
from 0.15 in the Connecticut, Hudson and Delaware rivers, to 0.22 in the Schuylkill and
Susquehanna rivers, to 0.46 in the Potomac, Pamunkey and Roanoke rivers. Mean annual
runoff was calculated by dividing the mean annual discharge by drainage area.
The above physiographic and climatic features were evaluated for each subbasin using

HUC8 datasets available through the U.S. Environmental Protection Agency and U.S. Ge-
ological Survey [2005]. Cumulative river length, slope, elevation, velocity, and runoff were
determined as described for the subregional features. For subbasinal drainage area, flow-
line catchment areas (AREASQKM) were summed for all flowlines upstream of the sample
location. Per flowline catchment mean annual precipitation (PRECIP) and temperature
(TEMP) were weight-averaged by catchment area (AREASQKM) for all flowlines upstream
of the sample location. Subbasinal discharge was estimated from the total incremental dis-
charge (INCRFLOWU) for all flowlines upstream of the sample location and scaled relative
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to the subregional discharge estimates obtained from the USGS 2003–2010 data [U.S. Geo-
logical Survey , 2011].

Land Use

Land use statistics were calculated from the 2001 National Land Cover Database [Homer
et al., 2004] using the US EPA’s BASINS 4.0 software [United States Environmental Protec-
tion Agency , 2007]. We grouped the finer-scale land use classes into five general categories:
Agriculture, Urban, Forest, Wetland and Anthropogenic. (For example, the land use classes
of “Cultivated Crops” and “Pasture/Hay” were combined under the broader category of
“Agriculture”; see also Table S3.)

Soil Order and Texture

Soil characteristics were determined from the State Soil Geographic (STATSGO) dataset
[Soil Conservation Service and National Soil Survey Center , 1994] co-distributed with the
BASINS 4.0 software [United States Environmental Protection Agency , 2007], using the R
software environment [R Development Core Team, 2009]. Using the “shapefiles” package in
R, the proportion of watershed area was first calculated per soil map unit (MUID). Additional
required R packages included “spsurvey” (“marinus” function used to project latitude and
longitude shapefile coordinates onto xy plane by Equidistant Cylindric projection [Snyder ,
1987, p. 90]) and “splancs” (“areapl” function used to calculate polygon area). Each soil
map unit was comprised of multiple components with component percentages and attributes
(e.g., soil order and soil surface texture) accessible from the distributed dBase format data
files. Attribute percentages by watershed area were then calculated by multiplying the map
unit proportion by the component percentage and tabulating by attribute character.
For soil surface texture, certain attribute characters were combined: fine sand, sand, and

coarse sand textures were grouped together as sand; hemic, sapric, muck, mucky-peat, and
peat textures were grouped together as organic (see also Table S3). Additionally, for map
unit component textures defined as more than one type, it was assumed that each texture
type contributed equally and the map unit component percentages were split respectively
into the parent texture types (e.g., for a map unit component defined as stony and silt loam,
half of the map unit component percentage was added to the stony texture character and
half was added to the silt loam texture character).

Lithology

Lithologic attributes were calculated using the integrated geologic map databases provided
by the U.S. Geological Survey [Dicken et al., 2007; Nicholson et al., 2007a,b; Dicken et al.,
2008]. As described for the soil characteristics, we first calculated the proportion of water-
shed area per geologic map unit (UNIT LINK) using the R packages shapefiles, spsurvey,
and splancs. Watershed area proportions were then tabulated by the dominant lithology
(ROCKTYPE1; > 50 % of unit). (Note, certain rock types were first reclassified: any dior-
ite (e.g., granodiorite) was classified as “diorite”; any gneiss was classified as “gneiss”; any
metavolcanic rock was classified as “metavolcanic rock”; any schist was classified as “schist”;
any syenite was classified as “syenite”; any quartzite was classified as “quartzite”; granitoid
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rocks were classified under “granite”; phyllonites were classified under “phyllite”; tholei-
ites were classified under “basalt”; and ultramafic rocks were classified under “metamorphic
rock.”) After tabulation by dominant rock type, we created two subsuming classifications:
“carbonates,” which included any geologic map unit containing limestones, dolomites, or
rock formations described as carbonatic or calcareous; and “organics,” which included any
geologic map unit containing black shales, coals, or rock formations described as carbona-
ceous or organic (see also Table S3). Area percentages for these two categories were summed
from the component geologic map units.

Fossil Fuel Burning Power Plants

A list of coal, oil and gas power plants existing in 2007 was accessed through the U.S. Energy
Information Administration [U.S. Energy Information Administration, 2007]. Geographic
coordinates for the northeastern power plants were obtained through databases maintained
by CARMA [Carbon Monitoring for Action, 2011] and GEO [Global Energy Observatory ,
2011]. Power plant locations were mapped using the shapefile editing program Forestry GIS
(fGIS; University of Wisconsin [2005]) to determine which units were located within drainage
subbasin and subregion boundaries and upstream of sampling sites. (Drainage boundaries
were mapped using hydrologic unit shapefiles [Steeves and Nebert , 1994] co-distributed with
the BASINS 4.0 software [United States Environmental Protection Agency , 2007].)

Nuclear Power Plants

A list of licensed nuclear power reactors was accessed through the U.S. NRC [United States
Nuclear Regulatory Commission, 2011]. Geographic coordinates for the northeastern power
plants were obtained through Wikipedia and verified with Google Maps. Nuclear power
plant locations were mapped using the shapefile editing program fGIS [University of Wis-
consin, 2005] to determine which units were located within drainage subbasin and subregion
boundaries and upstream of sampling sites. (Drainage boundaries were mapped using hydro-
logic unit shapefiles [Steeves and Nebert , 1994] co-distributed with the BASINS 4.0 software
[United States Environmental Protection Agency , 2007].)

Wastewater Treatment Plants

Wastewater treatment plants (WWTP) were identified through the Facility Registry System
(FRS) database maintained by the US EPA’s OEI [United States Environmental Protection
Agency’s Office of Environmental Information, 2011] by specifying the appropriate 8-digit
HUC numbers and an NAICS (North American Industry Classification System) code of
221320 (sewage treatment facilities) in the FRS Query Form. Facility information (i.e.,
name, geographic coordinates, and web address for the EPA’s environmental interest pro-
file) was then accessible through output KML files. Facility identification numbers under the
National Pollutant Discharge Elimination System (NPDES) were obtained from the EPA’s
environmental interest profiles. NPDES identification numbers were then used to obtain
facility design flow information either using the EPA’s Discharge Monitoring Report (DMR)
Pollutant Loading Tool or, when unavailable from the DMR website, from data available
through the appropriate state agencies (e.g., New Jersey Department of Environmental Pro-
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tection, Virginia Department of Environmental Quality, etc.). Only those facilities upstream
of sampling sites and having design flows greater than 0.15 ML·d−1 (0.04 MGD) were tal-
lied. The design flow cutoff of 0.15 ML·d−1 was selected because in certain states facilities
discharging below a minimum were covered under a general permit making facility-specific
information less accessible (e.g., in Virginia, facilities discharging less than 0.04 ML·d−1

were covered under a general permit; and in West Virginia, facilities discharging less than
0.15 ML·d−1 were covered under a general permit). Note that facility descriptions (e.g.,
name, NAICS code, SIC (Standard Industrial Classification) code) were also checked to en-
sure that only facilities discharging primarily municipal (e.g., residential, commercial, light
industrial) wastewater were counted.

Impoundments

Information on impoundments by state was obtained from the National Inventory of Dams
(NID) database maintained by the USACE [United States Army Corps of Engineers , 2010].
Data included name, geographic coordinates, height and capacity. Impoundment locations
were mapped using the shapefile editing program fGIS [University of Wisconsin, 2005] to
determine which units were located within drainge subbasin and subregion boundaries and
upstream of sampling sites. (Drainge boundaries were mapped using hydrologic unit shape-
files [Steeves and Nebert , 1994] co-distributed with the BASINS 4.0 software [United States
Environmental Protection Agency , 2007].)

Maps

All maps were prepared using the fGIS software [University of Wisconsin, 2005]. The base
relief map was created by Paskevich [2005] based on elevation data compiled by Becker
and Sandwell [2004]. State boundaries were added using a shapefile distributed by the
National Weather Service [2007]. Stream layers used shapefiles distributed with NHDPlus
[U.S. Environmental Protection Agency and U.S. Geological Survey , 2005] and HUC bound-
aries were mapped using shapefiles co-distributed with the BASINS 4.0 software [Steeves
and Nebert , 1994; United States Environmental Protection Agency , 2007]. Sampling loca-
tions were mapped using the determined GPS coordinates. Additional features (e.g., nuclear
power plants, impoundments) were mapped using the obtained geographic coordinates (see
respective sections).

Section S4 : Calculation of Anthropogenic Limestone Use Contributions to River-

ine DIC

Agricultural Liming

We estimated the amount of bicarbonate flux attributable to agricultural liming for the
eight northeast U.S. rivers of this study following the general procedure presented in Oh
and Raymond [2006] for the Ohio River basin in the midwestern U.S. Amounts of applied
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agricultural lime (aglime) were available for census years 1978, 1982 and 1987 [U.S. Bureau of
the Census , 1989]. Note that following 1987, aglime consumption was no longer specifically
reported, such that more recent data were not available. However, aglime use in the U.S.
is thought to have been relatively consistent over the past twenty to thirty years [West and
McBride, 2005]. Based on state-specific aglime use and estimates of total cropland from
the same years [U.S. Bureau of the Census , 1989], we calculated a mean aglime application
rate of ∼ 35 Mg·km−2 for cropland in the northeast U.S. annually. For the approximately
46,992 km2 of agricultural land drained by the eight rivers of this study, the estimated annual
application was 1.6 Tg of calcium carbonate (Table S6; for simplicity we assumed all aglime
was in the form of calcium carbonate (i.e., limestone), although a minor portion may have
been in the form of calcium magnesium carbonate (i.e., dolomite)).
Some of the calcium carbonate, in the presence of water, will react with carbon dioxide

forming the leachable bicarbonate ion

CaCO3(s) +H2O+ CO2 ⇀↽ Ca+2
(aq) + 2HCO−

3(aq). (1)

Oh and Raymond [2006] estimated that two-thirds of applied aglime would react and leach
as bicarbonate, whereas West and McBride [2005] reported a lower estimate of one-third.
Based on these values, the estimated annual flux of aglime-derived C (Eq. 1) ranged from
65 Gg·yr−1 to 130 Gg·yr−1 for the drainage region of the present study. An equivalent of
amount of C derived from atmospheric CO2 (Eq. 1) would also be leached in the weathering
process, making the total C load due to agricultural liming 130 Gg·yr−1 to 260 Gg·yr−1

(Table S6).

Limestone-Based Construction

The mean annual consumption of crushed limestone for construction purposes in the eastern
U.S. between 2005 and 2010 was estimated to be around 130 Mg·km−2 (note, limestone is
in addition produced and used in uncrushed form (i.e., dimension stone), but the annual
consumption of this material represents less than 0.1 % of the annual consumption of the
crushed form, so was ignored for these calculations) [U.S. Geological Survey , 2005–2010].
For the 208,316 km2 area drained by the eight rivers of this study, the estimated annual
consumption was 26 Tg of calcium carbonate (Table S6). Weathering rates of elevated
Portland Limestone slabs (5 cm × 5 cm × 1 cm) measured in southeast England ranged from
0.34 % annual mass loss in rural areas to 0.46 % annual mass loss in urban areas [Jaynes and
Cooke, 1987]. Using these weathering rates as a first approximation, an additional 20 Gg·yr−1

to 30 Gg·yr−1 of limestone-derived C (assuming weathering by carbonic acid, such that half
of the C derives from the limestone and half from atmospheric CO2) would be leached as a
result of limestone consumption for construction of new infrastructure (Table S6).
We also estimated the amount of leachable C from existing infrastructure (i.e., infrastruc-

ture already in place at the onset of the study in 2005). Based on U.S.-wide trends in both
crushed limestone/dolomite consumption and total crushed stone consumption (e.g., lime-
stone, dolomite, granite, quartzite, etc.) from 1900 through 2004, the limestone/dolomite
utilized for infrastructure during this entire period was approximately 40 times the mean
annual consumption between 2005 and 2010, suggesting an estimated total 1,020 Tg of lime-
stone/dolomite in use by 2005 [U.S. Bureau of Mines , 1932–1993; U.S. Geological Survey ,
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1994–2004, 2005–2010]. This pre-existing infrastructure could potentially result in an addi-
tional 830 Gg·yr−1 to 1,130 Gg·yr−1 of C entering the water stream annually (Table S6).

Section S5 : Potential 14C Emissions from Nuclear Power Plants

Under normal operation, nuclear power plants (NUPP) emit 14C primarily in the form of
gaseous CO2, CH4 and other small hydrocarbons, with only very minor releases in the
aqueous phase [Fowler et al., 1976; Kunz , 1985; Uchrin et al., 1998; Yim and Caron, 2006;
Kim, 2010]. The 14C emissions are a byproduct of neutron collisions with parent isotopes 14N,
17O and 13C present in the fuel, structural materials and reactor coolant. In the U.S., nuclear
power plants are one of two types: Pressurized Water Reactors (PWR) or Boiling Water
Reactors (BWR). For PWRs, the typical release form is 14CH4 or other small hydrocarbons
at an annual normalized rate of 5.9 Ci·GWe−1 to 22.0 Ci·GWe−1, and for BWRs, the typical
release form is 14CO2 or other carbonate species at an annual generating capacity normalized
rate of 5.0 Ci·GWe−1 to 16.0 Ci·GWe−1 [Fowler et al., 1976; Segl et al., 1983; Kunz , 1985;
Hertelendi et al., 1989; Stenström et al., 1995; Uchrin et al., 1998; Vokal and Kobal , 1997].
(Note that the unit Ci·GWe−1 refers to the amount of radioactive decay produced (i.e.,
Curie or Ci) per the amount of electric power generated (i.e., gigawatt electrical or GWe).)
More recently, Kim [2010] suggested average annual normalized rates of 9.4 Ci·GWe−1 to
10.8 Ci·GWe−1 (depending on reactor vendor) for PWRs and 14.6 Ci·GWe−1 for BWRs,
based on various generation rate estimates and observed release rates.
Of the eight rivers monitored in this study, four had one or more NUPPs located in the

watersheds upstream of the sampling locations (Figure S5). These four rivers were the Con-
necticut, Schuylkill, Susquehanna and Pamunkey. Of these four rivers, two—the Schuylkill
and Pamunkey—exhibited obvious radiocarbon contamination evidenced as extremely en-
riched ∆14C signatures for POC, DOC and DIC (Figure S11). In both the Schuylkill and
Pamunkey rivers, ∆14C signatures of POC, DOC and DIC commonly exceeded maximum
∆14C signatures observed in the four rivers lacking upstream NUPPs (i.e., Hudson, Delaware,
Potomac and Roanoke), as well as the upper range for the estimated ∆14C signature of the
most enriched riverine C source modeled—slow SOC (see Section 2.3 in main text and also
Hossler and Bauer [2012]). In contrast, ∆14C measurements from the Connecticut and
Susquehanna rivers were almost always within the range of values from the non-NUPP sites,
and always well below the ∆14C signature of slow SOC (Figure S11).
Unfortunately, until only very recently, monitoring of 14C emissions has not been required

of NUPPs so that we were unable to determine if 14C emissions during the 2005–2007 sample
period were exceptionally high for the Limerick and North Anna NUPPs (the NUPPs up-
stream in the Schuylkill and Pamunkey rivers, respectively). We can, however, qualitatively
evaluate expected 14C deposition to the surrounding environment based on causative factors
such as amount released, release height, meteorology (e.g., wind speed, wind direction) and
topography [NRC (U.S. Nuclear Regulatory Comission), 1977; Kim, 2010].
Recently, a methodology has been developed to estimate release rate based on the net
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generation capacity [Kim, 2010]. The facilities generating the most power (i.e., Limerick,
Susquehanna and Peach Bottom) are predicted to release the most 14C (Table S7).
Also to be considered is how the emitted 14C disperses, which will depend on factors

such as release height, meteorology and topography. Based on these factors, all facilities
have estimates for direction, distance and atmospheric dispersion factor (χ/Q) which can
be found in the facility-specific Offsite Dose Calculation Manuals available from the U.S.
Nuclear Regulatory Commission (NRC) website (http://www.nrc.gov). Multiplying the 14C
release rate by the atmospheric dispersion factor provides a relative estimate of the expected
concentration (Table S7).
Comparing the expected concentrations from elevated vents, 14C deposition should be

highest in the environments surrounding the Limerick and Susquehanna plants. For both
sites, deposition appears to be primarily over land, some of which will eventually be trans-
ported into the nearby rivers (i.e., the Schuylkill and Susquehanna; Figure S12b,c). For the
Vermont Yankee, Three Mile Island and North Anna plants, 14C concentrations are expected
to be much lower but at a maximum directly over the nearby rivers (i.e., the Connecticut,
Susquehanna and Pamunkey; Figure S12a,d,f), which may facilitate incorporation into the
riverine C pools.
Of final consideration in terms of NUPP characteristics, is the reactor type (i.e., PWR

or BWR) which determines the dominant form of released 14C. For BWRs (e.g., Vermont
Yankee, Limerick, Susquehanna and Peach Bottom), approximately 95 % of the released 14C
will be in the form of CO2 [Kim, 2010], hence more readily available for plant uptake. This
contrasts with the PWRs (e.g., Three Mile Island and North Anna), for which only 5 % to
30 % is expected to be in the form of CO2, and for which the majority of the released 14C
will be in the form of CH4 and other small hydrocarbons [Kim, 2010].
Some watershed characteristics to consider, to account for the extremely enriched river-

ine ∆14C signatures observed in just two of the four watersheds with upstream NUPPs,
include drainage area, discharge, runoff and riverine C flux (Table S8). We can expect that
factors such as these will moderate the relative impact of 14C NUPP emissions. The two
smallest watersheds, with regard to both drainage area and discharge, are the Schuylkill and
Pamunkey. Consequently, any released 14C is expected to have a relatively greater impact
in these watersheds. Carbon fluxes are also relatively lower in the Schuylkill and Pamunkey
watersheds, primarily because of the reduced discharge. Comparisons of the estimated 14C
released annually from the plants to the various watershed characteristics (excluding runoff,
which in contrast is comparable between the four watersheds; Table S8), suggests the relative
impact of released 14C will be 3 to 30 times greater in the Schuylkill and Pamunkey. When
atmospheric dispersion factors are taken into consideration, the relative impact expected for
14C becomes slightly greater in the Schuylkill (no impact up to 20 times greater impact) and
slightly less in the Pamunkey (no impact up to 6 times greater impact).
In terms of observable enrichment in riverine C ∆14C signatures due to NUPP 14C emis-

sions, we can also evaluate natural and anthropogenic sources of aged C (e.g., fossil C bearing
bedrock, passive SOC, fossil-fuel burning power plants, wastewater treatment plants) which
will be most likely to dampen observable 14C contamination because of their extremely de-
pleted ∆14C signatures (e.g., -1000 h to -500 h; see Griffith et al., 2009; Levin et al., 1980;
Stenström et al., 1998; Povinec et al., 2009). For example, although the impact of NUPP
14C emissions is expected to be similar between the Schuylkill and Pamunkey (but greater
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than in the Connecticut and Susquehanna), it is possible that the greater percent of fossil
C bearing bedrock and numbers of fossil-fuel burning power plants and wastewater treat-
ment plants contributes to the lower ∆14C enrichment actually observed in the Schuylkill
compared to the Pamunkey (Figure S11 and Table S8).
The consideration of both NUPP and watershed characteristics, suggests that routine

14C emissions from the upstream NUPPs may be contributing enough riverine C to effect
noticeable enrichments in riverine C ∆14C signatures for the Schuylkill and Pamunkey rivers,
but not for the Connecticut and Susquehanna rivers (i.e., the 14C signal becomes too diluted
in these two systems for the various reasons discussed). However, it should be kept in
mind that these analyses were based on estimated release rates based on the net generation
capacity [Kim, 2010], when in fact these ratios can vary over threefold from reactor to reactor
[Fowler et al., 1976; Segl et al., 1983; Kunz , 1985; Hertelendi et al., 1989; Stenström et al.,
1995; Uchrin et al., 1998; Vokal and Kobal , 1997]. Another alternative is that there were
non-routine releases of 14C (e.g., leaks) from the upstream NUPPs in the Schuylkill and
Pamunkey rivers, but not in the Connecticut and Susquehanna rivers. However, inspection
and event reports available from the NRC (available at http://www.nrc.gov) do not support
this alternative, nor do the protracted elevated levels of 14C in the different C pools of the
Schuylkill, and in particular, the Pamunkey rivers (Figure S11).
Studies monitoring 14C levels in the vicinity of light-water nuclear reactors (i.e., PWR and

BWR), report ∆14C values from tree leaf, tree ring, and air samples to be elevated typically
by as much as 100 h, but occasionally up to 300 h, and generally within about 2 km
proximity [Segl et al., 1983; Obelić et al., 1986; Levin et al., 1988; Loosli and Oeschger , 1989;
Stenström et al., 1998; Uchrin et al., 1998; Dias et al., 2008, 2009; Povinec et al., 2009]. We
found only one riverine-based study: Varlam et al. [2010] monitored 14C levels in DIC from
the Danube River and observed up to 100 h enrichment proximately downstream (∼ 10 km
to 20 km) from PWRs. This enrichment was localized however, and farther downstream
(∼ 60 km to 110 km) DIC ∆14C signatures returned to background levels (i.e., DIC ∆14C
signatures upstream of the PWRs).
In contrast, for the Schuylkill and Pamunkey rivers, we observed riverine C (sampled

∼ 45 km and ∼ 62 km downstream from NUPPs, respectively) to be enriched by 100 h

and 400 h on average, and up to 1800 h and 1600 h, respectively (Figure S11). These
observations are more aligned with observations of other types of nuclear reactors and sources
of 14C. In heavy-water nuclear reactors, for example, release of 14C can be much higher than in
light-water reactors (i.e., PWR and BWR) and studies monitoring such heavy-water reactor
types often report local enrichment values in excess of 1000 h [Milton et al., 1995; Kim
et al., 2000; Magnusson et al., 2007; Povinec et al., 2009]. The one aqueous-based study by
Mikhajlov et al. [2004] reported ∆14C enrichment of 260 h to 530 h for lake water C in
the vicinity the Ignalina Nuclear Power Plant (a heavy-water reactor) in Belarus.
Nuclear fuel reprocessing plants can also be significant sources of 14C. Several studies within

the vicinities of the Sellafield reprocessing plant in England and the La Hague reprocessing
plant in France have recorded ∆14C enrichments well over 1000 h in seawater DIC, POC
and DOC [Cook et al., 1995; Wolstenholme et al., 1998; Douville et al., 2004; Ahad et al.,
2006]. However, there are no nuclear fuel reprocessing facilities in the watersheds of the
Schuylkill or Pamunkey or any of the other six rivers in this study. Other artificial sources
of 14C that have been reported include hazardous waste incinerators [e.g., Trumbore et al.,
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2002; Buchholz et al., 2012]. Data on the locations of such facilities in the northeastern
U.S. are difficult to obtain, although there is at least one medical waste incinerator in each
of the Schuylkill, Susquehanna and Potomac river watersheds (all regulated by the U.S.
Environmental Protection Agency). (Radionuclides such as 14C can be present in biomedical
waste because of their prevalent use as tracers in diagnostic procedures [e.g., Wilkerson
et al., 1989].) It is still unclear why ∆14C signatures of riverine POC, DOC and DIC are
so extremely enriched in the Schuylkill and Pamunkey rivers, but may be related to specific
(unknown) aspects of the NUPPs located in each.
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Supplementary Tables

Table S1: Additional Site Information for the Eight Rivers Sampled in This Study

HUCb

River Locationa Subbasin Subregion USGS Stationc

Connecticut 41◦33′35′′N, 72◦38′40′′W 01080205 01080101–0107,
01080201–0207

01184000

Hudson 41◦29′53′′N, 74◦00′19′′W 02020008 02020001–0008 01372058

Delaware 40◦17′49′′N, 74◦52′04′′W 02040105 02040101–0106 01463500

Schuylkill 39◦59′37′′N, 75◦11′37′′W 02040203 02040203 01474500

Susquehanna 39◦39′07′′N, 76◦10′11′′W 02050306 02050101–0107,
02050201–0206,
02050301–0306

01570500

Potomac 39◦00′03′′N, 77◦14′51′′W 02070008 02070001–0009 01646500

Pamunkey 37◦42′53′′N, 77◦13′55′′W 02080106 02080106 01673000

Roanoke 35◦56′50′′N, 77◦12′10′′W 03010107 03010101–0107 02080500

a The coordinate location (WGS84) where the stream was sampled (see also Figure S1).
b The USGS Hydrologic Unit Codes (HUC) defining the drainage subbasin and subregion used to assess

environmental controls on C exports and composition at localized and broad scales of influence, respectively,
for each of the eight rivers in the present study. The HUC units are hierarchical, with the subbasin repre-
senting the more localized drainage area for each sample site (defined by a single 8-digit HUC unit) and the
subregion representing the broadest drainage area for each sample site (defined by the first 4 digits of the
specified subbasin HUC unit; i.e., comprised of the specified subbasin and any subbasins upstream) [Seaber
et al., 1987]. (Note that for the Schuylkill and Pamunkey rivers, the highest level of classification was the
drainage subbasin (i.e., “subbasinal” and “subregional” drainage areas are identical for these two systems).)

c The site identification number for the USGS water monitoring station nearest each sampling location.
Daily average and mean annual discharges for each of the eight rivers were obtained from data collected
at the USGS stations [U.S. Geological Survey , 2011]. (Note that for the Hudson River station (01372058),
tidal-filtered discharge values were used.)
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Table S2: Per Sampling Time Estimates of Total Export Fluxes and Allochthonous and
Aged C Contributions for POC, DOC and DICa

Total Flux (kg·s−1) Allochthonous C (%) Aged C (%)

Sample Date POC DOC DIC POC DOC DIC POC DOC DIC

Connecticut River

16 Apr 2005 0.54 2.44 6.10 57 98 97 11 8 13
21 Aug 2005 0.02 0.27 0.80 22 70 72 21 24 28
29 Nov 2005 0.43 2.30 4.75 49 98 98 14 11 16
02 Mar 2006 0.09 0.75 2.92 29 99 98 19 22 26
18 Jul 2006 0.38 1.89 3.84 37 90 85 17 7 13
14 Nov 2006 0.63 4.76 8.24 69 98 96 8 6 11
28 Mar 2007 1.69 2.87 7.80 74 99 98 7 6 11

Hudson River

05 Apr 2005 1.45 6.18 27.97 95 100 42 9 16 9
21 Aug 2005 0.11 0.52 2.52 22 100 17 17 5 11
01 Dec 2005 1.17 7.07 23.78 93 100 41 15 17 11
03 Mar 2006 1.14 3.23 17.14 90 100 40 32 18 17
18 Jul 2006 1.15 3.71 11.59 66 100 32 9 6 8
15 Nov 2006 1.13 4.77 16.06 82 100 37 21 14 13
28 Mar 2007 1.41 6.93 43.45 96 100 42 5 14 7

Delaware River

16 Apr 2005 0.17 0.80 5.31 41 98 50 7 9 18
22 Aug 2005 0.03 0.16 1.31 12 75 43 10 15 21
29 Nov 2005 0.19 0.62 3.01 23 97 49 9 15 21
01 Mar 2006 0.10 0.37 3.24 20 98 50 9 18 22
18 Jul 2006 0.32 0.70 3.25 22 90 42 9 7 16
13 Nov 2006 0.17 1.79 5.21 49 98 51 6 7 17
25 Feb 2007 0.06 0.40 2.28 17 98 51 9 23 24

Schuylkill River

15 Apr 2005 0.05 0.19 2.21 – – – – – –
22 Aug 2005 0.01 0.06 0.61 – – – – – –
29 Nov 2005 0.01 0.13 1.12 – – – – – –
01 Mar 2006 0.02 0.11 1.14 – – – – – –
18 Jul 2006 0.04 0.23 1.42 – – – – – –
13 Nov 2006 0.04 0.41 3.03 – – – – – –
25 Feb 2007 0.03 0.21 1.09 – – – – – –

Susquehanna River

15 Apr 2005 0.74 2.21 15.99 85 24 39 27 0 16
24 Aug 2005 0.14 0.28 2.28 70 23 36 17 0 13
29 Nov 2005 0.21 1.67 6.39 86 23 39 28 0 16
01 Mar 2006 0.18 0.75 7.82 99 30 43 37 0 18
17 Jul 2006 1.43 2.30 12.39 69 23 36 17 0 13
13 Nov 2006 1.07 3.05 13.30 80 23 38 24 0 15
25 Feb 2007 0.09 0.74 9.77 100 33 43 37 0 18

Potomac River

18 Apr 2005 0.17 0.50 6.83 50 83 36 4 8 12
24 Aug 2005 0.02 0.14 1.59 20 37 26 6 11 15
01 Dec 2005 5.88 7.55 37.89 85 98 48 1 2 10
03 Mar 2006 0.14 0.35 3.59 40 89 33 5 14 13
20 Jul 2006 0.14 0.33 3.05 30 48 30 6 8 13
15 Nov 2006 1.26 2.22 11.94 63 91 41 3 6 11
28 Feb 2007 0.86 2.41 7.72 64 97 41 3 6 11

Pamunkey River

19 Apr 2005 0.01 0.07 0.13 – – – – – –
26 Aug 2005 0.00 0.02 0.04 – – – – – –
07 Dec 2005 0.01 0.08 0.09 – – – – – –
06 Mar 2006 0.01 0.05 0.10 – – – – – –
20 Jul 2006 0.00 0.02 0.04 – – – – – –
17 Nov 2006 0.71 1.67 0.74 – – – – – –
25 Feb 2007 0.00 0.07 0.11 – – – – – –

Roanoke River

18 Apr 2005 0.13 0.66 2.01 100 98 63 4 3 2
25 Aug 2005 0.07 0.24 0.90 100 95 80 9 7 6
02 Dec 2005 0.05 0.58 1.73 100 98 54 5 3 2
04 Mar 2006 0.07 0.24 0.63 100 94 42 12 8 4
21 Jul 2006 0.31 1.03 2.49 100 98 82 3 2 2
17 Nov 2006 0.87 1.86 2.45 100 98 63 3 2 2
26 Feb 2007 0.11 0.92 1.50 100 98 44 4 3 2

a Each river was sampled 7 times between April 2005 and March 2007 at the point farthest downstream
and above the reach of tidal influence. POC, DOC and DIC fluxes (kg·s−1) measured for each sample date
are indicated in columns 2–4 (note that for the statistical analyses, sample fluxes were first weighted by the
total sample discharge (i.e., total discharge across the 7 sample dates) then multiplied by the mean annual
discharge (Table 1) per river to provide better mean annual representation). Allochthonous and aged C
contributions (%) to the C fluxes on each sample date were estimated using isotope mixing models and the
estimates are provided in columns 5–10 (see Hossler and Bauer [2012] and Hossler and Bauer [Accepted]
for details; note that the “allochthonous” and “aged” fractions are not mutually exclusive: allochthonous
and autochthonous (not shown) contributions sum to 100 % per river, and aged and modern (not shown)
contribtions sum to 100 % per river). Allochthonous and aged C contribution estimates could not be obtained
for the Schuylkill and Pamunkey rivers because of radiocarbon contamination from upstream nuclear power
plants.
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Table S3: Complete Listing of Specific Factors Comprising the Six Class Factors Assessed
in the Present Studya

Class Factor Specific Factors

Hydrogeomorphology
and Climate

catchment area (Area), river length (Len), mean river slope (Slope), net
difference in elevation or relief (Elev), mean annual discharge (Flow), mean
annual runoff (Runoff), mean river velocity (V el), mean annual precipi-
tation (Precip), mean annual temperature (T )

Soil Order Alfisol (A), Entisol (E), Histosol (H), Inceptisol (I), Spodosol (S), Ultisol
(U)

Soil Textureb sandy loam (SL), loamy sand (LS), loam (L), silty loam (SIL), silty clay
loam (SICL), organic (ORG), channery (CN), fragmental (FRAG), grav-
elly (GR), stony (ST )

Bedrock Lithologyc amphibolite (Amp), arkose (Ark), black-shale (Bla), clay-mud (Cla),
dolomite (Dol), gneiss (Gns), granite (Grn), granulite (Gra), graywacke
(Grw), limestone (Lim), meta-argillite (Arg), metasedimentary (Mse),
metavolcanic (Mvo), mudstone (Mud), phyllite (Phy), quartzite (Qua),
sandstone (San), schist (Sch), shale (Sha), siltstone (Sil), slate (Sla); also
carbonate (CO3) and organic (Org)

Land Use cultivated crop (crop), pasture/hay (field), high-intensity developed
(high), developed, open-space developed (open), deciduous forest (decid),
evergreen forest (pine), mixed forest (mixed), emergent herbaceous wet-
land (marsh), woody wetland (swamp), open water (water), grass-
land/herbaceous (grass), shrub/scrub (shrub); also five combinatorial
classes: agriculture (AGR; cultivated crop and pasture/hay), urban (URB;
high-intensity, medium-intensity, low-intensity, and open-space developed),
forest (FOR; deciduous, evergreen and mixed forest), wetland (WET ;
emergent herbaceous and woody wetland and open water), anthropogenic
(ANTHRO; AGR+ URB)

Additional Anthropo-
genic Factorsd

total impoundments (Imp), nuclear power plants (NUPP ), fossil fuel power
plants (FFPP ), wastewater treatment plants (WWTP )

a Factor abbreviations utilized in subsequent figures and tables are italicized in parentheses. Controlling

factors were assessed at both subregional and subbasinal scales.
b Additional notes for specific factors in the class soil texture: “organic” is any mucky, peaty, fibric, hemic,

or sapric soil and “sand” combines all divisions of coarseness (e.g., coarse sand, fine sand), though separately

listed in the STATSGO classification.
c Additional notes for specific factors in the class bedrock lithology: the USGS lithologic groups were

further classified as “carbonate” if the rock type was limestone or dolomite, or contained “carbonate” in the

description; or “organic” if the rock type was a black-shale or coal, or contained “carbonaceous” or “organic”

in the description.
d Additional notes for specific factors in the class additional anthropogenic factors: the listed anthro-

pogenic features are expressed as absolute numbers (i.e., counts) in Table 3, but were analyzed as densities

(i.e., number per watershed area; areas can be found in Table 1) in the Procrustes analyses and Pearson

correlations (e.g., Tables 4 and S4).
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Table S4: Pearson Correlations Between Areal Yields and Allochthonous and Aged C Pro-
portional Contributions for POC, DOC and DIC with Select Natural and Anthropogenic
Factorsa

Areal Yield Allochthonous C Aged C

Class Factor POC DOC DIC POC DOC DIC POC DOC DIC

Subbasin

Hydrogeomorphology Slope 0.05 0.10 0.44 -0.44
∗ -0.29 -0.43 0.21 0.20 0.55b

and Climate Elev -0.03 0.05 0.50
∗ -0.48b -0.43 -0.49

∗ 0.25 0.11 0.64
∗

Flow -0.03 0.11 0.54
∗ -0.33 -0.63b -0.16 0.43 -0.15b 0.65

∗

Runoff 0.16 0.40 0.52
∗

-0.64
∗ 0.15 0.39 0.12 0.48

∗
0.73

∗

Precip 0.10 0.35 0.21 -0.19 0.59
∗

0.62
∗ -0.22 0.37 0.07

Soil Order E 0.22 0.33 -0.05 -0.01 0.38 0.86
∗ 0.04 0.23 0.01

I 0.25 0.36 0.18 -0.15 0.37 0.23 0.18 0.49
∗ 0.20

U -0.29 -0.43 -0.40 0.36b -0.14 -0.19 -0.33 -0.48
∗

-0.53
∗

Soil Texture SL -0.15 -0.17 -0.55
∗ 0.11 0.45

∗
0.82

∗ -0.28 0.06 -0.29
SIL -0.02 0.02 0.50

∗ 0.02 -0.72b -0.63
∗

0.59
∗ -0.26b 0.37

ORG 0.22 0.28 -0.18 0.01 0.62
∗

0.76
∗ -0.26 0.27 -0.17

Bedrock Lithology Dol 0.04 0.15 0.40 -0.41 -0.24 -0.23 0.15 0.07 0.55
∗

Lim 0.07 0.07 0.35 0.30 -0.66b -0.49
∗

0.72
∗ -0.32 0.16

Sha 0.01 0.21 0.60
∗ -0.08 0.19 -0.61

∗ 0.02 0.33 0.05

Land Use AGR -0.08 -0.25 0.12 0.09 -0.77
∗

-0.58
∗ 0.24b -0.52

∗ 0.10
URB 0.22 0.35 0.31 -0.47

∗ 0.19 0.52
∗ 0.06 0.43 0.47

∗

FOR -0.14 0.01 -0.18 -0.24 0.79b 0.30 -0.25 0.66
∗ 0.04

WET 0.11 0.09 -0.3 0.48
∗

0.50
∗

0.35 -0.25 -0.04 -0.64
∗

Additional Anthro- Imp 0.06 0.17 0.09 -0.78
∗ 0.25 0.42 -0.19 0.51

∗
0.66

∗

pogenic Factors FFPP -0.03 0.10 -0.12 0.28 0.21 0.78
∗ 0.13 -0.04 -0.20

WWTP 0.03 0.22 0.68
∗

-0.36 -0.48
∗

-0.39 0.51
∗ 0.09b 0.68

∗

Subregion

Hydrogeomorphology Slope 0.31 0.17 -0.03 -0.32 -0.26 0.30 0.15 0.05 0.39

and Climate Elev 0.33 0.24 -0.08 -0.26 0.58b 0.46
∗

-0.37 0.45 -0.02
Flow 0.23 0.10 0.06 0.13 -0.77b -0.16 0.79

∗ -0.32b 0.38

Runoff 0.19 0.42
∗

0.55
∗

-0.61
∗ 0.15 0.19 0.17 0.51

∗
0.72

∗

Precip 0.04 0.35 0.27 -0.11 0.65
∗

0.51
∗ -0.14 0.44

∗ 0.02

Soil Order E 0.28 0.36 0.12 -0.18 0.20 0.60b 0.24 0.35 0.30
I 0.24 0.24 0.35 -0.24 -0.34 -0.52

∗
0.47

∗ 0.14 0.53
∗

U -0.33 -0.42 -0.38 0.36 -0.08 -0.16 -0.37 -0.45 -0.56
∗

Soil Texture SL -0.17 -0.22 -0.59
∗ 0.29 0.50b 0.70

∗ -0.28 0.04 -0.48
∗

SIL -0.07 0.00 0.56
∗ -0.13 -0.61

∗
-0.77

∗ 0.30 -0.19 0.34
ORG 0.18 0.32 0.17 -0.61

∗
0.42 0.19 -0.12 0.57

∗
0.54

∗

Bedrock Lithology Dol -0.01 0.04 0.46
∗

-0.41 0.01 -0.61
∗

-0.37 0.16 0.17
Lim 0.10 0.00 0.10 -0.32 -0.09 -0.11 -0.21 0.09 0.16
Sha 0.09 0.06 0.39 -0.31 -0.34 -0.77

∗ 0.08 0.03 0.37

Org 0.22 0.17 0.20 0.08 -0.25 -0.37 0.47
∗ 0.07 0.17

Land Use AGR -0.25 -0.29 0.17 0.21 -0.46
∗

-0.67
∗ -0.10 -0.45 -0.26

URB 0.05 0.27 0.63
∗

-0.82
∗ 0.30 0.24 -0.20 0.58

∗
0.69

∗

FOR 0.17 0.08 -0.39 -0.41 0.17 0.75
∗ 0.15 0.34 0.51

∗

WET 0.11 0.21 -0.06 0.16 0.57
∗ 0.05 0.04 0.40 -0.18

Additional Anthro- Imp 0.10 0.31 0.11 -0.59
∗

0.47
∗

0.54
∗ -0.15 0.56

∗
0.50

∗

pogenic Factors FFPP -0.33 -0.19 0.15 0.29 -0.22 -0.66b -0.09 -0.35 -0.31
WWTP -0.05 0.17 0.63

∗
-0.58

∗ -0.33 -0.38 0.21 0.19b 0.73
∗

a Reported values are Pearson correlations (r) between the C measure and the specified natural or an-
thropogenic factor (see Table S3 for definition of the factor abbreviations). Correlation significance was
determined by resampling with replacement (n = 1000). Significant correlations (with adjustment for the
multiple tests of significance; see Section 2.4) at the level of α = 0.05 are in bold and at the level of α = 0.01
are in bold and asterisked.

b The Pearson correlation may be biased by a single river and is considered less reliable.
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Table S5: Design Flows and Estimated Annual Exports of POC, DOC and DIC from Waste-
water Treatment Plantsa

Flow POC DOC DIC aged POC aged DOC
Site (ML·d−1) (Gg·yr−1) (Gg·yr−1) (Gg·yr−1) (Gg·yr−1) (Gg·yr−1)

Connecticut 1,460 2.6(19) 4.6(8) 9.6(8) 0.36(27) 1.2(25)
Hudson 1,360 2.4(18) 4.3(8) 9.0(4) 0.34(18) 1.1(13)
Delaware 600 1.1(16) 1.9(6) 4.0(3) 0.15(29) 0.5(14)
Schuylkill 710 1.3(100) 2.3(29) 4.7(7) 0.18(–) 0.6(–)
Susquehanna 2,390 4.3(17) 7.6(10) 15.8(3) 0.60(10) 1.9(100)
Potomac 910 1.6(6) 2.9(7) 6.0(3) 0.23(46) 0.7(42)
Pamunkey 30 0.1(3) 0.1(2) 0.2(6) 0.01(–) 0.0(–)
Roanoke 520 0.9(12) 1.7(6) 3.5(6) 0.13(40) 0.4(50)

All 8,000 14.3(15) 25.4(8) 52.8(4) 2.00(18) 6.3(33)

a Total subregional design flow for each watershed is the estimated total daily discharge from all wastewater
treatment plant (WWTP) facilities upstream of the sampling site and having design flows greater than
0.15 ML·d−1 (0.04 MGD). Estimates for WWTP exports of POC, DOC, aged POC, and aged DOC are based
on total subregional design flow and values reported in Griffith et al. [2009]. Griffith et al. [2009] measured
POC and DOC concentrations and 13C and 14C isotopic signatures in effluents from twelve WWTPs in the
Delaware and Hudson river watersheds. Effluent POC averaged 4.9 mg·L−1 with an estimated 14 % fossil C
component; effluent DOC averaged 8.7 mg·L−1 with an estimated 25 % fossil C component. Estimates for
WWTP exports of DIC are based on total subregional design flow and an effluent DIC average of 18.1 mg·L−1

[Barnes and Raymond , 2009]. Values in parentheses indicate the WWTP export as a percentage of estimated
mean river export (note that total exports of aged POC and DOC from the Schuylkill and Pamunkey rivers
were unavailable, so percent contribution of WWTP-derived C to total aged POC and DOC exports could
not be determined).
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Table S6: Potential Anthropogenic Limestone Use Contribution to DIC Export Fluxes for
the Eight Rivers of the Present Study

Agriculture Construction

Application/Consumption Ratea 35 Mg·km−2 130 Mg·km−2

Land Area 46,992 km2b 208,316 km2

Annual Usage of CaCO3 1.6 Tg·yr−1 26 Tg·yr−1

Leaching/Weathering Rate 33 % to 67 % 0.34 % to 0.46 %
Annual Flux of Fossil IC 65 Gg·yr−1 to 130 Gg·yr−1 10 Gg·yr−1 to 15 Gg·yr−1c

Annual Flux of Total IC 130 Gg·yr−1 to 260 Gg·yr−1 20 Gg·yr−1 to 30 Gg·yr−1c

a The agriculture application rate is the amount of CaCO3 (i.e., aglime) applied annually per total

cropland area [U.S. Bureau of the Census , 1989]. The construction consumption rate is the amount of

CaCO3 consumed yearly per total land area [U.S. Geological Survey , 2005–2010].
b Total cropland area for the eight river study region was calculated from the watershed subregion areas

(Table 1) multiplied by the percentages of agricultural (“Ag”) land use (Table 3). Land under agricultural

use was defined as planted or intensively managed for the “production of food, feed, or fiber” and categorized

as “Cultivated Crops” or “Pasture/Hay” in the 2001 National Land Cover Database [Homer et al., 2004].

This land use corresponded to the “Total Cropland” (to which the aglime application rate was normalized)

in the Census of Agriculture [U.S. Bureau of the Census , 1989].
c In addition to the annual IC flux from new infrastructure, ∼ 420 Gg·yr−1 to 560 Gg·yr−1 of fossil

IC and ∼ 830 Gg·yr−1 to 1,130 Gg·yr−1 of total IC were estimated to be released annually from existing

infrastructure.
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Table S7: Characteristics of Nuclear Power Plants in the Study Regiona

Annual Generationb χ/Qc Concentratione

Facility Site Type 2005 2006 2007 elevated ground Rated elevated ground

Vermont Yankee Con BWR 4,072 5,107 4,704 1.59E-06 3.65E-05 8 387 8,877
Limerick Sch BWR 18,906 19,197 19,054 1.10E-05 – 32 11,015 –
Susquehanna Steam Sus BWR 18,264 17,805 18,238 1.25E-05 – 30 11,893 –
Three Mile Island Sus PWR 6,755 7,227 6,645 7.17E-07 1.16E-05 8 192 3,101
Peach Bottom Sus BWR 18,393 18,933 18,899 9.97E-08 9.19E-07 31 98 905
North Anna Pam PWR 14,688 15,093 13,987 1.20E-06 9.30E-06 16 592 4,591

a Listed are the six nuclear power plants located in watersheds upstream from four of the sample locations
(i.e., Connecticut (Con), Schuylkill (Sch), Susquehanna (Sus) and Pamunkey (Pam)). Also indicated is
the reactor type (i.e., Boiling Water Reactor (BWR) or Pressurized Water Reactor (PWR)); the annual
generation (GWh) for 2005–2007; the estimated atmospheric dispersion factor χ/Q (s·m−3) for elevated
(stack heights ranged from 48 m to 142 m) and ground releases; the average annual gaseous 14C release rate
(Ci·yr−1) for 2005–2007; and the average relative concentration of 14C (Ci·m−3) for 2005–2007.

b Annual generation (GWh) data were obtained from the U.S. Energy Information Administration website
(http://www.eia.gov/cneaf/nuclear/page/nuc\_generation/gensum.html).

c Atmospheric dispersion factors (s·m−3) were obtained from Offsite Dose Calculation Manuals available
for each facility from the U.S. Nuclear Regulatory Commission (NRC) website (http://www.nrc.gov); see
also Figure S12 for indication of distance and direction of maximum deposition.

d Release rates for 14C (Ci·yr−1) were calculated based on methodology presented in Kim [2010].
e Relative 14C concentrations (Ci·m−3) were calculated as the multiple of χ/Q and the annual release rate.

Table S8: Characteristics of Watersheds with Nuclear Power Plants in the Present Studya

Annual C Export Sources of aged C

River Area Discharge Runoff POC DOC DIC Bedrock Soil FF WW

Connecticut 28,164 591 661 13.5 54 123 19.3 0.1 6 118
Schuylkill 4,860 105 681 1.17 8.0 63 16.2 30.6 4 151
Susquehanna 70,632 1130 505 26 74 460 22.2 21.4 24 610
Pamunkey 3,015 28 290 2.3 6.2 3.9 0 83.7 3 11

a Drainage area (km2), mean annual discharge (m3
·s−1), runoff (cm·yr−1), and annual C exports (i.e.,

POC, DOC and DIC; Gg·yr−1) representative of each hydrologic subregion (i.e., the entire area drained by
the river upstream of the sample locale). Runoff is the weight-averaged mean (by river segment length)
over the drainage area for each river. Annual C exports were based on measurements of POC, DOC and
DIC concentrations and records of daily stream discharge from the nearest USGS hydrologic stations. The
final three columns compare sources of aged C: percent of bedrock containing carbonates or fossil OC;
percent of soil belonging to the Ultisol soil order (the most aged soil order in the region); the number of
fossil fuel burning power plants (FF); and the number of wastewater treatment plants (WW). These natural
and anthropogenic sources have extremely depleted ∆14C signatures which are more likely to dampen any
observable ∆14C enrichment from NPP 14C emissions.
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Figure S1: Map of the U.S. east coast indicating the sampled watersheds (sample locations
are marked with yellow squares). The subregional and subbasinal watersheds (see Section S3
and Table S1) are outlined in light blue. The red outline indicates the approximate region
draining to the MAB. The base map coloring depicts land relief and bathymetry with blue
coloration indicating lower elevations, green coloration indicating intermediate elevations,
and yellow coloration indicating higher elevations. The smaller inset map shows the region
of study with respect to North America. (See also Section S3 for details on how the map
was generated.)
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Figure S2: Original PCA ordinations superimposed in the Procrustes analysis of natural and
anthropogenic factors controlling areal C yields for the eight rivers of the present study (only the
first two principal component axes are plotted in each subfigure). In (a), river samples are ordinated
by riverine areal yields of total POC, total DOC and total DIC. In subfigures (b)–(e), river samples
are ordinated by possible controlling factors falling under the general classes of (b) subregional land
use, (c) subbasinal soil texture, (d) subbasinal hydrogeomorphology and climate, and (e) subbasinal
soil order. Factor abbreviations are defined in Table S3. (Error bars (subfigure (a) only) indicate
standard deviations about the sample means for the eight rivers: C = Connecticut; H = Hudson; D
= Delaware; S = Schuylkill; Q = Susquehanna; P = Potomac; K = Pamunkey; and R = Roanoke.)
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Figure S3: Original PCA ordinations superimposed in the Procrustes analysis of natural and anthropogenic
factors controlling allochthonous C proportional contributions to export fluxes of total POC, total DOC and
total DIC for six of the rivers in the present study (note that allochthonous C contributions could not be
estimated for the remaining two rivers (i.e., Schuylkill and Pamunkey) because of radiocarbon contamination
from upstream nuclear power plants; only the first two principal component axes are plotted in each subfig-
ure). In (a), river samples are ordinated by allochthonous C contributions to POC, DOC and DIC (pPOC,
pDOC and pDIC, respectively). In subfigures (b)–(e), river samples are ordinated by possible controlling
factors falling under the general classes of (b) additional subbasinal anthropogenic factors, (c) subbasinal
hydrogeomorphology and climate, (d) subregional land use, and (e) subregional soil texture. Factor abbre-
viations are defined in Table S3. (Error bars (subfigure (a) only) indicate standard deviations about the
sample means for the six rivers: C = Connecticut; H = Hudson; D = Delaware; Q = Susquehanna; P =
Potomac; and R = Roanoke.)
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Figure S4: Original PCA ordinations superimposed in the Procrustes analysis of natural and anthropogenic
factors controlling aged C proportional contributions to export fluxes of total POC, total DOC and total
DIC for six of the rivers in the present study (note that aged C contributions could not be estimated for the
remaining two rivers (i.e., Schuylkill and Pamunkey) because of radiocarbon contamination from upstream
nuclear power plants; only the first two principal component axes are plotted in each subfigure). In (a), river
samples are ordinated by aged C contributions to POC, DOC and DIC (pPOC, pDOC and pDIC, respec-
tively). In subfigures (b)–(e), river samples are ordinated by possible controlling factors falling under the
general classes of (b) subregional hydrogeomorphology and climate, (c) additional subbasinal anthropogenic
factors, (d) subbasinal hydrogeomorphology and climate, and (e) additional subregional anthropogenic fac-
tors. Factor abbreviations are defined in Table S3. (Error bars (subfigure (a) only) indicate standard
deviations about the sample means for the six rivers: C = Connecticut; H = Hudson; D = Delaware; Q =
Susquehanna; P = Potomac; and R = Roanoke.)
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Figure S5: Map of the U.S. east coast indicating the sampled watersheds (cyan lines), sample
locations (yellow squares), and nuclear reactor sites (purple crosses = boiling water reactors,
orange-red crosses = pressurized water reactors). Four of the watershed subregions had at
least one reactor site upstream from the sample location: Connecticut, Schuylkill, Susque-
hanna and Pamunkey. The Connecticut watershed had the Vermont Yankee Station (VY)
∼ 150 km upstream of the sampling location; the Schuylkill watershed had 2 units at the
Limerick Station (LI; ∼ 45 km upstream); the Susquehanna watershed had 2 units at the
Peach Bottom Station (PB), 1 unit at the Three Mile Island Station (TM), and 2 units at the
Susquehanna Steam Station (SS; ∼ 14 km, 75 km and 238 km upstream, respectively); and
the Pamunkey watershed had 2 units at the North Anna Station (NA; ∼ 62 km upstream).
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Figure S6: Map of the U.S. east coast indicating the sampled watersheds (cyan lines), sample
locations (yellow squares), and fossil fuel power plant sites (black circles = coal, gray circles
= oil, white circles = gas).
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Figure S7: Map of the U.S. east coast indicating the sampled watersheds (cyan lines), sample
locations (yellow squares), and wastewater treatment plant sites (red squares; sized by design
flow (in ML · d−1) as indicated in legend).
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Figure S8: Map of the U.S. east coast indicating the sampled watersheds (cyan lines), sample
locations (yellow squares), and impoundment sites (red-orange triangles; sized by storage
capacity (in GL) as indicated in legend).
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Figure S9: Log-log plots of POC, DOC and DIC areal yields versus mean annual runoff for the
eight rivers sampled in this study. Rivers are coded by color and letter (C = Connecticut, H
= Hudson, D = Delaware, S = Schuylkill, Q = Susquehanna, P = Potomac, K = Pamunkey,
and R = Roanoke). For the C areal yields, values plotted are the mean annual areal yields
and vertical error bars indicate the sample standard deviations about the means. Mean areal
C yields approximately follow a 1:1 relationship with runoff (solid black lines) indicating a
direct scaling between areal C yield and runoff (i.e., C concentrations are relatively invariable
with respect to runoff; see e.g., Gaillardet et al. [1999]).
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Figure S10: Mixing diagrams of molar ratios of common riverine ions indicative of lithology:
catchments with more silicates and evaporites orient toward the bottom left and catchments
with more carbonates orient toward the upper right [Gaillardet et al., 1999]. River ion data
were obtained from the U.S. Geological Survey (USGS) [U.S. Geological Survey , 2011] for
water monitoring stations nearest sample site locations (see also Section S3). The most
recent data available per site were averaged by ion species. The following list indicates the
river abbreviation appearing in the figures (in parentheses; sites are also coded by color) and
the years for which ion data were compiled: Connecticut (C), 2000–2008; Hudson (H), 2008–
2009; Delaware (D), 2000–2008; Schuylkill (S), 1998–2001; Susquehanna (Q), 1987–1995;
Potomac (P), 1965 and 1983; Pamunkey (K), 1987–1994; Roanoke (R), 1988–1995.
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Figure S11: Comparisons of POC, DOC and DIC ∆14C signatures between the four sampled
watersheds with upstream nuclear power plants (NUPP) and the four sampled watersheds
without upstream NUPPs, plotted by sample date. Measurements from the four sites with
upstream NUPPs are plotted individually (C (blue) = Connecticut; S (green) = Schuylkill;
Q (red) = Susquehanna; and K (yellow) = Pamunkey). For the four sites without NUPPs
(i.e., Hudson, Delaware, Potomac and Roanoke) only means (solid black line) and minimum
and maximum (dotted black lines) values are indicated. The dashed dark gray line indicates
the ∆14C signature for slow SOC—the most enriched riverine C source modeled [see Hossler
and Bauer , 2012]. Only samples from the Schuylkill and Pamunkey rivers exceeded both
the maximum observed ∆14C values in non-NUPP sites and the maximum estimated ∆14C
signature for slow SOC. (Vertical shaded bars indicate winter months (i.e., December (D)
through March (M)); spring, summer and fall months are unshaded (e.g., June (J) and
September (S)).)
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(a) Vermont Yankee (b) Limerick

(c) Susquehanna Steam (d) Three Mile Island

(e) Peach Bottom (f) North Anna

Figure S12: Maps illustrating zones of maximum deposition for 14C released from the six
nuclear power plants located in the study region (see Figure S5 for regional locations). The
shaded regions indicate the direction of maximum deposition from elevated (yellow shading)
and ground (orange shading) vents. The zone of maximum deposition is actually at the outer
edge of each shaded region. Concentric cyan circles are at 0.5 km intervals. See also Table S7
for estimates of the atmospheric dispersion factors. All estimates (direction, distance, and
dispersion factor) were obtained from Offsite Dose Calculation Manuals available for each
facility from the U.S. Nuclear Regulatory Commission website (http://www.nrc.gov). (Aerial
photographs were obtained from Google Maps.)
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