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Mineralization of ancient carbon in the subsurface of riparian forests

Noel P. Gurwick,1,2 Daniel M. McCorkle,3 Peter M. Groffman,4 Arthur J. Gold,5

D. Q. Kellogg,5 and Peter Seitz-Rundlett6

Received 8 May 2007; revised 11 December 2007; accepted 4 February 2008; published 10 May 2008.

[1] Microbial activity in saturated, subsurface sediments in riparian forests may be
supported by recent photosynthate or ancient (>500 ybp) soil organic carbon (SOC) in
buried horizons. Metabolism of ancient SOC may be particularly important in riparian
zones, considered denitrification hot spots, because denitrification in the riparian
subsurface is often C-limited, because buried horizons intersect deep flow paths, and
because low C mineralization rates can support ecosystem-relevant rates of denitrification.
Buried horizons are common where alluvial processes (stream migration, overbank flow)
have dominated riparian evolution. Our objectives were to determine: (1) the extent to
which ancient SOC directly supports subsurface microbial activity; (2) whether different
C sources support microbial activity in alluvial versus glaciofluvial riparian zones; and
(3) how microbial use of ancient SOC varies with depth. In situ groundwater incubations
and 14C dating of dissolved inorganic carbon revealed that ancient SOC mineralization
was common, and that it constituted 31–100% of C mineralization 2.6 m deep at one site,
at rates sufficient to influence landscape N budgets. Our data failed to reveal consistent
spatial patterns of microbially available ancient C. Although mineralized C age increased
with depth at one alluvial site, we observed ancient C metabolism 150 cm deep at a
glaciofluvial site, suggesting that subsurface microbial activity in riparian zones does not
vary systematically between alluvial and glaciofluvial hydrogeologic settings. These
findings underscore the relevance of ancient C to contemporary ecosystem processes and
the challenge of using mappable surface features to identify subsurface ecosystem
characteristics or riparian zone N-sink strength.

Citation: Gurwick, N. P., D. M. McCorkle, P. M. Groffman, A. J. Gold, D. Q. Kellogg, and P. Seitz-Rundlett (2008), Mineralization

of ancient carbon in the subsurface of riparian forests, J. Geophys. Res., 113, G02021, doi:10.1029/2007JG000482.

1. Introduction

[2] Over the past two decades, numerous studies have
revealed high variability in nitrogen (N) removal among
riparian zones [e.g., Hill, 1996; Lowrance et al., 1997;
Kellogg et al., 2005]. While the terrestrial-aquatic interface
has generally been considered a hot spot of N removal in the
landscape [Hill, 1996; Lowrance et al., 1997; Kellogg et al.,
2005], this high and largely unexplained variability has
inhibited widespread adoption and evaluation of riparian
zones as a solution to N pollution problems. In addition,
most research on microbial activity and N removal in
riparian zones has focused on surface soils even though

large volumes of groundwater flow through conductive
subsurface sediments where denitrification is usually carbon
(C) limited [Groffman et al., 1992; McCarty and Bremner,
1992; Starr and Gillham, 1993]. Because subsurface deni-
trification is often C limited, the nature and distribution of
soil and sediment C can have a major influence on ground-
water N removal.
[3] Soil C characteristics vary among riparian zones in

different hydrogeologic settings [Gold et al., 2001]. In the
subsurface of riparian zones on glaciofluvial deposits
(formed during glacial melt), C-rich microsites derived from
plant roots support denitrification [Gold et al., 1998;
Jacinthe et al., 2003]. Where alluvial processes (stream
migration and overbank flow) have dominated riparian
evolution, the subsurface often contains buried soil lenses
and horizons that can be thousands of years old (Figure 1).
Despite their age, these buried horizons appear to harbor
microbially available C that can support ecosystem-relevant
rates of denitrification [Fustec et al., 1989; Gurwick et al.,
2008; Hill and Cardaci, 2004].
[4] While the finding that root-derived C fuels denitrifi-

cation in glaciofluvial riparian zones is relatively uncontro-
versial, the proposition that microbial activity relevant to
contemporary element budgets depends upon ancient C in
buried horizons differs from widely accepted views of
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ecosystem C dynamics. Most CO2 associated with micro-
bial respiration in soil derives from recent photosynthate
[Hogberg et al., 2001], and litter usually decomposes
within years [Moore et al., 1999]. The remaining material
has been considered recalcitrant (i.e., unavailable for use by
microbes), either because it is inherently difficult to metab-
olize or because it has become stabilized by association with
minerals [Minderman, 1968; Six et al., 2002; Sollins et al.,
1996].
[5] In contrast to most perspectives from ecosystem

science, geomicrobiologists have embraced the idea that
microbes use a wide variety of C sources, and empirical
research suggests that ancient C fuels microbial activity at
ecologically significant rates. Methanogenesis in Siberian
lakes depends upon Pleistocene-age C [Zimov et al., 1997],
and methane production in groundwater is associated with
Wisconsinan-age organic C [Parkin and Simpkins, 1995].
Buckau et al. [2000] found mineralization of Miocene
organic carbon at �100 m depth in groundwater, and Petsch
et al. [2001, 2003] observed microbial communities,
including anaerobes, growing on black shale. Similarly,
carbon in shale formations in aquifers 10–15 m beneath
the land surface can support substantial denitrification if
NO3

� is available [McMahon et al., 1999].
[6] Evidence that buried horizons and channel deposits

support denitrification in alluvial riparian zones [Gurwick et
al., 2008; Hill et al., 2000; Well et al., 2005] raises
questions about the role that ancient C plays in regulating
the N cycle and about riparian zone classifications. First,
does old soil organic carbon (SOC) in buried horizons
directly support microbial activity, or does it act as a magnet
for young C in the subsurface? Roots proliferate in organic
matter-rich areas [Bilbrough and Caldwell, 1995; Eissenstat
and Caldwell, 1988], and dissolved organic carbon (DOC)
leached from surface soils may adhere to particles of

stabilized organic matter in the subsurface [Dunnivant et
al., 1992]. Thus, ancient C may facilitate the formation of
young-C hot spots in the subsurface without itself being
metabolized.
[7] Second, do different C sources fuel subsurface deni-

trification in different types of riparian zones? In contrast to
buried horizons, relatively young C (years to decades old)
may enter the riparian subsurface via deep roots or DOC
leached from surface soils. If the supply of microbially
available C in the riparian subsurface varies systematically
between alluvial and glaciofluvial (outwash) settings, then
mappable landscape features may distinguish among ripar-
ian zones that vary in subsurface microbial activity and
associated ecosystem processes such as N sink strength.
[8] In this study, our objectives were to determine: (1) the

extent to which ancient C directly supports microbial
activity in buried horizons in the riparian subsurface;
(2) whether the mix of C sources that support microbial
activity in the riparian subsurface differs between riparian
zones in glaciofluvial and alluvial landscape settings; and
(3) how the mix of C sources fueling microbial activity
varies with depth in the subsurface. We expected that
mineralization of ancient C would be more common at
alluvial than at glaciofluvial sites, and that respired C at
alluvial sites would become progressively older with depth,
corresponding to the increasing age of buried horizons.

2. Methods and Site Descriptions

[9] We measured the 14C signature of dissolved inorganic
carbon (DIC) in the subsurface of riparian zones in alluvial
and glaciofluvial settings and conducted in situ groundwater
incubation experiments to estimate the 14C signature of
C actually mineralized at different depths in the riparian
subsurface. In addition, we measured the 14C signature of
SOC associated with buried soil horizons in the riparian
subsurface. The 14C signature of DIC produced at specific
locations in the subsurface should reflect the mean age of
C sources being metabolized, enabling us to compare the
age of SOC being metabolized with the age of the bulk SOC
pool.

2.1. Site Descriptions and Instrumentation

[10] We sampled groundwater at four riparian zones in
two hydrogeologic settings on low (1st–3rd) order streams
in the Pawcatuck River watershed, Rhode Island. Two sites
(GF-1 and GF-2) were characterized by glaciofluvial depos-
its and two (AL-1 and AL-2) by alluvium. Specific site
locations were: GF-1 (41�280N, 71�350W), GF-2 (41�280N,
71�320W), AL-1 (41�290N, 71�410W), and AL-2 (41�340N,
71�430W). All sites had low (<3%) surface slopes and
vegetation dominated by approximately 80 year old Acer
rubrum. All sites were 200–500 m from roads and were
generally remote, but a Christmas tree farm sat roughly 100m
uphill from GF-1. The alluvial sites were characterized by
entisols of moderate pH (5.3–6.5) while the glaciofluvial
sites were more acidic (pH 5.0–5.8) and dominated by
histosols (GF-1) or inceptisols (GF-2). All soils had very
low concentrations of carbonate minerals. Groundwater
dissolved oxygen at these sites generally ranges from 2–
8 mg L�1 at glaciofluvial sites and is usually <2 at alluvial
sites. Mean dissolved organic carbon (DOC) concentrations

Figure 1. Soil organic carbon in soil profiles at alluvial
riparian zones: (a) lenses and (b) a buried horizon. These
buried, carbon-rich soils are often thousands of years old yet
appear to support microbial activity in the subsurface.
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range from 0.5–4.0 mg L�1 below 150 cm and 1.5–
13.4 mg L�1 at 300 cm [Kellogg et al., 2005]. Sites GF-1,
GF-2, Al-1, and AL-2 correspond to sites described in more
detail by Kellogg et al. [2005] as A, B, C, and D.
[11] At each site, we had previously installed 3 minipiez-

ometers at each of 3 target depths: 65 cm, 150 cm, and 300 cm
(total 9 minipiezometers per site). Minipiezometers were
made of narrow gas-impermeable tubing (0.8 cm o.d.) and
had been installed with a slide hammer, greatly minimizing
disruption to the surrounding sediments. We sampled from
minipiezometers at all sites and depths to characterize
ambient 14C in summer 2003 and used a subset of sites
and depths for in situ incubations and ambient measure-
ments in Nov–Dec 2002. Sites and minipiezometer instal-
lation are described in more detail in Kellogg et al. [2005].

2.2. Buried Horizon Ages

[12] We used 14C dating to establish the ages of buried
horizons at the two alluvial sites. Using soil pits and an
auger, we collected buried C-rich lenses 300–350 cm
beneath the surface at AL-1 and a buried O horizon 83–
93 cm beneath the surface at AL-2. For the buried
O horizon, we separated all recognizable organic matter
fragments from the rest of the soil (humic material).
Samples were washed in acid (soil) or acid-base-acid (frag-
ments) and then analyzed for 14C (Beta Analytic, Inc.).

2.3. In Situ Incubations and Groundwater Sampling

[13] To measure DIC production and the 14C signature of
DIC produced in situ, we modified an in situ incubation
technique, previously used at these sites to measure deni-
trification [Addy et al., 2002; Istok et al., 1997]. Because
this method is time and labor intensive, and because 14C
analysis is expensive, we chose a subset of sites and wells
for these experiments. We selected the two sites (GF-1 and
AL-1) where the highest denitrification rates had previously
been measured [Kellogg et al., 2005] and conducted incu-
bations in two wells at each of the three depths at those
sites. In addition, we conducted incubations in two shallow
(65 cm) wells at GF-2, where we had intensively measured
root biomass [Gurwick, 2007] and where several other
groundwater denitrification studies have been conducted
[Groffman et al., 1992; Nelson et al., 1995; Simmons et
al., 1992].
[14] We performed in situ groundwater incubations in

Nov–Dec 2002. We collected 20 L of groundwater from
each target minipiezometer at least one day in advance of
our experiment. No more than two hours before returning to
the field, we transferred this groundwater to a 20 L carboy
fitted with a cap containing three ports. We added KNO3

(32 mg N L�1) to ensure that microbial activity would not be
NO3

� limited, and potassium bromide (KBr, 32 mg Br� L�1)
as a conservative tracer to estimate dilution during the
incubation. We bubbled helium through one port attached
to a tube that reached to the bottom of the carboy and had a
bubbling stone on the end. A second port, open to the head
space of the carboy was routed through a LiCor 6200
infrared gas analyzer. Bubbling continued until the CO2

concentration of the gas leaving the carboy dropped below
10 ppm and often below 2 ppm (approximately 90 min), at
which point we capped the ports on the carboy for imme-
diate transport to the field.

[15] To collect ambient groundwater samples before start-
ing incubations, we connected a peristaltic pump to the
minipiezometer. To ensure the sampled groundwater had not
been in contact with the atmosphere via the minipiezometer,
we first pumped at least 500 mL of groundwater and
discarded it. We then pumped a sample into a beaker and
measured dissolved oxygen concentration and temperature.
Continuing to pump slowly, we collected samples for:
bromide concentration and DIC chemistry (HDPE bottle,
unfiltered) and NO3

� concentration (HDPE bottles, filtered
with 0.45 uM filters). With a 23 gauge needle attached to
the sampling tube, we collected samples for DIC concen-
tration (125 mL serum bottle, pre-flushed and evacuated);
and 14C-DIC (1 Liter amber glass bottle, pre-flushed and
evacuated). We collected multiple samples of each type and
collected samples for [Br�] and [NO3

�] before and after
collecting samples for 14C-DIC analysis.
[16] Before introducing the amended, degassed ground-

water back into the minipiezometer, we bubbled it with
helium for five minutes in the field to eliminate CO2 that
might have leaked in during transport. We pumped 500 mL
of groundwater from the carboy into a beaker to measure
dissolved oxygen and temperature. To verify initial con-
ditions of the amended groundwater, we collected samples
from the carboy to measure [Br�] and [NO3

�] and DIC
chemistry. We reintroduced the amended, degassed ground-
water into the well at a maximum rate of 13 L h�1, taking
care to avoid pumping air into the tube when the carboy was
near empty. We then took a final sample from the carboy to
characterize initial chemistry and sealed the well. Incuba-
tions lasted between 5 and 50 h depending mainly upon the
rate at which tracers had been observed to move out of the
recovery zone at each site. We collected samples of incu-
bated groundwater with the same methods used to collect
ambient groundwater.

2.4. Collecting Groundwater Samples for 14C-DIC
Signatures

[17] To sample groundwater for 14C-DIC in association
with our in situ incubations, we fitted 1-L amber glass
bottles with suba-seal stoppers, flushed them with ultra-pure
helium for 5 min, and evacuated each one for 25 min. Our
objective was to create a CO2-free atmosphere with suffi-
cient vacuum to allow us to collect 400–800 mL of
groundwater. To collect samples for 14C-DIC analysis, we
attached a sampling tube to the minipiezometer, threaded it
through the peristaltic pump, and attached a non-coring
needle to the end of the tube. We pumped 0.5 L of water
from the well and then inserted the needle through the
stopper. To minimize intrusion of air, we secured the bottle
underwater in a bucket throughout this operation.
[18] We collected additional ambient groundwater sam-

ples from all three depths at all four sites in August–
September, 2003. For site-depth combinations matching
those used in 2002, we collected samples from the same
minipiezometers. We used the same methods as we did to
collect ambient groundwater samples in advance of our
incubation experiments, with the following exceptions.
Groundwater samples were collected by overfilling 500-mL
glass bottles, pouring out �10 mL, adding 100 mL of a
saturated solution of HgCl2 to inhibit microbial activity,
injecting helium into the �10 mL headspace to displace
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atmospheric air, and immediately sealing the bottle with a
ground glass stopper. We also collected an additional
sample, stored in a full, screw-cap HDPE bottle on ice, that
we used to measure pH and alkalinity within 10 h of sample
collection.

2.5. 14C-AMS Analysis

[19] DIC was extracted from groundwater samples by
acidifying groundwater to pH < 2 to convert all DIC to CO2,
attaching sample bottles to a vacuum line with an in-line
recirculating pump, and bubbling the samples for 30–60min.
Trials with samples of known DIC concentration verified
that we trapped >97% of the DIC within this time interval.
We separated CO2 from H2O and noncondensible gases
using cryotraps and measured CO2 content by expanding
the gas into a known volume and measuring the resulting
pressure and temperature. Gas samples were stored in
flame-sealed glass tubes until analysis. Radiocarbon analy-
sis was performed at the National Ocean Sciences Acceler-
ator Mass Spectrometry Facility (NOSAMS) [NOSAMS,
2005].

2.6. Groundwater Chemistry

[20] For ambient groundwater samples collected in 2003
we measured pH, alkalinity, and concentrations of most
cations. We also measured cation concentrations in samples
of ambient groundwater from wells used for in situ incuba-
tions in 2002. We measured pH and alkalinity at the water
quality laboratory at the University of Rhode Island and
cation concentrations at the nutrient analysis laboratory in

the Department of Crop and Soil Science, Cornell University,
using inductively coupled plasma spectrometry. Detection
limits for calcium, magnesium, and potassium were 0.2, 2,
and 10 ug L�1 respectively. Samples of ambient, amended,
and incubated groundwater samples from 2002 were
analyzed for [Br�], [NO3

�], and [SO4
2�] by ion chroma-

tography at the analytical laboratory at the Institute of
Ecosystem Studies (detection limit 0.02 mg L�1 for all
anions).

2.7. Data Analysis

2.7.1. DIC Production
[21] We calculated DIC production using the following

equations:

DIC½ �prod¼ DIC½ �final� DIC½ �initial*Finc
� �

� DIC½ �amb* 1� Fincð Þ
� �

ð1Þ

[DIC]prod is the amount of DIC produced from mineraliza-
tion during the incubation, [DIC]final is [DIC] measured in
the groundwater at the end of the incubation period,
[DIC]initial is [DIC] in the groundwater reintroduced to the
minipiezometer, [DIC]amb is [DIC] in the ambient ground-
water, Finc is the fraction of groundwater in the post-
incubation sample derived from the degassed water

calculated from the change in [Br�], and 1 � Finc is the
fraction of groundwater in the post-incubation sample
derived from ambient groundwater mixed with the plume.

DDICprod ¼
DIC½ �prod
tinc

ð2Þ

DDICprod is the rate of DIC mineralization over the course
of the incubation, and tinc is the duration of the incubation.
[22] [DIC]initial is pH dependent. We eliminated all aque-

ous CO2 from the groundwater before reintroducing it into
the well, but in cases of initial pH > roughly 6, HCO3

�

remained in solution. We calculated [DIC]initial from meas-
urements of pH and total DIC of ambient groundwater, and
measurements of alkalinity from 2003 ambient groundwater
samples.
[23] To estimate C mineralization rates on a per kg soil

basis, we assumed soil porosity of 0.38 and bulk density of
1.65 g cm�3 [Kellogg et al., 2005]. In that case, 1 L of
groundwater occupies 2632 cm3, or 4.3 kg of soil.
2.7.2. Contribution of Ancient SOC to Mineralization
[24] First, we calculated the contribution of ancient SOC

to total C mineralization during the incubation by combin-
ing a mass balance for DIC with 14C-DIC signatures of
ambient and incubated groundwater. Our DIC mass balance
relies on our measurements of DIC and bromide concen-
trations in the ambient groundwater and the incubated
plume. In our mass balance (equation (3)) we have made
the common approximation of multiplying DIC concentra-
tions by 14C signatures. The 14C signature of DIC produced
during the course of the incubation, i.e., 14Cprod.is given by:

14Cprod ¼
14Cfinal* DIC½ �final� 14Cinitial* DIC½ �initial*Finc

� �
� 14Camb* DIC½ �amb* 1� Fincð Þ
� �

DIC½ �prod
ð3Þ

We applied this approach first considering only dilution via
advection and second considering both advection and the
presence of bicarbonate at the beginning of the incubation.
We assumed that any DIC present at the beginning of the
incubation (DICinitial) had the same 14C signature as DIC in
ambient groundwater (DICamb).
[25] Our assumptions tend to minimize the contribution

of ancient C to total C mineralization. We initially assumed
no dilution during the incubation and no bicarbonate present
at the beginning of the incubation. Many sources of micro-
bially available C, such as DOC leached from forest floor,
are relatively young, and the resulting DIC can be carried
along the flow path. Therefore, even at depth DIC in
ambient groundwater that mixes into the incubation plume
via advection, or that was present in the reinjected ground-
water as bicarbonate, tends to dilute the signature of ancient
C mineralized during the incubation. Detecting ancient
C mineralization in spite of these assumptions would
therefore suggest a relatively strong signal.
[26] Second, we calculated a minimum potential contri-

bution of old C using only the measured 14C-DIC signatures
of ambient and incubated groundwater and a range of
estimates for the age of carbon being mineralized. We
assigned an age of 1 ybp (14C +82%) to the contemporary
SOC pool and ages consistent with dates of buried horizons
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to the ancient pool. We estimated the 14C signature of the
atmosphere at 1 ybp by extrapolating the northern hemi-
sphere zone 1 atmospheric 14C data set [Hua and Barbetti,
2004] using the relationship 14C(year) = 14C(year � 1)0.9885.
At site AL-1, 260 cm, we initially assigned the ancient pool
an age of 16,663 ybp (14C �825%) and then ran the same
calculations assuming ages of 12,000, 8,000, and 4,000 ybp.
[27] Again, our assumptions tend to yield a conservative

estimate of the importance of old C to C mineralization in
the riparian subsurface. Although multiple pools of C could
be contributing to mineralization, using a maximum age for
the old end-member yields a minimum contribution for
mineralization of old C. For the modern end-member, using
1 ybp minimizes the estimated contribution of old C. Had
we chosen SOC formed 20 ybp or 40 ybp for this end-
member, it would have had a considerably more enriched
14C signature owing to the spike of 14C put into the
atmosphere by atomic weapons testing in the 1950s, and
hence would have required more depleted (old) C mineral-
ization to balance it.
[28] We calibrated 14C-ages with: (1) Calib 5.0.1 and the

IntCal04 data set for premodern 14C signatures [Reimer et
al., 2004; Stuiver et al., 2005]; and (2) CaliBomb using the
Northern Hemisphere Zone 1 data set for samples with
modern 14C signatures [Hua and Barbetti, 2004; Reimer
and Reimer, 2004]. The calibrated ages allow us to use the
14C signature of DIC in a groundwater sample to infer a
minimum age of the oldest source contributing to that
sample. This differs from assigning an age to the DIC pool
of a sample, a step we feel would not be justified because

the DIC in any groundwater sample is almost certainly
comprised of a mix of DIC pools of varying 14C signatures.

3. Results

3.1. Buried Horizon Ages

[29] Buried horizons at the alluvial sites were thousands
of years old. Carbon-rich lenses 300–350 cm beneath the
surface at AL-1 yielded a calibrated 14C age of 16,270–
17,050 ybp, consistent with glacial retreat from the north-
eastern U.S. At site AL-2, the carbon associated with the
humic material was fixed 10,650 ± 70 ybp, whereas the
organic matter fragments from this horizon, including roots,
formed 4730 ± 40 ybp.

3.2. Ambient Groundwater Chemistry

[30] Neither calcium nor magnesium concentration varied
systematically between glaciofluvial and alluvial sites, nor
did concentrations of calcium plus magnesium change
regularly with depth at site AL-1 (Table 1). Both calcium
and magnesium concentrations were lower at AL-1 than at
GF-1 (Table 1).
[31] Background concentrations of anions relevant to our

experiment were generally low. Bromide concentrations
were always <0.1 mg L�1 except in 260 cm wells at site
AL-1, where they were <0.35 mg L�1. Nitrate concentrations
were near or below detection limits at sites GF-2, AL-1, and
AL-2 and ranged from 1.8 mg L�1 (65 cm) to 3.9 mg L�1

(300 cm) at GF-1. Sulfate concentrations displayed con-
trasting patterns at GF-1 and AL-1, declining with depth at

Table 1. Cation Concentrations, Alkalinity, and pH of Ambient Groundwater in August–September 2003a

Element or Chemical
Property/Depth

GF-1 GF-2 AL-1 AL-2

Mean (n) Range Mean (n) Range Mean (n) Range Mean (n) Range

1.9–4.9 1.7–3.7 2.6–4.4 2.1–2.3
3.6–6.3 2.0–2.6 3.0–5.1 nd
4.8–6.5 1.2–1.5 2.2–3.6 2.3–3.9

Ca, mg L�1 1.9–6.5 1.2–3.7 2.2–5.1 2.1–3.9
65 cm 3.6 (5) 2.5 (5) 3.5 (7) 2.2 (3)
150 cm 4.5 (7) 2.3 (4) 3.7 (6) 2.3 (1)
300 cm 5.3 (6) 1.4 (5) 3.0 (6) 3.3 (7)
site mean 4.5 (18) 2.0 (14) 3.4 (19) 2.9 (11)

0.4–1.8 0.8–1.3 0.9–1.5 0.5–0.6
1.2–2.1 0.6–0.8 0.7–1.2 nd
1.5–2.5 0.7–0.7 0.5–0.8 0.6–0.9

Mg, mg L�1 0.4–2.5 0.6–1.3 0.5–1.5 0.5–0.9
65 cm 1.2 (5) 1.0 (5) 1.1 (7) 0.5 (3)
150 cm 1.6 (7) 0.7 (4) 0.9 (6) 0. Six (1)
300 cm 1.8 (6) 0.7 (5) 0.7 (6) 0.8 (7)
site mean 1.5 (18) 0.8 (14) 0.9 (19) 0.7 (11)
Alkalinity,
mg CaCO3 L

�1
1.2–5.0 1–4.5 9.7–14.4 3.8–5.4

65 cm 3.1 (3) 5.0–8.0 2.8 (2) 0–3.0 11.6 (3) 20.6–28.3 4.6 (2) 8.6–8.8
150 cm 5.8 (3) 7.2–8.0 1.5 (2) 0–0.4 23.4 (3) 28.6–34.0 8.7 (2) 22.8–24.5
300 cm 7.6 (3) 0.2 (2) 31.7 (3) 23.7 (2)

5.2–5.7 5.1–5.5 5.5–6.0 5.4–5.7
5.7–5.8 5.3–5.6 6.6–6.8 5.9–5.9

pH 5.7–6.0 5.0–5.0 6.8–7.0 6.5–6.6
65 cm 5.5 (3) 5.2 (2) 5.8 (3) 5.5 (2)
150 cm 5.8 (3) 5.4 (2) 6.7 (3) 5.9 (2)
300 cm 5.8 (3) 5.0 (2) 6.9 (3) 6.6 (2)

aDIC concentration (umoles L�1) in ambient (amb) and incubated (inc) groundwater from 2002 and ambient groundwater from 2003. Values are from
multiple wells at each site-depth.
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AL-1 (15.4–0.5 mg L�1) and, like NO3
�, increasing with

depth at GF-1 (6.6–9.0 mg L�1). At GF-1, we also
observed increased concentrations with depth for potassium
(0.8–1.7 mg L�1) and sodium (0.8–1.5 mg L�1). Dissolved
oxygen concentrations ranged from 2.2 to 6.1 mg L�1 at
GF-1 and GF-2 and from 0.7 to 1.0 mg L�1 at AL-1. Other
measurements of ambient groundwater chemistry (cation
concentrations, specific conductance, and temperature) are
summarized in Table S1 (available in auxiliary material).1

[32] Alluvial sites had higher DIC concentrations than
glaciofluvial sites at shallow and intermediate depths
(Table 2). In 2003, DIC concentrations at 65 cm and
150 cm ranged from 0.99 to 2.35 mmol kg�1 at AL-1 and
AL-2, and from 0.68 to 1.03 mmol kg�1 at GF-1 and GF-2
(p < 0.06, 2-tailed t-test). In 2002, DIC concentrations in 65
and 150 cm samples were 0.94–1.47 mmol kg�1 at AL-1
and 0.71–0.99 mmol kg�1 at GF-1 and GF-2 (p < 0.05,
2-tailed t-test). In both years, DIC concentrations in the
deepest minipiezometers did not differ between alluvial and
glaciofluvial sites (p > 0.3, 2-tailed t-test). The inter-site
difference disappeared in the deepest minipiezometers
because concentrations at alluvial sites decreased with depth
whereas concentrations in groundwater at glaciofluvial sites
remained relatively constant.

3.3. Isotope Signatures of Ambient Groundwater DIC

[33] In 2002, the 14C signature of ambient DIC decreased
markedly with depth at AL-1, and 14C signatures from both
the 150-cm and 260-cm minipiezometers at this site were
less than 0% (Figure 2a). Radiocarbon signatures of DIC in
2002 ambient groundwater from GF-1 were more enriched
than those from AL-1 (Figure 2a). In addition, the modest
depletion in 14C signatures with depth at GF-1 contrasts the
strong decline observed at AL-1 (Figure 2a). We report 13C
and 14C signatures for all groundwater samples in Table S2.
[34] In summer, 2003, we observed three patterns in

ambient groundwater 14C-DIC. First, as in 2002, 14C-DIC
signatures at AL-1 declined with depth, reaching a premod-
ern signature at 260 cm, but this pattern did not appear for

samples from AL-2 (Figure 2b). Second, 14C-DIC values
from 150 cm and deeper were always more depleted at
alluvial sites (AL-1, AL-2) than at glaciofluvial sites (GF-1,
GF-2) (Figure 2b). Third, 14C-DIC signatures from the

Table 2. Concentrations of Dissolved Inorganic Carbon (DIC) in Ambient and Incubated Groundwater From

2002 and Ambient Groundwater From 2003a

Sample/Depth

Site

GF-1 GF-2 AL-1 AL-2

2002 Ambient
65 cm 0.93 (0.88–0.99) 0.80 (0.79–0.82) 1.32 (1.16–1.47) nd
150 cm 0.80 (0.71–0.89) nd 1.19 (0.94–1.45) nd
300 cm 0.93 (0.90–0.96) nd 0.86 (0.79–0.94) nd
2002 Incubated
65 cm 0.32 (0.17–0.47) 0.59 (0.31–0.88) 1.29 nd
150 cm 0.29 nd 0.31 nd
300 cm 0.52 (0.41–0.64) nd 0.62 (0.60–0.64) nd
2003 Ambient
65 cm 0.97 1.03 2.35 1.46
150 cm 0.68 0.76 1.46 0.99
300 cm 1.24 0.93 1.14 1.03
aUnits are in milimoles kg�1. Where we analyzed samples from two wells, we report the range of values in parentheses; in

other cases we analyzed groundwater from one well at that site-depth combination. No data for a site-depth combination is
designated as nd.

Figure 2. 14C signatures of dissolved inorganic carbon
(DIC) in ambient groundwater sampled in (a) 2002 and
(b) 2003. Each point indicates chemistry from a single
minipiezometer. At alluvial site AL-1, the 14C-DIC
signatures became increasingly depleted with depth and
exhibited clearly pre-modern carbon, suggesting that
ancient C associated with buried channel deposits is
microbially available. In 2003, samples from alluvial sites
were generally more depleted than samples from outwash
sites.

1Auxiliary materials are available in the HTML. doi:10.1029/
2007JG000482.
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glaciofluvial sites fell within a narrow range compared to
those from the alluvial sites (Figure 2b and Table S2).
Where site-depth combinations overlap between the two
dates, the same minipiezometers were sampled, suggesting
that different chemistries reflect temporal rather than spatial
variation.
[35] Ambient groundwater DIC from the shallow (65 cm)

minipiezometers always exhibited 14C signatures > 0%, and
in all but one case these values were <+82%, the approx-
imate signature of atmospheric CO2 at the time of collection
[Hua and Barbetti, 2004] (Figure 2 and Table 3). The most
depleted 14C-DIC values in this set were from GF-2 in
winter 2002 (+11 and +33%) and AL-2 in summer 2003
(+16%).
[36] 14C-DIC and 13C-DIC were inversely correlated at

AL-1 (r = �0.81, p < 0.05 n = 7) and GF-1 (r = �0.63, p <
0.07 n = 9) (Figure S1 and Table S2). 14C-DIC also
correlated negatively with alkalinity at these sites in 2003
(r = �0.95, p < 0.005 n = 6), but this relationship emerged
exclusively from patterns at AL-1 (r = �0.98, p = 0.13) and
not at all from GF-1 (r = 0.12, p = 0.9). 14C-DIC signatures
bore no relationship to DIC concentrations.

3.4. In Situ Incubation Experiments

[37] In most cases, we recovered >75% of our tracer
confirming that our incubation times were suitable given
flow conditions in the aquifer. We observed two patterns in
14C-DIC of incubated groundwater. First, these 14C signa-
tures were usually more depleted than 14C-DIC of the
corresponding ambient groundwater (Table 3). Differences
between ambient and incubated samples were often >50%

(Table 3). In particular, incubated samples from the 260 cm
minipiezometers at AL-1 exhibited 14C-DIC signatures of
�166 to �194% (Figure 3) versus ambient groundwater
signatures of �76 to �89% (Figure 2). A notable exception
to the pattern of more depleted values in incubated samples
was the groundwater from a 300 cmminipiezometer at GF-1,
which had a 14C signature of 155% compared to an ambient
value of 51% (Table 3). Second, the pattern of 14C
depletion with depth in samples of incubated groundwater
at AL-1 (Figure 3) mirrored data from the ambient ground-
water (Figure 2).
[38] Carbon mineralization rates at GF-1 and GF-2

exceeded those at AL-1 (p = 0.05, 2-tailed t-test) and
showed no strong pattern with depth. Rates of DIC produc-
tion adjusted for dilution and dispersion of the dosed plume
were as high as 0.07 uM CO2 kg soil�1 second�1. At AL-1,
where pH and alkalinity were high by comparison with our
other study sites, accounting for bicarbonate in the initial
groundwater yielded negative values for DIC production at
one 150 cm and two 260 cm wells. Accounting for
bicarbonate also yielded an estimate of DIC production
<0 from one 65 cm well at GF-1. Below, we consider
scenarios with and without accounting for bicarbonate
initially present in the reinjected groundwater.
[39] Using a mass balance approach, and assuming no

bicarbonate in groundwater at the start of the incubations,
we infer that C mineralized during the incubation must have
had a 14C signature ranging from �515% (260 cm, AL-1)
to >200% (65 cm, GF-1 and AL-1) (Figure 4 and Table 4).
The highly enriched value (396%) required to account for
14C-DIC measurements at AL-1, 65 cm, would require

Table 3. Minimum Ages of Mineralized SOC Required to Account for 14C-DIC Signatures of Ambient and Incubated Groundwater

Samples From 2002, Ignoring Advection/Dispersiona

Sampling Year Site Depth, cm

14C-DIC, %
Minimum Required Age of a Contributing C
Source (ybp) Based on the 14C-DIC of the:

Ambient Sample Incubated Sample Ambient Sample Incubated Sample

2002 GF-1 65 100 44 6 (4–7) 48 (46–49)
2002 GF-1 65 130 31 10 (8–11) 48 (46–49)
2002 GF-1 150 61 �33 4 (4–47) 230 (180–380)
2002 GF-1 300 51 155 48 (46–49) 13 (11–14)
2002 GF-1 300 33 45 48 (46–49) 48 (46–49)
2002 AL-1 65 48 69 48 (46–49) 4 (4–5)
2002 AL-1 150 �23 �56 330 (50–330) 530 (370–580)
2002 AL-1 260 �76 �167 640 (580–710) 1390 (1320–1460)
2002 AL-1 260 �89 �194 730 (610–780) 1660 (1560–1760)
2002 GF-2 65 11 �63 49 (47–50) 550 (490–610)
2002 GF-2 65 33 24 48 (46–49) 48 (46–49)
2003 GF-1 65 78 4 (4–5)
2003 GF-1 150 74 4 (4–5)
2003 GF-1 300 79 4 (4–5)
2003 GF-2 65 66 4 (4–5)
2003 GF-2 150 93 5 (4–7)
2003 GF-2 300 79 4 (4–5)
2003 AL-1 65 71 4 (4–5)
2003 AL-1 150 41 48 (46–49)
2003 AL-1 260 �41 430 (320–540)
2003 AL-2 65 16 48 (46–49)
2003 AL-2 150 36 48 (46–49)
2003 AL-2 300 28 48 (46–49)

aCalibrated ages determined using: (1) Calib 5.0.1 and the IntCal04 data set [Reimer et al., 2004; Stuiver et al., 2005] for premodern 14C signatures; and
(2) CALIBomb using the Northern Hemisphere Zone 1 data set for samples with modern 14C signatures [Hua and Barbetti, 2004; Reimer and Reimer,
2004]. 14C signatures, values are means of the most likely age range. Where calibration software returned one or more age ranges with >15% probability,
we report the full range in parentheses.
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carbon inputs from 1963 to 1974, when bomb 14C in the
atmosphere peaked [Hua and Barbetti, 2004]. It is possible
that near-surface soil contributing organic C at 65 cm
formed during this interval, but this 14C estimate may also
reflect uncertainty in the DIC budget. Although the most
depleted values occurred at AL-1, 260 cm, depleted C was
not restricted to alluvial soils and great depth. Carbon
mineralized at shallow and intermediate depths at GF-1
had 14C signatures of <�100% and <�285% respectively
(Figure 4 and Table 4). Conversely, 14C-enriched carbon
was not restricted to glaciofluvial soils and shallow depths;
carbon mineralized at 65 cm at AL-1 and at 300 cm at GF-1
had mean 14C signatures > 200% (Figure 4 and Table 4).
[40] We repeated our mass balance calculation of the

mean radiocarbon signatures of mineralized C, incorporat-
ing estimates of bicarbonate present in the groundwater at
the beginning of the incubations (T zero), and compared
these estimates to those derived assuming no bicarbonate.
This approach was not possible in cases where estimates of
bicarbonate present at T zero resulted in DIC production
estimates < 0. In most cases, the estimates differed little
(Figure 4), reflecting the fact that >80% of total DIC in
ambient groundwater at GF-1 and GF-2 occurs as CO2,
owing to the generally low alkalinity and pH of these
groundwaters (Table 1).
[41] Our analysis of the contribution of ancient C to total

C mineralization, independent of [DIC] measurements,
showed that the 14C-depleted end-member contributed a
minimum of 31% of C mineralization at 260 cm at AL-1.
This value corresponds to the case in which the ancient end-
member source has a 14C signature of �825%, and 100% of
the DIC in the incubated groundwater sample derived from
C mineralization during the incubation (Figure 5).

[42] The contribution of depleted C increased as the
contribution of C mineralization to the DIC pool decreased,
and our data suggest substantial DIC contributions from
sources other than in situ production. Two additional
processes that could have contributed DIC to the incubated
sample include advection of ambient groundwater into the
plume and bicarbonate in the sample at the start of the
incubation. The relatively high pH and alkalinity of ground-
water at AL-1 (Table 1) suggest bicarbonate may have been
present in appreciable quantities at the start of the incuba-
tion. The measured DIC concentrations were higher in ambi-
ent groundwater than in the incubated samples (Table 2),
suggesting that dilution by advection could add significant
quantities of DIC. The recovery rates at these minipiezometers
(39 and 74%) also indicate that DIC addition occurred via
advection or diffusion.
[43] As Figure 5 illustrates, if sources other than in situ

production did contribute DIC to the post-incubation sample
at AL-1, 260 cm, then ancient C could have contributed
50–100% of total C mineralized during the incubation
(shaded area in Figure 5). If <40% of the DIC in the
incubated sample came from in situ production, then

Figure 3. 14C-DIC of groundwater collected at the end of
our in situ incubation versus depth at alluvial and
glaciofluvial sites. Each point indicates chemistry from a
single minipiezometer. 14C-DIC signatures decline with
depth at alluvial site AL-1 and are considerably more
depleted than those measured on ambient samples from the
same minipiezometers. Compared with ambient ground-
water, these samples include more DIC produced locally
and immediately (i.e., during the incubations).

Figure 4. 14C signature of C mineralized during each
incubation. Different symbols show 14C signatures calcu-
lated: (1) assuming no DIC in the reinjected groundwater
(filled triangles); and (2) using estimated bicarbonate
present at time zero, for cases where we calculated DIC
production > 0 (open circles). The highly depleted 14C
signatures at GF-1 and AL-1 demonstrate mineralization of
14C-depleted SOC at alluvial and glaciofluvial sites. The
enriched values at GF-1 (300 cm) indicate metabolism of
decades-old C.
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depleted C accounted for >50% of mineralized C. If 20% of
total DIC in the sample resulted from C mineralization
during the incubation, then microbial use of depleted (i.e.,
ancient) C accounted for 80–100% of C mineralization at
this site-depth.
[44] Comparing our estimates of DIC production rates

and age of mineralized C, we find that C mineralization
rates were highest at those locations where 14C-DIC sig-
natures of mineralized DIC failed to show strong evidence
of depleted C, i.e., 0% < 14C-DIC < 300% (Figure 6). This
pattern was consistent regardless of whether or not we
included in our calculations estimates of bicarbonate present
at the start of the incubation.

4. Discussion

4.1. Evidence for Metabolism of Old Carbon

[45] Our data show that ancient C associated with buried
channel deposits is commonly mineralized in the riparian
subsurface in glaciated landscapes. Our mass balance sug-
gests that some of the DIC produced during our incubations
at 260 cm at AL-1 had a 14C signature of �516% or lower
(Table 4); this requires mineralization of SOC formed at
least 6,620 ybp. Of the twelve in situ incubations conducted,
six demonstrated metabolism of SOC formed >500 ybp
(Figure 7 and Table 4), suggesting that metabolism of
ancient C in the riparian subsurface is common in the types
of landscapes we studied.
[46] By demonstrating that ancient C (rather than recently

fixed C associated with buried horizons) is itself metabo-
lized in saturated subsurface soils, we extend the growing
set of investigations that implicate buried horizons as key
drivers of denitrification at the terrestrial-aquatic interface
[Gurwick et al., 2008; Haycock and Burt, 1993; Hill et al.,
2004]. Our findings are also consistent with the observation
that microbes use ancient C in a wide variety of environ-
ments including rivers [McCallister et al., 2004], lakes
[Zimov et al., 1997], shale formations [Petsch et al., 2001,

2003], aquifers [Buckau et al., 2000; McMahon et al., 1999;
Parkin and Simpkins, 1995], and peatlands [Chasar et al.,
2000].
[47] Our measurements of 14C-DIC in groundwater col-

lected at the end of our in situ incubations and in ambient

Table 4. 14C Signatures of DIC Produced During in Situ Incubations, Estimated Based on a Mass and Isotope Balance, and Minimum

Ages of Mineralized SOC Required to Account for Those 14C-DIC Signaturesa

Site
Depth,
cm

14C-DIC of C Mineralized During the
Incubation, %: Minimum Required Age of a Contributing C Source, ybp:

Calculated
Considering

Advection Only

Calculated
Considering

Advection and
Initial Bicarbonate

Based
on 14C of DIC
Mineralized

During Incubation,
Calculated Using
Advection Only

Based on
14C of DIC Mineralized

During Incubation,
Calculated Using

Advection and Initial
Bicarbonate

GF-1 65 38 22 47 (46–49) 47 (46–49)
GF-1 65 �105 * 790 (730–860) *
GF-1 150 �285 �342 2840 (2770–2920) 3600 (3490–3700)
GF-1 300 234 203 20 (19–21, 41–42) 17 (16–44)
GF-1 300 78 63 4 (4–5) 4 (4–5)
AL-1 65 396 372 27 (27–28, 39–40) 27 (27–40)
AL-1 150 �109 * 860 (750–970) *
AL-1 300 �231 * 2080 (1970–2200) *
AL-1 300 �516 * 6620 (6500–6730) *
GF-2 65 �71 �71 630 (560–700) 630 (560–700)
GF-2 65 20 20 47 (45–48) 47 (45–48)

aCalibrated ages determined using: (1) Calib 5.0.1 and the IntCal04 data set for premodern 14C signatures [Reimer et al., 2004; Stuiver et al., 2005]; and
(2) CALIBomb using the Northern Hemisphere Zone 1 data set for samples with modern 14C signatures [Hua and Barbetti, 2004; Reimer and Reimer,
2004]. 14C signatures, values are means of the most likely age range. Where calibration software returned one or more age ranges with >15% probability,
we report the full range in parentheses.

Figure 5. The relative contribution of ancient C to
C mineralization at alluvial site AL-1 (260 cm), derived
from only the 14C-DIC signatures of ambient and incubated
groundwater, and realistic estimates of C source age. The
proportion ofCmineralization associatedwith ancient C (y axis)
increases as the contribution of C mineralization (versus
advection/dispersion) decreases (x axis), and as the assumed
age of the ancient end-member decreases (different
symbols). Ancient SOC accounted for at least 30% of
C mineralized during our incubation at this site-depth and
could have accounted for 50–100% (shaded area).
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groundwater also point toward metabolism of ancient C.
These estimates have less power than our mass balance to
detect metabolism of ancient C but are independent of DIC
concentration and groundwater recovery rate, terms that
may strongly affect the mass balance calculations. Com-
pared with ambient groundwater, samples collected at the
end of our in situ incubations included more DIC produced
during the incubations in the immediate vicinity of each
minipiezometer, and 14C-DIC signatures tended to decline
over the course of most our incubations (Table 3). These
patterns imply metabolism of SOC at least as old as (and
usually older than) the bulk DIC recovered at the end of the
incubations. At AL-1, 260 cm, samples collected at the end
of our incubations had 14C-DIC signatures of �167% and
�194% (Figure 3 and Table 3), compared with �76% and
�89% in ambient samples (Figure 2a and Table 3). Had
DIC with these signatures been produced by mineralization
of an SOC pool that formed at a single point in time (rather
than one composed of SOC of varying ages), that SOC
would have formed 1,390–1,660 ybp (Table 3).
[48] Data from ambient groundwater samples alone

(Figure 2a and Table 3) also support the hypothesis that
microbes mineralize ancient C in the riparian subsurface.
Assuming that all the DIC in ambient groundwater from
deep minipiezometers at AL-1 evolved from SOC of uni-
form age, the SOC mineralized in winter 2002 would have
formed 640–730 ybp, and the SOC mineralized in summer
2003 would have formed 430 ybp (Table 3). Because these
bulk 14C-DIC signatures almost certainly derived from a
heterogeneous pool that included recently fixed SOC, the
oldest SOC contributing to the mineralized pool must have
formed longer ago than that.
[49] The possibility that carbonate mineral dissolution

contributes to depleted 14C-DIC signatures needs to be

considered in the interpretation of these results, but trends
in calcium and magnesium concentrations in groundwater
support our conclusions about ancient C mineralization. We
observed strong correlations between alkalinity and 14C-
DIC (at AL-1), and between 13C-DIC and 14C-DIC (at AL-1
and GF-1, Figure S1). Carbonate minerals tend to be
enriched in 13C, and because they are generally very old
they also have highly depleted 14C signatures. Hence,
carbonate dissolution could explain both depleted 14C-
DIC signatures with depth and the correlation between
14C-DIC and alkalinity. However, if carbonate dissolution
were driving depleted 14C-DIC signatures, we would have
expected to see higher concentrations of calcium and
magnesium where we found more depleted 14C-DIC. This
was not the case at our sites; while 14C-DIC signatures were
low at AL-1 compared to other sites, calcium and magne-
sium concentrations were highest at GF-1 (Table 1). In
addition, 14C-DIC signatures at AL-1 declined markedly
with depth, but calcium and magnesium concentrations did
not increase (Table 1). These data suggest that the declines
we observed in 14C-DIC signatures with depth at AL-1 did
not result solely from dissolution of carbonate minerals.

4.2. Spatial Patterns of Carbon Sources and
Implications for Riparian Classification

[50] Contrary to expectations, C source did not vary
systematically among riparian zones in landscapes mapped
as alluvial and glaciofluvial settings [Rector, 1981]. Alluvial
sites are characterized by the presence of buried horizons
and we therefore expected ancient carbon to be more impor-
tant at these sites, especially at depth. Although 14C-DIC
signatures of ambient groundwater collected from alluvial
sites in summer 2003 were generally more depleted than
values from glaciofluvial sites (Figure 2b), only one of these

Figure 6. 14C signatures of mineralized C calculated using estimates of dilution via advection (derived
from a KBr tracer) and assuming no DIC present in reinjected groundwater at the start of the incubations.
14C signatures of C mineralized during the in situ incubations fall between 0 and 250% when C
mineralization rates are relatively high and can be either highly depleted or enriched when mineralization
rates are relatively slow.
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signatures unequivocally revealed pre-modern C (Table 3).
On the other hand, data from our in situ incubations showed
that ancient C plays an important role in glaciofluvial as
well as in alluvial riparian zones (Figures 4 and 7, and
Table 4). This result mirrors a previous finding that denitri-
fication failed to differ between riparian zone types, based on
studies at these same four sites [Kellogg et al., 2005].
Although the small number of sites constrains our ability
to generalize to the landscape, these observations cast doubt
on the utility of distinguishing between mapped alluvial and
glaciofluvial riparian zones as a basis for predicting subsur-
face microbial activity and associated N removal capacity.
[51] We expected respired C to become progressively

older with depth at alluvial sites, reflecting the relative ages
of buried horizons, and our data suggest this pattern applies
to some alluvial sites but not others. 14C-DIC signatures

from both ambient and incubated groundwater at AL-1
declined unambiguously with depth (Figures 2 and 3), but
14C-DIC signatures from ambient groundwater at AL-2 did
not (Figure 2b). Because we measured only ambient 14C-
DIC at AL-2, it is possible that dilution masked a depleted
signature, but groundwater flow rates were comparable
between these sites [Kellogg et al., 2005], and the depletion
with depth appeared clearly in ambient samples from AL-1.
In addition, Kellogg et al. [2005] observed high denitrifi-
cation rates in situ at AL-1 but not at AL-2, pointing toward
contrasting C dynamics at these alluvial sites.
[52] Apparently, factors beyond those associated with

mapped hydrogeologic setting influenced the subsurface
C source that microbes used, and our data point to land
use in nearby uplands as a variable meriting further study.
Carbon mineralized 300 cm beneath the surface at GF-1,
which sits approximately 100m downslope from a Christmas
tree farm, reflects a ‘‘bomb carbon’’ signal from �1955–
present, whereas DIC from shallower depth (150 cm) derived
from SOC formed thousands of years ago (Table 4).
A possible source of decades-old C 300 cm deep is organic
carbon moving from uplands and into the riparian zone
along deep flow paths. Unique among our study sites,
concentrations of cations and anions increased with depth
at GF-1 (Tables 1 and S1), perhaps reflecting the agricultural
history of the adjacent upland. The factors that create these
gradients of inorganic compounds may also mobilize and
transport organic C. Soil disturbance associated with agri-
culture has been proposed as a source of old C metabolized
in rivers [Howarth et al., 1991; McCallister et al., 2004];
perhaps the same mechanism operates at smaller scales and
via the subsurface in riparian zones.

4.3. Ancient C and Ecosystem Processes

[53] Our data strongly support the view that mineraliza-
tion of ancient SOC can account for a substantial fraction
(30–100%) of total C mineralization in the riparian subsur-
face (Figure 5). These data contrast the finding that ancient
C (up to 8000 ybp) does not contribute significantly to CO2

production in 3-m deep soil profiles in California [Fierer et
al., 2005] and the absence of an ancient C signal in fluxes
from the Amazon River to the atmosphere [Mayorga et al.,
2005]. It is possible that ancient C is being metabolized in
those systems also, but that mineralization of recently fixed
C masks the ancient signal in bulk CO2 pools. Our data are
in accord with evidence that ancient C contributes >25% of
microbial C assimilation in the Hudson River [McCallister
et al., 2004] and is a component of respired CO2 in peat-
lands [Chasar et al., 2000; Dioumaeva et al., 2002].
[54] Ancient C may be important in an ecosystem context

primarily when young C sources (which tend to support
higher rates of microbial activity) are in short supply and
when low C mineralization rates matter. In the riparian
subsurface in this study, a stronger ancient C signal
appeared at locations and times where C mineralization
rates were low (Figure 6). In summer in the Northeastern
U.S., we expect relatively high rates of plant-mediated
C supply to soils compared to the dormant season. We
observed more depleted DIC signatures (Figure 2) and
lower DIC concentrations (Table 2) in winter 2002 than in
summer 2003. It is conceivable that mineralization of

Figure 7. Minimum age of SOC respired during in situ
groundwater incubations, by site and depth. Data shown for
premodern 14C signatures only. Different symbols show 14C
signatures calculated: (1) assuming no DIC in the reinjected
groundwater (filled triangles); and (2) using estimated
bicarbonate present at time zero, where we calculated DIC
production > 0 (open circles). 14C-calibrated ages of
C mineralized during each incubation reveal that
C mineralized during in situ groundwater incubations was
often thousands of years old. Because the organic carbon
mineralized during the incubations probably did not all form
at the same time, some of the mineralized carbon was
probably older than these estimates, which assume a pool of
uniform age at each minipiezometer.
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ancient C influences N removal rates mainly during the
winter.
[55] Although absolute rates of C mineralization associ-

ated with ancient C in the deep subsurface can be low
(Figure 6), they are sufficient to have a major influence on
N transport across the terrestrial-aquatic interface and could
persist for thousands of years given the C pool associated
with buried horizons [Gurwick et al., 2008]. Riparian zones
are considered to be hot spots of landscape-scale N removal,
and microbial activity in these soils is C limited [Groffman
et al., 1992; N. Gurwick, unpublished data]. Denitrification
rates measured at our study sites (11–230 g N m�2 based on
data in Kellogg et al. [2005]) require C mineralization rates
even lower than our measured rates, yet they are sufficient
to remove roughly 20% of the annual N inputs to the
Pawcatuck watershed (estimated as 0.7 � 4.4 * 106 kg N,
or 86–1029 g N m�2 of riparian zone using data in
Rosenblatt et al. [2001] and Boyer et al. [2002]).
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