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Chlorofluorocarbons in the Hudson estuary

during summer months

Jordan F. Clark, William M. Smethie Jr., and H. James Simpson
Lamont-Doherty Earth Observatory of Columbia University, Palisades, New York

Abstract.

Chlorofluorocarbon (CFC) concentrations in the Hudson estuary were found

to be greater than the atmospheric solubility equilibrium concentration, demonstrating
that the entire reach is contaminated with CFCs from local wastewater discharge. Samples
have been collected along the axis of the lower Hudson estuary over a 5-month period to
assess temporal and spatial variability of their wastewater sources. The highest CFC
concentrations were found in water collected near Manhattan. In this region, CFC-11
(CCLF) and CFC-12 (CCLF,) were 3 to 5 and 10 to 20 times saturation, respectively.
There appears to be a continuous CFC source in the New York City area, although the
magnitude of this source declined during summer months. Other large CFC sources were
found near Albany, and in Haverstraw Bay (60 km north of Manhattan).

Introduction
Background

Chlorofluorocarbons (CFCs) have become important tran-
sient tracers in oceanography [Gammon et al., 1982; Bullister
and Weiss, 1983; Weiss et al., 1985; Smethie, 1993], hydrology
[Thompson and Hayes, 1979; Busenberg and Plummer, 1992;
Ekwurzel et al., 1994], and limnology [Weiss et al., 1991]. They
are synthetic compounds with no known natural sources and
have been distributed globally via atmospheric circulation.
CFC-11 (CCLF) and CFC-12 (CCL,F,) are stable in oxygen-
ated natural waters [Bopp et al., 1981; Lovley and Woodward,
1992; Ekwurzel et al., 1994]. However, under anaerobic condi-
tions, consumption of these compounds by microbial commu-
nities has been observed [Khalil and Rasmussen, 1989; Lovley
and Woodward, 1992; Cook et al., 1995].

CFCs enter most natural waters through solubility equilib-
rium with the atmosphere. Hence their source functions are
controlled primarily by water temperature and atmospheric
concentrations [Warner and Weiss, 1985]. Atmospheric concen-
trations have been estimated for the last 50 years from a
combination of industrial production records and direct atmo-
spheric measurements [Smethie et al., 1988; Elkins et al., 1993;
Cunnold et al., 1994).

Concentrations of both CFC-11 and CFC-12 greater than
those possible from equilibration of water with air have been
observed in some continental waters that have been contami-
nated with wastewater [Schultz et al., 1976; Busenberg and
Plummer, 1992; Clark et al., 1992a; Bohkle et al., 1995]. Al-
though elevated concentrations have not been reported from
the open ocean, Hammer et al. [1978] identified coastal water
from the Gulf of Maine that may have been locally contami-
nated.

Because of their association with wastewater, CFCs could
potentially be used in many contamination studies. Clark et al.
[1992a] used their distributions to quantify gas fluxes in the
lower Hudson estuary. They have also been used to identify
wastewater plumes in shallow groundwater {Schuliz et al., 1976,
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Busenberg and Plummer, 1992; Bohlke et al., 1995]. Despite
these early studies that have used CFCs as tracers for waste-
water, the characteristics of point source CFC inputs have been
largely ignored. Before these compounds can be readily used
as quantitative tracers of wastewater in hydrologic systems
these functions must be examined.

Here, we present dissolved CFC data for water samples
collected from the lower Hudson estuary during a 5-month
period and for a single transect collected from the upper es-
tuary. The temporal and spatial variability of the local inputs of
these compounds are assessed. As was demonstrated earlier
[Clark et al., 1992a], these estuarine waters receive large quan-
tities of dissolved CFCs presumably from wastewater treat-
ment facility (WWTF) discharge.

The Hudson River Estuary

The tidal Hudson River can be divided into two regions, the
upper and lower estuaries, on the basis of salinity. The upper
estuary experiences semidiurnal stage changes but always re-
mains fresh, and the lower estuary has increased salinity de-
rived from coastal waters. The length of the salt intrusions
varies seasonally. The upper estuary extends from the Federal
Dam at Troy, New York, south for more than 140 km to the
saltwater-freshwater interface. Tidal stage changes between 1
and 1.5 m occur along this reach of the estuary.

The lower Hudson estuary (Figure 1) extends from the Nar-
rows, about 12 km south of the southern tip of Manhattan (the
Battery), northward to the upstream limit of saline water,
which during summer months is typically found more than 100
km upstream (just north of the Hudson Highlands). The estu-
arine circulation of the lower Hudson has been examined in a
number of previous studies [e.g., Abood, 1974; Hunkins, 1981].
It is a partially mixed estuary. Vertical density stratification is
controlled primarily by variations in salinity with depth.
Monthly mean freshwater discharge rates at the Battery reach
a maximum during the spring (1000-1500 m® s~ ') and a min-
imum during the late summer (150-300 m® s™). During high
discharge (>600 m® s™1), freshwater replacement times (total
equivalent volume of freshwater in the salt-intruded reach
divided by mean freshwater discharge at the Battery) are less than
15 days while during low flow conditions (150-250 m® s™7) re-
placement times are typically between 45 and 60 days, although
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Figure 1. Map of the Hudson estuary. LDEO marks the lo-
cation of Lamont-Doherty Earth Observatory.

they can be greater than 75 days during extreme dry periods
[Clark et al., 1992b].

Most of the wastewater (>>90%) discharged into the sait-
intruded reach of the Hudson enters near Manhattan from
about two dozen large WWTFs. By 1990, more than 90% of
the discharged waste water passed through secondary treat-
ment, and direct discharge of untreated waste water had been
stopped during dry weather conditions [Dujardin et al., 1991].
The combined freshwater discharge rate from these treatment
facilities, 59 m>® s™%, is a significant part of the freshwater
budget for the lower Hudson estuary, especially during periods
of low runoff, when it is generally 25% to 40% of the total
freshwater flow.

The strong estuarine circulation near Manhattan tends to
mix the point source discharges rapidly. Distributions of nutri-
ents derived from wastewater vary smoothly as a function of
salinity along the axis of the estuary [Clark et al., 1992b]. Hence
water collected in the channel near a WWTF does not show
any local signature but rather tends to reflect the integrated
loading of the regional WWTFs.

During summer 1992 the daily mean freshwater discharge
rate at the Federal Dam at Troy decreased from more than 800
m® s~ at the beginning of June to about 200 m® s~! by the
middle of June (Figure 2). Thereafter, base flow remained
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relatively constant between 200 and 250 m® s™*. Strong runoff
events caused large deviations from this base flow several times
each month. These high-runoff events increased the flow to as
much as 600 m> s~*. Discharge at the Federal Dam accounts
for 50 to 80% of the freshwater flux across the saltwater-
freshwater interface. The remainder of the freshwater dis-
charge comes from lower basin tributaries. The transit time
through the estuary is long, and during summer months the
high frequency runoff events are damped considerably at the
downstream end of the system.

Freshwater replacement times increased from about 14 days
in early June to about 45 days in September through October
(Table 1). Changes in replacement times reflect both changes
in the mean freshwater discharge rate and the extent of saline
water intrusion. The length of the salt intrusion increased in
June, causing replacement times to increase while the average
freshwater discharge rate remained constant. Thereafter, the
length of the salt intrusion remained relatively stable, and
variations in the replacement times reflect changes in freshwa-
ter discharge rates.

Surface water temperatures in the Hudson Highlands were
1°—4°C warmer than those in the water adjacent to Manhattan
(Table 1). They reached a maximum in August of 25°C and
were 6°-~7°C cooler at the beginning of June and in the middle
of October.

Methods

Samples were collected with a 1.5-L Niskin bottle about 1 m
below the water surface and 1 m above the sediment (Table 2).
A piece of rubber tubing was used to close the Niskin bottle.
While such tubing has been identified as a source of CFC
contamination to oceanographic samples, it did not signifi-
cantly alter the Hudson estuary samples. The high CFC con-
centrations and very short residence time of samples in the
Niskin bottle (less than 10 min) minimized the potential for
contamination. Each day, samples were collected in sequence
along the axis of the estuary from a small boat and thus are
neither synoptic nor tidally averaged.

CFC samples were drawn from the Niskin bottle immedi-
ately into 100-mL glass syringes and stored submerged in a
bucket containing Hudson estuarine water until analyses were
completed. Upon returning to the lab, CFC-11 and CFC-12
concentrations were determined following procedures outlined
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Figure 2. Daily mean freshwater discharge measured at the
Federal Dam, Troy, New York (260 km upstream of the Nar-
rows), during the summer of 1992,
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Table 1. Physical Characteristics of the Hudson Estuary at the Time of Each Transect, Peak CFC Concentrations, CFC/

SRP Ratios, and Calculated Fluxes of CFCs

Peak
Temperature, Concentrations, Peak Ratio, Mass Flux,®

Freshwater °C pmol L™! pmol/umol pmol 571

Discharge,” Replacement
Date, 1991 m3/s Time, days ~ Manhattan Highlands CFC-11 CFC-12 CFC-11/SRP CFC-12/SRP CFC-11 CFC-12
Oct. 2-4° 140 96 20 22 9.0 15 1.9 33 10+1 20=3
June 4 554 14 17 .. 15 49 5.8 20 46 173
June 29-30 541 24 19 23 8.0 32 35 13 21 94
Aug. 5-6 363 35 24 25 9.9 20 2.8 5.8 18 38
Sept. 4-5 271 42 23 24 9.4 18 2.4 5.4 14 39
Oct. 7-10 272 43 18 19 8.2 12 21 2.6 13 17

2Average freshwater discharge rates were calculated from mean daily flows of the main stem of the Hudson River at the Federal Dam and the
mean daily flows of the tributaries that enter the upper Hudson estuary following the procedures described by Clark et al. [1992b]. The discharge
rates reported are 30-day averages for all transects except for the one collected on June 4, 1992, where a 15 day average was used.

bThe flux calculated for the lower Hudson estuary. It is the sum of the loss across the air-water interface and exchange through the Narrows

with the coastal ocean.
“Data from Clark et al. [1992a].

by Smethie et al. [1988]. Briefly, CFC-11 and CFC-12 were
stripped from 6-mL aliquots of water with nitrogen gas that
had been cleaned with a molecular sieve 13X column and
trapped on Porasil C at —60°C. The trap was subsequently
heated to 100°C, and the CFCs liberated were flushed into a
Shimadzu Mini 2 gas chromatograph equipped with an elec-
tron capture detector, CFC-11 and CFC-12 were separated on
a Porasil B precolumn followed by a SP2100 main column.
CFC-12 and N, O, which pass through these columns together,
were further separated with a short column filled with molec-
ular sieve 5a. The molecular sieve was taken out of line after
CFC-12 was detected and before CFC-11 had passed through
the SP2100 column. Concentrations of replicate samples were
reproducible to within 3%. CFC loss within the glass syringes
did not appear to be a problem. Duplicate samples analyzed
about 6 hours and 24 hours after collection had CFC concen-
trations that were indistinguishable. However, because of the
potential problem of syringe samples becoming anaerobic (fol-
lowed by CFC consumption) and in situ production of N,0O, all
CFC analyses were completed within 12 hours of sample col-
lection.

Water samples were also collected for measurement of nu-
trients and chloride ion concentrations. These samples were
immediately filtered (Whatman GF/F filters) and stored in the
dark on board the small boat. Once back in the lab, the sam-
ples were transferred to a refrigerator. Soluble reactive phos-
phorus (SRP; SRP is defined as molybdate-reactive phos-
phate) concentrations were determined using standard
methods outlined by Strickland and Parsons [1972]. Salinity was
calculated from chloride concentrations [Pickard and Emery,
1982] which were measured with an Ag electrode autotitrator.

Air samples were collected periodically from a forest area
more than 100 m from any buildings at Lamont-Doherty Earth
Observatory. These samples were collected in dry 100-mL glass
syringes and were analyzed immediately (within 5 min) after
collection.

Results and Discussion

CFC Distributions Along the Axis
of the Lower Hudson Estuary

Distributions of chlorofluorocarbons along the axis of the
lower Hudson estuary (Table 2) can be described by four

general characteristics. First, concentrations at all stations
were greater than concentrations in solubility equilibrium with
the atmosphere. Second, maximum concentrations were found
in estuarine water adjacent to Manhattan (at salinities between
15 and 25%o) (parts per thousand). Third, concentrations of
CFCs from surface and bottom samples with similar salinities
were essentially the same. Fourth, local maxima were often
observed at low salinities (2-5%o ppt).

The northern hemisphere mean CFC-11 and CFC-12 con-
centrations in 1992 were about 278 pptv (parts per trillion by
volume) and 515 pptv, respectively [Elkins et al., 1993]. Con-
centrations of CFCs in a series of grab samples of air collected
at Lamont-Doherty Earth Observatory, approximately 45 km
north of the Narrows on the western bank of the Hudson
estuary (Figure 1), were generally higher than the northern
hemisphere means, showing influences of local urban sources.
CFC-11 and CFC-12 concentrations ranged between 278 and
330 pptv and between 553 and 1052 pptv, respectively (Table
3). Large deviations from tropospheric mean concentrations
have been reported in a number of continental settings and are
not unique to the lower Hudson Valley [Fraser and Pearman,
1978; Prather, 1985]. The mean deviation of CFC-12 (+43%)
from the northern hemisphere mean was much greater than
that for CFC-11 (+8%), indicating that local urban sources of
the former were proportionally greater.

Atmospheric solubility equilibrium concentrations of
CFC-11 and CFC-12 calculated for the Hudson estuary
transects were substantially lower than the observed dissolved
CFC data using air concentrations equal to either the mean of
our random air samples or to northern hemisphere values
(Figure 3). The peak CFC-11 and CFC-12 concentrations in
the water adjacent to Manhattan (salinities between 15 and
25%o0) were 3-5 times and 10-20 times greater than the atmo-
spheric solubility equilibrium values, respectively. Although
the specific sources of CFC to the Hudson estuary have not
been identified, Clark et al. [1992a] showed that they were
coincident with the wastewater nutrient peaks. Our surveys
also showed this general feature.
~ Upstream of the peak, CFC concentrations decreased rap-
idly. At the freshwater-saltwater interface, CFC-11 and
CFC-12 concentrations were typically less than 30% and 100%
supersaturated, respectively. The peak concentration of
CFC-12 decreased throughout the summer months from about



Table 2. Lower Hudson Estuary Chlorofluorocarbon Data From 1992

June 4 June 29-30 August 4-5 September 5-6 October 7-10°
Distance
Upstream,? Salinity, CFC-11 CFC-12 Salinity, CFC-11 CFC-12 Salinity, CFC-11 CFC-12 Salinity, CFC-11 CFC-12 Salinity, CFC-11 CFC-12
Location km Depth® %o pmolL™! pmolE™' %, pmolL™! pmolL™' %o pmolL™' pmolL™* % pmolL™" pmolL™' % pmol L™! pmol L™
Cornwall 102 S 0.1 451 43 0.1 3.70 3.54
B 0.3 4.58 4.9 0.1 3.54 3.57
Foundry Cove 95 S 0.9 4.84 55 0.1 3.60 3.44
B 13 0.2 3.61 3.47
Bear Mountain 88 S 2.6 533 7.7 0.3 3.70 345 12 4.32 3.09 1.6 4.39
Bridge B 31 04 20 4.94 3.63 54 5.61
Stony Point 75 N 43 555 9.0 1.6 522 447 24 545 4.05 2.8 5.39
B 57 5.72 11.7 2.2 6.61 492 3.8 5.56 3.90 12.2
Croton Point 69 S 52 2.2 7.08 4.89 40 4.64 3.74 3.0 6.65
B 74 5.78 13.7 32 6.48 4.85 6.8 5.15 4.78 14.6 6.62
Tappan Zee Bridge 53 S 6.5 3.7 525 4.34 5.4 4.68 3.64 3.6 5.13
B 9.7 6.11 18.6 4.7 481 4.72 10.7 6.07 8.36 151 6.25
Piermont 50 S 5.8 71 119 6.4 5.69 12.1 44 481 4.50 58 4.83 3.70 7.0 6.15 4.67
B 6.5 11.6 6.53 21.1 10.7 6.05 8.77 11.8 6.19 6.53
Alpine 43 S 74 7.1 12.1 8.9 6.16 17.0 5.6 4.75 5.50 74 4.85 4.53 8.7 574 5.10
B 8.2 15.6 7.24 293 9.4 6.12 115 15.4 747 12.2 13.0 6.50 6.82
George Washington 29 N 11.1 9.1 22.5 144 6.91 320 85 8.6 5.08 5.48 131 7.24 8.19
Bridge B 15.1 19.9 7.94 33.6 14.2 10.1 18.7 17.4 7.92 13.8 17.0
79th Street 22 S 12.9 10.0 33.9 18.4 7.96 279 9.5 6.75 11.7 9.6 5.16 5.92 19.6 8.18 9.69
B 19.8 228 7.76 294 18.1 9.90 21.2 20.2 8.14 16.8 212 8.16 9.77
Battery 12 S 16.7 13.4 46.8 20.1 7.87 26.1 12.0 8.01 13.8 134 213 8.25 9.15
B 23.8 14.4 41.7 26.7 7.26 19.7 234 7.70 16.4 254 9.14 22.1 251 7.06 8.63
Harbor 6 N 23.1 15.7 49.7 199 16.0 9.83 18.0 202 9.43 333 25.1 734 9.54
B 24.9 279 6.56 15.2 24.3 7.09 151 279 26.7 6.51 6.59
Verrazzano 0 S 24.0 15.1 45.0 25.0 8.52 23.7 21.4 8.86 20.1 255 9.49 18.9 253 791 12.0
Narrows Bridge B 27.8 83 19.0 27.0 6.65 15.5 26.0 532 9.20 29.6 541 6.45 28.1 4.56 4.78
New York Harbor? 6 3.54 2.36 3.22 2.17 2.57 1.78 2.69 1.85 3.37 2.26

“Distance upstream of the Narrows along the axis of the river.

b, surface (1 m below the surface); B, bottom (1 m above the sediments).

‘CFC-12 data from samples collected upstream of Piermont during the October 7-10, 1992, transect were discarded because of a temporary contamination of the analytical system.

9Solubility equilibrium value calculated using the mean CFC concentrations observed in the local air (Table 3), the observed water temperature (Table 1), and a salinity of 20 ppt [Warner and Weiss, 1985).
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Table 3. Atmospheric Chlorofluorocarbon Concentrations
at Lamont-Doherty Earth Observatory

CFC-11, CFC-12, CFC-11/CFC-12,
pptv pptv pptv/pptv
LDEO
June 5, 1992 278 651 043
June 28, 1992 286 589 0.49
June 30, 1992 305 1052 0.29
Aug. 6, 1992 301 553 0.54
Aug. 13, 1992 296 613 0.48
Sept. 4, 1992 315 842 0.37
Sept. 5, 1992 284 568 0.50
Sept. 15, 1992 330 1003 0.33
Mean 299 £ 17 734 + 203 0.43 +0.09
Northern 278 515 0.54
hemisphere?®

*Data from Elkins et al. [1993]

50 pmol L™! in early June to about 10 pmol L™ in mid-
October. A similar decrease was not observed in the peak
concentration of CFC-11, which remained approximately the
same (8-10 pmol L) from late June through the middle of
October. The maximum concentration of CFC-11 in early June
was appreciably higher (15 pmol L™). k

Upstream of the peak region, CFC concentrations in surface
and bottom samples, when plotted versus salinity, form a single
smoothly varying function (Figure 3). In this region, which is
away from the New York City area point sources, CFC con-
centrations are controlled largely by estuarine mixing and gas
exchange across the air-water interface. Degradation of CFCs
within the water column is unlikely because dissolved oxygen
concentrations were always greater than 140 pmol L™'. The
agreement between surface and deep samples with similar
salinities is somewhat surprising because they were typically
separated by more than 8 km. However, because the spatial
variation of temperature was small compared with that of
salinity, the salinity surfaces approximate density surfaces.
Mixing along these surfaces is rapid compared with gas trans-
fer across the air-water interface. In the peak region, good
agreement between surface and bottom samples was not al-
ways observed. This could be the result of the finite amount of
time needed to mix episodic point source releases of CFCs into
the estuarine water. ‘

At low salinities, local maxima were often observed in the
CFC profiles, especially for CFC-11. The local maxima were
most pronounced during the August and September transects
(Figures 3¢ and 3d), although they are present in all four of the
transects collected after June 4, 1992. The maxima were found
in Haverstraw Bay (70 km north of the Narrows) at salinities of
2-5%o.

CFC-11/CFC-12 Ratios in the Lower Hudson Estuary

Distributions of CFC-11/CFC-12 ratios plotted versus salin-
ity show minimum values in the region of maximum CFC-11
and CFC-12 concentrations (Figure 4). The ratios increase
both up and downstream from this area. The minimum values
of this ratio were about 0.3 in June and increased through the
summer to a value of about 0.8 in October. The increase of the
ratio was due primarily to the decrease in the CFC-12 concen-
trations. These ratios were substantially lower than those ex-
pected for water that is in solubility equilibrium with the local
air (2.1) and much closer to the local air ratio (0.4). The
highest ratios were found near the saltwater-freshwater inter-
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face, where the absolute CFC concentrations were the lowest.
The agreement between the local atmosphere and water col-
umn CFC ratios suggests that the respective sources are sim-
ilar.

Temporal Variability of Wastewater Source

The temporal variability of the integrated CFC wastewater
source can be inferred by the changes in the CFC concentra-
tions of estuarine water near Manhattan. In addition to the
loading rate, concentrations of dissolved species derived from
WWTTFs, such as nutrients, are largely controlled by the fresh-
water discharge rate. The relationship between peak concen-
tration and freshwater discharge rate is best illustrated by SRP,
which has a relatively constant WWTF input rate and behaves
almost conservatively in the lower Hudson estuary [Clark et al.,
1992b]. Maximum  concentrations of SRP are found in the
water adjacent to Manhattan at salinities between 15 and 25%o
and vary systematically with freshwater discharge.

During the summer of 1992 maximum SRP concentrations
increased from 2.5 wmol L™ in early June to 3.9 pmol L 'in
October as the freshwater discharge rate decreased from 550
m?® s ' to 270 m® s~ (Figure 5). Assuming that the loading
rate of SRP was relatively constant and that- the CFCs are
conservative tracers, we would expect that the maximum
CFC-11 and CFC 12 concenrations in October would have
been about 50% more than in early June. Of course, in water
that can exchange with the atmosphere, CFCs are not conser-
vative tracers. )

Calculations were made using a single-layer, multibox model
(see Clark et al. [1992a, b] for a description of the model) to
assess the relative importance of gas exchange and freshwater
discharge on peak CFC concentrations. In these calculations,
axial transport and mixing were determined by the mean fresh-
water discharge rate and salinity distributions observed at the
time of the transects listed in Table 1. The gas transfer Veloc1ty
was assumed to be constant over the entire estuary and equal
to 3 cm h™! [Clark et al, 1994]. CFC loading was scaled to the
WWTF discharge rate and held constant. The calculatlons
showed, for freshwater discharge rates between 140 and 550 m*

s~ that the peak CFC concentrations increased with decreas-
ing freshwater discharge and that the CFC/SRP ratio at max-
imum CFC concentrations femained relatively constant
(£20%). :

During summer 1992, both peak CFC concentrations and
peak CFC/SRP ratios decreased (Figure 5; Table 1). The CFC-
11/SRP and CFC-12/SRP decreased from 5.8 to 2.1 and from
20 to 2.6, respectively. Assuming that the loading rate of SRP
was approximately constant, we estimate that the loading rate
of CFC-11 decreased by a factor of 3 while the loading rate of
CFC-12 decreased by an order of magnitude. Therefore the
relative loading rates of CFCs changed over the course of the
summer. ' ' ‘

The peak CFC-11/SRP and CFC-12/SRP ratios in October
1991 were 1.9 and 3.3, respectively [Clark et al., 1992a]. These
ratios were very close to the ratios observed 1 year later. Hence
provided that the loading rate of SRP remained the same, the
loading rate of CFCs were similar in October 1991 and 1992, It
appears that there may be a seasonal cycle associated with the
WWTF loading rate of CFCs into the lower Hudson estuary,
although more data would be needed to confirm this sugges-
tion.

The source in Haverstraw Bay was episodic. Large releases
occurred only in August and September. This source differed
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Figure 3. Distributions of dissolved CFCs plotted versus salinity in the lower Hudson estuary: (a) June 4,
1992; (b) June 29-30, 1992; (c) August 5-6, 1992; (d) September4-5, 1992; and (e) October 7-10, 1992. The
line shows the solubility equilibrium concentration calculated with the local air mean CFC concentrations (see
Table 3); open circles indicate surface samples, and solid squares indicate bottom samples.
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Figure 4. CFC-11/CFC-12 ratios from the lower Hudson estuary plotted as a function of salinity: (a) June
4, 1992; (b) June 2930, 1992; (c) August 5-6, 1992; (d) September 4-5, 1992; and (e) October 7-10, 1992.
The line shows the CFC-11/CFC-12 ratios of water in solubility equilibrium with the local air mean CFC
concentrations (see Table 3), open circles indicate surface samples, and solid squares indicate bottom samples

from the source near Manhattan in two ways. First, the Hav-
erstraw Bay source was much stronger for CFC-11 than for
CFC-12. Second, although the source strength near Manhattan
weakened during the summer, it appears to have been rela-
tively continuous, unlike the Haverstraw Bay source.

CFC Fluxes

The mass flux of CFCs out of the lower Hudson estuary can
be calculated with the transect data. Total fluxes are the sum of
the loss across the air-water interface and the loss through the
Narrows to the Atlantic Ocean. The loss across the air-water
interface was calculated with a gas exchange coefficient of 3 cm

h™! [Clark et al., 1994] and surface areas listed by Clark et al.
[1992b] The loss through the Narrows was calculated from the
freshwater discharge rate, an exchange term that was calcu-
lated assuming a steady state salt distribution and a seawater
end-member. The seawater end-member was assumed to have
a salinity of 30%0 and CFC concentrations equal to the solu-
bility equilibrium value. Total fluxes of CFC-11 and CFC-12
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Figure 5. Peak CFC-12 and soluble reactive phosphorus
(SRP) concentrations plotted as a function of freshwater dis-
charge rate (see Table 1). Crosses indicate SRP, and solid
circles indicate CFC-12.

were 46-13 umol s~ ! and 173-17 Mmol sL respectively (Ta-
ble 1). The loss due to gas exchange was 25-50% of the total
flux.

CFC Concentrations in the Upper Hudson Estuary

In mid-September and early October 1992, surface samples
were collected for CFCs upstream of the saltwater-freshwater
interface along the axis of the Hudson River to Albany, New
York (Figure 6). As in the lower estuary, CFC concentrations
were always greater than atmospheric solubility equlhbrlum
values. The lowest values observed were south of Klngston
New York (about 150 km upstream of the Narrows). A very
large CFC source was found near Albany. CFC-11 concentra-
tions near Albany were about as large as the maximpm 'value
found near Manhattan. This was not the case for CFC-12.
Maximum values of CFC-12 near Albany were 3 to 10 times
lower than those near Manhattan.

Summary

CFC concentrations throughout the Hudson estuary were
substantially greater than atmospheric solubility equilibrium
values. Large sources have been identified near Manhattan, in
Haverstraw Bay, and near Albany. The temporal variability of
the sources near Manhattan and in Haverstraw Bay were ex-
amined over.a 5-month period during summer 1992, The Hav-
erstraw Bay source was highly variable. The integrated sources
of CFC-11 and CFC- 12 néar Manhattan were more continu-
ous, although the source strengths decreased over the period
of several months by a factor of 3 and by an order of magni-
tude, respectively. Despite the decrease, the source near Man-
hattan remained the dominant feature in the CFC distributions
in the lower Hudson estuary throughout the summer and early
fall.

Once CFCs reached the water, estuarine circulation rapidly
mixed and transported them away from the dominant source
areas. Distributions show that CFCs vary smoothly as a func-
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Figure 6. Distribution of CFCs along the axis of the Hudson
estuary collected between September 15 and October 10, 1992.
On September 15 the saltwater-freshwater interface was about
100 km upstream of the Narrows. Circles indicate surface sam-
ples, and crosses indicate bottom samples.

tion of salinity, with surface and bottom samples that have
similar salinities also having similar CFC concentrations. The
one area of the lower Hudson estuary where this feature was
not as consistent was in the dominant source region near Man-
hattan. Here CFCs were not always well mixed as a function of
salinity. We calculated that the flux of CFC-11 and CFC-12 out
of the lower estuary ranged between 46 and 13 umol s™' and
173 and 17 pmol s~ Y, respectively.

Acknowledgments. We wish to thank S. Chillrud, E. Gorman, and
N. Sund for helping with laboratory and field work. Financial support
was provided by the Hudson River Foundation (grant 011/92A). Lam-
ont-Doherty Earth Observatory of Columbia University contribution
5374.

References

Abood, K. A, Circulation in the Hudson estuary, Ann. N. Y. Acad. Sci.,

- 50, 39-111, 1974.

Bohlke, J. K, K. R. Révész, E. Busenberg, J. Déak, E. Desed, and M.
Stute, A 50-year record of halocarbon contamination of groundwa-
ter by the Danube River, NW Hungary (abstract), Geol. Soc. Am.
Abstr. Programs, 25, A-365, 1995.

Bopp, R. E,, P. H. Santschi, Y.-H. Li, and B. L. Deck, Biodegradation
and gas-exchange of gaseous alkanes in model estuarine systems.
Org. Geochem., 3, 9-14, 1991.

Bullister, J. L., and R. F: Weiss, Anthropogenic chlorofluoromethanes
in the Greenland and Norwegian Seas, Science, 221, 265-268, 1983.

Busenberg, E., and L. N. Plummer, Use of chlorofluorocarbons (CCI;F
and CCL,F,) as hydrologic tracers and age dating tools: The alluvium
and terrace system of central Oklahoma Water Resour. Res., 28,
22572283, 1992.

Clark, J. F,, H. J. Simpson, W. M. Smethie Jr., and C. Toles, Gas
exchangc'in a contaminated estuary inferred from chlorofluorocar-
bons, Geophys. Res. Lett., 19, 1133-1136, 1992a.

Clark, J. F.; H. J. Simpson, R. F. Bopp, and B. L. Deck, Geochemistry
and loading history of phosphate and silicate in the Hudson estuary,
Estuarine Coastal Shelf Sci., 34, 213233, 1992b.

CLARK ET AL.:. HUDSON ESTUARY CHLOROFLUOROCARBONS

Clark, J. F., R. Wanninkhof, P. Schlosser, and H. J. Simpson, Gas
exchange rates in the tidal Hudson River using a dual tracer tech-
nique, Tellus, Ser. B, 46, 274-285, 1994.

Cook, P. G., D. K. Solomon, L. N. Plummer, E. Busenberg, and S. L.
Schiff, Chlorofluorocarbons as tracers of groundwater transport pro-
cesses in a shallow, silty sand aquifer, Water Resour. Res., 31, 425-
434, 1995.

Cunnold, D. M., P. J. Fraser, R. F. Weiss, R. G. Prinn, P. G. Sim-
monds, B. R. Miller, F. N. Alyea, and A. J. Crawford, Global trends
and annual releases of CCL,F and CCLF, estimated from ALE/
GAGE and other measurements from July 1978 to June 1991,
J. Geophys. Res., 99, 1107-1126, 1994.

Dujardin, C. L., J. A. Mueller, R. M. Mueller, and J. P. St. John,
Assessment of pollutant loading to the New York-New Jersey Har-
bor, Job WOCL0302, Mar. and Wetland Prot. Branch, Region II,
1991. U.S. Environ. Prot. Agency, New York, 1991.

Ekwurzel, B., P. Schlosser, W. M. Smethie Jr., L. N. Plummer,
E. Busenberg, R. L. Michel, R. Weppernig, and M. Stute, Dating of
shallow groundwater: Comparison of transient tracers 3H/*He, chlo-
rofluorocarbons, and *°Kr, Water Resour. Res., 30, 1693-1708, 1994.

Elkins, J. W., T. M. Thompson, T. H. Swanson, J. H. Butler, B. D. Hall,
S. 0. Cummings, D. A. Fisher, and A. G. Raffo, Decrease in growth
rates of atmospheric chlorofluorocarbons 11 and 12, Nature, 364,
780-783, 1993.

Fraser, P. J. B, and G. L. Pearman, Atmospheric halocarbons in the
southern hemisphere, Atmos. Environ., 12, 839-844, 1978.

Gammon, R. H., J. Cline, and D. Wisegarver, Chlorofluoromethanes
in the northeastern Pacific Ocean: Measured vertical distributions
and application as transient tracers of upper ocean mixing, J. Geo-
phys. Res., 87, 9441-9454, 1982.

Hammer, P, M., J. M. Hayes, W. J. Jenkins, and R. B. Gagosian,
Exploratory analyses of trichlorofluoromethane (F-11) in North At-
lantic water columns, Geophys. Res. Lett., 5, 645648, 1978.

Hunkins, K., Salt dispersion in the Hudson estuary, J. Phys. Oceanogr.,
11, 729-738, 1981.

Khalil, M. A. K., and R. A. Rasmussen, The potential of soils as a sink
of chlorofluorocarbons and other man-made chlorocarbons, Geo-
phys. Res. Lett., 10, 679-682, 1989.

Lovley, D. R., and J. C. Woodward, Consumption of freons CFC-11
and CFC-12 by anaerobic sediments and soils, Environ. Sci. Technol.,
26, 925-929, 1992.

Pickard, G. L., and W. J. Emery, Descriptive Physical Oceanography,
249 pp., Pergamon, Tarrytown, N. Y., 1982.

Prather, M. J., Continental sources of halocarbons and nitrous oxide,
Nature, 317, 221-225, 1985.

Schultz, T. R., J. H.-Randall, L. G. Wilson, and S. N. Davis, Tracing
sewage effluent recharge—Tucson, Arizona, Ground Water, 14, 463—
470, 1976.

Smethie, W. M., Jr., Tracing the thermohaline circulation in the west-
ern North Atlantic using chlorofluorocarbons, Prog. Oceanogr., 31,
51-99, 1993.

Smethie, W. M., Jr., D. W. Chipman, J. H. Swift, and K. P. Kolter-
mann, Chlorofluoromethanes in the Arctic mediterranean seas: Ev-
idence for formation of bottom waters in the Eurasian basin and
deep-water exchange through Fram Strait, Deep Sea Res., 35, 347-
369, 1988.

Strickland, J. D. H., and T. R. Parsons, A practical handbook for
seawater analysis, Bull. Fish. Res. Board Can., 167, 311 p., 1972.
Thompson, G.'M., and J. M. Hayes, Trichlorofluoromethane in
groundwater—A possible tracer and indicator of groundwater age,

Water Resour. Res., 15, 546-554, 1979.

Warner, M. J., and R. F. Weiss, Solubilities of chlorofluorocarbons 11
and 12 in water and sea water, Deep Sea Res., 32, 1485-1497, 1985.

Weiss, R. F., J. L. Bullister, R. H. Gammon, and M. J. Warner,
Atmospheric chlorofluoromethanes in the deep equatorial Atlantic,
Nature, 314, 608610, 1985.

Weiss, R. F., E. C. Carmack, and V. M. Koropalov, Deep-water re-
newal and biological production in Lake Baikal, Nature, 349, 665—
669, 1991.

J. F. Clark, H. J. Simpson, and W. M. Smethie Jr., Lamont-Doherty
Earth Observatory of Columbia University, Palisades, NY 10964. (e-mail:
jordanc@ldeo.columbia.edu; bsmeth@lamont.ldeo.columbia.edu)

(Received February 16, 1995; revised June 26, 1995;
accepted June 30, 1995.)





