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Radium isotopes in Cayuga Lake, New York: Indicators of inflow

and mixing processes

Thomas F. Kraemer?
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Abstract

Naturally occurring radium isotopes (?*°Ra, ?*Ra, ?°Ra, and ?*Ra) were measured in lake and tributary water of
Cayuga Lake, New York, during the course of a verna inflow event in the spring of 2001. A large influx of
groundwater, probably from a carbonate aquifer, entered the lake at its extreme southern end early in the vernal
inflow event and spread northward, covering an extensive part of the southern end of the lake. The low 2°Ra/?*Ra
activity ratio of this water mass, compared with bulk lake water, allowed its identification through time. Estimates
of mixing with bulk lake water were calculated from changes in the ??°Ra content. Groundwater inflow to the lake
around the delta of a major tributary was detected on the basis of ??°Ra and #*Ra activity of lake and tributary
water. Inflow of awater mass to the surface of the lake was also detected using 22Ra and #“Ra activity. The integrity
of this water mass was monitored using short-lived radium isotopes. Suspended sediment in the lake water is a
source of the short-lived radium isotopes 2°Ra (~2 X 10-4 dpm L-*) and ?*Ra (~3 X 103 dpm L 1), but bottom
sediments are a more significant source of 2°Ra. Radium isotopes can be valuable new tools in limnological
investigations, allowing detection and monitoring of events and processes such as water inflow and mixing, deter-

mining sources of inflowing water, and monitoring introduced water masses as they move within the lake.

Physical processes occurring in lakes such as inflow, mix-
ing, water-mass movement, and groundwater seepage areim-
portant aspects in understanding the dynamics of a limno-
logical system, and they can be important aspects in the
management of freshwater resources. The naturally occur-
ring radium isotopic suite (?°Ra, #?2Ra, ?*Ra, and ?*Ra) has
great potential for evaluating and quantifying many of these
limnological processes. These isotopes have previously been
used in salt marsh (Rama and Moore 1996; Krest et a. 2000;
Kelly and Moran 2002), estuarine (Hussain et al. 1999; Han-
cock et al. 2000; Charette et al. 2001), and coastal marine
(Moore 1999) regions to examine groundwater inflow to, and
determination of residence time of water in, these environ-
ments. Although these isotopes behave identically chemi-
cally, their range of half-lives (?*Ra = 1,601 yr; **Ra =
5.8 yr, ?Ra = 11.4 d, and #?*Ra = 3.7 d) allows the ex-
amination of time-dependent processes that occur during
mixing and transport. Radium isotopes are found to some
extent in all natural waters, and recent instrumental devel-
opments (Moore and Arnold 1996) have made quantitative
measurement of all naturally occurring isotopes practical for
environmental water samples of all types.
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Radium isotopes have been studied to a lesser degree in
freshwater systems than they have been in estuarine and ma-
rine environments, possibly because of the assumption that
radium isotopes are present in lower concentrations in fresh-
water than in more saline water, because of greater adsorp-
tion onto particulate matter. Several investigations, however,
have shown that radium isotopes are measurable and useful
in freshwater systems such as rivers (Kraemer and Curwick
1991; Eikenberg et al. 2001), small water bodies (Sidle et
al. 2001), and the Everglades (Krest and Harvey 2003).

Radium isotopes form as daughter products during the de-
cay of the naturally occurring elements uranium and thori-
um. They accumulate in water via interactions of the water
with solid-phase material that contains the initial source of
the isotope (uranium for ?*Ra and ?*Ra and thorium for
2%Ra and ?**Ra). The isotopes accumulate through the pro-
cesses of dissolution, ion-exchange, and «a-particle recoil
(Kraemer and Genereux 1998). In a closed system, the
daughter products reach a level of radioactivity equivalent
to that of the long-lived head of the decay chain (e.g., 23U
for ?Ra, 2?Th for ?**Ra and #*Ra, and *°U for ?*Ra), a
condition that is known as *‘ secular equilibrium. This results
in the radium isotopic activities of the material equaling the
U and Th activities. Where solid material is abundant com-
pared with water (e.g., groundwater), radium isotopes will
tend to accumulate to higher activities than where the solid
material is relatively less abundant (e.g., rivers and lakes).
As water transits from a groundwater environment to a low
suspended-solid surface-water environment, the accumula-
tion of radium isotopes largely ceases, but the water may
retain the isotopes aready accumulated. In this way, the wa-
ter carries a marker of its original environment. The long-
lived radium isotopes ?°Ra and #?Ra can reveal information
about the lithology through which the water traveled, such
as whether the rock was higher in U than Th, as in marine
carbonate rocks, or whether the Th concentration equals or
exceeds that of U, as in clastic rocks and sediments. The
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Fig. 1. Map showing location of Cayuga Lake in New York state
with mgjor tributaries. Smaller streams are not shown. Lake sam-
pling locations are aso indicated.

short-lived radium isotopes may reveal information about the
timing of water emergence from the ground. These isotopes
can, therefore, provide significant information about surface-
water/groundwater interactions in the study of surface-water
bodies such as lakes.

Materials and methods

Sudy area—Cayuga Lake (Fig. 1) is 1 of 11 Finger Lakes
located in central New York. These lakes were formed by
glacial scouring of preexisting drainage valleys during the
Pleistocene, resulting in linear, narrow basins oriented with
their long axes in an approximately north-south direction
(von Englen 1961).

The area experiences warm summers and long, cold win-
ters. Precipitation at Ithaca, New York, at the southern end
of the lake, averages 33.7 inches annually. Nineteen percent
of the precipitation falls during the winter months, Decem-
ber—February (Henson et al. 1961), which often results in
large snow-mass accumulation in the Finger Lakes basins.
As aresult of rising temperature and additional precipitation
in the spring, large water additions to the lake can occur
during relatively short periods of time.

Cayuga Lake is ~61 km long X 5.6 km wide at its max-
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Fig. 2. Hydrograph of Fall Creek, which drainsinto Cayuga L ake,
during the 2001 sampling. Sampling periods are marked by vertical
arrows pointing down.
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imum width, with a maximum depth of 133 m, a volume of
9.38 X 10° m?, and, typical for the finger lakes, a small
drainage area of only 2,106 km? (Birge and Juday 1914,
Henson et a. 1961). Four major tributaries (Fall Creek, Tau-
ghannock Creek, Salmon Creek, and Cayuga Inlet) deliver
water from more than half of the total drainage basin area
to the southern quarter of the lake (Wright 1969), and much
of that water is delivered during March and April (Henson
et a. 1961). The remainder of the inflow is from small, sea-
sonal streams that occur rather uniformly throughout the ba-
sin and empty directly into the lake. Flow out of the lake is
via the northern end. Seneca Lake, the largest of the Finger
Lakes by volume (Birge and Juday 1914; Shaffner and Og-
lesby 1978), drains into the northernmost part of Cayuga
Lake by way of the Seneca River but has a minimal effect
on Cayuga Lake because of the inlet's close proximity to
Cayuga's outlet (Effler et al. 1989). As a result of the almost
direct outflow of Seneca Lake water, little interaction with
the main body of Cayuga Lake takes place under most con-
ditions. The mean residence time of water in Cayuga Lake
has been estimated to be 9—21 yr (Wright 1969; Oglesby
1978; Michel and Kraemer 1995).

This combination of physical features causes a large part
of the runoff generated during vernal thaw events to enter
at the southern end of the lake and flow toward the northern
end. The narrowness of the lake relative to its length enables
convenient synoptic sampling of water and tracing of water
movement as a result of the confining, narrow boundaries.

Sampling plan—During 2001, sampling was conducted as
a coordinated effort to coincide with the vernal inflow, the
largest that had occurred in the lake over the preceding sev-
eral years. The hydrograph of Fall Creek is shown in Fig.
2. Inflow to the lake consisted of three major pulses peaking
on 22 and 30 March and 9 April 2001, followed by a long
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period of minimal input. The total volume of flow into the
lake during this vernal event was ~6 X 10° m?, or ~6% of
the total lake volume, based on data from the Fall Creek
hydrograph and estimates of relative annual percentages of
stream flow contributions from the various tributaries pre-
sented by Wright (1969). Using Wright's estimate that half
the drainage enters in the lowermost quarter of the lake, the
surface inflow during the vernal inflow event into the south-
ern quarter could be 12% of the lower part of the lake's
volume.

The first sampling trip began on 26 March, on the falling
limb of the first of the pulses. The other sampling trips began
on 25 April and 2, 9, 17, and 31 May 2001, on the falling
limb of the last major pulse of the vernal inflow. The lack
of significant inflow after ~15 April 2001 alowed for the
potential tracing of water movement and mixing that was
uncomplicated by further major additions.

Radium sampling and isotopic analysis—The basic sam-
pling procedure is to pass water through a manganese-im-
pregnated acrylic fiber cartridge (referred to in this article as
an Mn fiber), which extracts radium and other cations from
solution (Moore 1976). The extraction apparatus consists of
a hose, one end of which is placed in water at the appropriate
depth and the other connected to a submersible pump just
below the water surface. The pump feeds water first through
a preweighed, 25-cm-long, 0.2-um, polypropylene-medium
filter cartridge with a filtration area of 3,300 cm?, then
through a 25-cm-long Mn-fiber cartridge. A digital electronic
flow meter (turbine type) is attached to the outlet of the Mn-
fiber cartridge housing to measure the total sample volume
and flow rate. The flow meter is precalibrated in the labo-
ratory and is accurate to 2% over arange of pumping rates.
A sample volume of up to 500 liters is processed through
the apparatus at a rate of 1-4 L min~* for each sample, and
the effluent is discharged away from the intake. For streams,
the effluent was simply returned downstream from the in-
take; however, for lake stations, careful consideration of
wind and current direction is essential to keep from resam-
pling discharged water during shallow sampling.

Previous tests of this configuration have shown that ra-
dium is removed quantitatively from freshwater when this
apparatus is used within the reported operating parameters.
In these tests, two Mn-fiber cartridges were placed in series
so that the second Mn-fiber cartridge processed the output
of the first cartridge. In no case was activity on the second
cartridge greater than a few percent of the first cartridge’s
activity. Thisisin agreement with previous work with these
fibers (e.g., Moore and Reid 1973; Moore and Cook 1975;
Moore 1976). The high degree of extraction efficiency in the
present system is attributed to the large size and high ca
pacity of the 25-cm-long Mn-fiber cartridge used, which a-
lowed extensive contact of water with the fibers even at a
high flow rate and to the low total dissolved solids of the
samples, which reduced the saturation of the exchange sites
on the Mn-fiber cartridge.

After the radium sample was collected, the volume was
recorded, along with date, time sampling ended, and any
other pertinent information. The Mn-fiber and sediment filter
cartridge were removed from the housing, sealed in individ-

ually labeled polyethylene bags, and stored for transport
back to the laboratory, where the sediment cartridges were
air dried to constant weight and the data recorded for sus-
pended sediment calculation. The Mn-fiber cartridges were
placed in a photomultiplier tube-based counting system for
the determination of ?*Ra and **Ra by delayed coincidence
counting (Moore and Arnold 1996). An initial counting pe-
riod measured the 2*°Rn and 2°Rn produced by the decay of
22Ra and ?**Ra, respectively, which were adsorbed onto the
Mn-fibers. A second counting period was done ~1 month
later, to measure any 2°Rn produced from 2Th that may
have been on the fiber and influenced the ?**Ra determina-
tion. The ?*Ra and ?**Ra activities in the water were cal-
culated on the basis of the results of these two counting
periods.

After the second counting period, the Mn-fibers were
leached in 0.25 mol L-* hydroxylamine hydrochloride and
HCI to remove the manganese dioxide and adsorbed radium.
The solution was filtered through a 0.45-um membrane filter,
and 6 ml of saturated Ba(NO,), solution was added to the
filtrate and stirred. Sulfuric acid (17%) was then added to
the solution to precipitate Ba(Ra)SO,, which was then col-
lected, rinsed, dried, and stored for several days to alow
daughter in-growth. It was then placed in the well of a high-
purity germanium detector for the quantitative analysis of
22Ra and ?*Ra by +-ray spectrometry using a technique
modified from Moore (1984). 2*Ra was quantified by mea-
suring the y-ray intensities of 22Ac (338.4, 911, and 964.6—
968.5 Kev), and ?*Ra was quantified by measuring the in-
tensity of y-rays of 24Pb (295.2 and 351.9 Kev) and 2“Bi
(609.3 Kev). y-ray and photomultiplier detector systems
were calibrated using standardized radium isotopic solutions
adsorbed onto or precipitated with media identical to those
used for sample analysis.

Results and discussion

Tributaries—Results of radium activity in the lake and
water of the tributaries to Cayuga Lake are presented in Ta-
ble 1. The #*Ra/?**Ra activity ratio of water from Taughan-
nock Creek, Fall Creek, and Salmon Creek was 0.74-0.86,
which indicates that tributary water has passed through ma-
terial of a largely clastic nature (high Th/U ratio), resulting
in a correspondingly high #?2Ra/?*Ra activity ratio. This is
in agreement with the reported clastic nature of the glacial
till covering the area (von Engeln 1961). The absolute values
of #8Ra and #°Ra activities vary significantly among tribu-
taries, indicating differences of availability of these nuclides
in the drainage basin material surrounding the lake.

The ?2Ra and #*Ra activities of the tributary water were
usually higher than that of the lake water, except where and
when the lake has been influenced by surface or groundwater
inflow (some lake samples actually exceed the tributary val-
ues; e.g., Stewart Park on 27 March), inasmuch as tributary
water has only recently emerged at the surface after moving
as groundwater in contact with solid-phase material, which
supplies the short-lived isotopes.

The ?2°Ral?*°Ra activity ratios of the main tributary waters
were 0.035-0.041, and the #*Ra/?®Ra activity ratios were



161

'SonsIe1s Bununod uo paseq 3S Se pauodal siodle ‘7 00T Jed anuiw sed uoirifeusip -[7 00T] wdp

Radium isotopes in Cayuga Lake

G00 F 9.0 Y00 ¥ ¥2°0 2000 ¥ /100 T0 ¥ 2¢€ /000 ¥ €600 Z0FEY €0 F 95 €0 dos Mied Lemels
€00 T 180 200 F ¥2°0 2000 ¥ 9T0°0 T0 ¥ €€ 6000 * T60°0 T0F SV 10 F 9§ €0 Yed Hemels
SY0'0 ¥ 69°0 ¥00'0 = 0500 /0000 ¥ /€000 TO0 * 9T0 €000 ¥ /100 20 ¥ 2Z¢€ 10 F 9V g9T d SRAN 'S
900 T 220 8000 ¥ ¥80°0 G000'0 ¥ ZT000 200 T 220 2000 ¥ S00°0 20 ¥ 2Z¢€ 2052V €0 id SRAN 'S
200 £ 1.0 /000 ¥ %S00 /0000 ¥ £200°0 200 * /TO €000 ¥ 0T00 T0FT€E T0F v g9T Id SRAN
GO0 T 290 /000 ¥ %S00 /0000 ¥ 6€00°0 200 ¥ /TO €000 ¥ 8100 20 FTE TOF LV €0 Id SRAN
TOOZ eI TE
900 180 100 = 120 €T00'0 ¥ S900°0 €00 * 8.0 9000 ¥ 0S00 20 F /€ 20T 9P €0 dos xied Lemels
/00 F 8.0 €00 F 6£0 1000 ¥ 9100 TO0F VT ¥00'0 F 000 €0 ¥ G€ 20 F SV €0 Yred Hemers
00 ¥ 180 T00 = 920 0T00°0 ¥ 66000 €00 ¥ 680 ¥00'0 = TYO0 T0 ¥ v€ T0F 2P €0 dosawnid “id SPAN
900 * ¥2°0 €00 T ¥20 0T00'0 ¥ S900°0 €00 T 060 G000 ¥ €500 €0 ¥ 8¢ Z0FTS €0 awn|id "1d seAN
900 F 220 100 T 600 80000 F 0¥00'0 200 T 220 €000 ¥ 9100 Z20F6¢ 10T 0V 59T d SPAN 'S
900 T €80 200 = 00 0T00°0 ¥ 28000 TOFTT ¥00'0 = GE00 20 ¥ 9€ Z0FEV €0 id SRAN 'S
T00Z AeIN 2T-9T
900 ¥ 0.0 /000 ¥ 9800 #0000 ¥ 21000 TO0 = 820 2000 ¥ 8200 20 ¥ 2Z¢ 20 F 9V g9T d SRAN 'S
€00 T 6.0 100 T 220 /0000 ¥ /9000 200 T 260 €000 ¥ 8200 T0 ¥ ¥€ T0F 2V €0 id SRAN 'S
/00 F 160 5000 ¥ 2200 80000 ¥ GS00°0 T00 = 820 €000 ¥ 2200 20 ¥ 9€ 20 F 0V g9T Id SRAN
G00 T 180 100 = /TO 60000 ¥ £F000 €00 T €90 ¥00'0 * 0200 20 ¥ 8¢ TOF LV €0 Iid SRAN
S00 F 6.0 5000 ¥ SL00 ¥000°0 + £200°0 T00 T 820 2000 ¥ TI00 20 F L€ 20T LYy 59T Id Yoouueybre] ‘N
900 * 08°0 /000 ¥ 9900 60000 ¥ 95000 200 F G20 ¥00'0 = 2T00 20 ¥ 8¢ T0 F 8V €0 Id Yoouueybrel ‘N
TO0Z A2IN 60
900 ¥ 6.0 T00 = 0T S000'0 ¥ ZE000 TO0 * 2€0 2000 ¥ €100 20 F €€ ZOF IV G9T d SRAN 'S
€00 T 280 100 T 820 /0000 ¥ 82000 TOFTT €000 ¥ 9500 T0 ¥ 8€ T0 ¥ 9V €0 id SRAN 'S
100 F €20 ¥00'0 F 690°0 /0000 ¥ /9000 T00 T ¥2°0 €000 ¥ 2500 20 ¥ 6¢€ 20 F 8V 59T Iid SRAN
S00 * 6.0 T00 = €T0 01000 ¥ /2000 €00 ¥ 2v0 ¥00'0 = TTO0 20 ¥ 2Z¢€ TOF IV €0 Id SRAN
800 T 680 8000 F 6200 S000'0 + 8T000 200 T 220 2000 ¥ 2000 20 ¥ '€ €0 F 8¢ g9T Id Yoouueybre] ‘N
/00 9.0 /000 ¥ 600 90000 ¥ 02000 200 ¥ /20 €000 ¥ 6000 20 F ve €0 F SV €0 ‘Id Yoouueybrel ‘N
TOOZ ABIN 20
¥0'0 ¥ OV'0 00 ¥ 620 2000 ¥ 9200 €00 ¥ 9.0 100 = /T0 €0 ¥ 92 20 ¥ 69 g9T d SPAN 'S
00 ¥ 820 200 T TE0 1000 ¥ 0T00 TOF2T G000 ¥ 6V0°0 20 ¥ 8¢ T0 ¥ 8V €0 Iid SRAN 'S
€00 F T¥0 200 F 6T0 2000 T ¥€0°0 €00 ¥ 990 100 T 620 20 ¥ G6¢ T0 ¥ 8 59T Id SRAN
/00 ¥ 890 100 = ITO 1000 ¥ S000 200 20 €000 ¥ 9100 20 F22 T0 ¥ 2€ €0 Id SRAN
S00 T 670 0100 F ¥90°0 T00'0 ¥ 2000 TO0 T 8T0 G000 ¥ /£0°0 €0 ¥ 8¢ 20T LS S91 Id Yoouueybnel ‘N
T00Z MV Sz—t2
600 * 98°0 100 F 0.0 /000 ¥ TV¥O'0 T0 F ¥¢ €00 F 9T0 €0 ¥ '€ 20 F6€ — 1D Yoouueybre]
200 ¥ S0 €00 T /80 2000 ¥ SE0°0 T0FGS 200 T 620 Z20F€9 10T ¥8 — %810 uowes
800 * ¥.°0 TOFTT G000 ¥ 9500 20 ¥ 9V 200 = 020 0 ¥ 0P €0 F ¥S — 810 |l
€00 F 0r0 900 * £8°0 G000 ¥ 6500 207 L€ SO0 T 190 €0 F VY 20 F 21T €0 Yed Hemers
/00 =80 TOF VI /000 ¥ €900 €0 ¥ 26 GO0 * €50 90 ¥ 69 €0 F €8 €0 awn|d 1d SeAN
Y00 ¥ €20 200 T 00 2000 ¥ 2100 TOFTT 8000 ¥ 8500 20 ¥ e TOF LV g9T id SRAN 'S
600 = 6.0 0T'0 = 680 0T0'0 ¥ 2E0°0 T0 F vE GO0 ¥ 9T0 0 ¥ 6°€ 20 F 6V €0 d SPAN 'S
€00 £ G0 100 = 600 80000 ¥ 8000 T00 ¥ 220 €000 ¥ SI00 T0 62 T0 ¥ 6€ g9T Id SRAN
/00 F 690 T00 F TTO 21000 * 82000 TO0 ¥ 050 8000 ¥ 6T0°0 Y0 ¥ LY 20F .9 €0 Id SRAN
GO0 ¥ 280 200 = 820 ¥T00°0 ¥ 68000 T0F0T 9000 ¥ 6£0°0 20 ¥ 9¢€ 20T PP 9T “Id Yoouueybrel ‘N
TOOZ N 82-9¢
(o121 A1ANTR) (o121 A11ANTe) (o171 Al1ANTR) (z-[700T] (z-[700T] (-[700T] (-[700T] (w) ydeg a|dures
BHozz sz BHszz vz BHozePHeze wdp) edye. wdp) ez wdp) edee: wdp) edee.

YHOA MON ‘8xeT efinked Jojemwp oidolos! winigey T d|qeL



162 Kraemer

76°|35'W 76°.?:5'W ) 76°_">5'W

—Z

Taughannock

Myers Point

S. Myers Point
)Stewart Park

a) 27 Mar b) 25 Apr ¢) 2 May

0 4 8m

Fig. 3. Location map showing position of low ?Ra/?**Ra activity
ratio water in Cayuga Lake on (a) 27 March, (b) 25 April, and (c)
2 May 2001, apparently caused by groundwater inflow from car-
bonate aquifer to the lake as a result of elevated water table during
the vernal thaw. Dots represent locations of samples during all sam-
pling times.

0.70-1.1. The absolute activities of ?*Ra and ?**Ra in the
tributaries were higher than lake values, except, again, where
and when the lake receives flow from the tributaries. The
spread of values of the activity ratios for the tributaries were
near or even higher than the closed system values of 0.0466
for 2°Ra/?°Ra and 1.00 for ?**Ra/?*Ra that would be ex-
pected on the basis of secular equilibrium and natural abun-
dances, attesting to recent contact with aquifer material. Un-
der conditions of the rapid transport of water through porous
clastic material, these ratios can become higher than the
closed-system values described above. This is the result of
the a-particle recoil process, whereby short-lived isotopes
accumulate to their equilibrium values faster than longer-
lived isotopes.

Sewart Park water mass—The first sampling trip (2628
March 2001) occurred early during the vernal inflow event,
just after the first mgjor pulse of water. The results from the
Stewart Park sampling site on 27 March 2001 were quite
different from all of the other samples taken at this time
(including tributary samples), in that they had the highest
26Ra and #*Ra activities (11.2 and 0.61 disintegrations per
minute per 100 L [dpm 100 L], respectively) and lowest
28Ral??°Ra activity ratio (0.40) of any of the other samples
obtained during the period when the lake was receiving high
inflow (Fig. 3a). This indicates that a source of water unlike
any of the sampled surface inflows was contributing signif-
icantly to the lake at this shallow southern site. Because of
the low #22Ra/?®Ra activity ratio, it is inferred that the water
in the southern part of the lake was supplied from a carbon-
ate aquifer, which would be characterized by a low Th/U
ratio typical of marine carbonate deposits. The Tully lime-
stone crops out along the extreme southern end of the lake
(Ogleshy 1978) and is a possible source for this water. It is
possible that a high water table occurs in the surrounding
basin during spring inflow events. This temporary condition
may provide enough head to force groundwater from the
carbonate aquifer through the lake bottom and into the lake
during these times.

Water with ??Ral?°Ra isotopic activity ratios similar to
those found at Stewart Park in March 2001 was observed
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Fig. 4. ?°Ra/?°Ra and ?**Ra/?*®Ra decay plot of Stewart Park
water body with time. The heavy curved line represents the evo-
lution of radium isotopes in the water body as they decay from the
initial ratios of 0.0538 and 0.95, respectively, to a final value sus-
tained by suspended sediment (represented by the 50-d point arbi-
trarily chosen to fit through the data points). The numerals represent
the time, in days, since 27 March 2001. The data points represent
the radium isotope activity ratios for the locations sampled on 25
April 2001.

on the subsequent sampling trip starting on 16 April 2001
at the 16.5-m sampling depths at the North Taughannock
Point, Myers Point, and South Myers Point sampling sites
(Fig. 3b). The sampling time was ~15 d after the last (and
largest) peak inflow on 9-10 April. Water with a similarly
low 22*Ra/?*°Ra isotopic ratio was not observed in the shal-
low locations at these sites, only the higher ?2Ra/?**Ra ac-
tivity ratio water more commonly found in the lake and sur-
face streams during this (and previous) samplings. The water
that was in the extreme southern end of the lake at Stewart
Park in March had migrated northward by as much as 14
km, to at least as far as the North Taughannock Point sam-
pling site, as an elongating pod encompassing the 16.5 m
depth, perhaps confined vertically by density equilibrium af-
ter coming off the shallow southern shelf of the lake, before
sinking below 16.5 m depth, mixing with old lake water, or
being flushed beyond North Taughannock Point before the
2 May 2001 sampling (Fig. 3c).

The short-lived radium isotopes ?*°Ra and ?**Ra provide
additional information about the Stewart Park water pod.
The ?»Ra/?*’Ra versus ?*Ra/?*®Ra data are shown in Fig. 4.
The curved lines represent the theoretical decay of 2°Ra and
24Ra isotopes in a water mass from an initial dissolved value
(i.e., Stewart Park on 27 March) over 50 d within the Stewart
Park pod. The decay curves in Fig. 4 are based on normal-
izing each short-lived isotope to a longer-lived isotope, to
decrease any effect of chemical removal (e.g., adsorption or
precipitation) while preserving the variability due to decay
alone. The dotted curved line represents the decay path that
Stewart Park water would take if the ??°Ra and ?**Ra de-
creased by radioactive decay alone, with no other source of
loss or supply. The solid curved line represents this same
decay process but with a constant resupply of a small
amount of ?Ra and #*Ra from suspended sediment. The
suspended sediment—generated values used in constructing
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the solid curved line (0.0047 for 2*Ra/?°Ra and 0.152 for
24Rn/?*Ra) were selected to give the best fit through the 26
April data points for North Taughannock Point, Myers Point,
and South Myers Point. A more detailed discussion of the
sediment supply of these nuclides is discussed in alater sec-
tion.

The data points for the North Taughannock Point, Myers
Point and South Myers Point samples plot around the aug-
mented theoretical decay line constructed from the Stewart
Park water point, with the oldest water of the sample set
corresponding with the northernmost location at North Tau-
ghannock Point. This apparent age relationship with distance
north supports the concept of a body of water growing in
size by continuous addition from the south, moving and
spreading as a unit and mixing with old lake water, rather
than water infiltrating into the lake along a great length of
shoreline simultaneously, which is a possible alternative sce-
nario. Considerable error may result in trying to assign an
age to the water from such small #?2Ra and ?**Ra activities
as are present in the North Taughannock Point sample. This
is probably the reason that the calculated age of the North
Taughannock Point water is greater than the time between
the start of the verna inflow and sampling (~39 d). In ad-
dition, the data set is not totally internally consistent, in that
the water at the Myers Point site may be interpreted as
dlightly younger than the water at South Myers Point, 5 km
further south. This plot serves to illustrate, however, that
short-lived radium isotopes may be useful in monitoring the
relative passage of time with respect to water bodies em-
placed into a lake.

Myers Point delta groundwater inflon—A second inflow-
lake interaction event detected using radium isotopes during
the 2001 vernal inflow event occurred in the lake near Myers
Point delta, where Salmon Creek enters the lake (Fig. 1).
The Myers Point Plume sampling site is a few meters off-
shore from the mouth of the creek. Because of the relatively
high volume of flow in the creek on the March 2001 trip
and the nearness of the sampling site to the mouth of the
creek (Fig. 5), it was hypothesized that the water at this site
would consist of significant fractions of lake and creek water
and that mixing relationships would dominate the data, both
in the chemical and radium isotopic analyses. The results of
the chemical analyses (Table 2) indicate that, for the most
part, the water at the Myers Point Plume site is nearly in-
distinguishable from Salmon Creek water and is very dif-
ferent from the rest of the lake. For example, Salmon Creek
and Myers Point Plume samples had significantly higher and
nearly identical HCO;, Mg*?, Ca*?, and NO;2 concentra-
tions and lower Cl- and Na* concentrations than the other
lake samples. It is clear that the water at these two sites is
related. However, there were significant differences in the
23Ral??°Ra and **Ra/?®Ra activity ratios (Table 1). These
ratios were higher in the Myers Point Plume sample (0.063
and 1.4, respectively) than in the Salmon Creek sample
(0.035 and 0.87, respectively), indicating that the plume
sample is neither unaltered Salmon Creek water nor a mix-
ture of Salmon Creek water and lake water. The isotopes
23Ra and #*Ra, being short-lived, would decay if they were
not resupplied from some solid source containing uranium

l — delta

lake level

“new” ground water
added to lake

“old” lake water (high *Ra, **Ra)

(**Ra, ?*Ra=0) / -

Idealized cross-section

Salmon Creek
sampling location

Myers Point Plume -
sampling location e

Fig. 5. Idealized cross section of the Myers Point delta showing
the mounding of groundwater hypothesized to occur during the high
waters of a vernal inflow. Groundwater flow and water from the
channel of Salmon Creek infiltrates through the sand and gravel of
the delta, gaining short-lived ?2°Ra and #*Ra by «-particle recoil
from the solid phase, then flows into the lake below the surface as
groundwater inflow.

and thorium, but, in this case, the water at the Myers Point
Plume location has gained additional quantities of short-
lived radium isotopes compared with Salmon Creek water.

The most reasonable way to account for the observations
at the Salmon Creek—Myers Point Plume area is to hypoth-
esize that the high head of the mounded water table in and
landward of the delta caused by infiltration of water through
the upland glacial till and stream-bed deposits forces the
groundwater through the deltatoward its lake-bound margins
where it emerges below lake level as groundwater influx into
the lake (Fig. 5). In so doing, the major-element chemistry
of the water is little changed from the sampled Salmon Creek
composition except for the supply of 2?Ra and **Ra to the
water from the clastic material (or reintroduction, in the case
of surface water reentering the deltaic material through the
stream bed). This results in the higher ratios found in the
lake at the sampling site. The ??Ra/?°Ra and **Ra/**Ra
activity ratios in the lake some distance from the delta (e.g.,
Myers Point location) were very low, representing only the
small amount of short-lived radium isotopes supplied from
uranium and thorium decay from particulate matter suspend-
ed in the water column.

South Myers Point area—The third major inflow-lake in-
teraction phenomenon was observed at the South Myers
Point sampling site and persisted from March to May 2001.
Radium isotopic data indicated that a body of water was
added to the surface of the lake during the vernal inflow
event and retained its identity as a separate water body for
several weeks after emplacement. Unlike the deeper Stewart
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Fig. 6. 2*Ra/?*Ra vs. ?*Ra/??®Ra activity ratio decay plot of sur-
face water in Cayuga Lake at the South Myers Point sampling site.
The solid line represents the path that radium isotopes would follow
as the water at South Myers Point sampled on 26 March 2001 aged
as a distinct water body without mixing with the bulk lake water,
(represented by the 16.5-m samples). The numerals are the time, in
days, after 26 March 2001. The surface samples at South Myers
Points are distinct from the 16.5-m depth samples and fall on or
near the decay line, indicating that this water remained in place and
distinct from the bulk lake water for a period of severa weeks. The
values for the suspended-sediment maintained ratios were arbitrarily
chosen, as in Fig. 4, to fit through the surface data points.

Park pod, however, this water body did not move rapidly to
the north but persisted in the same location for a consider-
able period of time.

The South Myers Point samples (at depths of 0.3 and 16.5
m) had high ?*Ra/?*Ra and 2*Ra/?®*Ra activity ratios for
March 2001, in particular, and the 0.3-m samples were also
relatively high throughout most of the subsequent sampling
periods. These values, as well as the 2?Ra/?°Ra activity ra-
tios, were similar to the Myers Point Plume site when it was
first sampled in March, which may indicate a similar mode
of shallow groundwater emplacement. Southward transport
of water introduced at Myers Point could account for this
occurrence, or there could be groundwater input into the lake
al aong the southeast section of the lake. It is not likely,
however, that this water is from the same source that was
active at Stewart Park in March, because the °Ra/?*Raratio
was distinctly different (0.40 for Stewart Park and 0.73 for
South Myers Point at a depth of 16.5 m on 26 March 2001).

The data from the South Myers Point site for sampling
periods from March through May 2001 are shown in Fig. 6.
The shallow samples plot as a distinct class above the deeper
water (16.5 m) samples and include the sample taken on 26
March 2001, which has very high ?2°Ra/??*Ra and ?**Ra/?*Ra
activity ratios. If this 26 March surface sample represents
water that was emplaced during the vernal surface-water in-
flow period, the radium isotopes would decay with time
aong the line shown in Fig. 6, under the assumption of a
final equilibrium 2*°Ra/?*Ra activity ratio of 0.001 and a
final equilibrium 2#Ra/??®Ra activity ratio of 0.025 (selected,
as in the Stewart Park discussion, so that the line would fit
through the surface points and is governed primarily by
equilibrium with the suspended material in the water). This

Table 3. Suspended sediment concentrations of Cayuga Lake

water and tributaries.

Suspended
Depth solids
Location (m) Date (mg LY

N. Taughannock Pt. 0.3 2 May 2001 0.7
9 May 2001 0.9

N. Taughannock Pt. 16.5 26 Mar 2001 1.0
25 Apr 2001 14

2 May 2001 1.0

9 May 2001 0.8

Myers Point 0.3 26 Mar 2001 11
25 Apr 2001 11

2 May 2001 12

9 May 2001 0.6

Myers Point 16.5 28 Mar 2001 14
25 Apr 2001 17

2 May 2001 1.0

9 May 2001 0.9

Myers Point Plume 0.3 27 Mar 2001 12.6
S. Myers Point 0.3 26 Mar 2001 5.4
25 Apr 2001 3.0

2 May 2001 29

9 May 2001 11

16 May 2001 1.9

S. Myers Point 16.5 26 Mar 2001 14
25 Apr 2001 17

2 May 2001 1.0

9 May 2001 0.9

Stewart Park 0.3 27 Mar 2001 10.2
Taughannock Creek 26 Mar 2001 8.1
Salmon Creek 28 Mar 2001 7.9
Fall Creek 27 Mar 2001 7.1

provides strong evidence that the water added to the lake
during the spring inflow remained at the surface of the lake
at this site for an extended period of time and retained its
physical characteristics during this period with minimal mix-
ing with the bulk lake (lower short-lived radium isotope ac-
tivity) water. The plotted location of the shallow samples
above the deep samples on the graph represents the remain-
ing short-lived isotopes initially present in the water plus the
standing crop of the short-lived isotopes produced from sus-
pended sediment in the introduced water body, which plots
higher on the graph than in the deeper (older) lake water, in
part because it has not had sufficient time to lose sediment
by settling, compared with the older lake water. This is in
agreement with the higher suspended-sediment concentration
of the shallower waters, compared with most of the deep
lake-water samples at this site on any sampling date (Table
3).

The measured values of the samples plotted very close to
the decay curve of the 26 March sample in Fig. 6, and, for
the most part, samples taken later plotted closer to the lower
end of the curve than did earlier sasmples. The 17 May sam-
ple, however, was contrary to this trend, plotting out of se-
quence (younger) than the other samples. It is not prudent,
therefore, to assign ages to the samples taken on various
dates, especially because there was likely to have been con-
tinued inflow into the lake past the March sampling date.
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Other lake water observations—On 31 May 2001, sam-
ples were taken after two relatively minor surface-water in-
flow events into the lake (Fig. 2). Definite effects were seen
only at the Stewart Park site, where ?*Ra/??®Ra and ?**Ra/
226Ra activity ratios increased to 0.74 and 0.017, respectively
(Table 1). This indicates that freshened water was added to
the extreme south end of the lake. The relatively small ad-
dition caused by the minor inflow event was noticeable be-
cause of the shallow nature of this end of the lake. Signifi-
cantly, the high ?*Ra/??**Ra activity ratio of the water at this
site does not imply a reintroduction of the same type or
amount of water (low 22Ra/?°Ra activity ratio) found in and
near the southern end of the lake during the first two sam-
pling trips. The event probably added surface inflow to the
lake rather than groundwater inflow, with no resulting de-
crease in the ?*Ra/?**Ra isotopic activity ratio of the lake
water and shows the sensitivity of these isotopes to changes
in surface water systems.

Supply of radium isotopes from suspended sediment—Ta-
ble 3 presents the results of the suspended sediment mea-
surements for the sample locations and reveals low concen-
trations (~2 mg Lt or less) of suspended sediment in the
lake, except where influenced by heavy verna tributary in-
flow (such as at the Myers Point Plume and Stewart Park
locations).

The average suspended sediment of lake water unaffected
to any significant degree by the vernal inflow is 1.0 mg L.
This figure, along with the uranium content of suspended
sediment, can be used to test the assumption that, in old lake
water, the ?°Ra and #**Ra activities in solution are due to
supply from the suspended sediment. Suspended sediment
from Cayuga Inlet and bottom sediment from the lake, taken
before the present study and the only sources from which
sufficient sample could be physically recovered for uranium
analysis, is ~3 ug gt of sediment, dry weight. This cor-
responds to ~2.3 dpm g-* of 23U in the sediment and ~0.1
dpm g~ for 25U, under the assumption of a 5U/238U activity
ratio of 0.0466 for the uranium. Assuming 1.0 mg L-* of
suspended sediment and secular equilibrium between the
235 and #*Ra, the maximum amount of ?**Ra available from
the suspended sediment to the water is 1 X 10~* dpm L.
This is similar to the average measured value of 2 X 10
dpm Lt of 2Ra in water that has not been influenced by
addition of new water from tributary input. This implies that
most of the ?*Ra in suspended sediment would enter the
dissolved phase as a result of the dislocations caused by the
a-decay process of parental nuclides in the decay chains.

A similar calculation for the 2*Ra would require a value
for 22Th for the sediment, which is unavailable. However,
assuming a common 4:1 mass ratio for Th/U in the sedi-
ment, the 2%?Th activity in the sediment would be ~3 dpm
g%, and the maximum dissolved value at 1 mg L~* sus-
pended sediment concentration would be 3 X 10-3 dpm L2,
very close to what was actually observed in lake water that
has not received freshened inflow.

In an attempt to determine the distribution coefficient (K,)
of radium between suspended sediment and water in Cayuga
Lake, the suspended-sediment filter cartridges were counted
numerous times over a period of several months in an at-

tempt to detect unsupported 2*Ra and #*Ra decay (Sun and
Torgersen 1998). In theory, the quantity of radium isotopes
that decay over periods longer than the nuclide half-lives
would represent unsupported (adsorbed) radium. This quan-
tity and the dissolved #*Ra and #*Ra activity could be used
to calculate the radium distribution coefficient. Results, how-
ever, showed no clearly defined trends for 2°Ra or 2*Ra with
time in these samples. The K, values of radium in fresh-
water-sediment environments has been reported to be in the
10%-10° range (Dickson 1990; Benes 1990). Excess **Ra
and ?**Ra (unsupported by parents in the sediment particles)
should be located on sediment surfaces and its presence eas-
ily detected (through its decay) by the means used in this
study. This lack of excess surface activity on the suspended
sediment, in conjunction with the fact that most of the ?>°Ra
in solution in the lake water has been calculated to come
from decay of parent nuclide within, not necessarily only
adsorbed onto the surface of, sediment suggests that the
chemical equilibrium between sediment and water phases in
this freshwater system is not achieved on the timescale of
22Ra and ?*Ra half-lives. This, in turn, would imply that
the short-lived radium isotopic observations described for
the water masses in this article are largely unaffected by
sediment-water equilibrium interactions; the low temperature
of the water (<4°C) at that time of year may not promote
attainment of chemical equilibrium and may be a significant
factor in the observed non-equilibrium state.

It is apparent that suspended sediment is responsible for
the ?2Ra and #*Ra in lake water, but it is not likely that this
source is responsible for what appears to be alarge inventory
of 22Ra found in the lake water. The residence time of water
in this lake is 9-21 yr, or 2—4 half-lives of ??2Ra. Therefore,
water in the lake should have a considerably lower 22°Ra/
2%Ra activity ratio than tributary water. It was observed
however, that this ratio in lake water (0.67-0.91, excluding
the Stewart Park pod samples) was not significantly lower
than that of the output from the tributaries (0.74—0.86). The
supply of 22Ra from suspended sediment could not be larger
than that calculated for ?*Ra (0.3 dpm 100 L-*) which is
considerably below that seen in the lake (2.2—4.7 100 L-%).
Therefore, a second source of 22Ra must be present in the
lake environment. It is unlikely that surface water or ground-
water vastly different from those sampled is contributing to
the bulk lake budget, but bottom sediment could be a source.
Studies in the estuarine environment (Key et al. 1985; Krest
et a. 1999) have shown that 2*Ra commonly is enriched in
overlying water due to the regeneration of ?®Ra in the sed-
iment by a-recoil from the particles. The results of this study
provide evidence that the same process occurs in the sedi-
ments of freshwater environments and may be useful as a
tool in studying sediment-water interaction in these environ-
ments.

Evidence of mixing in the Stewart Park water mass—An
examination of the 2*Ra and #*Ra activities of the Stewart
Park water mass samples taken during the March and April
sampling periods clearly show radium decrease with distance
northward. This is most likely the result of mixing between
the pod water and older lake water caused by turbulence as
the pod moves through the lake. The high initia ??Ra and
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Table 4. Mixing ratios and age calculations in the Stewart Park pod water mass.
22Ra 2Ra 26Ra 28Ra % of old
Sample Date (dpm [100L] %) (dpm [100L]"%) (dpm [100L]-%) (dpm [100L]-%) water
Mixing proportions of old lake water with Stewart Park pod water mass over time
Stewart Park 27 Mar 2001 0.61 37 11.2 44 0
S. Myers Point 25 Apr 2001 0.17 0.76 6.5 2.6 69
Myers Point 25 Apr 2001 0.29 0.66 8.4 35 41
N. Taughannock Pt. 25 Apr 2001 0.037 0.18 5.7 28 81
Average of old lake
water 0.016 0.28 44 33 100
2Ral?*Ra* 29Ral?»*Rat Aget (days)
calculated corrected (equation 2)
Radium isotopes in Stewart Park pod water mass corrected for mixing
Stewart Park 27 Mar 2001 0.61 37 6.06 5.70 0
S. Myers Point 25 Apr 2001 0.164 0.57 35 2.07 79+ 10
Myers Pont 25 Apr 2001 0.28 0.56 4.1 113 126 = 15
N. Taughannock Pt. 25 Apr 2001 0.026 —0.05 — — —

T Corrected for mixing and ?*°Ra and ?**Ra contributed by suspended sediment.

* Corrected for mixing only.
F Error based on propagation of counting statistical error only.

2%6Ra activities in the pod allow monitoring of the mixing
process and estimation of the degree of mixing. Table 4
shows the radium isotopic activities of the Stewart Park pod
samples, plus the estimated activities of old Cayuga Lake
water, defined as the average of al samples with a ?*Ra/
2%Ra activity ratio >0.50 and a **Ra/?**Ra activity ratio
<0.0067 (minus three samples excluded as outliers on the
basis of being >2 SD from the mean for any isotope). A
total of 16 samples was used to calculate the old lake water
values.

Based on the ?*Ra data (the long-lived isotope that
showed the widest spread of values), the samples taken on
25 April have apparently undergone mixing to varying de-
grees with the old lake water. Using Stewart Park and the
old lake water as end members, the estimated mixing per-
centages are calculated using the egquation

ZRagm, = X(*°Rayg) + (1 — X)(**Rag) )
where the subscripts samp, old, and SP refer to sample water
(mixed water), old lake water, and Stewart Park water, re-
spectively, and X is the fractional proportion of old Cayuga
Lake water making up the sample. These calculated values
are shown in Table 4. This information was then used to
correct the ?2°Ra and ?**Ra data to the unmixed values (Table
4). The North Taughannock Point location is calculated to
have been ~80% old |ake water, indicating extensive mixing
of the original water body as it moved northward. Locations
farther south (South Myers Point and Myers Point) showed
less, but still considerable, mixing.

Mixing has arelatively minor effect on the ??°Ra and ?**Ra
activities in these samples because of the low activities of
these nuclides in the old lake water. This makes the **Ra/
22Ra activity ratio attractive as a potential age calculator for
water masses of this type, an example of which is shown by
the ages calculated for the unmixed (corrected) samples ac-
cording to the equation

t = In([*Ra/*Ra] /[**Ral**Ra])/(As — X)) (2

where t is the time since a mass of water was emplaced, in
days; A, is the decay constant for 22°Ra (0.0606 d-1%); A, is
the decay constant for 2Ra (0.1891 d—*); samp and SP refer
to the activity ratios of sample and the Stewart Park end
member, respectively; and [?*Ra/?°Ra], and [?**Ra/?**Rd],
represent the activity ratios of the Stewart Park sample and
the ratio of the sample at time t, respectively.

To make an age calculation, the ?2Ra and ?**Ra activities
must be corrected for the amount of these nuclides that
would be supplied by suspended sediment in the water. Their
values are estimated from the lowest activity bulk |ake water
as 0.014 dpm 100* L for ?*Ra and 0.26 dpm 100-* L for
24Ra. These ages are shown in Table 4. This form of the
age equation assumes only simple exponential decay of the
radium isotopes in a water body acting as a closed system,
whereas water was likely being added to the pod over an
extended period, violating the closed system assumption.
The ages calculated by Eqg. 2 therefore represent minimum
ages only. The fact that the calculated ages increase to the
north implies a continued input of Stewart-Park—type water
from the south over time.

The South Myers Point water mass did not reveal the same
mixing effects as the Stewart Park water mass in terms of
26Ra activity variation, meaning that there was little mixing
or the end-member waters are very close to each other with
respect to their radium isotopic composition, or both. There-
fore, a similar analysis cannot be carried out for this water
mass.

Results of this investigation show that radium isotopes can
be useful tools in limnology. The isotopes ??Ra and ?*Ra
were used to infer that water from a source different from
any surface water in the area was entering the lake at the
southern end near Stewart Park and formed an easily iden-
tifiable feature within the lake body itself. The sourceis most
likely a carbonate aquifer, as based on the 26Ra/?**Ra activity
ratio. The isotopic data also show that this emplaced water
body, while mixing with bulk lake water, retained enough of
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its identity to track over several weeks as it moved through
the lake. A more stationary second water body was also
observed using the short-lived ?*°Ra and ?**Ra isotopes, and
the loss of these isotopes followed a radioactive decay pat-
tern. Additionally, strong evidence of groundwater inflow
into the lake around a delta was observed from ?Ra and
24Ra data, as was apparently minor inflow of surface water
at the Stewart Park site as a result of summer storms. The
small amounts of ?»Ra and ?**Ra present in old bulk lake
water is attributed to the presence of suspended sediment,
which supplies the water with a small but constant amount
though decay of parents contained within the grain. 2®Rais
also supplied to the lake to compensate for its decay in the
water. The source of this ?°Ra is diffusion from bottom sed-
iment where it is generated by «-particle recoil from the
solid grains.
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