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Land Surface Erosion and Rainfall as Sources of Strontium-90 in Streams

\Uv

1

Ronald G. Menzel?

. ABSTRACT

Strontium-00 concuntrations in streams from 1958 to 1967 re-
flected the changing eoncentcations in ranfall and accumulation
an the land surface. Correlation analyus of data from nationwide
sampling netwei ks shows that the r concentration in streams
was 2ccounted for, on the average, by 1.7% of the rainout 2
months earlier, and annual erosion of 053% of the sccumulated
“08¢ on the land surface. Direct runoff of St in preceding rainfall
was highest, 2.0 10 2.2%, in the north central and eastern United
States, ranging down to no measurable direct runoff in the south.
western United States. Annual erosion of "S¢ from the land sur-
face ranged from 0.76% in the Ohio River Basin to 0.17% in the
Missouri River Basin. If one allows for differences in time and
area of application, these results for land surface erotion indicate
the porential movement of persistent, strongly adsorbed pesticides
from large land sreas,

Additional Index Words: radioactive fallout, regression analysis,
runoff,

Contributions of dispersed sources 1o water quality are
largely unevaluated. The debates as to whether or not
agricultural chemicals sigmficantly affect water quality,
and in what situations their use should be limited, cannot
be settled until data involving many chemicals and many
soil and climatic areas have been studied.

The radionuclide, **Sr, behaves similarly to many agri-
cultural chemicals in the soil and water environments. [t
has been rather uniformly distnbuted over the entire

tribution from the Water Quality Management Laboratory,
tural Rescarch Semvice, U, §. Department of Agriculture,
ant, Okla, 74701, Received 27 August 1973,

Laboratory Director.

FAAERA 81381

United States in radioactive fullout since 1954, Deposi-
tion occurs predominantly in wainfall (2). Upon rcaching
the soil surface, the strontium on is only slightly leached
(1), and moves principally with eroded surface soil (9},
Strontium-90 is a long-lived radionuclide, decaving at the
rate of only 2.5% annually. Its movement from the soil
surface to streams should, therefore, be similur to that of
persistent, strongly adsorbed chemicals applied 10 agri-
cultural lands,

Strontium-90 in streams essentially is derived either
directly from rainfall or by erosion of the accumulated
soil deposit. If the fractions of tne *Sr entering streams
from both sources are.relatively constant and independent
of each other, a multiple linear regression equation should
describe the relationship. The fraction of *S¢ in rainfall
entering directly into streams would be determined by
one regression cocificient. The fraction of accumulated
%95 in the surface soil that is eroded would be deiermined
by the other regression cocfficient.

These relationships were studied for the conterminous
United States % the use of data collected in national
sampling programs from 1958 to 1967. Climatic and geo-
graphic effects were studied by examining separately the
data for eight major drainage regions (Fig. 1). Regional
divisions were as follows: (i) North Atlantic, (ii) South
Atlantic and Eastern Gulf of Mexico, (iii) Ohio and Ten-
nessee rivers, (iv) Great Lakes, Hudson Bay, and Upper
Mississippi River, (v) Missouri River, (vi) Lower Mississippt
and Western Gulf of Mexico, (vii) Coloradu River, Great
Basin, and California, and (viii) Snake and Columbia
rivers. Regional boundaries were those used in the U. S,
Geological Survey Water Supply papers (20, 21, 22),
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Fig. 1-Drainage regions of the United States showing stream sam-
pling locations where concentrations were determined by
the U. S. Public Health Service.

SOURCES AND TREATMENT OF DATA

The relationship ¥ = ax; + bxy + ¢ was fitted by least squarcs
anulysis where ¥ is fMlow weighted average concentration in
streams for & particular region and calendas quartzr, x 1 is the aver-
age deposit of ""Sr per unit area on soils in the region ot the be-
ginning of the same quarter, and xj is the precipitation: weighted
acrage concentration in ramlal in the same region and quarter, or
in the quarter preceding by 1, 2, or 3 months.

Stream Data

Strontivm-90 concentrations in streams were determined by the
U. S, Public IT-alth Service from Oct. 1938, through Sepr. 1967,
(4, 12, 13, 18, 19). The sampling network expanded from sbout
W stations in 1959, mainly on major streams, to shout |30 stations
i 1963, muny of them on smaller streams. The expanded network
operated watil Sept. 1967, but only half the stations colles ted sam-
Ples during a given quarter.  Weekly sumples of river water were
catlected munually and composited by quarters before analysis for
total ¢,

All stations affected by major discharges from nuclear reactors
were cxcluded from the regression analysis. The stations excluded
were the Hudson River at Poughkeepsie, N. Y ; the Savannah River
at Port Wentsworth, Ga.; all stations below Ouk Ridge, Tenn., on
the Clinch, Tennessee, Ohio, and Mississippi rivers: and all stations
below Hanford, Wash., on the Columbia River. In addition, statione
on the Great Lakes or on rivers draining from them were excluded
becanse of the Lirge dilution und long residence time of water in the
lakes.

Average *%S¢ Concentrations for each region, and for the con-
terminous United States, were weighted by flow. Average quarter-
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Fig. 2-Average *°Sr concentrations in United States rainfall (run-
ning 3 month averages).
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Fig. 3-Average accumulation of **S¢ in Unired States soils.

ly flows were calculated from data published by the U. §. Geolog-
ical Survey (20, 21, 22) and the International Boundary and Water
Commission (7). In most cases, the stream gaging and rosame-
pling stations coincided. Where they did not, fluw from the un-
gaged arca between the two stations was estimated. The ungaged
area was usually a4 small part of the total watershed, exveeding 107
of the guged arca at only 12 stations and never ex ceding half of
the gaged arca.

Ranfall Data

Strontium-90 conventrations in rainfall huve been Jetermnioed
by the U. 5. Atomic Encrgy Commission from 1954 1 the prosent
(15). From 1959 to 1967, the sampling network consisted of alv.ut
25 widely Jistributed stations in the conterminous United Siate:.
The sumple collectors were open-topped pots, or funncls Jraining
nto columns of jon exchange resing. The camples were coilected
and anadyzed monthly except during 1960 and 1961 when sumers
ous samples were analyzed by 2month perinds. Becanse the «on-
centrations of St were low during this period, it was possibile to
estimate the monthly concentrations with little error.

Averuge concentrations of in rainfall were computed fur
each of the cight regions separately as well as for all ,tations ~om-
bined.  To be consistent with the averaging method for st am
water, the averages were weighted by amount of rainfull. Also to
be consistent with the quarterly analysis of stream water, (he
monthly rainfall averages were combined to give running 3omenth
averages (Fig. 2). The use of 3-month avcrages helped to evers out
sample variations for those times (177 of the total number of cases)
when 4 region had fewer than three sampling stations dunag a
month.

Soil Data

Strontium-90 concenirations in soils were determined by the
U.S. Atomic Encrgy Commission on samples collected by the U. §.
Soil Conservation Service (2, 5, 10). Extensie sample collections
were made annually from 1958 (0 1963, except in 1961, The
sampling sites were carefully selected on grass-covered areas that
were not subject to erosion or Mooding. Surfuce vegetation and
soils were included in the sample, with repcated checks to be cer.
tain samples were taken deep enough to include at least 957
of the "Sr in the soil profile.

concentrations in the soils within each of the cight
drainage regions were plotted against time of sampling Cumulative
deposition curves were fitted by eye for each region. Interpolation
between sampling dates was based on data from rainfall sampling
network. Regional averages were weighted by area to compute the
national average (Fig. 3). The regional and national averages for
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&uhpoddoa map before they were used in dnngnu?- analysis.

umns may account for much of the dhn‘:q On the average,
these resin columns caught 88% as much as the pot collectors
at seven locations, where both types of collectors were used (29).
Column collectors were used at more than half of the rainfall sam-
pling stations. Those regions with the greatest between
il and rainfall analyses had the greatest number of columa collec-
Unfortunately, there is no way of correcting the discrepancy,

t is thought to be due to improper maintenance of the collec-

| would vary accordingly.
RESULTS

Multiple regression coefficients and correlation coef-
ficients are listed in Table 1 for each of the cight regions
wnd for the combined regions. The coefficients listed
were obtained for rainfall concentrations observea 2
months earlier than the stream concentrations. Different
lead tumes for the rainfall concentrations made little dif-
ference in the correlation coefficients, but 2- or 3-month
lead times usually gave the highest correlation.

In all cases e one, both X variables were highly
correlated (P > 0.99) with Y. The exception occurred in
the southwest region, where there was no significant ef-
fect of rainfall concentration. The X variables showed
little correlation with each other (P < 0.48), as may be
appreci.ted by comparing Fig. 2 and 3.

Figure 4 shows the concentrations of *Sr in United
States streams as computed from the regression equation
in comparison with observed concentrations. The varia.
tions in observed concentrations are well-predicted until
the last 2 years of observation. Then observed concentra
tiony varied more than computed concentrations, with
ubscrved concentrations heing high in the summer and
fall quarters and low in the winter and spring quarters.

Regression coelficients were also computed separately

b quarter of the year. In some cases, this gave sig-
tly better agreement between comnputed and ob-
concentrations than did the use of single coel-
ficients, “a" and “b", for all quarters. Since the improve
ment was slight, occurred in only half the drainage re-

x
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1958 T 980 N 1964 1966
Fig. ‘w'g {iine) ana measured (points) average concentra-
trations of in United States streams.

gions, and ‘complicated interpretation of the data, it is
not reported here.

The coefficients in the regression equation give meas.
ures of the average contributions of soil crosion and direct
runoffl of ramfall to the *Sr concentrations in streams.
The first coeflicient, “a”, indicates the pCi of *S¢/liter
of stream water that are derived from 1 mCi of *Se/kin?
of land surface. Since 1 em of runolf produces 107 liters/
km?, and | mCi equals 10° pCi, it is only necessury o
multiply coeflicient *a" times the average annual runof(
in centimeters to obtair the annual percentage of accumn-
lated "Sr being eroded into streams. The second coel-
ficient, “b" indicates the ratio of *$¢ concentrations in
streams and associated rainfall.  Thus, multiplying coel
ficient “b™ umes the percentage of rainfall that runs off
gives the percentage of *™Se in the raintull that ran off,

Regional values for annual average *Se runoff and
erosion are listed in Table 2. These values were el ulated
after adjusting the multiple regression planes to intercept
the origin without changing the ratios of coefficients “a"
and “b." Obviously, if there were no *Sy in ramilall and
none on the Lind surface, thore should be none in the
stream water, since stream locations that were alfected by
nuclear reactors were excluded from this analysis, The
*¢" coefficients in Table | seen to vary randomly at
about zero, and are usually smaller than the residual
standard deviations. .

The direct runoff of **Sr ranged from slightly above 2%
in the north central and eastern United States, to no
measurable direct runoff in the southwestern United
States. If the true concentrations of **Sr in rainfall were
higher than the ineasured concentrations, hecause of poor

Tabie 2-Regional values for rainfall, runoff, sediment yield, and
percentages of "*Sr runoft and annual erosion of
from the land surfoce

Annarl
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of 2ucie
malated L
Asswsl  Asswal  Sudlwemt®  stevoe - N
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Ohio 4 alley (11 ) “ 3] e 10
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Missouri Vailey L1l B} i o o»
Srahers Plaias n (8] o a5 L1
o hwe st » L »w 0w 0 14
Noethwe st Ll ‘" “ 0 % | &

* From relereaces (%) M’:»——(_A.o Valley vogiaten only the drvinay - area Mla
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collection efficiency, the percentage of divect runoff
would be lower.  Annual crosion of "Sr from the land
surface 1anged from 0.75% in the Ohio River Busin to
0.177% in the Missoun River Basin.

DISCUSSION

The poor agreement between observed and computed
concentrations in 1966 and 1967 is not readily vaplained,
Apparently, some factor affecting *®Sr concent: ations in
streams has not been recognized. Two possibilities are
that ™Sr accumulates in streambed deposits, and thar the
regression coelficients chunge with time.

Sucambed deposits of *%Sr would become resuspended
during high flows, thus increasing the measured concentra-
tions. However, the deviations from computed values
were not correlated with stream flow. Likewise, stream-
flow duta did not improve the multiple correlation when
added as a third independent variable 10 those shown in
Table 1.

When the regression coeffi -ients were analyzed by sea-
son, sume possibly significant differences were found.
For the combined regions, the soil erosion coefficient was
1.3 times as high in the summer and fall quarters as it was
in the spring quarter. The runoff coefficient was 2.3 times
as high in the winter as in the other quarters, but this was
sounterbalanced by a lower erosion coefficient. Statisti-
cally significant improvements in data fit were found using
seasonal coefficients in the Northeast, North Central, and
Ohio Valley regions. In cach of these regions, the runoff
coefficient was higher in the winter than in other quarters.
This effect may be related 10 the oceurrence of rainfull
predominantly on saturated or frozen soils. The erosion
coelficient in the Northeast and Ohio Valley regions was
higher in the fall than in other quarters.  In the North
Central region it was lower in tive winter than in other
quarters. Interpretation of these changes is speculative,

Erosion of the soil depasit might decrease with time
because of the slow movement of 8y from the sutface to
decpe soil layers. This hypothesis was tested with recent.
ly published data for ‘gc concentrations in 1971 in
streams cast of the Continental Divide (16, 17). Stronti-
um-90 concentrations computed from regression equa-
tions for the appropriate regions avera 427 higher
than measured concentrations. Erosion of the soil deposit
decreased by about this percentage since rainfall con-
tributed a minor portion of the *Sr in streams in 1971,
However, variations in stream concentration were similar
in magnitude to those observed in 1966 and 1967,

Sediment yields from the major river basins (Table 2)
in the humid region rank, in order, similar to the annual
erosion of *Sr.  Agreement would be better if more of
the drainage areas in the Ohio Valley and North Central
regions were included in the sediment yield data. How-
ever, in those s with less than 20 em of annual run-
off, erosion of ™Sr is much less than might be expected
on the basis of sediment vields. This is explained by the
tendency toward gully and channel erosion in semi arid
or arid climates (14). Gully and channel erosion would
provide sediment mostly uncontaminated by "8,

Studies on small plots show great variability in move-
ment of applied chemicals during runoff events. Some of

222 ). Environ. Quality, Vol. 3, no. 3,1974

the important factors contributing varishility include <.
of plot, amonnt of runoff, type and amount of soil CoNeY,
distribution of applied chemical with depth i the sl
and adsorption characteristics of the chemicat. Simulated
rainfall, appiicd soon after the chemical, washed up o
40% of applied 2.4-D esters from eultivated plots (3).
More commonly, about 1% of the chemicals was whed
off over study periods Lasting 1 or 2 years (1 1)

Pestivides are applied mainly on cropland, whereas fall.
out of "§r oceurs equally on cropland, grasstand!, fores .
and other areas.  Since runoff and crosion are wsudlly
greater from cropland than from grasslund or forest, moe
ment of pesticides to streams is probably greater than in.
dicated g; ®Sr. The difference is apparently not ex-
treme, for the percentage of cropland in the humid regiuns
ranges from 11% in the Northeast and Southeast 1o 37%
in the North Central, yet the annual average runoff and
crosion of is about the same in these regions. Of
course, tillage of cropland reduces the amount of *S¢ on
the soil surface where it is most subject to erosion. Tillage
would also reduce the susceptibility of some pesticide ap-
plications to erosion.

The 2% of *Sr that runs off directly to streams simu-
lates movement of pesticides that might oceur if they
were applied during or immediately before rainsiorms,
Thus, 2% is probably the maximum move nent into
streams, averaged over large areas and all types of land
use. Thisdegree of movement could vceur with pesticides
that arc strongly adsurbed on soils and not mixed into the
soil soon after application,

CONCLUSIONS

Strontium-90 concentrations in United States streams
are strongly related 1o those in raintall and on the Lud
surface.  The hest correlation is obtained when stre un
concentrations are measured 2 months alter eainfall con-
centrations.  Erosion of **S¢ from the lund sinface is re-
lated to sediment yield in regions where sheet crosion pre-
dominates but not in regions where gully or rill crosion
predominates,

Direct runolf of "Sr amounted 10 2% of that in the
rainfall over wide areas of the United States. Average an-
nual erosion of **Sr from the land surface was less than
0.75% and-appears to decrease with time,

Persistent pesticides with adsorption characteristics
similar to *Sr would enter streams in similar propurtion.
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Columns Representing Mound-Type Disposal Systems for Septic Tank Effluent:

ABSTRACT

Columny were designed to represant the vertical dimensions of
a mound type disposal system for receiving septic tank effluent on
problem soils. The columns waere filled with gravel (representing
bedrock), silt loam (representing the original topsoil), a
or sandy loam till (ill material), gravel (the seepage bed), and
layer of silt loam (the mound cover). The columns were
dosed with septic tank effluent at the rate of 2 em every 6 hours.
Until erusting caused permanent ponding at the fill-gravel inter face,
the fill was aerabic and the silt loam at the bottom of the column
was anasrobic. Redox potantialy were higher in the fill (350 to 600
mV) than in the silt loam (200 to 410 mV). Moisture tension

Hi

forating column walls. mwmmmﬁ'mvm
of erust formation were similar to nanperfo. ited columns

Additional \ndex Words: soil erusting, unsaturated water flow,
redax potentialy, erusting, methane,
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The current Health Code in Wisconsin (Wisconsin State
Board of Tlealth, 1969) does not allow the construction
of a septic tank and subsurface secpuge bed when certain
soil conditions prevail. An expensive holding tank opera-
tion is, at present, the only legal alternative to the septic
tank at individual homes on such soils. The magnitude of
the problem is apparent from the estimate that about
50% of Wisconsin soils are considered by the Health Code
to be unsuited to the traditional septic tanksubsurfuce
seepage bed system (Bouma et al,, 1972). Similar limita-
tions are being experienced in other parts of the country
(USDHEW, Public Health Service, 1967).

One possible alternative is to construct a disposal field
in fill on top of the unsuitable soil (the mound system).
The mound system has been proposed mainly for problem
situations involving sites with: (i) a high water tble,
(1) a slowly permeable subsoil, and (i) a shallow permen
ble soil above highly creviced bedrock (Bouma et al,
1972). With the traditional system, nutrient and pathog=n
contamination of ground water would occur in cases (i)
and (iii) and seepage of unpurificd effluent to the surface
in case (ii).

When building a mound, 60 em (2 ft) of sand is placed
above the oiiginal topsoil, followed by 30 em (1 ft) of
gravel on which polyvinyl chloride (PVC) distribution
pipes are laid. The pipes are covered first with a shallow
layer of straw, and then with 15 1o 30 em of topsoil. The
top and sides of the mound should he seeded and 4 vegeta.
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