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GEOLOGICAL SURVEY RESEARCH 1968

MOVEMENT OF MOISTURE IN THE UNSATURATED ZO“E
IN A DUNE AREA, SOUTHWESTERN KANSAS

By ROBERT C. PRILL, Garden City, Kans.

Work done in cooperation with the State Geological Survey of Kansas,
the Environmental Health Services of the Kansas State Depariment of Health,
and Kansas State Board of Agriculture

Abstract.—Moisture-content logs for the predominant vegeta-
tive conditions in the sand-dune area of southwestern Kansas
depict the manner of moisture buildup and depletion, and
illustrate conditions necessary for deep percolation. Even though
the period of study included a year when precipitation was
nearly the highest on record, built-up moisture under a sagebrush-
grass community penetrated to a depth of only 14 feet, whereas
the zone of evapotranspiration extended to at least 17 feet.
Under a grass community where the zone of evapotranspira-
tion extended to about 11 feet, a small amount of moisture
(2 inches) moved as deep percolation. Under a barren area,
where most of the loss by evaporation occurred in the upper
1 foot, large quantities of moisture moved as deep percolation.

The measurement of recharge from precipitation
is a primary objective of current studies in dune-sand
areas in southwestern Kansas. Moisture changes under
different slopes and vegetation in the unsaturated
zone in dune sand are measured by a nuclear meter.
This report presents results that illustrate the require-
ments necessary for deep percolation under three
types of vegetative conditions. Data for a barren area
are presented to show moisture buildup during a
period of high precipitation and moisture depletion
during a subsequent period of low precipitation. Data
for a sagebrush-grass community and a grass com-
munity are presented to show moisture buildup and
depletion over a period from the fall of 1964 through
1966. This period depicts maximum moisture changes
because 1965 was a year when precipitation was one
of the highest on record and was preceded and suc-
ceeded by years when precipitation was below normal.

The study site is located in the extensive area of
dune sand immediately south of the Arkansas River
m southwestern Kansas (fig. 1). Smith (1940, p. 154)

aptly described the dune forms as “a repetition of
the basic alternation of hills and hollows, but with
endless variations in shape and size. In some pleces
there are smooth, well-rounded forms, but in other
places there are abruptly varied shapes.” The dune
area has no external drainage, and rainfall either in-
filtrates directly into the dune sand or accumulates in
innumerable interdune depressions.

At the present time, the dunes are mostly stabilized
by grass and sagebrush vegetation. A few blowouts give
evidence of recent wind activity. The predomirant
vegetation, identified by Prof. R. D. Waldorf, of the
Garden City Community Junior College, Garden City,
Kans., during the period of study consisted of sand
sage (Artemisia filifolia), blowout grass (Redfieldici flex-
wosa), paspalum (Paspalum pubesceas), sand bluestem
(Andropogon squarroca), stink grass (Eragrostis cilian-
ensis), western ragweed (Ambrosia psilostachya), showy
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partridgepea (Chamaecresta fasiculata), and mat sandbur
(Cendhrus pauciflorus).

Records of the Garden City Agricultural Experiment
Station, 314 miles northeast of Garden City, show an
average annual precipitation (1908—66) of 17.92 inches.
Approximately three-fourths of the precipitation occurs
during the growing season from mid-April to mid-
October. Table 1 shows a monthly summary of pre-

TaBLE 1.—Monthly and annual precipitation near Garden City,

Kans.
Precipitation (inches)

Month 1964 1965 1966 Average

1908-66
January___ . _____________ 0 0. 64 0. 39 0. 35
February_ _ ______________ 1. 19 . 60 1. 29 .62
Mareh. .. ______________ .34 . 16 .07 . 86
April.__________________ .22 . 16 .55 1. 64
May__ . _____ 4. 76 6. 20 .20 2.79
June__ __________________ 90 6. 80 1. 44 3. 01
July. o ___ .91 1. 14 1.73 2.42
Avgust_ . ________________ . 32 5. 39 3.09 2. 21
September_ _ _____________ 1. 41 3. 63 1. 50 1. 64
Qctober_ _ _______________ .27 3. 53 .85 1. 29
November_ _ _____________ 1. 42 0 . 09 . 65
December....____________ .49 . 82 .84 .44
Annual______________ 12.23 29.07 12.04 17. 92

cipitation during the period of study (1964-66) com-
pared to the average monthly values (1908-66). During
the period from July 1965 through December 1966,
data were obtained from a rain gage in the study area.
The other data were obtained at the experiment station.

Precipitation during the period of study was ideally
distributed to demonstrate moisture buildup and de-
pletion under different climatic conditions. In 1964,
the total of 12.23 inches was considerably lower than
the average annual precipitation. The 29.07 inches
that occurred in 1965 was the fourth highest on record.
In 1966, precipitation again was below normal with a
total of 12.04 inches. There was no appreciable collec-
tion of runoff in 1964 and ¥966. During several periods
of high-intensity rainfall in 1965, water collected in
the depressions. This runoff, however, probably repre-
sents only a small percentage of the total monthly
precipitation.

DESCRIPTION OF SITES

Access holes for moisture-content logging by nuclear
meter were drilled at 16 sites in the dune area: 6
under grass communities at different slope positions,
5 under sagebrush-grass communities at different
slope positions, 2 under grass communities in interdune
depressions, and 3 under barren areas in blowouts.
This report presents moisture data collected at 3 of
the 16 sites in the dune area (fig. 1). Although data

CHARACTERISTICS OF THE ZONE OF AERATION

are shown for only three sites, the general moisture
relationships depicted by the moisture-content logs
also were evident at other sites with similar vegetation
but with different slope positions. The grass and
sagebrush-grass sites are located in an arsa that is 2
miles south of Garden City; the barren site is in a
blowout that is 3 miles south of Garden City. At each
site, access holes containing 2-inch aluminum tubing
were drilled through the dune sand into the underlying
alluvial deposits. The water table in this area is about
30 feet below the top of the alluvial deposits.

The access holes for the grass and sago-grass sites
are in an area of well-rounded dunes, as sl own by the
contours in figure 2. The sagebrush-grass site is adja-
cent to a large sage plant; the grass site i~ located 20
feet from the nearest sagebrush. The deposits under-
lying the sagebrush-grass site consist of dune sand
from the surface to 18 feet, and alluvial sand and gravel
from 18 to 20 feet. The deposits underlying the grass
site consist of dune sand from the surface to 17 feet,
alluvial loam from 17 to 18.5 feet, and alluvial sand and
gravel from 18.5 to 20 feet.

The barren site is located in an almost circular blow-
out with a radius of 60 feet. There was very sparse
vegetation, predominantly blowout grass, in the blow-
out during the study period. Vegetation was destroyed
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Fi1GUrE 2—Topographlc map showing locstion of
the rain gage and the grass and sagebrush-grass
sites.
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within a radius of 6 feet of the access hole. The deposits
underlying the barren site consist of dune sand from the
surface to 14 feet; eolian sandy loam from 14 to 15 feet;
dune sand from 15 to 22.5 feet; stratified alluvial sand,
silt, and sand and gravel from 22.5 to 26 feet; and sand
and gravel from 26 to 32 feet.

Particle-size analysis of several dune-sand samples
showed that most of the sand grains were in the 0.125—
0.50 millimeter or predominantly fine- to medium-sand
range. Dry unit weight for the dune sand ranged from
1.47 to 1.68 grams per cubic centimeter. Based on the
average dry unit weight of 1.55 g/cc and a specific
gravity of 2.65 g/ce, the calculated porosity is 41.5
percent.

MOISTURE MEASUREMENT

The moisture content at specified depths in the access
hole was measured by a continuous-logging nuclear
meter (Prill and Meyer, 1968). Selected logs are
presented in this paper to illustrate moisture changes
with time under different conditions of precipitation,
vegetation, and plant growth. The logs show only data
for dune sand with the exception of a 1-foot stratum of
sandy loam at the barren site. Because of the difficulty
in relating nuclear-meter readings to moisture values
near the land surface, data for the upper 1 foot are not
presented. When required for computational purposes,
estimates of the amount of moisture contained in the
upper 1 foot were made on the basis of gravimetric
measurements.

Moisture values in this paper are expressed in both
percentage and inches. The ratio of the volume of
water in the soil to the total bulk volume of the soil
(multiplied by 100) is expressed as the moisture content
in percentage of volume. Both the amount of moisture
contained in a depth interval and the amount of mois-
ture change for a specified time period are expressed in
inches. Other terms used in this paper are defined as
follows: infiltration is the downward entry of water
into the soil; deep percolation is moisture movement
below the zone of evapotranspiration; water-holding
capacity is the moisture content when further reduction
by gravity drainage is very slow; and residual moisture
is the minimum moisture content after the effects of
gravity drainage and evapotranspiration become
negligible.

BARREN AREA

The moisture-content logs shown in figure 3 were
selected to illustrate the general characteristics of
moisture movement as deep percolation under barren
areas. The movement is illustrated best by the manner
of moisture buildup from cumulative infiltration during
a period of high precipitation and subsequent reduction

D3

of moisture during & period of low precipitation. The
log for June 3, 1966, which reflects moisture content
after 7 months of low precipitation, is referred to as
the base log for comparative purposes. An examination
of long-term precipitation records at Garden City
shows that periods of such low rainfall are seldom of
longer than 7 months duration. Because the base log
reflects a long period of gravity drainage and is not
affected by transpiration, the moisture values are
approximately equal to water-holding capacity values.
These values range from 8 to 16 percent, probsbly
because of variations in the particle-size distribution
or arrangement. The quantity of moisture contained
in the 1- to 21.5-foot zone on the base log is calculsted
to be 29.25 inches.

The set of logs in figure 3 shows the manner of 1rois-
ture buildup during a period of high rainfall (13 inches)
in May and June of 1965 and the subsequent depletion
of moisture during a period of low rainfall (1 inch)
in July of 1965. A sequence of numerous logs run in
May and June showed that the vertical penetration
of the moisture from cumulative infiltration incressed
progressively with time. Below the depth of moisture
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penetration, however, moisture content remained vir-
tually equal to values on the base log.

By June 30 (fig. 3) the penetration of moisture from
cumulative infiltration in May and June attained a
depth of about 21 feet, and the moisture content
ranged from 2 to 10 percent higher than the base log.
The quantity of moisture contained in the 1- to 21.5-foot
zone was calculated to be 41.75 inches (12.5 inches
greater than for June 3, 1966). Thus, the moisture
buildup in the profile on June 30 nearly equals the
recorded precipitation of 13 inches in May and June.

The moisture depletion during the subsequent period
of low precipitation is illustrated by the log run on
July 27, as shown in figure 3. Most of the depletion
occurred above the 8.5-foot depth. Moisture content
above 3.5 feet nearly equaled values on the base log;
moisture content from 3.5 feet to 8.5 feet was only 1
to 2 percent higher. Below 8.5 feet the moisture con-
tent was 1 to 2 percent less than the June 30 values
but 3 to 5 percent higher than the base log values.
Thus, the quantity of moisture in the 1- to 21.5-foot
zone was reduced by 5.25 inches by July 27 but was
still 7.25 inches more than for the base log.

Analysis of other logs run during the period of study
further illustrated the manner of moisture depletion
after sizable buildup from cumulative infiltration.
Moisture was depleted rapidly in the upper part of the
profile but less rapidly as depth increased. A period of
several months was required before the moisture content
at depths of 15 to 20 feet approximated water-holding
capacity values. This time lag of moisture depletion
with depth is attributed to slow drainage. Owing to the
absence of vegetation most of the moisture depletion is
by gravity drainage rather than by evapotranspiration.

The evaporation of water from sand is a complex
process in which water may move as a vapor or a
liquid. Generally the process is a combination of both
heat and water transport. Although it is not possible
to establish the effective depth of evaporation accurately
from moisture data, moisture logs from the barren
sites indicate that most of the added moisture moving
below 1 foot continues to move downward and repre-
sents deep percolation losses.

The rapid development of a dry surface layer after a
rain is effective in reducing evaporation losses in sand.
The nature of this dry layer is illustrated by gravi-
metric moisture measurements made on July 27, 1965.
Moisture content in the upper 3 inches was about 1
percent. Below 3 inches, moisture content rapidly
increased to values consistent with water-holding capac-
ity values at greater depth in the profile. Once the dry
surface zone is developed, evaporation must move from
the wet zone to the atmosphere by vapor transport,

CHARACTERISTICS OF THE ZONE OF AERATION

and evaporation is substantially retarded (Elack, 1966;
Hanks, 1967). During periods of high precipitation,
most of the moisture penetrates the upper 1 foot and
moves by gravity drainage to deep percolation. By
contrast, periods of low precipitation are characterized
by light showers that add only small emounts of
moisture to the upper zone where the rate of evaporation
is great.

Also illustrated in figure 3 is the moisture change
in a 1-foot layer of sandy loam between 14 and 15
feet. The sequence of logs shows that the highest
moisture buildup during this period incressed only 2
percent over the water-holding capacity values and
that there was little mounding of moisture above this
layer. These observations show that the randy loam
layer was not a confining bed. Because of the low mois-
ture buildup required to conduct the moisture through
this zone, the advance of a moisture front should be
more rapid in this zone than in the dune sand.

Moisture-content measurements in the underlying
stratified material, though not shown in this paper,
provided further information on the moisture changes
with depth. Moisture changes in the 21.5- to 30-foot
zone during 1965 were less in the beds containing
mostly silt and clay than in the associated sandy beds.
There was no evidence of restriction of the vertical
movement of moisture through these finer tertured beds.
Measurements in the spring and summer of 1966
showed that virtually all the moisture added to this
zone had moved through to depths below 30 feet.
Because the stratified deposits from 30 to 60 feet are
quite permeable, moisture added to this zone probably
will reach the water table. Thus, movement as deep
percolation should represent potential recharge to the
ground-water reservoir.

SAGEBRUSH-GRASS COMMUNITY

The moisture-content logs shown in figure 4 were
selected to illustrate the seasonal characteristics of
moisture movement under a sagebrush-grass com-
munity. Three sets of logs are presented to illustrate the
manner of moisture buildup and depletion during the
1965 growing season, the 1965-66 nongrowing season,
and the 1966 growing season. A summary of moisture
data from these logs as well as the log for May 6, 1965,
is presented in table 2. The log for Octobar 15, 1964,
which reflects the lowest moisture value (5.9 inches)
measured during the period of study, is used as the base
log. Because this log probably approximates the maxi-
mum depletion by sagebrush-grass vegetation, the
values are considered to represent the residual moisture
values for this site. This moisture content, which ranges
from 6 to 12 percent lower than the values under a
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barren area, indicates the effectiveness of moisture
removal by plant roots.

The first set of data in figure 4 illustrates the moisture
buildup and depletion under a sagebrush-grass com-
munity during the 1965 growing season. A sequence of
moisture-content logs showed a moisture buildup of 1.2
inches between October 15, 1964, and May 6, 1965.
This buildup, which resulted from 4.0 inches of pre-
cipitation, accumulated in the upper 4 feet of the pro-
file. By June 30, the log (fig. 4) showed a vertical pene-
tration of moisture buildup to 9 feet, and an increase
in moisture content of 6.3 inches over the May 6 log.
Therefore, it is calculated that the 12.7 inches of pre-
cipitation from May 6 to June 30 contributed a net
increase of 6.3 inches to the profile, and 6.4 inches were
used by evapotranspiration.

From June 30 to August 30, 5.5 inches of precipitation
were recorded. The log of August 30 showed that the
moisture buildup had penetrated to a depth of 10.5 feet,
or 1.5 feet lower than the depth shown on June 30.
However, moisture content at a depth of 4.5 to 6 feet
was reduced nearly to values on the base log. In the
6- to 9-foot depth interval, moisture content was re-
duced to about 7 percent, or 4 percent higher than the
base log. On the basis of logs run during the 2-month
period, it appears that the addition of moisture in July
and August penetrated to a depth of only 4.5 feet. The
net moisture loss in the profile during July and August
was 3.4 inches. Considering that 5.5 inches of moisture
were added from precipitation during the 2-month
period, the total depletion by evapotranspiration is
estimated to be 8.9 inches.

The second set of data in figure 4 illustrates the
moisture change during the 1965-66 nongrowing season.
Precipitation in September and October 1965 was
much above average, whereas only a trace of precipi-
tation was recorded during November. The log of
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December 7 shows that the vertical penetration of
moisture buildup was about 11 feet (0.5 foot deaper
than the penetration on August 30). The buildup from
August 30 to December 7 was calculated to be 2.5
inches. Several logs run during that period indicate the
moisture deficits caused by evapotranspiration prior to
the cessation of plant growth were replaced by the
additions of moisture in mid-October.

A comparison of logs for December 7, 1965, and
April 19, 1966, shows the effect of 3.1 inches of precipi-
tation, which occurred during that period. The mois-
ture content in the 1- to 10.5-foot zone is similar,
whereas, a moisture buildup occurred in the 10.5- to
13-foot, zone. The moisture increase in the profile be-
tween these dates is calculated to be 1.3 inches, and
the loss by evapotranspiration is estimated to be 1.8
inches. By April 19, some greening of plants gave evi-
dence of growth. However, a comparison of the simi-
larity of moisture content in both the March and April
logs suggested that moisture use by evapotranspiretion
prior to April 19 was minimal.

The third set of data on figure 4 illustrates the
moisture use during the 1966 growing season. The
moisture-content log for July 29 was selected to show
moisture conditions in the profile during midsummer,
and the log for November 29 was selected to show
conditions after the cessation of plant growth. Precip-
itation records at this site show that 3.4 inches were
recorded from April 19 to July 29 and that 5.5 inches
were recorded from July 29 to November 29.

An analysis of moisture-content logs run during the
period from April 19 to July 29 shows a progressive
decline in moisture values. Although precipitation in
June and July added some moisture to the upper 4
feet of the profile, the net result was a depletion in
the storage owing to the high rate of evapotranspira-
tion. The log of July 29 shows that moisture content

TABLE 2.—Precipitation and moisture data, in inches, for the sagebrush-grass and grass communilies in a dune area of southwestern

Kansas
Vegetation
Precipitation Sagebrush-grass Grass
Date since
previous 0-16 foot Moisture Moisture 0-16 fo-t Moisture Moisture
date depth interval use by movement depth interval use by movertent
evapo- below 16 feet evapo- below 1° feet
Amount of Moisture  transpiration since Amount of Moisture transpiration since
moisture change since since previous  previous moisture change since since previous  previtus
in depth previous date date in depth previous date date
interval date interval date
Oct. 15,1964 ________________________ 5 D 9. 2 e
May 6, 1965________ 4.0 6.7 +1.2 2.8 0 10. 0 +0.8 3.2 0
June 30, 1965 12. 7 13. 0 +6. 3 6. 4 0 16. 9 +6.9 5 8 0
Aug. 30, 1965 5.5 9.6 —3.4 89 0 14.4 —-2.5 80 0
Dec. 7,1965______________ 81 12.1 +2.5 5.6 0 18.2 +3.8 4.3 0
April 19, 1966_____________ 3.1 13.4 +1.3 1.8 0 18. 5 +0.3 1.8 1.0
July 29, 1966______________ 3.4 7.7 —5.7 9.1 0 13. 3 —5.2 8.0 0. 6
Nov.29,1966_____________ 5.5 7.0 —0.7 6. 2 0 11.8 —1L5 6.7 0.3
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MOISTURE CONTENT, IN PERCENT BY VOLUME

Ficure 4.—Moisture-content logs for the sagebrush-grass community.

in the 1- to 7.5-foot zone was reduced nearly to values
on the base log. In the 7.5- to 13-foot zone, the moisture
content was reduced to within 3 to 5 percent of the
values of the base log. Thus, evapotranspiration used
all the moisture from precipitation during this period
and an additional 5.7 inches from the profile.

During the period from July 29 to November 29,
additions of moisture from precipitation were re-
stricted to the upper 4 feet of the profile. However,
the log of November 29 shows that all the moisture
added to the profile in this period was used by evapo-
transpiration. Moisture content in the 1- to 7.5-foot
zone approximates the values on the base log. Moisture
content in the 7.5- to 13-foot zone was 1 to 2 percent
lower than the values recorded on July 29 but was
still slightly higher than the values on the base log.
The net moisture loss during this period was calculated
to be 6.2 inches.

During the 1966 growing season, the penetration of
moisture buildup increased in depth from 13 to 14
feet. In this period, however, the moisture content in
the profile was appreciably reduced. By November 29,
the moisture contained in the profile was 7.4 inches
(only 1.5 inches higher than the base log).

GRASS COMMUNITY

The moisture-content logs shown in figure 5 illustrate
seasonal characteristics of moisture movement under
a grass community. A summary of moisture data for
these logs plus the log for May 6, 1965, is presented in

table 2. For the purpose of comparison, the moisture-
content logs at the grass sites are presented in three
sets and for the same dates as those at the sagebrush-
grass site. Consequently, much of the discussion in the
following section parallels the discussion in the previous
section, and frequent comparisons are made to the
sagebrush-grass data.

The log for October 15, 1964, reflects the lowest
moisture content measured during the perind of study
and is used as the base log in the three s~ts of data.
As at the sagebrush-grass site, these vslues reflect
maximum moisture depletion by plants and are con-
sidered to approximate residual moisture values. The
moisture content in the 1- to 7.5-foot 7one, which
ranges from 2 to 3 percent, is similar to that observed
on the base log at the sagebrush-grass site. Below 7.5
feet, however, the moisture content on the base log
under grass is 3 to 6 percent higher than values on the
base log under the sagebrush-grass. This marked change
suggests a significant difference in the depth of plant
feeding at the two sites.

The first set of data in figure 5 illustrates the moisture
buildup and use under a grass community during the
1965 growing season. There was a moisture buildup
of 0.8 inch in the upper 2.5 feet in the profile from
October 15, 1964, to May 6, 1965. By June 30, the log
(fig. 5) shows that moisture buildup from cumulative
infiltration penetrated to a depth of 9 feet. It is calcu-
lated that the 12.7 inches of precipitation from May 6
to June 30 contributed a net increase of 6.9 inches of
moisture to the profile, and 5.8 inches were used by
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MOISTURE CONTENT, IN PERCENT BY VOLUME

Fiaure 5.—Moisture-content logs for the grass community.

evapotranspiration. These values are comparable to
those under a sagebrush-grass community where the
depth of moisture penetration was 9 feet, the increase
in moisture was 6.3 inches, and the use by evapo-
transpiration was 6.4 inches.

From June 30 to August 30 the penetration of
moisture buildup moved to a dépth of 12.5 feet (2 feet
deeper than at the sagebrush-grass site). Precipitation
during this period was 5.5 inches. The net reduction
in moisture over the 2-month period is calculated to
be 2.5 inches, and the moisture use by evapotranspira-
tion is estimated to be 8.0 inches. These values may be
compared to values under the sagebrush-grass com-
munity where the depth of penetration was 9.5 feet,
net moisture reduction was 3.4 inches, and evapo-
transpiration use was 8.9 inches.

The second set of data in figure 5 illustrates the
moisture buildup during the 1965-66 nongrowing sea-
son. The log of December 7, 1965, shows a penetration
to a depth of 14 feet, an increase of 1.5 feet since
August 30, 1965. The net increase in moisture was
calculated to be 3.8 inches, and the moisture use by
evapotranspiration was 4.3 inches. As under the
sagebrush-grass community, the moisture deficits caused
by evapotranspiration prior to the cessation of plant
growth were eliminated by additions of moisture in
mid-October. The moisture buildup at lower depths
appears to be associated with infiltration from precip-
itation after the cessation of plant growth.

The log of April 19, 1966, shows that the penetration
of moisture from cumulative infiltration during the

nongrowing season reached a depth of 16 feet. The net
increase in moisture was calculated to be 0.3 inch; use
by evapotranspiration was 1.8 inches. Additional neu-
tron measurements in the 16- to 20-foot zone, not
shown in figure 5, indicate that slight increase~ of
moisture also occurred in this zone. Thus, the moisture
movement in the profile appears to have penetrated to
a depth of at least 20 feet.

If it is assumed that the moisture buildup at the
grass site was equal to the buildup at the sagebrush-
grass site for the same period (December 7, 1965, to
April 19, 1966), moisture movement below 16 feet may
be determined. The moisture buildup, which penetrated
to a depth of 13 feet, under the sagebrush-grass site
was calculated to be 1.3 inches. Therefore, because the
moisture buildup in the 0- to 16-foot zone under the
grass site is calculated to be 0.3 inch, the remaining 1.0
inch of moisture moved below 16 feet.

The third set of data in figure 5 illustrates the moisture
depletion under the grass site during the 1966 growing
season. As at the sagebrush-grass site, additions of
moisture to the profile from April 19 to Novembe~ 29
were restricted to the upper 4 feet. The logs for July 29
and November 29 show values in the 1- to 5.5-foot zone
that indicate the moisture content was rapidly reduced
by evapotranspiration to values nearly equal to those
shown on the base log. The rate of moisture reduction
in the 5.5- to 8.5-foot zone was more gradual. Moisture
content 2 to 5 percent higher than the base log was
observed in the zone on July 29, but most of this
excess was removed by November 29. In the 8.5- to 11-
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foot zone the moisture content was substantially
reduced but was still higher than the base log at the
end of the growing season. There were slight reductions
in moisture in the 11- to 16-foot zone with most of the
reduction occurring between April 19 and July 29.
The net depletion in the profile was calculated to be
5.2 inches by July 29 and 1.5 inches by November 29.
The moisture use by evapotranspiration was calculated
to be 8.0 inches from April 19 to July 29 and 6.7 inches
from July 29 to November 29.

Moisture depletion during the 1966 growing season
appears to be attributable mostly to evapotranspiration.
The moisture changes above 11 feet, which are more
pronounced than those below, principally reflect
evapotranspiration. Because the moisture changes from
11 to 16 feet are slight, and because most of the changes
occurred before July 29, a loss to deep percolation is
suggested. Assuming that all the moisture below 11 feet
is attributable to drainage, the amount of deep percola-
tion below 16 feet from April 19 to November 29 would
be about 1 inch.

It is estimated that moisture movement as deep
percolation below 16 feet is 1.0 inch during the 1965-66
nongrowing season, and that an additional 1 inch of
moisture moved below 16 feet as deep percolation during
the 1966 growing season. The log of November 29, 1966
shows an estimated 1 inch of moisture in the 11- to 16-
foot zone in excess of residual moisture. It is possible
that some of this excess also may move downward as
deep percolation.

SUMMARY AND CONCLUSIONS

Moisture-content logs for a barren area showed the
characteristic manner of moisture buildup during a
period of high precipitation and moisture reduction
during a subsequent period of low precipitation. The
moisture buildup, which varied markedly in the profile,
ranged from 2 to 10 percent higher than the retained
moisture content. These variations reflect differences
in the water-transmitting properties of the dune sand
at low flow rates. During the period of low precipita-
tion, moisture was depleted rapidly in the upper part
of the profile but more slowly with increasing depth.
Moisture data at depths of 15 to 20 feet showed that a
period of several months was required for the values
to be reduced to the water-holding capacity values.
Most of the mois.ure that infil rated below the zone
of high evapora ion (1-foot depth) moved by gravity
drainage to deep percolation. In the study area, the
quantity of moisture that moves as deep percolation
probably represents eventual recharge to the ground-
water reservoir.

CHARACTERISTICS OF THE ZONE OF AERATION

The manner of moisture buildup and reduction under
sagebrush-grass and grass communities, shown by the
moisture-content logs, indicated that moisture move-
ment as deep percolation was slight. Even though the
period of this study included a year when precipitation
was nearly the highest on record, moisture buildup
under the sagebrush-grass community penetrated to a
depth of only 14 feet, whereas the zone of evapotran-
spiration extended to at least 17 feet. Under the grass
community, where the zone of evapotranspiration was
estimated to extend to 11 feet, a small amount of
moisture (2 inches) moved as deep percolation.

The moisture content for logs for October 15, 1965,
that were run during an extended dry pericd, was con-
sidered to represent residual moisture values. The
values in the 1- to 7.5-foot zone (2 to 3 percent) were
similar at the two sites. Below 7.5 feet the residual
moisture values at the grass site were significantly
higher than those at the sagebrush-grass site. The
higher values evidently resulted from the absence of
deep-feeding sagebrush roots.

Most of the moisture buildup at the grass and
sagebrush-grass sites resulted from abnormally high
precipitation (26.7 inches) from May 1965 to November
1965. Only small amounts of moisture were added from
November 1965 to April 19, 1966. By April 19 a suffi-
cient time had elapsed so that in the zore of evapo-
transpiration further movement by gravity drainage
was negligible. Therefore, estimates of water-holding
capacity were based on logs for this date. At the sage-
brush-grass site, moisture had penetrated only slightly
past 12 feet so the average moisture value (9 percent)
in the 7.5- to 12-foot zone was used as an estimate of
water-holding capacity below 12 feet. The water-holding
capacity values ranged from 6 to 14 percent. Marked
variations in these values observed over short depth
intervals indicate differences in the particle size dis-
tribution or arrangement. Also, the lower values were
associated with more intense root development.

The water-holding capacity values provided a basis
for estimating the minimum moisture bui'dup needed
in the zone of evapotranspiration for deep percolation.
When the moisture content was at residual moisture
values (October 15, 1964), the needed moisture buildup
was calculated to be 7.5 inches for the grass site and
11.5 inches for the sagebrush-grass site (uring 0 to 17
feet as the zone of evapotranspiration). Although pre-
cipitation in 1965 was high, most of the moisture added
to the profiles either was used in the evapotranspiration
process or was retained in the zone of evapotranspira-
tion. At the start of the 1966 growing season, the addi-
tional moisture needed in the zone of evapotranspira-
tion to bring the profile to water-holding capacity values
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was estimated to be zero at the grass site and 3.5 inches
at the sagebrush-grass site. Thus, conditions at this
time were favorable for deep percolation. However,
very little precipitation occurred during the early part
of the growing season, and precipitation during the
rest of the growing season was sporadic. Virtually all
the moisture added to the profile during the 1966 grow-
ing season was used in the evapotranspiration process.
Also, the moisture content in the zones of evapotran-
spiration was reduced to near the low values observed
on October 15, 1964.

This report has illustrated the conditions necessary
for deep percolation for the predominant vegetative
conditions in the dune area. Although only three sites
were discussed, the results were comparable at the
other sites where vegetation was similar but the slope
position was different. Also, comprehensive investiga-
tion of recharge in the dune area is being conducted.
Moisture content from vegetated areas (exclusive of
interdune depressions) is being related to long-term
monthly precipitation records for estimated recharge.
A similar approach is planned for the interdune depres-
sions and barren areas. Early extrapolation, based on

R
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this approach, indicates that the average annual
recharge in the vegetated areas is about half an inch.
The periods when conditions are favorable for recharge
are few. These periods usually occur when precipitation
is considerably above average during the nongrowing
season and the early part of the succeeding growing
season. The high rate of evapotranspiration all but
eliminates the possibility of recharge during the
summer months.
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A SUGGESTED METHOD FOR ESTIMATING EVAPOTRANSPIRATION

BY NATIVE PHREATOPHYTES

By S. E. RANTZ, Menlo Park, Calif.

Work done in cooperation with the California Department of Water Resources

Abstract.—A graph and table have been developed for selecting
values of the coefficient K to be used in the Blaney-Criddle
formula for estimating evapotranspiration by native phreato-
phytes. Values of K are dependent on the species of phreatophyte,
the density of growth, and the depth to water table.

In reconnaissance studies of the hydrology of arid
basins it is often desirable to make rough estimates of
the average annual evapotranspiration by native
phreatophytes. These plants usually draw the great
bulk of their water from the underlying ground-water
body, either directly or through the capillary fringe.
The amount of water transpired depends not only on
climatic factors, but also on plant species, thickness
of the foliage canopy, density of cover (percentage of
land area shaded by foliage), and depth to water table.
Many researchers—for example, H. F. Blaney, W. D.
Criddle, T. W. Robinson, and J. S. Gatewood—using
a variety of methods have obtained and published data
showing the effect of various factors on the water use
by phreatophytes, but nowhere in the literature is
there unified data showing the effect of all factors on
the water use. In other words, no simple solution is
available for the problem of estimating the use of water
in a given locality (1) by a given species of phreatophyte,
(2) for a given density of growth, and (3) for a given
depth to water table. This paper attempts to provide
a solution of sorts to that problem.

Acknowledgments—The author acknowledges with
thanks the helpful comments he received from T. W.
Robinson, research hydrologist, U.S. Geological Sur-
vey, and from H. F. Blaney, consulting engineer and
former irrigation engineer with the U.S. Agricultural
Research Service.

BLANEY-CRIDDLE FORMULA

Of the several empirical formulas used for estimating
evapotranspiration, the most popular is the Blaney-
Criddle formula. One of the reasons for this popularity
is the fact that the only climatic information required
for application of the formula is mean monttly tempera-
ture which, if not available for a study s‘te, may be
inferred from records for the nearest U.S. Weather
Bureau stations. In addition, the formula differentiates
between vegetal species, a distinction that is not made
by most of the other formulas.

The Blaney-Criddle method is based on the assump-
tion that with ample moisture available, evapotran-
spiration is affected primarily by temperature, duration
of daylight, and vegetal species. For a complete descrip-
tion of the method, the reader is referred to a report by
Blaney and Criddle (1962). In brief, the Blaney-Criddle
equation for evapotranspiration is

(1) (»

U=Kz )
100

where U is evapotranspiration during the growing
period,
K is an empirical consumptive-use coeficient that
is primarily dependent on the vegetal species,
p is the monthly percentage of total daytime hours
in the year,
and
T is the mean monthly temperature, in degrees
Fahrenheit.
Table 1 gives values of p for the various latitudes be-
tween 24° and 50° north. In using the equation, the
monthly products of 7" and p are added for all months
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TaBLE l.—Monthly percentage of daytime hours of the year for latitudes 24° to 50° north of equator !
[From Blaney and Criddle, 1962, p. 43]

Latitude, in degrees north of equator

Month 24 26 28 30 32 34 36 38 40 42 44 46 48 50
January. . _._____ 7.58 7.49 7.40 7.30 7.20 7.10 6,99 6.87 6.73 6.60 6.45 630 6.13 598
February_._______ 717 712 707 703 6.97 6.91 6.87 6.79 6.73 6.66 6.59 6.50 6.42 6.32
March____._______ 8.40 840 839 838 837 836 835, 834 830 828 825 824 822 825
April.___________. 860 864 868 872 875 880 88 890 892 897 904 9.09 9.15 9.25
May____________ 9.30 9.37 9.46 9.53 9.63 9.72 9.81 9.92 9.99 10.10 10.22 10.37 10.50 10.69
June_____________ 9.19 9.30 9.38 9.49 9.60 9.70 9.8 9.95 10.08 10.21 10.38 10.54 10.72 10.93
July_ . _________ 9.41 9.49 9.58 9.67 9.77 9.8 9.99 10.10 10.24 10.37 10.50 10.66 10.83 10.99
August_._________ 9.05 9.10 9.16 9.22 9.28 9.33 9.40 9.47 9.56 9.64 9.73 9.8 9.92 10.00
September________ 831 832 832 834 834 83 836 838 841 842 843 844 845 8 44
October._____ ___ 810 806 802 799 793 790 7.8 780 7.78 7.73 7.67 761 756 7 43
November________ 7.43 7.36 727 719 711 702 6.92 6.82 6.73 663 651 6338 6.2¢4 607
December_______.. 7.46 7.35 7.27 714 7.05 6.92 6.79 6.66 653 6.39 6.23 6.05 586 565

Total ... 100. 00 100. 00 100. 00 100. 00. 100. 00 100. 00 100. 00 100. 00 100. 00 100. 00 100. 00 100. 00 100. 00 10. 00

1 Computed from Smithsonian Meteorological tables (List, 1951, table 171).

in the growing period. Average monthly products of
T and p for numerous locations in the western United
States are tabulated in the report by Blaney and
Criddle (1962, p. 44-49).

BLANEY-CRIDDLE COEFFICIENT

The only difficulty presented by the Blaney-Criddle
formula is the selection of the proper value of the all-
important coefficient, K. This coefficient, as implied
earlier, depends not only on the vegetal species, but also
on the depth to the water table and on the density of
growth. In addition, X has a regional variation because
mean monthly temperature is only an index to the many
climatic factors that affect evapotranspiration. In those
parts of the arid Southwest, however, where the use of
water by native phreatophytes is a significant factor in
the hydrologic budget, the variation in K attributable
to climatic factors is less important than the variation
attributable to vegetal species, density of growth, and
depth to the water table. The literature was examined,
therefore, to obtain a means of relating K to the latter
three factors. Density of growth, as used in this paper,
is a combination of two elements—thickness of foliage
canopy and density of cover—and is expressed qualita~
tively as dense, medium, and light. No greater refine-
ment in defining growth characteristics was warranted
for this study.

From the welter of information on evapotranspira-
tion by phreatophytes—much of it inconsistent—
several reports were selected as being most useful for
a generalized study of the coefficient, K. Even those
selected reports contain some inconsistent data, and
personal judgment was required in deciding what
information to ignore and how to best manipulate the
remaining data. The net result of this subjective process
was figure 1, which is the end product of this paper.

313-005 0—68——2
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COEFFICIENT K FOR USE DURING GROWING SEASON

Fi6ure 1.—Graph for estimating value of Blaney-Criddle
coefficient K in determination of water use by phreato-
phytes in southwestern United States. (To be used only in
the absence of quantitative data at a site.)

The graph in figure 1 gives values of K, for the growing
season, for dense growths of various phreatophytes,
and shows the variation of K with depth to water table.
A K value of 1.30 is recommended for dense growths of
hydrophytes, which are plants, such as tule and sedge,
that live wholly or partly submerged in water or in
saturated soil that is intermittently submerged. Factors
for adjusting K values for the effect of density of growth
of both phreatophytes and hydrophytes are given in
the following tabulation. These factors were derived
from a report by Blaney (1954, table 3).

Factor by which to multiply
K value for density of growth

Growth

Dense._ . e 1. 00
Medium_ __ . _ e 85
Light _ e 70
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Figure 2 explains the derivation of the curves of
figure 1. The three plotted values of K for saltgrass
in figure 2 were obtained from an investigation in
inland areas of southern California. A straight line
was fitted to the points on the basis of the following
statement by Muckel (1966, p. 29): ‘“Several studies
have been conducted in the arid Southwest that show
a straight-line relationship between depth to ground
water and water use by saltgrass.” The two plotted
values of K for sacaton were obtained from an in-
vestigation near Carlsbad, N. Mex. There was some
question as to how to use the data for mesquite. The
report by Blaney and Hanson (1965), from which the
values for sacaton were obtained, gave K values of
0.65 and 0.75 for mesquite but did not indicate the
corresponding depths to water table. For the purpose
of this study the curve for mesquite was arbitrarily
drawn midway between those for saltgrass and sacaton;
the shaded area was added to the graph to show the
range of K values given for mesquite.

DEPTH TO WATER TABLE, IN FEET

|
1.60

8 L _lg— —
0 020 040 060 080 1.00 1.20

COEFFICIENT K FOR USE DURING GROWING SEASON

1.40 1.80

Figure 2.—Derivation of curves for relation of Blaney-
Criddle coefficient K to depth to water table for various
hreatophytes. Source of data: Saltgrass, Blaney and
uckel (1955, table 5, p. 818). Mesquite, Blaney and
Hanson (1965, table 22). Sacaton, Blaney and Hanson
(1965, table 20). Baccharis, Gatewood and others (1950,
fig. 39) (inches converted to K values by use of F=65
for Safford, Ariz., and a tank coefficient of 0.85). Cotton-
wood and willow, Blaney and Hanson (1965, table 20).
Saltcedar, Gatewood and others (1950, fig. 39) (inches
converted to K values by use of F=65 for Safford, Ariz.,
and a tank coefficient of 0.85). The shaded area for mes-
qu{te was added to the graph to show the range of K
values.

EVAPORATION

The data for baccharis were obtained from a study
made by Gatewood and others in the Safinrd Valley,
Ariz. In that study evapotranspiration was reported in
inches of water. The absolute values of evapotranspira-
tion were converted to corresponding K values by
using a figure of /=65 in the Blaney-Criddle formula
for Safford Valley, where F=2(Tp)/100. A tank co-
efficient of 0.85 was applied to the K values so derived,
as suggested by data from Gatewood and others (1950,
p- 194). In developing figure 2 considerable flexibility
was used in fitting a curve to the plotted values of K
for baccharis where depths to water table were less
than 4 feet. The values of K used for cottonwood
were obtained from a study made in southerr California;
those values were assumed to be appropriate also for
willows. Values of K for saltcedar were determined
from Safford Valley data by applying the same pro-
cedures used in the determination of K for l~ccharis.

SUMMARY

Figure 1, which provides values of the coefficient K
for use in the Blaney-Criddle formula, was derived by
applying somewhat subjective reasoning to selected
data in an effort to obtain a practical method for
making rough estimates of evapotranspiration by native
phreatophytes in southwestern United States. The
values of K from figure 1 should be used only in the
absence of quantitative evapotranspiration data, at
sites where the time and expense required for a quanti-
tative study are not warranted.

REFERENCES

Blaney, H. F., 1954, Consumptive-use requiremerts for water:
Agr. Eng., v. 35, no. 12, p. 870-873, 830.

Blaney, H. F., and Criddle, W. D., 1962, Determining con-
sumptive use and irrigation water requirements: U.S.
Agr. Research Service Tech. Bull. 1275, 59 p.

Blaney, H. F., and Hanson, E. G., 1965, Consumpotive use and
water requirements in New Mexico: New Mexico State
Engineer Tech. Rept. 32, 82 p.

Blaney, H. F., and Muckel, D. C., 1955, Evaporation and evap-
otranspiration investigations in the San Francisco Bay area:
Am. Geophys. Union Trans., v. 36, no. 5, p. 818.

Gatewood, J. S., Robinson, T. W., Colby, B. R., Hem, J. D,
and Halpenny, L. C., 1950, Use of water by bottom-land
vegetation in lower Safford Valley, Arizona: U.S. Geol.
Survey Water-Supply Paper 1103, 210 p.

List, R. J., 1951, Smithsonian meteorological tables: Smithsonian
Inst., Wasington, D.C., 527 p.

Muckel, D. C., 1966, Phreatophytes—water use and potential
water savings: Am. Soc. Civil Engineers, Irrig. and Drainage
Div. Jour., v. 92, no. IR4, p. 27-34.

R



GEOLOGICAL SURVEY RESEARCH 1968

ADSORPTION OF TRACES OF SILVER ON SAMPLE CONTAINERS

By T. T. CHAOQ, E. A. JENNE, and L. M. HEPPTING, Denver, Colo.

Abstract.—Special care is required to prevent container ad-
sorption of significant parts of the trace amount of silver present
in most natural waters. The use of strong acids appears to bhe
the most effective means of retaining the silver in solution.
Lowering the pH of the water samples to 1 with either hydro-
chloric or nitric acid reduced adsorption onto polyethylene
containers to approximately 1 percent of the silver present.
Silver adsorption after 30 days of contact time amounted to 4
and 10 percent, of the silver present, at pH 2 when adjusted with
hydrochloric acid and nitric acid, respectively. Adjustment of
the pH to 1 with either hydrochloric or nitric acid was effective
in desorbing silver from polyethylene containers in the course
of several days.

The prevention of the loss of silver from solution
owing to adsorption on container walls during sample
transport and storage is a critical problem in the
determination of trace amounts of silver in natural
waters. The removal of silver adsorbed by containers
also presents a very formidable problem. The adsorption
of silver by containers may be substantial and erratic;
its magnitude varies with the concentration and
composition of the dissolved salts, the pH, the type of
container material, and the duration of contact.

Conventional laboratory cleansing methods such as
soaking in dichromate solution, or the less conventional
methods such as boiling in acidified saturated sodium
chloride, are often ineffective for the removal of adsorbed
silver from either glass or plastic containers (Chambers
and others, 1953; Chambers and others, 1962; West and
others, 1966). Coating glass containers with silicone
was found to be relatively ineffective in preventing silver
adsorption by containers (Dagnall and West, 1962;
West and others, 1966; Dyck, 1968). Pretreatment of
containers with silver solutions has been used to
minimize loss of silver from solution in certain instances
(Chambers and others, 1962), but is impraectical for the
determination of silver in natural waters because
of variations in silver concentration, dissolved salts,
and pH.

Various chemicals have been tested for their ability to
prevent silver adsorption by containers. Non-complex-

forming salts decrease the adsorption of trace metals
(Eichholz and others, 1966) and silver (West and
others, 1966; Dyck, 1968) but are ineffective in prevent-
ing it. The complex formers, sodium thiosulfate (0.111)
and EDTA (ethyl diamine tetraacetic acid) (0.1M1),
were found to be effective in holding container adsorp-
tion to less than 1 percent (West and others, 196€¢). In
the presence of small chloride concentrations, it was
necessary to increase the thiosulfate concentration te
1M to reduce container adsorption of silver to 1 percent
of the amount present. EDTA began to lose its effec-
tiveness after 2 to 10 or more days (West and others,
1967). Hence, its use is not reliable when several days
to several weeks are necessarily involved in collecting,
transporting, and storing of water samples before
analysis for silver content.

Investigators have found a marked decrease in silver
adsorption by containers as the pH is decreased (Cham-
bers and Proctor, 1960; Hamester and Kahn, 1963;
Dyck, 1968). Dyck (1968) has recently shown that
silver adsorption by clear borosilicate glass decroased
consistently as the pH of the solution was decr-ased
from 8.0 to 4.0. Chambers and Proctor (1960) also
found that silver adsorption onto containers wes re-
duced with decreasing pH in the range pH 6.0 to 1.0.
Hamester and Kahn (1963) observed that adsorption
of silver onto glass containers decreased as the concen-
tration of nitric acid was increased to 13/. Lai and "Veiss
(1962) found that pH adjustment with acetic acid to
3.5 to 4.0 was adequate to prevent the adsorption of
silver from sea water onto polyethylene containers. The
results of West, West, and Iddings (1966), showing that
container sorption increased at pH 4.0 as compar~d to
pH 7.0, are anomalous.

The relative effectiveness of various concentrations
of hydrochloric, nitric, and acetic acids in preventing
silver adsorption by polyethylene containers was studied
as a function of time. Similar data were obtained for
hydrochloric acid with glass containers.
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EXPERIMENTAL METHOD

A test solution containing 60 milligrams per liter of
Cat? 20 mg/l of Mg*? 75 mg/l of Na*™, 200 mg/l of
HCO;7%, 20 mg/1 of C17Y, and 195 mg/1 of SO, was used
to simulate natural conditions. New 1-liter polyethylene
and Pyrex bottles were used as test containers. These
were acid washed and thoroughly rinsed with distilled
water before use. Each bottle was filled with 800 milli-
liters of the test solution. Sets of test solutions were
adjusted to different pH values with hydrochloric,
nitric, or acetic acid. The pH values of the test solutions
were found to be within +0.1 of the designated values
at all sampling times. The test solution contained 5 g/l
of silver labeled with Ag'® as a tracer. Immediately
after labeling and mixing, triplicate 1-ml aliquots were
taken and transferred to tubes to serve as standards.

At intervals, usually 2 to 3 days or occasionally
longer, triplicate 1-ml aliquots were taken from each
bottle after the contents were mixed for 1 minute, and
the gamma radiation was counted with a single-window
gamma spectrometer. The spectrometer was set for the
0.65-million-electron-volt peak of Ag!'®= Samples were
counted 10 minutes or longer to accumulate at least
10,000 counts.

The effectiveness of pH 1 hydrochloric and nitric
acids in removing adsorbed silver from containers was
determined by acidifying the pH 2, 3, and 6 hydro-
chloric acid and nitric acid series to pH 1 after these
samples had been held 30 days or longer.

RESULTS AND DISCUSSION

Silver adsorption by polyethylene containers from
the test solutions was markedly dependent upon pH.
The pH effects were generally similar for adsorption
onto polyethylene containers for both the hydro-
chloric acid and nitric acid series (figs. 1 and 2). Silver
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Figure 1.—Adsorption of silver onto polyethylene containers
from test solutions (containing 5 ug/l of silver) adjusted to
different pH values with hydrochloric acid.
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adsorption from the pH 6 sample increased almost
linearly with contact time, and after 30 days more
than two-thirds of the silver was retained by container
surfaces. These data are in accord with the cbservation
of Warburton (1965) that up to one-third of the silver
from 0.01-pg/l solutions was adsorbed onto containers
in 7 days.

At pH 3 in the hydrochloric acid series, there was
an induction period of about 15 days with silver adsorp-
tion gradually increasing to about 5 percent of the total
amount of silver in the solution, then increasing
rapidly and linearly to about 45 percent at 30 days.
In the pH 3 nitric acid series, the induction period was
absent and silver adsorption was most rapid during the
initial 8 days.

When the test solutions were acidified to pH 2 with
hydrochloric or nitric acid, adsorption of silver onto
containers was less then when the pH of the solutions
was 3. In the hydrochloric acid series, adsorption of
silver was less than 4 percent of that present during
the first 30 days after the containers were filled. Du-
plicate runs (data not shown) confirm this fact. However,
because the duplicate runs were not continued beyond
25 days it is not known if the increased adsorption at
35 days is real or spurious. In contrast to the pH 2
hydrochloric acid series, silver loss in the pH 2 nitric
acid series increased gradually to about 10 percent
during the initial contact time of 30 days.

Maintenance of water samples at pH 1 with either
hydrochloric or nitric acid is most effective in keeping
silver in solution in polyethylene containers. As shown
in figures 1 and 2, these two acids were equally effective
for this purpose. It may also be observed from these
two figures that the amount of silver adsorbed by the
polyethylene containers fluctuated around 1 to 2 per-
cent for the entire 60-day period.
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Fireure 2.—Adsorption of silver onto polyethylene containers
from test solutions (containing 5 ug/l of silver) adjusted to
different pH values with nitric acid.
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The effectiveness of pH 1 treatment in desorbing
silver is comparable to its effectiveness in preventing
adsorption (figs. 1 and 2). After increasing the acidity
of samples with initial pH values of 2, 3, and 6 to pH
1, the amount of silver remaining adsorbed decreased
within a few days to less than 10 percent of the total
initially added. There was a further gradual decrease in
silver adsorption which leveled off with time. Thus, an
earlier report (Hensley and others, 1949) that 1N
nitric acid was ineffective in removing adsorbed silver
from soft glass can now be interpreted as being due to
inadequate reaction time (4 hours).

The reduction in volume as a result of successive
samplings for radioactive counting introduced a small
error in calculating the percentage of adsorption during
the desorption part of the experiment. This was es-
pecially true with test solutions of pH 6 and 3 because
the silver adsorbed in the previous part of the experi-
ment was desorbed into a smaller volume after acidifi-
cation. This error does not affect values for test solutions
of pH 1, for silver was held in solution throughout the
experiment.

Similar experiments with polyethylene bottles, but
using acetic acid to acidify test solutions, showed that
a pH value of 1 was nearly as effective as pH 1 adjusted
with hydrochloric or nitric acid in maintaining silver
in solution up to 22 days, at which time the test was
discontinued. However, such a large volume of glacial
acetic acid is required to lower the pH to 1 (approxi-
mately 625 ml per liter of test solution) that it is
hardly practical. There was little difference in the
effectiveness of pH 2 and 3 adjusted with acetic acid;
the percentage of adsorption increased gradually to
10-15 percent in the course of 20 days. The observation
of Lai and Weiss (1962) that silver was not adsorbed
from sea water on polyethylene bottles when acidified
to pH 3.5 to 4.0 with acetic acid may be due to the
formation of silver chloride complexes in the acidified
sea water.

When test solutions contained in Pyrex bottles were
acidified with hydrochloric acid to pH 1, 2, or 3,
container adsorption of silver was kept below 2 percent
of the amount of silver originally present for 30 days.
The control test solution with a pH of 5.5 showed
silver adsorption below 10 percent during the same
period. Silver adsorption on glass surfaces is generally
much lower than on polyethylene surfaces (West and
others, 1966, 1967; Dyck, 1968). The observed greater
affinity of silver for polyethylene than for glass surfaces
is consistent with the findings of Eichholz, Galli, and
Elston (1966) for fission products.

Although the adsorption of silver by polyethylene is

D15

generally greater than by glass, polyethylene sarple
containers are preferred for field sampling because they,
unlike glass containers, do not break easily. The
adjustment of pH to 1 with hydrochloric or nitric
acids is equally effective in preventing silver adsorption
by polyethylene surfaces. The use of these acids is
preferable to EDTA because of the greater length of
time for which the acids are effective.

Although most of the adsorbed silver may be re-
moved from container surfaces simply by acidification
to pH 1 with hydrochloric or nitric acid, there is
uncertainty as to whether complete desorption can
always be achieved. It is therefore advisable to estallish
proper acidity in the water sample when collected so
that silver may be prevented from adsorbing onto
container surfaces. To further reduce the possibility of
cross contamination between samples, soaking the con-
tainer in strong nitric or hydrochloric acid for some
days is recommended before reuse.
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PREVENTION OF ADSORPTION OF TRACE AMOUNTS OF GOLD

BY CONTAINERS

By T. T. CHAO, E. A. JENNE, and L. M. HEPPTING,

Denver, Colo.

Abstract.—Loss of significant parts of trace amounts of gold by
adsorption on container walls, during sample transport and
storage, poses a major problem in quantitative determinations
of gold in natural water. Experiments using gold-198 as a tracer
indicate that gold may be kept in solution for 21 days by (1)
acidification of a test solution to pH 1 with hydrochloric acid
and addition of between 5 to 50 mg/l of bromine, (2) acidifica-
tion with hydrochloric acid to 1N without bromine, and (3)
acidification with nitric acid to 2N or 3N. After 21 days, radio-
active decay reduces gamma radiation of gold-198 beyond the
limits of accuracy of available equipment and no information
was obtained. Addition of 50 mg/l of bromine to a nonacidified
test solution of pH 6 is almost as effective. In contrast to non-
acidification, moderate acidification of the test solution to pH 2
or 3 with hydrochloric and acetic acids, as well as acidification
to pH 1 with nitric acid, enhances gold adsorption. The pH 1
hydrochloric acid and 50 mg/l bromine combination is as effec-
tive in desorbing gold from container walls as it is in preventing
gold adsorption.

The loss of gold from water samples by adsorption
on container walls during sample transport and storage
poses a major problem in the determination of trace
amounts of gold in natural waters. Preliminary experi-
ments with gold-198 demonstrated that detectable
losses of gold from solution at nearly neutral reaction
occurred within a few hours of contact with poly-
ethylene or glass surfaces. Hence, analysis of gold in
water without elimination of the problem of container
adsorption might lead to erroneous results. The
magnitude of loss of gold due to container adsorption
may vary with the concentration and composition of
dissolved salts of the water, its pH, the type and past
usage of container, and duration of contact.

Only fragmentary information can be found in the
literature concerning the adsorption mechanism, the
extent of gold adsorption by containers, and the means
used to prevent adsorption. Hummel (1957) reported
that gold content of sea water stored for a 3-week
interval in a polyethylene bottle decreased to less than
a quarter of the amount collected directly in the ir-

radiation tubes. Leutwein, as quoted by Beamish
(1961), ascribed the loss of gold from dilrte solution
to base-exchange reactions with the glass container
and to adsorption. Solutions containing 10 milligrams
per liter of gold showed only 0.1 to 0.3 percent of the
original strength after 230 days storage in Jena glass
flasks. Brooks (1960) suggested the adjustment of the
acidity of sea water to 0.1 with hydrochloric acid
and the addition of 10 parts per million of bromine
to lessen gold adsorption, whereas Weirs and Lai
(1963) relied only on the acidification of sea water to
pH 1 with hydrochloric acid to prevent golc' adsorption
on polyethylene containers.

Although trace amounts of gold can be kept in solu-
tion by the addition of large quantities of bydrochloric
or nitric acid, it is inconvenient to handle the amounts
of acids required to acidify the multiliter volume of
water often needed for gold analysis. Also, gold present
as an impurity in the large amounts of acid may neces-
sitate the purification of acids before use. Still another
problem is that the manipulation of solutions contain-
ing strong acids in large quantities imposes limitations
in the selection of the analytical procedure for gold.
Therefore, this study was undertaken to determine the
optimum acidity required, as well as to compare the
relative effectiveness of hydrochloric, nitric, and acetic
acids, and bromine, as a function of contact time, in
preventing gold adsorption by polyethylene containers.

EXPERIMENTAL METHOD

A test solution containing 60 mg/l of Ca*?, 20 mg/l
of Mg*?, 75 mg/l of Nat!, 200 mg/l of HCO™!, 20 mg/l
of C1"!, and 195 mg/l of SO,~2 was used to simulate
natural conditions. New 1-liter polyethylene bottles
were used as test containers. These were washed with
3N hydrochloric acid and thoroughly rinsed with
distilled water before use. Each bottle contained 800
milliliters of the test solution. Sets of te-t solutions
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were adjusted to different pH values with hydrochloric,
nitric, or acetic acid by using a pH meter, or to differ-
ent normalities by adding calculated amounts of hy-
drochloric or nitric acid. The dilute hydrochloric acid
series at pH 1 also received different amounts of bro-
mine (5, 10, 25, and 50 mg/l). The pH values were
checked occasionally and found to be within £0.1 of
the designated values. Most of the container-adsorption
experiments were carried out with 5-micrograms per
liter gold solutions, although gold concentrations other
than 5 ug/l were also used in some experiments. Gold
solutions tagged with gold-198 as a tracer were used
throughout this study. Immediately after labeling and
mixing, triplicate 1-ml aliquots were transferred to
counting tubes to serve as standards for the determina-
tion of fractions of gold remaining in solution as a
function of contact time.

At 2- or 3-day intervals, triplicate 1-ml aliquots
were taken from each bottle after swirling the contents
for 1 minute, and the gamma radiation was counted
with a single-window gamma spectrometer. The spec-
trometer was set to count the 0.41 million-electron-
volt gold-198 peak. Samples were counted long enough
to accumulate at least 10,000 counts for early samplings
and 5,000 counts for later samplings

RESULTS AND DISCUSSION

Acidifying the water to 1N with hydrochloric acid
prevented gold adsorption onto polyethylene surfaces
throughout the test period of 21 days (fig. 1). After
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Figure 1.—Adsorption of gold from test solutions
(containing 5 ug/l of gold) onto walls of polyethylene
containers as influenced by different concentrations
of hydrochloric acid. Adsorption of gold expressed as
fraction of gold remaining in solution.
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this time no information was obtained because, owing
to decay, the gamma radiation of gold-198 was too
low to be accurately counted by the available eauip-
ment. Lower acidities (pH 1, 2, or 3) were not effective
in keeping gold in solution. In fact, there was an
appreciable increase in gold adsorption with time of
contact in all three treatments. This was especially
true with the water acidified to pH 3, which showed
the greatest loss in gold concentration. The amount of
gold in a nonacidified test solution of pH 6 also showed
a gradual decrease with contact time. The amount of
gold adsorbed by containers from the nonacidified test
solution (pH 6) was less than that from the pH 2 or 3
test solution. This is contrary to accepted concepts.
The acidification of the test solution to pH 1 with
hydrochloric acid, though causing some decrease in
gold adsorption in comparison with that at pI* 6,
resulted in 30—40 percent adsorption in the later stage
of the experiment. Weiss and Lai (1963) stated that at
pH 1 with hydrochloric acid, gold was not adsorbed
from sea water by walls of polyethylene containers.
The apparent discrepancy between the data presented
here and the above statement could be due to the high
concentration of chloride ions in sea water.

The fact that bromination plus acidification of the
test solution with hydrochloric acid is most effective
in keeping gold from being adsorbed on container walls
is indicated in figure 2. During the entire experirent
adsorption of gold never amounted to greater than 1
percent when acidity of pH 1 and varied amounts of
bromine were used. This is in line with the suggestion
of Brooks (1960) regarding the maintenance of acidity
of sea water at 0.1V with hydrochloric acid plus 10
mg/l of bromine to reduce gold adsorption on containers.
Bromination of a pH 6 nonacidified test solution to a
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Ficure 2.—The effectiveness of bromination with and
without acidification (pH 1 with hydrochloric acid)
in maintaining gold (5 ug/l) in solution in polyethylene
containers.
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50 mg/l bromine content was equally as effective as
the pH 1 hydrochloric acid plus 50 mg/l of bromine
treatment in preventing gold adsorption, with the ex-
ception of the last two samplings wherein about 2
percent of the gold was lost to the container walls. It
is known that in the presence of free bromine a very
stable gold(IIT) bromide complex is formed which does
not appear to be adsorbed by the polyethylene container.

Nitric acid, though not as effective as hydrochloric
acid at comparable concentrations, completely prevented
gold adsorption at higher concentrations; that is, 2NV
or 3N (fig. 3). With 1N nitric acid there was an 11
percent loss of gold owing to container adsorption in 5
days of contact, after which the change of gold concen-
tration in solution leveled off. A further decrease in
nitric acid concentration to pH 1 resulted in an abrupt
loss of 85 percent of the gold from solution and little
change thereafter with time.

Acetic acid was not effective in preventing gold
adsorption on container walls (fig. 4). The loss of gold
from solution was appreciable in the first few days and
then continued at slower rates. At the latter part of
the experiment, the two curves indicating the degree
of gold adsorption at pH 2 and 3 merged and more than
90 percent of the gold disappeared from the solution.

Additional work was done with the pH 1 hydro-
chloric acid plus 50 mg/l of bromine treatment. Water
samples of different salt concentrations equivalent to
0.5, 1.0, 1.5, and 2.0 multiples of the salt content of
the test solution and containing 0.5 ug/l and 1 mg/l
of gold were also used. Gold remained in solution

FRACTION OF Au IN SOLUTION
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Ficure 3.—Adsorption of gold from test solutions (con-
taining 5ug/l of gold) onto walls of polyethylene con-
tainers as influenced by different concentrations of
nitric acid. Adsorption of gold expressed as fraction
of gold remaining in solution.
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throughout the experiment. The above treatment was
also applied to 15 liters of test solution in a large poly-
ethylene container commonly used in the field for
water sampling. Again gold remained in solution for
more than 20 days with no loss by container adsorption.

The pH 1 hydrochloric acid plus 50 mg/ of bromine
treatment was equally as effective in desorbing gold
from container walls as in preventing adsorption. In
a separate experiment, a test solution of pH 6 con-
taining 5 ug/l of gold was allowed to stand for 10 days,
after which time the test solution was acidified to
pH 1 with hydrochloric acid and brominated with
50 mg/l of bromine. In 2 days the adsorbad gold was
completely desorbed, and by the end of the experiment
the gold had remained in solution for 16 days.

In developing a means to prevent gold adsorption
on container walls, emphasis should be placed on
compatibility with the method of analysis finally
adopted for determining trace amounts of gold in
waters. The pH 1 hydrochloric acid plus 50 mg/l of
bromine treatment was tested for this requirement.
When stabilized by the above treatment, known
amounts of gold in the presence of other constituents
commonly found in natural waters can ke quantita-
tively collected by an ion-exchange resin column,
eluted, and determined by atomic absorption spec-
trometry. By using the combined hydrochloric acid-
bromine stabilization, an analytical prccedure has
been devised whereby 20 to 50 nanograms per liter
of gold can be accurately determined using 10-25
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F1cURE 4.—Adsorption of gold from test solut'ons (con-
taining 5ug/l o? gold) onto walls of polyethylene
containers as influenced: by two concentrations of
acetic acid. Adsorption of gold expressed asv fraction
of gold remaining in solution.
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liters of water (larger volumes of water are required
for lower gold concentrations).

Water samples collected for trace-metal analysis are
frequently acidified to minimize the tendency of trace
metals to adsorb onto containers, or to precipitate.
The need to determine the optimum acidity required
for each metal of interest is demonstrated by the
results which were obtained with hydrochloric acid
(fig. 1). An increase in acidity from pH 6 to 3 or 2
caused a marked decrease in the amount of gold
remaining in solution. It is also noteworthy that in
the presence of dilute nitric acid at pH 1 the gold
remaining in solution decreased by about 40 percent
as compared to gold in a pH 6 nonacidified test solu-
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tion (figs. 1 and 3). Hence, indiscriminate acidificetion
of water samples collected for trace-metal analysis
may cause errors because of enhanced container adsorp-
tion. This is shown by the results of this study.
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NUCLEAR MAGNETIC RESONANCE STUDIES OF PHOSPHORUS(V)
PESTICIDES—IIl, THE HYDROLYSIS OF ALIPHATIC

PESTICIDES BY AQUEOUS SOLUTIONS

By MARVIN C. GOLDBERG; HARRY BABAD !; DENNIS GROOTHIUS 2,
and H. R. CHRISTIANSON, Denver, Colo.; Muskegon, Mich.; Denver, Cclo.

Abstract.—Contrary to expectations, Cygon, Dyfonate, and
Malathion hydrolyze slowly in treatment with stoichiometric
amounts of water at ambient temperatures in the pH range of
natural water. Nuclear magnetic resonance measurements
showed the half life for the hydrolysis process to be greater than
2 weeks.

Much of the scientific literature accepts the supposi-
tion that various pesticides containing phosphorus(V)
are lesser environmental pollutants than the chlorinated
hydrocarbons. This reduced environmental longevity
of pesticides containing phosphorus(V) is attributed to
their ability to hydrolyze readily in aqueous solutions
and form simple nontoxic materials such as phenols,
alcohols and phosphoric acid in the non-sulphur-con-
taining series, and easily oxidized thiols from the thio-
derivatives. Little quantitative information exists,
however, to support the supposition of reduced lon-
gevity of these materials, especially under the pH
ranges of natural water at ambient temperatures.

To investigate these phenomena it was necessary to
choose an analytical tool that allowed observation of
the reaction conditions during the course of the reac-
tion. It is clear that a wet analytical technique applied
to the study of the kinetics of hydrolysis would be
inappropriate since complete analysis of fractions
would be tedious; and the desired accuracy for all
components probably could not easily be achieved.
Infrared analysis would involve the use of Irtran cells
necessitating higher noise levels than sodium chloride
or potassium bromide cells. The latter cells cannot be
used with aqueous solutions. Owing to the severe over-
lapping of the group frequencies of the products and
starting materials, it would be difficult to distinguish
between all the absorption peaks sufficiently to allow

1 Research Division, the Ott Chemical Co.
2 Department of Chemistry, University of Denver.

analysis. Although the literature reports some progress
(Suffet and others, 1967) in gas-liquid chromatography,
analysis by this method would be difficult and would
result in questionable data because many of the hydrol-
ysis intermediates are both nonvolatile and thermally
sensitive.

For these reasons the nuclear magnetic resonance
(NMR) technique was applied, and studies were made
of the kinetics of hydrolysis of some of the more common
pesticides containing phosphorus(V). All tte products
were determined simultaneously without eltering the
composition of the samples. An advantage in using the
technique of nuclear magnetic resonance spectroscopy
is that increases in concentration of the hydrolysis
products and decreases in concentration of the pesticide
can be measured simultaneously with 340.5 percent
limit of detectability for each of the materials present.
Changes of the chemical shifts of the protons in newly
formed compounds and the state of collapse of coupled
multiplets owing to bonding of substituents to phos-
phorus in the parent compound can both be observed.
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spectrometer. They also thank the Agricultural Division
of the Stauffer Chemical Co., the Shell Chemical Co.,
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DISCUSSION

The compounds selected for investigation had unique
nuclear magnetic resonance spectra and were representa-
tive of the various classes of useful aliphatic pesticides.
These componds include Bidrin (I), Cygon (II),
Dipterex (I1I), Dyfonate (IV), and Malathion (V).
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Structural illustrations of organic hydrolysis products
of these and related compounds discussed in the litera-
ture follow this paragraph. Details of their nuclear
magnetic resonance spectra are listed in the experi-
mental methods section. Because simple homologs
probably react analogously, and the spectrum of a
methyl derivative is simpler than that of the analogous
ethyl compound, methyl rather than ethyl derivatives
were used where possible.

(o)
(CH:{O)?":IEI’
\O H CH;0_O
('J=C/ \{!‘—OH
Cﬁs \(Ij—N(CHs)z CH;0

Dimethyl hydrogen phosphate

Dimethyl phosphate of 3-hydroxy-N,N’-
dimethyl-cis-crotonamide

Bidrin (I)
(o] CH;
+CH3—(“3—-C Hx—g—N/
CH;,

s N,N-Dimethylacetoacetamide

(CHaO)z—%’ (l) 8
S—CHz—-llL'—NH(CH;) ——— (CHaO)z——%—OH

Dimethy! hydhrogen thio-

0,0-dimethy] S-a-mercapto-N-methylacetamido-
phosphate

dithiophosphate
Cygon (II)
EI)
+CH;:NH—-C—CH;—SH
a-Mercapto- N-methylacetamide
o] o]
il H+1 ]Q
(CH30):—P—CH—CCl3; —— (CH;0)3—P—O0H
H

Dimethﬁ ester of 1-hydroxy-2,2,2-tri-
c!

d y Dimethyl hydrogen phosphate
orophosphonie acid +C ClL3,C H;OH

2,2,2-trichloroethanol
i
(CH30);:—P—O0—CH=CCI;

2,2-dichloroethenodimethoxy
phosphinate

o
+ (CHaO)z—:lEl’—OH
Dimethy! hydrogen phosphate
+Cl3,CH—CH=0

Dipterex (III)
OH-

Dichloroacetaldehyde
CsHs0 8
—O0H

C3H;50 ﬁ
P—8—CH; —
C:H;

O-ethyl-S-phenyl-ethylphos-
phonodithioate

Dyfonate (IV)

C:Hs
Ethyl ethoxyphosphinic sulfide

+CsHsSH
Phenyl mercaptan
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8 8
I
—8—CH:—CHr—S—C2H; —— (C:H50)—P—0H
0,0-diethyl 8-[2-(ethylthio) ethyl}

(C2H;50)2

Diethoxyphosphinic sulfide

phosphonodithioate
Dysyston
+C:HS—CH:CH—SH
2-mercaptodiethyl sulfide
Il
(CH3;0); 8 C—OC:H; S
OH-! If
P—SCH —— (CH30):—P—SH
CH;—C—0C:Hs Dimethyl hydrogen
| phosphodithioate
[0} (o)
S-ester of 0,0-dimethyl phosphoro- g I
dithioate with diethyl a-mercapto +C:H;-0-C-CH=CH-C-0C:H;
succinate
Diethy! fumarate
Malathion (V) g
+1 1]
—— (CH30)—P—O0H
Dimethyl hydrogen
phosphothioate

0
+C:Hs0-C-CH-CH>-C-0OC:H;
Diethyl-a-mercaptosuccinate

i i I
(CHsO)z—-P—O—-(?:CH—C—OCHa — (CHsO)z——Ii—OH
CH3 Dimethyl hydrogen
phosphate

a-2-carbomethoxy-1-methylvinyl-0,0-
dimethy! phosphate

Phosdrin (VI) o
I i
+CH;—C—CH;—C—OCH;3
Methylacetoacetate

EXPERIMENTAL METHODS

Spectra were measured with a Varian A-60 NMR
spectrometer calibrated with trimethylsilylproprionic
acid (TMS) as zero parts per million in carbon tetra-
chloride solvent. Chemical shifts were measured in
parts per million downfield from the internal TMS
standard, and coupling constants were measured in
cycles per second on expanded spectra taken at a
sweep width of 100 cycles per second at a sweep rate
of 250 seconds. The details of the spectra for the model
compounds and their degradation products are listed
as follows:
Bidrin (T)
Singlet (3H) at 2.9 ppm (CH;3;C==C); Doublet (6H) at 2.97
ppm (N—CHj;) =7 cps; Doublet (6H) at 3.82 ppm (OCHj),
Jer=12 cps; Quartet (1H) at 6.08 ppm (HC=C). Jeu=1
cps.
Dirgethyl hydrogen phosphate (D,0)
Doublet at 3.80 ppm (OCHs), Jer=12.5 cps.

N, N-Dimethylacetoacetamide
Singlet (3H) at 2.17 ppm (CH3C=0); Doublet (6H) at
3.00 ppm (N—CHs3) =0 cps; Singlet (2H) at 3.52 ppm
(CH3).
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Cygon (II)
Doublet (3H) at 2.85 ppm (NCHj), Jcr=5 cps; Doublet
(2H) at 3.53 ppm (SCH,CO), Jpr=6 cps; Doublet (6H)
at 3.80 ppm (OCHj), Jpg=15 eps.
Dimethyl hydrogen thiophosphate (D,0)
Doublet at 3.80 ppm (OCH;), Jpr=15.5 cps.
a-Mercapto- N-methylacetamide
Triplet (1H) at 1.90 ppm (SH), Jca=8 cps; Doublet (3H)
at 2.78 ppm (CH;—N), Jce=6 cps; Doublet (2H) at 3.73
ppm (CH:S), Jca=8 cps; Broad singlet (1H) at 5.16 ppm
(N—H).
Dipterex (IIT)
Doublet (6H) at 3.9 ppm (OCH,;), Jpr=11 cps; Doublet
(1H) at 4.55 ppm (OC—H), Jpg=11 cps; Singlet (1H) at
5.95 ppm (OH).
2,2,2-Trichloroethanol
Singlet (1H) at 3.40 ppm (OH); Singlet (2H) at 3.80 ppm
(CHy).
2,2-Dichloroethenodimethoxy phosphinate
Dichloroacetaldehyde
Doublet (1H) at 6.05 ppm (Cl,CH), Jog="7 cps; Doublet
(1H) at 9.2 ppm (0=C—H), Jca=7 cps.
Dyfonate (IV)
Multiplet (6H) at 0.8-1.5 ppm (CHj;); Sextet (2H) at
1.95 ppm (PCHy), Jcr="7c ps; Multiplet (2H) at 3.9-4.5 ppm
(OCH,), Jpr=9 cps, peaks doubled due to hindered rota-
tion; Singlet at 7.35 ppm (Ar—H).
O-Ethyl-ethylphosphonothioate (D;0)
Multiplet (6H) at 0.9-1.6 ppm (CH;); Sextet (2H) at
1.94 ppm (PCH,), Jce=7 cps, Jpa=11 cps; Octet (2H) at
423 ppm (OCHz), JCH=7 Ccps, JPH=1]..5 cps.
Thiophenol
Singlet (1H) at 3.32 ppm (SH); Singlet (5H) at 7.2 ppm
(Ar—H).
Malathion (V)
Doublet triplet (6H) at 1.28 ppm (CHj), Jcg="7 cps,
6=3 cps; Unsymmetrical triplet (2H) at 2.85 ppm
(CH,C=0); Doublet (6.5H) at 3.78 ppm (OCHy), Jpr=15.5
cps; Septet (4.5H) at 4.18 ppm (OCHy), Jcg=7 cps, 6=4
eps.
Diethyl fumarate
Triplet (6H) at 1.32 ppm (CHj), Jce="7 cps; Quartet
(4H) at 4.27 ppm (OCH,), Jog="7 cps; Singlet (2H) at
6.83 ppm (C=C—H).
Diethyl a-mercaptosuccinate:
Triplet (6H) at 1.25 ppm (CH;), Jcg=7 cps; Doublet
(1H) at 2.25 ppm (SH), Jca=8 cps; Doublet (2H) at 2.62
ppm (CH,C=0), Joca="7 cps, Poorly resolved sextet (1H)
at 3.62 ppm (8—CH); Quartet (4H) at 4.15 ppm.

GENERAL BULK-HYDROLYSIS PROCEDURES
{ARTIFICIALLY INDUCED HYDROLYSIS)

A 0.1-mole sample of the appropriate pesticide
(I-V) along with 500 milliliters of 1IN hydrochloric
acid or 1N sodium hydroxide solution was placed in
separate 1-liter 3-necked flasks equipped with a stirrer
and a reflux condenser. To this mixture was added
100 ml of reagent-grade toluene containing 0.1 moles
of benzene as an internal standard. The reaction
mixture was refluxed and stirred for 2 weeks, cooled,
and the organic layer separated. The organic extract
was vacuum distilled (0.5 millimeters at 70°) into a

GEOCHEMISTRY OF WATER

dry-ice-cooled trap, and the volatiles wer~ analyzed
by gas-liquid chromatography (GLC) at 110-130° C.
An Aerograph A—90P chromatograph with a 30-foot
by ¥-inch SE-30! column (20 percent on 80-mesh
Chromosorb P) was used in the analyses. The various
components were collected by preparative chroma-
tography and analyzed by infrared and NMTP. methods.
The residue from the distillation was rerrystallized
from an appropriate solvent and was compared with
standard known materials (the NMR spectra of these
materials have been described in the preceding para-
graphs). The aqueous phase was carefully neutralized
and was reduced to a small volume in vacuo. The
residue was dissolved in D.O and was analyzed by
NMR using the sodium salt of trimethylsil-lpropionie
acid (TMS) as an internal standard. Residue~ contained
the major fraction of the phosphorus-containing prod-
ucts; products identical with known materials. Under
the preceding reaction conditions, less thar 5 percent
of the original pesticide was detected in the organic
and aqueous phases combined. All reaction products
were recovered in concentrations containing more
than 80 percent of the original material present.

KINETIC PROCEDURES (ATTEMPTED HYDROLYSIS UNDER
ENVIRONMENTAL CONDITIONS)

The pesticides were dissolved in 100 ml of carbon
tetrachloride in a 3-necked flask equipped with a
stirrer, reflux condenser, and stopcock-prctected no-
air stopper; the solution was heated to reflux. Appropri-
ate amounts of water, dilute acid, or dilute base were
added, and the reaction mixtures were leated and
stirred. At intervals, 1-ml fractions were removed
from the reaction mixture. The fractions were dried
over magnesium sulfate and were then analyzed by
NMR. Under the reaction conditions described in
table 1, less than 3:+0.5 percent of the posticide in
the mixture was hydrolyzed.

The pesticides in this study were at least 95 percent
pure.

RESULTS

This study has demonstrated that the bulk hydroly-
sis of compounds I-V results in dialkoxy phosphates
or thiophosphates, identical with those reported pre-
viously (Von Muhlmann and Schrader, 1957), and that
the products of the hydrolysis of Dipterex and Mala-
thion are particularly pH dependent. Dioterex hy-
drolyzes to 2,2 2-trichloroethyl alcohol under strongly
acidic conditions (Arthur and Casida, 1957), but under
neutral or slightly basic conditions a different path is
followed. This reaction results in the formation of

1 SE-30 is silicone gum rubber.
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TaBLE 1.—Attempied hydrolysis of Cygon (I1), Dyfonate (IV),
and Malathron (V)

[Reaction temperatures maintained at a constant 75° C]

Concentra- Time
Compound ! Reagent ion 2 (hours)
(equivalents)
Cygon_________________ H,0 3 240
0.01N HCl 6 240
0.01N NaOH 6 240
Dyfonate. _____.______.__ H,0 3 280
0.01N HCl 6 240
0.01N NaOH 6 250
Malathion_ ____________ H,0 3 240
0.01N HCl 6 260
0.01N NaOH 6 260

1 Pesticide solutions were prepared by diluting 0.1 mole of the compound to a vol-
ume of 100 ml in carbon tetrachloride.

2 Each reagent was treated as if it were pure water, and 0.3-mole and 0.6-mole
portions of the reagent were weighed and added to the reaction mixture. (No corree-
tion was made for weight of HC1.)

DDVP which upon further hydrolysis results in the
formation of dichloroacetaldehyde (Lorenz and others,
1955; Barthel and others, 1955). Malathion hydrolyzes
to diethyl fumarate in a strong alkaline medium by
an elimination process (Gunther and Blinn, 1955) but
to diethyl o-mercaptosuccinate in neutral or acidic
media (Cowen, 1956). The intermediate dialkoxy
phosphates are generally stable in the pH ranges studied.
The hydrolysis of Bidrin was analogous to the known
hydrolysis of Phosdrin (Von Muhlmann and Schrader,
1957 ; Casida and others, 1956), and produced the N,N-
dimethylacetoacetamide in good yield. The hydrolysis
of Cygon was found to be analogous to the known
hydrolysis of Disyston (Von Muhlmann and Schrader,
1957; Gardner and Heath, 1953), and produced a-
mercapto-N-methylacetamide in good yields. The
hydrolysis of Dyfonate paralleled the known hydroly-
sis of esters of the alkyl substituted phosphonic acids
in that a P-O, not a P—-C, bond was broken to give
O-ethyl-ethylphosphonothioate (Hudson and Keay,
1956).

The reaction of Cygon, Dyfonate, and Malathion
with water under conditions amenable to obtaining
the rates of reaction were then studied, and the condi-
tions listed in table 1 were utilized for the study of
the reaction kinetics.
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CONCLUSIONS

Under the preceding reaction conditions, less than
3+40.5 percent of the pesticide was hydrolyzed. This
fact indicates that these materials are much more re-
sistant to aqueous hydrolysis with stoichiometric
amounts of water than is commonly believed. If ma-
terials of this nature are readily hydrolyzed in the
environment, it may be due to enzymatic or catalytic
mechanisms which were not operable under the
experimental conditions employed in this study.
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EVALUATION OF ORGANIC COLOR AND IRON

IN NATURAL SURFACE WATERS

By WILLIAM L. LAMAR, Menlo Patk, Calif.

Abstract.—Examination of organic color in natural surface
waters revealed similarities in the complex color macromolecules
extracted with n-butanol from stream waters in areas having
pronounced differences in climatic conditions. The organic
matter in the colored waters consists primarily of complex
polymeric hydroxy carboxylic acids. Aromatic unsaturation also
was observed. The infrared spectra of the predominant part of
the organic matter were independent of the color intensity, pH,
and mineral content of the water as well as the geographical
location. Variable quantities of iron unrelated to the concentra-
tion and source of the organic matter are held in apparent
solution by the complex organic acids. Preliminary results sug-
gest that iron, probably as ferric hydroxide or oxide, forms
colloidal sols with the organic matter. The sols vary consider-
ably in particle size, and a relationship between particle size,
pH, and iron concentration is indicated.

Natural waters containing organic matter that im-
parts a yellow to brown color occur in many places,
particularly swampy areas. The principal part of the
organic matter in naturally colored surface waters
consists of many organic acids—volatile, nonvolatile,
colored, colorless, simple, and complex. The volatile
acids and those that can be made volatile for gas chro-
matographic analysis are present in low concentra-
tions—generally less than several milligrams per liter
of water. The concentrations of the complex polymeric
acids cover a much wider range and in some highly
colored surface waters these substances are the
predominant constituents.

The designations most frequently used for fractions
of the complex colored acids are fulvic, hymatomelanic,
and humic. This nomenclature is based on separations
by solubilities in water, mineral acid, and alcohol.
Separations resulting from such solubilities are not
specific and are related to concentration, the process
used, and the physicochemical state of the solution.
Adequate separation techniques have not been devised
for these complex nonvolatile acids.

In 1786 Achard reported on the extraction of a brown
substance from soil and peat. Since that time, difficulties
have persisted in separating and in determining the
molecular structure of the complex colored compounds
extracted from soil, peat, coal, and wate~ by many
investigators. Black and Christman (1963) concluded
that the fulvic acid fraction of the organic matter ex-
tracted from colored water consists of aromatic poly-
hydroxy methoxy carboxylic acids. Shapiro (1957, 1964)
stated that the organic acids he obtained from large
volumes of colored water are primarily aliphatic poly-
hydroxy carboxylic acids having molecular weights in
the range of 180 to 426. Gjessing (1965) concentrated
the organic substances present in a surface water from
a moorland area and utilized Sephadex gel to estimate
the molecular weights of the organic components.
Using particle size as a measure, he observed at least
two types of humic substances which differsd consider-
ably in molecular size. Apart from the precipitate
formed during concentration, it was reported that the
larger molecular fraction of the organic matter probably
had a molecular weight between 100,000 snd 200,000
and that the smaller was possibly below 10,000.

Lamar and Goerlitz (1966) extracted naturally
colored surface waters and concentrates of the waters
with n-butanol and found that the orgenic matter
consists primarily of polymeric hydroxy carboxylic
acids with aromatic and possibly olefinic unsaturation.
Christman and Ghassemi (1966) subjected the organic
material responsible for color to degradative chemical
studies. They identified 7 phenolic degradation products
and asserted that their results provide conclusive
evidence for the presence of phenolic nuclei in the color
macromolecule. In 1967 the Research Committee on
Color Problems under the Committee on Research of
the American Water Works Association Research
Foundation published a “Report for 1966’ that pro-
vided a comprehensive review and summar;” of organic
color in water.
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INFRARED EXAMINATIONS

Samples of water were obtained from streams drain-
ing areas having widely different climatic conditions
in the states of Alaska, California, Florida, Georgia,
and Washington. Both humid and semiarid regions
were included. The water was collected during periods
of rainfall, periods of drought, and after the first rain-
fall following an extended period of drought. The color
of the waters ranged from 7 to 250 units (platinum-
cobalt scale).

The infrared analyses were made on a spectrophotom-
eter equipped with sodium chloride optics. All the
spectra were obtained by the use of potassium bromide
pellets. The organic matter was extracted with n-
butanol and infrared spectra were obtained for the total
organic matter extracted, the organic acids, the ester-
ified and acetylated derivatives of the acids, and the
column chromatographic fractions of the acids from
samples of slightly colored and highly colored waters.

The infrared examinations discussed cover a résumé
of previous results obtained by Lamar and Goerlitz
(1966) and also current results for samples collected
from distant points. Figure 1 shows the infrared spectra
of the total organic acids recovered from naturally
colored waters from unpolluted streams in Alaska,
Georgia-Florida, Washington, and California. The
spectra of the total organic acids from these sources
were practically identical. In figure 1, the band in the
3.1-p (microns) region represents bonded hydroxyl and
carboxyl absorption. It is not due to the nitrogen-
hydrogen stretch, since nitrogen was absent in the
elemental analysis. The band at 3.35u is probably due
to methyl and methylene groups. The most intense
band at 5.8u is in the region of carbonyl absorption.
The band at 6.2u is indicative of unsaturation. The
broad absorption in the 8.3u region is possibly due to
carbon-oxygen bonding as with carboxyl or ester
groups.

Figure 2 shows the infrared spectra of the organic
acids, the esterified acids, and the acetylated acids.
Figure 2A represents the usual spectrum observed
for the total organic acids and figure 2B denotes the
spectrum after the acids were esterified by use of
sulfuric acid catalyzed butanol. Since esterification
eliminates the carboxyl hydroxyl, the OH absorption
observed after esterification indicates that there are
alcoholic and probably phenolic hydroxy groups present.
Because the esterification had no significant effect on
the band at 6.2u, the evidence of unsaturation is
additionally supported. Increased band intensities in
the region of aromaticity are revealed.

Figure 2(' shows the spectrum for the acetylated
acids after reaction with acetic anhydride. In this
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Fireure 1.—Infrared spectra of natural organic acids from
streams in several states. A, Alaska; B, Georgia-Florida; C,
Washington; D, California.

spectrum, the hydroxy absorption is almost eliminated,
thus further confirming the presence of hydroxy
functional groups in the parent molecules. No free
OH is present. The band at 6.2x indicating unsatura-
tion, remained. Absorption characteristics of anhydrides
are evident.

Infrared spectra of the column chromatographic
fractions of the total acids were obtained for selected
samples. The spectra of the fractions from the highly
colored water generally showed very little difference
from fraction to fraction. However, pronounced varia-
tions were evident in the spectra of the chromatographic
fractions from a lightly colored water that increased in
color intensity after the sample was collected. Aromatic
unsaturation was observed in some of the fractions and
suspected in others.

The examinations show that the organic matter in
naturally colored surface waters consists primarily of
complex polymeric hydroxy carboxylic acids. Evidence
of aromatic unsaturation was observed. The infrored
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Fieure 2.—Infrared spectra of natural organic acids and
de}'clivatlves. A, organic acids; B, esterified acids; C, acetylated
acids.

spectra of the predominant part of the organic matter
were independent of the color intensity, pH, and mineral
content of the water as well as the geographic location
of the source of the water.

RETENTION OF IRON

Considerable study has been made on the retention
of metals by organic matter extracted from soils, peat,
lignin, and coal, while comparatively little examination
of this mechanism has been devoted to the organic
matter that occurs in naturally colored waters. This
holding action has been variously referred to as chela-
tion, complexing, sorption, bonding, and peptization.

In an investigation of metallo-organic interactions,
Wright and Schnitzer (1963) leached, with a chelating
agent, a calcareous parent material of a certain soil.
They found that such leaching caused mobilization,
transport, and redeposition of iron and aluminum.
Fulvic acid was considered to be the dominant ligand
affecting the translocation of these two metals in the
podzolization process. Randhawa and Broadbent (1965)
stated that humic acid has three or more types of sites
capable of retaining zinc. At pH 5, zinc was observed
to be more strongly bound on humic acid than was
calcium, but less strongly than copper or ferrous iron.
Levesque and Schnitzer (1967) reported on a relation-
ship between phosphate and the metal content of the
iron- and aluminum-fulvic acid complexes.

GEOCHEMISTRY OF WATER

Shapiro (1964) studied the retention of several
metals by the yellow organic acids that wer> obtained
from surface water by freeze concentration and extrac-
tion with n-butanol. These acids were fourd to hold
considerable iron in “solution” at high pI¥ and Eh
values. The behavior of cupric copper was reported
to be qualitatively similar to that of ferric iron. On
the basis of this study, he suggests that the large
quantities of iron held in apparent solution by highly
colored waters may be predominantly in ths form of
a protected colloid.

Relation of iron to organic color

Waters from streams draining two areas of widely
different climatic conditions were used to study the
relationship of iron and organic matter in naturally
colored water. Table 1 gives the chemical analyses
of samples collected from Hood Creek in Alaska and
North Prong St. Marys River at the Georgia-Florida
state line. These waters have rather widely different
chemical and physical characteristics, but the infrared
spectra of the organic matter extracted from them with
n-butanol are practically identical.

The Alaska sample exhibited some turbicity and it
contained a considerable amount of large flocculent
agglomerates of organic matter associated with a rela-
tively high concentration of iron. Because of the tur-
bidity, the color of the Alaska water was not measur-
able without processing. This was done in two different

TaBLE 1.—Chemical analyses of naturally colored surface waters
from Alaska and Georgia-Florida

Hood Creek, North Prong
Alaska S%. Marys River,

Georgia-Florida

mg/l meq/l mg/l meq/l
Silica (Si03) - oo e 2.3 ..
Iron (Fe) unfiltered_ . _________.____ 4.5 _____ .68 _____
Iron (Fe) filtered '_ .. ___________ 1.6 ______ 52 _____
Manganese (Mn)_ - ___._____.____ .0 0.00 0. 00
Caleium (Ca)_ ... 6.7 .33 1 .06

Magnesium (Mg)_.__-._.____

Sodium (Na)______._____ 23 .10 4 .17
Potassium (K)________ .7 .02 . .01
Bicarbonate (HCO3)____ - 25 .41 0 .00
Carbonate (CO3)eueemo oo 0 .00 0 .00
Sulfate (SO¢)_ oo . 80 .17 .0 .00
Chloride (Cl)____ .. 21 .06 9.5 .27
Fluoride (F) _ e .2 .01
Nitrate (NOs) _ oo .6 .01 .5 .0
Dissolved solids_ _ .- _____________ 75 . 8 .-
Hardness as CaCOsg o oo _____ 27 . 6 -
Specific conductance—micromhos

at 25° C. oo 67 61
PH . . 6.4 4.4
Color units (platinum-cobalt scale)_ _ 2 90 3 220

1 Filtered through fine sintered glass, nominal maximum porosity 4u-5.54.

2 Determined on filtrate from a fine sintered-glass filter and also on supernate
after centrifugation.

3 Determined on unfiltered sample promptly after collection and several days later
on the unfiltered and fine sintere&zglass filtered water.
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ways—filtration through fine sintered glass, and centri-
fuging at 20,000 revolutions per minute. The Georgia-
Florida sample had a clear brownish-yellow appearance
and a small amount of brown flocculent organic mat-
ter assoctated with a slight amount of iron.

The Alaska sample had 4.5 milligrams per liter of
iron before filtration and 1.6 mg/l of iron after passing
through a sintered-glass filter. It had 25 mg/l of bi-
carbonate, a pH of 6.4, and a color of 90 units (platinum-
cobalt scale). The Georgia-Florida sample had 0.68
mg/l of iron before filtration and 0.52 mg/1 of iron after
filtration. It had no bicarbonate, a pH of 4.4, and a
color of 220 units (before and after filtration through
fine sintered glass). Both waters were very high in
organic matter, particularly the Georgia-Florida water
which had over 60 mg/l of organic matter and only
about 20 mg/l of dissolved minerals.

Table 2 provides data on iron and organic color upon
centrifugation and at stages of filtration through
filters of different porosity. Filtration of the Alaska
sample through a medium sintered-glass filter (max-
imum nominal porosity 10u—15u) removed large agglom-
erates of organic matter associated with a relatively
high concentration of iron. After this coarse filtration,
the water was centrifuged at 20,000 rpm at 25°C
for 2 hours and some brown particulate matter
containing iron was removed. The color of the vis-
ually clear supernate was 90 units (platinum-cobalt
scale). Additional centrifuging for 4% hours removed
a very small amount of brown particulate matter con-
taining a trace of iron; however, the color of the re-
centrifuged water was not altered and remained at
90 units. When a portion of the original uncentrifuged
water was filtered through a fine sintered-glass filter
(nominal maximum porosity 4u—5.5u), a large amount
of brown organic matter and nearly two-thirds of the
total iron concentration were removed. The color of
the visually clear filtrate also was 90 units.

TasLe 2.—Effect of centrifuging and filtering iron and organic

color
North Prong St.
Hood Creek, Marys River,

Alaska Georgia-Florida
Iron Color Iron  Color
(mg/1) (units)! (mgfl) (units)!
Total (unfiltered sample). . ________ 4.5 ___.._ 0.68 ______
Supernate from centrifuging_.____.__ 1.5 90 .____ _.___

Filtrate from fine sintered-glass
filter 2 _ __ ___ __ L _____ 1.6 90 .52 220
Filtrate from 0.1y filter 3__ ______ .80 75 .45 190
Retained on 0.1 filter 34________ .64 L __ .07 .
Filtrate from 0.01x filter 3________ .16 45 .35 145

Retained on 0.01u filter 34_______

1 Platinum-cobalt scale.

2 Nominal maximum porosity 4u-5.5u.

3 Aliquots of the filtrate from the fine sintered-glass filter were used for these tests.
¢ Dissolved from filter and measured.

313-005 O—68 3

D27

The color of the unfiltered Georgia-Florida water
was measured as 220 units promptly after collection
and several days later. When this water was filtered
through fine sintered glass (nominal maximum porosity
4,-5.5p), very little particulate matter was removed
and the color of the filtrate also was 220 units.

After filtration through fine sintered glass, both of
the waters were subjected to further filtration through
0.1z and 0.01u Millipore filters. Separate aliquots vwere
used for this filtration and progressively greater
amounts of iron and organic color were removec as
shown in table 2. Only 0.16 mg/l of the relatively large
amount of iron in the Alaska water and 0.35 mg/l
of the smaller amount of iron in the Georgia-Florida
sample remained in the filtrate from the 0.01u filter.

The final filtration removed much of the ecolor
from both samples. For the Alaska sample, 50 percent
of the color intensity was due to components having
particle sizes of less than 0.01u, whereas for the
Georgia-Florida water 66 percent of the color intensity
was caused by the particle sizes of less than 0.01gu.

The results show a wide range in particle sizes
and suggest that much of the iron is retained by
coarse particles of organic matter as colloidal sols,
probably in the form of ferric hydroxide or oxide,
under natural conditions. Although agglomerates of
organic matter and iron will precipitate under favorable
conditions, it is observed that colored surface waters
under natural conditions will carry varying amounts
of iron (up to about 2 mg/l) in apparent solution.
The iron in organically colored natural waters is not
readily precipitated by aeration. In organic-free
aerated waters whose pH is above about 5, ferric iron
can be present in excess of 0.01 mg/] only as a suspension
of oxide or hydroxide (Hem and Cropper, 1959).
Thus, aerated waters that are not colored and that are
not contaminated by acid mine drainage or wastes
rarely contain more than a trace of iron in solution.
The iron associated with organic color does not pre-
cipitate on the sides of the sample bottle, as will
readily occur with other waters that contain appreciable
iron, but instead it either remains in apparent solution
or precipitates in agglomerates with the organic
matter.

Variation of iron and organic color

Examination of a very large number of chemical
analyses of highly colored surface waters (100 to rore
than 500 color units) from many sampling stations
shows that there is no consistent direct relation between
color intensity and concentration of iron in apparent
solution, although some individual sources show some
direct relationship. When the iron concentration
exceeds 0.7 mg/l the pH is usually greater than 6.2.
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The relationship of iron concentration to color
intensity is shown in figure 3 for all surface water
stations in the St. Marys river basin (Georgia-Florida)
that were operated by the U.S. Geological Survey
during the period March 1965—-April 1967 (unpublished
data furnished by D. A. Goolsby, U.S. Geol. Survey,
Ocala, Fla., 1967). The scatter shown in this illustra-
tion may be due, at least in part, to the variable
formation and precipitation of agglomerates of iron
and organic matter as influenced by pH, availability of
iron, concentration and composition of inorganic ions,
period of contact, and possibly by competition among
cations. Low dissolved oxygen or anerobic conditions
resulting from decaying vegetation are favorable for
the reduction of iron to the soluble ferrous species. This
would provide a source of ferrous and ferric iron, as
the ferrous species is readily oxidized by aeration.
Inorganic iron unrelated to the concentration and
source of the organic matter would be one of the factors
in the scatter shown in figure 3.

DISCUSSION AND SUMMARY

The predominant part of the organic matter in
naturally colored surface waters consists of complex
polymeric acids. The infrared spectra obtained estab-
lished a remarkably similar pattern for the complex
acids extracted with n-butanol for a variety of surface
waters from widespread geographical locations having
pronounced differences in climatic conditions. This
consistent pattern occurred for samples collected from
the different sources and from the same source at
different times during periods of rainfall, period of
drought, and after the first rainfall following an ex-
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Ficure 3.—Variation of iron with organic color intensity.
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tended period of drought. The spectra wer~ independ-
ent of the color intensity, pH, and mineral content of
the water. However, the mineral constituents in the
water must be removed thoroughly; otherwise, varia-
tions and differences in the infrared spectra will occur.

The infrared spectra of the column chromatographic
fractions of the organic acids from the highly colored
waters generally showed very little differences from
fraction to fraction. However, pronounced variations
were evident in the spectra of a lightly colored water
that increased in color intensity after the sample was
collected. Aromatic unsaturation was obser—ed in some
of the fractions and suspected in others. It seems
probable that some of the complex acids may result
from polymerization in aqueous solution.

The examinations indicate that the organic matter
in naturally colored surface waters consists primarily
of complex polymeric hydroxy carboxylic acids. Evi-
dence of aromatic unsaturation was also observed.

Organically colored surface waters retain variable
concentrations of iron (up to about 2 mg/1) in apparent
solution under natural conditions. A relationship be-
tween particle size, pH, and iron concentration is
indicated. There is no consistent direct relationship
between color intensity and iron concentration, al-
though some individual surface water sources show
some direct relationship. Sources of iron unrelated to
the concentration and source of the org~nic matter
appear to be a factor in these variations.

Preliminary results suggest that the iron, probably
as ferric hydroxide or oxide, forms colloidal sols with
the organic matter under natural conditions. These
sols vary considerably in particle size. T™ey tend to
be stable and hold the iron for long periods of time.
Under changes in the environment the sols may pre-
cipitate, forming dark brown to black deposits in
streams and swamps.
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SODIUM AS A CLUE TO DIRECTION OF GROUND-WATER MOVEMENT,

NEVADA TEST SITE

By STUART L. SCHOFF and JOHN E. MOORE,
Washington, D.C., Denver, Colo.

Work done in cooperation with the U.S. Atomic Energy Commission

Abstract.—Sodium dissolved in water generally stays in
solution. It is the predominant cation in ground water in volcanic
aquifers in the Nevada Test Site, but is nearly lacking in alluvial
and carbonate-rock aquifers in southern Indian Spring valley
south of the Nevada Test Site. The low content of sodium in
the water of Indian Spring valley shows that the water has
not migrated into the valley from the Nevada Test Site.

A determination of the origin and movement of
ground water based on the chemical character of
the water is often inconclusive. However, at the Nevada
Test Site the chemical character provides a useful
clue to the origin and movement of ground water. The
most significant chemical characteristic is sodium,
present in conspicuously large quantities in the ground
water from certain aquifers and localities, and in
noticeably small quantities in others. The location
of the area studied is shown on figure 1.

Sodium compounds dissolved in water are likely
to remain in solution and, hence, to travel with the
water. Sodium may be dissolved directly from the
minerals in the rocks through which the water passes.
It may also be exchanged for calcium and (or) mag-
nesium already dissolved in the water. The ion-ex-
change reaction may be reversed under circumstances
of greater concentration of sodium in the water than
has been found at or near the Nevada Test Site.

Sodium at the Nevada Test Site is related to volcanic
rocks of Tertiary age, which consist principally of
rhyolitic tuff, but also include flows of basalt, andesite,
rhyodacite, and minor amounts of sedimentary rocks.
Despite considerable variation in physical appearance
these rocks act as a single unit in their effect on the

chemical composition of the ground water. Zeolitized
parts of the tuff seem to be especially important because
the zeolites should facilitate ion-exchange reactions.
The volcanic rocks underlie the land surface in most
of the area northwest of a line running irregularly
from the southwest corner of the map shown on figure
2 to Emigrant Valley in the northeast.
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Ficure 1.—Index map showing location of Nevada Test
Site and areas mentioned in this report.
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hydraulic gradient might carry it to Las Vegas—the
ground water in Indian Spring valley should be rich
in sodium, but it is not. It is a calcium-magnesium
bicarbonate type.

Other evidence confirms our view that ground water
does not move from volcanic and alluvial aquifers in the
Nevada Test Site into aquifers in southern Indian
Spring valley. Winograd (1962a, p. 8-9; 1962b, p. C110)
has indicated that the water in the volcanic and alluvial
aquifers in the Nevada Test Site moves down into the
underlying carbonate-rock aquifer and then laterally.
He has also shown by “water-level contours that the
ground water of a large area including the Nevada Test
Site has a potential for movement toward the Amargosa
Desert, that ground-water levels in southern Indian
Spring valley are substantially higher than those within
the Nevada Test Site (Winograd, 1963, fig. 2, p. 47),
thus making movement from the Nevada Test Site an
improbability. Eakin, Schoff, and Cohen (1963, p.
17-19), on the basis of regional recharge-discharge rela-
tions, hydraulic gradient, and chemical character of
water, showed that the ground water in a large part of
southern Nevada could be moving southward to the
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Amargosa Desert, if indeed there is regional movement,
and that ground water within the Nevada Test Site
cannot move into southern Indian Spring valley.
The above studies indicate only that the potential for
ground-water movement into southern Indian Spring
valley is not present. The negligible amount of sodium
in the ground water of southern Indian Spring valley
shows more conclusively that this movement does not
take place.
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DECEMBER 1964, A 400-YEAR FLOOD IN NORTHERN CALIFORNIA

By EDWARD J. HELLEY and VALMORE C. LaMARCHE, JR,,

Menlo Park, Calif.

Abstract—Twice in the past 13 years, recordbreaking floods
have occurred over large areas of northern California. The true
long-term recurrence intervals of these destructive floods is
difficult to estimate by conventional flood-frequency analysis
because prediction of a given flood discharge is based on his-
torical records of flood peaks. Geomorphic and botanical evi-
dence of a major prehistoric flood has been investigated on Blue
Creek, a tributary to the Klamath River in northern California.
Radiocarbon analysis, supplemented by tree-ring counts,
established a date about 400 years ago of a flood event that had
approximately the same order of magnitude as the devastating
floods of December 1964.

In 1955 and again in 1964, unusually high floods
and peak discharges were experienced in northern
California. On many streams the peak discharges in
both years were greater than any that had occurred
during the period of record, and on some streams the
1964 peaks exceeded any that had previously occurred
during the period of reasonably dependable observa-
tions by local residents; in some instances, more than
100 years. The occurrence of such extreme floods
provides one reference point, sometimes a critical one,
in the sampling of annual floods. Because the extreme
floods sometimes seem to be outliers when viewed in
company with data from other floods, the assignment
of a reasonable probability of occurrence to such
extreme floods is important and at the same time
difficult. This difficulty requires an examination of all
available hydrologic information that may help de-
duce the average length of time, or recurrence interval,
between floods of similar magnitude.

To define the estimated frequency-magnitude rela-
tion, the annual discharges are arranged in order of
magnitude. Each flood is assigned a recurrence interval
T, by use of the arbitrary formula

T_n+1
T m

where
T=the recurrence interval, in years,
n=the number of years of record, and
m=rthe rank of the event in the plotting array
(m=1 for the maximum and m=n for the
minimum event).

Tmplicit in this method of flood-frequency analysis
is the fact that the frequency of the highest observed
flow is determined by the length of record. For example,
the greatest flood in 100 years of record will be assigned
a 101-year frequency interval. This leads to an unrealis-
tic prediction of flood events like the high flows of
December 1955 and December 1964 in ncrthern Cali-
fornia. Prior to 1964, the floods of Decemb-r 1955 were
the second highest reported since 1854 (Rantz, 1964,
p. 55) and were the highest flows on record that were
actually measured. The 1964 floods, which followed a
scant 9 years later, proved to be the highest ever meas-
ured. The question then arose as to whether floods of
a magnitude equal to those of December 1964 actually
occur with a recurrence interval averagirg 115 years
or do they, in fact, have a longer recurrence interval,
perhaps 200 years or more.

Geomorphic and botanical evidence may be useful
in extending flood records and can perlaps yield a
better estimate of the true long-term recurrence inter-
val of large floods than can be obtained by conven-
tional methods. Distinctive types of sedimentary de-
posits, for example, are direct evidence of past floods
(Jahns, 1947; Stewart and LaMarche, 1967). These de-
posits may be dated by radiocarbon analysis of included
organic material or they may be assigned minimum
ages by dendrochronologic study of associated trees.
Dating of other deposits that were undisturbed prior
to erosion by recent floods can give a minimum date
for the last previous flood of comparable magnitude.
Tree-ring dating of flood damage to vegetation (Sigafoos,
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1964) is another promising source of information, partic-
ularly in areas where many trees reach ages of several
hundred years.

Flood evidence of this type has already been described
on Coffee Creek, a tributary to the Trinity River in
northern California (Stewart and LaMarche, 1967).
Radiocarbon dating of organic material buried in pre-
flood deposits along the valley margin indicated that
the flood of December 1964 exceeded any that had
occurred in at least 200 years. That fact implies a
recurrence interval much greater than that obtained
from conventional methods of flood-frequency analysis.

In 1967, geomorphic and botanical evidence of a
major prehistoric flood was investigated on Blue
Creek, a tributary to the Klamath River (fig. 1).
There, deposits of poorly sorted, obscurely bedded,
coarse gravel underlie a high terrace. These old de-
posits were deeply eroded by the floods of December
1964 which just overtopped the terrace surface as is
evidenced by flood debris and high-water marks. The
flood erosion revealed stumps of redwoods, Sequoia
sempervirens (D. Don) Engl.,, which had previously
been buried in the terrace deposit to a depth of about
20 feet above the root crown (fig. 2). It was further
established that the trees were dead and limbless snags
when they were logged in 1958-59. The cutting of those
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Ficure 1.—Location of Blue Creek area, California.

AND LsMARCHE

D35

snags at the then-existing ground level accounts for
the fact that all the stumps now project to apnrox-
imately the same height, about 21 feet above the
present bed of Blue Creek (fig. 2). Tree-ring courts on
six of the largest stumps indicated that the trees were
500-600 years old when they died.

The texture and structure of the deposits under-
lying the terrace indicate that the gravel may have
been laid down in a single catastrophic flood. Similar
deposits buried standing trees along Coffee Creek
(Stewart and LaMarche, 1967) to depths of more than
5 feet in 1964. Another feature suggesting catastrophic
burial of the older redwood trees is the simple pan-
cake form of their root systems, some of which have
been partly exposed by the 1964 erosion. Stone and
Vasey (1968) showed that redwoods deeply buried by
deposition of successive thin layers of sediment at
long intervals develop new root systems at prog es-
sively higher levels from adventitious buds in the
lower parts of their stems. The root system in the
Blue Creek stand did not show such successive levels
of root formation; this is strong evidence that the
trees were killed as a consequence of rapid burial of
their root system to a depth of 20 feet.

The terrace surface supports a mixed stand of
redwoods and Douglas-fir (Pseudotsuga menzieis (Mirb.)
Franco) whose maximum age does not exceel 90
years, as determined by tree-ring counts of increment
cores from the 10 largest trees growing on the terrace
surface near the buried trees. One of the redwood
stumps displaying 560 rings and buried by the terrace
deposit has been dated by radiocarbon analysis. The
radiocarbon date of 850+ 100 years before present
was established on wood 100 rings from the center of
the tree; hence, this established that the older trees
began growth about A.D. 1000 and lived to ebout
A.D. 15604100 years. If the older trees were l-illed
by rapid deposition of flood deposits, then the foods
responsible for their death must have occurred approx-
imately 400+100 years ago. Because the floods of
December 1964 just overtopped the terrace deposit
they are probably of the same order of magnitude as
the event that deposited the terrace material. Thus,
at least one or more floods equal to, or greater than,
the flood of December 1964 have occurred in the past
400 years; that is, since A.D. 15604100 years.

A test of the acceptability of this hypothesis may
be made by comparison with the results of conventional
flood-frequency analysis. The Klamath River, to which
Blue Creek is a tributary, has an unusually long re~ord
of flood events. Data on the major peak flows dating
back to 1862 have been computed by Rantz (1964)
on the basis of floodmarks and the hydraulic prope-ties
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Fiaure 2.—Relation between younger and older trees in eroded terrace deposit along left (south) bank of
Blue Creek.

of the channels. A major peak flow of unknown magni-
tude is also known to have occurred in the 1853 water
year. Annual flood data for the period 1911-67 have
been used to compute a frequency-magnitude relation
based on a log Pearson type-3 distribution (fig. 3).
Data for the historic floods of 1862, 1881, and 1890 are
also shown in figure 3 at recurrence intervals based on
knowledge of the relative magnitude of all major floods
since 1854. The flood of December 1964 is shown by a
dashed line. Extension of the flood-frequency curve
from the base period and historic data would seem to
support the hypothesis of an approximate 400-year
recurrence interval for the flood of December 1964,
although the agreement may be fortuitous.

Botanical and geomorphic evidence of past flood
events can probably be useful in assigning a more
meaningful recurrence interval to floods of large
magnitude.
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SUBMERGENCE ALONG THE ATLANTIC COAST OF GEORGIA

By ROBERT L. WAIT, Richmond, Va.

Prepared in cooperation with the city of Brunswick, Glynn County,

and the Georgia Department of Mines, Mining, and Geology

Abstract.—Cypress stumps recovered from river terrace
material near Brunswick, Ga., may indicate submergence of the
Atlantic coastal area during Holocene geologic time. The older
material, found at a depth of from 9 to 17 feet below mean sea
level, was dated by carbon-14 at 3,670 4 300 years (B.P., 1950);
the younger, found 1 foot above mean sea level and buried in
3 feet of marsh silt and clay, was dated at 2,780 4250 years
B.P. Presence of the cypress stumps may indicate that fresh
water once discharged from the Turtle River, now a drowned
estuary.

Cypress stumps were recovered during dredging
operations on the terrace alongside the Turtle River
near Brunswick, Ga., in 1962, at the crossing of State
Highway 303. Figure 1 shows the location of Brunswick,
the Turtle River, and site of the find. Dredge cuts were
made to depths ranging between 15 and 20 feet to
remove silty clay and marsh material overlying a sand.
The cuts were then filled with sand dredged from the
river bottom to provide firm foundation for the ap-
proaches to the highway bridge. Figure 2 shows the
section at the bridge site that was obtained from the
State Highway Department resident engineer,
Mr. McKinsey. Notations by the dredge operators
give the depth and positions at which stumps were
found during dredging.

The youngest stumps were found buried in marsh
mud 1 foot above present-day sea level. A tide gage
placed on the old bridge by the State Highway Depart-
ment engineers was read at the time the stumps were
collected and established their position with reference
to sea level. The specimen (W-1223), number 1 on
figure 2, was from a stump that was buried in about
3 feet of marsh mud. The tree stump was in place, in an
upright position, and the specimen was sawed from the
root of the stump.

The older stumps (W-1222), number 2 on figure 2’
were found in a sand at depths ranging from about 12
to 20 feet below the surface of the marsh or 9 to 17 feet
below mean sea level. The areas in which stumps were
encountered by the dredge and noted by tl= operators
are indicated by ““S” on figure 2. Although the stumps
were found at a depth range from 9 to 17 feet below
sea level, all could be of the same age as determined by
radiocarbon dating. The older stumps, found on both
sides of the river, were buried in a medium to coarse
sand on the west side and a fine sand and clay on the
east side. Beneath the stumps on both sides was coarse
sand.

Carbon-14 age determinations of the stumps were
made in the radiocarbon laboratory by Meyer Rubin,
of the U.S. Geological Survey. The results are given as

follows:
Age (years
B.P., 1950)

2, 780+ 250

Laboratory No. Site and material description

W-1223____

Wood from stump at 1 foot above
mean sea level, 3 feet below layer
of marsh silt and clay, located
southwest end of Turtle River
Bridge, Georgia Highway 303, in
excavation for new bridge.
Collected September 26, 1962.

Wood fragments from assorted
stumps hit by dredge, depth
from 12 to 20 feet below mean
sea level, located southwest end
of Turtle River Bridge, Georgia
Highway 303, in excavation for
new bridge. Collected September
26, 1962.

W-1222____ 3, 670+ 300

Fragments of wood were submitted to the U.S.
Geological Survey’s Paleontology and Stratigraphy
Branch, Denver, Colo. and were identified as cypress
by R. A. Scott. Scott reported (written commun., 1965),
“The wood is cypress, Tazodium Sp. Identification of
species of cypress is not possible on the besis of wood
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The Wanaque River enters the Pequannock River at
Riverdale, and the Pequannock and Ramapo Rivers
meet to form the Pompton River at Pompton Plains.
The Pompton River enters the Passaic River at Two
Bridges (fig. 1).

METHOD

The method used to compute the reaeration coeffi-
cients in the study reaches was that proposed by Lang-
bein and Durum (1967). They have taken several sets of
laboratory and field data and have shown that a relation
exists between velocity and depth in the stream, and the
reaeration coefficient of the stream. This relation can

be expressed as
f 330
THLS
in which
k:=the coefficient of reseration (to the base 10),
per day; the subscript 2 denotes this coefficient
as the second coefficient in the Streeter and
Phelps (1925) formulation for the deoxygena-
tion (k;) and reoxygenation (k;) of streams,
v=mean velocity in feet per second, and
H=mean depth in feet.

Langbein and Durum (1967) recognized that factors
other than depth and velocity are significant in deter-
mining the reaeration coefficients in streams. For
example, the occurrence of pools and riffles and the
extent of meandering of the stream also affect the rate
of reaeration. Also, temperature, wind, aquatic vegeta-
tion, and other related factors must be considered.
But the most significant hydraulic and geometric
properties that affect reaeration coefficients are the
depth and velocity, and because these two factors are
so significant and are relatively easy to determine,
they were used to compute the reaeration coefficients
in this study.

PROCEDURE

The reaeration coefficients for the river system were
computed for the 50-percent, 80-percent, and 90-
percent points on the streamflow duration curves.
The first step was to develop a discharge profile for
the entire system for each of the duration points.
Five gaging stations were available in the study area; in
addition, two low-flow partial-record stations were on
principal streams of the system, and two additional
low-flow partial-record stations were available on
tributaries. Data from these stations and some miscel-
laneous measurements made for another study were
used to define the discharge profile for each of the
duration points (fig. 2).
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Figure 2.—Discharge profile for 50 percent
duration point.

The next step was to decide how the 16.8 miles of
river system should be broken down for the study.
On the basis of map study and field reconnaissance,
the system was broken down into 18 subreaches, which
ranged in length from 0.5 to 2.2 miles. This subdivision
was made so that each subreach had a constant dis-
charge and a more or less constant cross-sectional area.

Fieldmen then measured the cross-sectional area of a
typical section for each of the 18 subreaches. The cross
sections were selected as being typical of a given sub-
reach rather than being the type that might be selected
for a discharge measurement. In general, the sections
selected for discharge measurements are not typical
because they are usually at contracted and shallow parts
of the stream. In addition to measuring a cross-sectional
area in each subreach, the fieldmen also determined the
discharge duration point from the gaging station at the
time they were collecting the data. Then the data for
each measured cross-sectional area were adjusted to the
cross-sectional areas that would be expected at the 50-
percent, 80-percent, and 90-percent duration pcints.
This was done by using the known or computed re-
lationship between stage and discharge in each sub-
reach and the duration point at which the cross-sect*onal
area data were collected.

Using the discharge profile for each duration point
and the cross-sectional area for each duration point for
each subreach, the mean velocity in the subreach could
then be computed. Using the width and cross-sectional
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TABLE 1.—Results of the computation of the oxygenation coefficients for three duration points
[Symbols: L, length of subreach; H, mean depth; », mean velocity; Q, discharge; ks, coefficient of reaeration]

Duration point

Range of Range of
Subreach No. L H v 50 percent 80 percent 90 percent
(miles) (feet) (ft/sec)
Q ks Q ka Q ks
(cfs) (day-1) (cfs) (day-1) (cfs) (day-1)
U 1.0 1. 16 0. 34 16 0. 92 16 0. 92 1€ 0. 92
2 e 1.1 3.04-2.61 11- . 08 30 . 083 21 . 079 1& . 074
B e 1.2 6.33-6. 00 02- .01 34 . 0057 23 . 0045 2¢ . 0031
4 ooo- .5 . 80- .61 63— . 52 35 2. 80 26 3. 39 21 3.31
B o i .5 1.48- .86 62- . 45 54 1.22 29 1. 37 22 1. 82
6 e .6 1.40- .81 40- .29 56 .85 30 .99 23 1. 27
0 o e .5 .91- . 56 83-1. 18 89 6. 86 44 9.78 3E 8. 44
8 e 1.1 .91- | 56 92— . 59 91 3.45 45 4. 92 37 4, 22
O e .4 1.83-1.58 94— . 49 92 1. 39 47 .91 4C . 88
100 - .. .7 2.22-1.63 33- .69 276 1. 52 114 1. 46 84 1. 19
1 el__ 1.0 1.45- .93 36- .84 278 2.74 115 2. 13 £ 3. 05
12 .. .4 2.18-1.48 89- .42 280 1. 04 116 .92 8¢ .83
18 o i_ 1.0 1.81-1.11 94— .49 282 1. 41 117 1. 50 8¢ 1. 40
14 . 1.3  5.72-5 37 76- .26 286 .25 118 .12 87 . 092
15 oo 1.3 4.75-4.34 .48- .16 291 20 119 .10 8¢ . 075
16 . oo .7 2.69-1.74 65— .31 294 58 121 .44 8¢ .49
17 e 1.3 3.87-3. 60 81- .21 726 44 260 .18 178 .13
18 . 2.2 4.73-4.50 60- .15 740 25 270 .10 182 . 067

area data, it was possible to compute the mean depth
in each subreach. Knowing the mean velocity and the
mean depth, the reaeration coefficient in each subreach
was computed.

RESULTS

The results of the study are shown in table 1. This
table gives the discharge and reaeration coefficient for
all 3 duration points for each of the 18 subreaches. It
also gives the length and the range in depth and velocity
for each of the subreaches. The subreaches are numbered
in consecutive order downstream from the beginning of
the system.

For the 50-percent duration point, the discharge (@)
ranged from 16 to 740 cubic feet per second, and the
reaeration coefficients ranged from 5.7 10~ 3per day
to 6.86 per day. For the 90-percent duration point, the
discharge ranged from 16 cfs to 182 cfs and the re-
aeration coefficients ranged from 3.1 1072 per day to
8.44 per day. The discharge for subreach 1 is the same
for all duration points because this is the required re-
lease for conservation purposes from Wanaque Reser-
voir, and the only time the discharge is greater than
16 cfs is during periods of reservoir spillage, which is
less than 10 percent of the time.

As might be expected, subreach 3, whicl' is a deep
slow pool caused by a dam across the Wanaque River,
has the lowest reaeration coefficient, wheress subreach
7, which is a shallow relatively swift reach of stream,
has the highest reaeration coefficient.

The results obtained are consistent with vhat might
be expected in this stream system. Thus, the reaeration
coefficients are being applied in determining the oxygen
sag that would be caused by the addition of new
waste-water discharges to the stream system.

Although the computation of these reaeration coeffi-
cients is based on an empirical relationship, the
coefficients are better than those derived from labora-
tory studies or those computed for another river
system, because in this case they were computed from
actual field data from the river system to which they
apply. At present (1968) there appears to be no better
method to obtain these coeflicients as readily and
inexpensively.
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SLOPE-DISCHARGE RELATIONS FOR EIGHT RIVERS
IN THE UNITED STATES

By CHARLES W. CARLSTON, Washington, D.C.

Abstract.—Graphs showing slope versus mean annual dis-
charge have been prepared for eight rivers in the United States,
and eye-fitted lines were constructed for those rivers showing
acceptable statistical correlation of slope with discharge. Two
alluvial-bed graded rivers, the Red River of Louisiana and
Arkansas and the Arkansas River, showed a very close correla-
tion of slope varying with discharge. A third river, the Missouri,
showed a slope-discharge relation of sQoC %° for more than
1,800 miles upstream from its mouth. Two other rivers, the
Tennessee-Holston and the Delaware, showed a good correla-
tion of slope with discharge. The remaining three rivers—the
Ohio, the Susquehanna, and the Alabama and its headwaters—
showed no correlation of slope plotted against discharge.

In a paper published in 1964 on equilibrium states
in channel morphology, W. B. Langbein and L. B.
Leopold stated that in rivers the relation of slope (s)
versus discharge (@) generally lies within limits of
8@~ %% and sxQ 1% with an average near soQ~°7
(Langbein and Leopold, 1964, p. 786). In a study of
the slope characteristics of a number of rivers east
of the Rocky Mountain front, described in the present
report, I have attempted to distinguish between the
slope characteristics of ungraded rivers and graded
alluvial-bed rivers whose longitudinal profiles are un-
affected (at even very great vertical exaggeration) by
irregularities caused by the outcrop of resistant ledges
of bedrock.

As a byproduct of the study it was decided to investi-
gate the characters of the varied relations of the slope
versus mean annual discharge of eight of these rivers
by graphical plotting on logarithmic-type paper (slopes
obtained from U.S. Corps of Engineers profiles).
Longitudinal profiles and maps of three of these rivers
indicated that they were graded rivers; these are the
Red River of Louisiana and Arkansas, the Arkansas
River, and the Missouri River. Two of the remaining
rivers—the Ohio River and the Tennessee River and
its Holston River tributary—are low in gradient and,
despite showing some bedrock outcrop irregularities

in their profiles, appear to be approaching grace in
parts of their courses. The remaining three rivers,
the Delaware, the Susquehanna, and the Alaksma
River and its headwaters, the Coosa, Oostanaula and
Conasauga Rivers, drain the Atlantic and east Gulf
slope of the Appalachians, where the rivers are largely
ungraded.

Acknowledgments—I1 am indebted to Dr. M. G. Wol-
man, Johns Hopkins University, and W. W. Emmett,
U.S. Geological Survey, for their most helpful critical
reviews of this manuscript.

GRAPHICAL CORRELATION OF THE EIGHT RIVERS

The Red River is considered to be in a graded condi-
tion throughout the range of mean annual discharge
(Q.) points that were graphed. For the Red River there
is a close relation to an eye-fitted line. The trend of
the line shows the relationship sc @, %% (see fig. 1).

Also shown on figure 1 is the graphical relation of
slope to discharge for the Arkansas River. The nearly
vertical arrangement of the first three points shows
conditions in its ungraded mountain headwaters where
slope is decreasing rapidly with little change in dis-
charge. Shift of the points to the left shows the effects
of diversion of water for irrigation at the foot of the
mountains. The graphical slope of the points from here
on to the end of the graph is highly correlated and
indicates a relation of s Q, %% or very similar to that
found on the Red River (see fig. 1).

The graph for the Missouri River begins with a
steep slope representing the mountainous headwaters.
After this, where the discharge of 7,500 cubic feet, per
second increases to 56,000 cfs, the slope of the Missouri
varies only from 0.00015 to 0.00023. The higher slopes
shown in the range of discharge from about 25,007 cfs
to 35,000 cfs are the results of the loads carried into
the river by the Niobrara and Platte Rivers. Slopes
were obtained from a 1930 dated profile made before
channel improvement and reservoir construction on
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Figure 1.—Sl()pe-dischai\1;ige relations of the Red, Arkansas, and
issouri Rivers.

the river. For that reason, discharges given are also
average discharges for the 1930 water year. For this
section of the river the longitudinal slope indicates a
graphical relation of s « @,%° (see fig. 1).

A good graphical correlation can be made for the
slope-discharge graph of the Tennessee River and its
headwater, the Holston River. There are irregularities
in its profile (such as Muscle Shoals and other bedrock
outcrops) which indicate that the river is not yet in a

ANALYTICAL STUDIES OF STREAMFLOW

fully graded condition, but the close alinement of the
points in the central parts of the graph suggests that
this part of the river’s longitudinal profile is approaching
a graded condition. The relation of slope tc discharge
for this river is s o« @,,~%2 (see fig. 2).

The lower part of the Ohio River below the Falls of
the Ohio at Louisville, Ky., has a constart slope of
only 0.000056 for a distance of 370 miles. T"is section
of the river is shown by the three points of highest
discharge. Upstream from Louisville the points on the
graph for the Ohio are highly uncorrelated (see fig. 2).

Although there is a fairly high degree of irregularity
of the points on the graph for the Delaware River (see
fig. 3) they nevertheless show a good graplical aline-
ment in the relation s o< @,,~%%.
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The slope-discharge graph for the Susquehanna River
is highly uncorrelated and represents an excellent
portrayal of an ungraded river flowing across bedrock
of highly varying degrees of resistance to erosion (see
fig. 3).

The lower course of the Alabama River is at a very
low gradient (0.000053) for 240 miles. Its constant
slope in this region is shown by the two dots on figure
4 at the right end of the graph. The very high slope in
the graph shows the Coosa River’s course across the
crystalline rocks of the Fall Zone. Two stretches of the
river headwaters have constant slopes of 0.00012 and
0.00027, respectively, and they appear on the left part
of the graph.

although eye-fitting lines could be constructed for the
Tennessee River and the Delaware River. For the Red
River, the Arkansas River, the Tennessee River, and
the Delaware River, slope varies with discharg» by
powers ranging from —0.50 to -—0.93 and averages
—0.65. If the 0.0 exponent for the Missouri River is
added to this listing, the average becomes socQ,~%%.
Although this relationship between slope and discharge
is empirical, it is a useful tool in showing the very close
correlation between slope and discharge in an alluvial-
bed graded river, or river segment, as well as showing
the complete absence of correlation of slope with dis-
charge in a typical ungraded stream such as the
Susquehanna River.
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THE USE OF PRECIPITATION RECORDS
FOR PEAK STREAMFLOW SYNTHESIS

By ERNEST D. COBB, Washington, D.C.

Abstract.—A major problem in the extension of peak stream-
flow records by synthesis from precipitation records is to obtain
a representative long-term precipitation record for the particular
basin being studied. To help solve this problem a flood-frequency
curve at a given site was developed using long-term precipitation
records from surrounding areas and a relation with three climatic
variables. This method was used on two Alabama streams and
may be applicable to other similar areas. For a selected stream-
flow site, a set of frequency curves is synthesized from long-term
precipitation records of surrounding areas. The flood of a given
recurrence interval, T, for the stream site studied is then esti-
mated from a relation between the T-year floads, obtained from
the set of synthesized frequency curves, and a rainfall variable.

The U.S. Geological Survey is studying the discharge
characteristics of small streams throughout much of the
Nation. Most of the records on these small streams are
short (5-10 years); hence the effectiveness of conven-
tional methods of flood-frequency analysis is limited.
Attempts are being made to use long-term precipitation
records and runoff-rainfall models for the purpose of
extending streamflow data by synthesis.

The areal distribution of long-term (about 50 years
or more) continuously recorded precipitation records is
generally inadequate for direct use of a long-term
precipitation record at each gaging station site. For
example, in some States only 3 to 5 long-term continu-
ously recorded precipitation records are available, and
the characteristics of these records are often significantly
different. This paper describes a method for using long-
term precipitation records to synthesize flood-peak data
at stream sites which are remote from the precipitation
stations.

DATA USED

Alabama was chosen as a study area for the follow-
ing reasons: First, a runoff-rainfall model had been
developed and calibrated for several streams in the
area (Peirce, 1965); second, detailed long-term pre-

cipitation records have already been tabulated; and
third, the area was not unduly complicated by large
physiographic variations.

Annual precipitation in Alabama is heaviest near the
Gulf of Mexico and generally decreases as one moves
inland. In the northeast corner of the State, the Appa-
lachian Mountains provide mechanical lifting of air
masses; this produces some modification of precipita-
tion in that area. The variation of mean-annual pre-
cipitation over the State is shown in figure 1.

The long-term hourly precipitation records used in
this study are those for Mobile, Ala. (1906-53), Mont-
gomery, Ala. (1897-1957), Birmingham, Ala. (1904-57),
Meridian, Miss. (1901-57) and Chattanooga, Tenu.
(1906-57). The locations of these stations are shown in
figure 1.

Gages used in the collection of each of the above
records have been moved one or more times during the
periods of record. The consistency of each record of
annual totals relative to the others was tevted by the
double-mass method. This test was not extended to
totals for periods shorter than a year.

The double-mass curve for Montgomery, Ala., rela-
tive to the mean of six other precipitation stations,
indicated a distinct change in slope corresponding to
a gage location change on June 9, 1933. Similarly,
the double-mass curve for Chattanooga showed a change
in slope corresponding to a gage location change on
October 1, 1909. Double-mass curves drewn for the
other three records, however, did not reveal any in-
consistencies.

Adjustment factors determined from double-mass
curves of annual values are not necessarily applicable
to precipitation durations shorter than 1 year. Hence,
no adjustments were applied to the record-. However,
because of the inconsistencies in certain records, any
techniques using these records are expected to be some-
what less reliable than if all the records wer» consistent.
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Ficure 1.—Map of Alabama, showing mean-annual pre-
cipitation, locations of long-term recording precipita-
tlorzl gages, and locations of stream sites used in this
study.

TECHNIQUE DEVELOPMENT

A method counsidered for the transference of precipita-
tion records to intermediate sites for flood-peak data
synthesis was to synthesize the precipitation data at
each stream site studied. This could be accomplished
by determining various distribution characteristics of
the long-term precipitation records, such as the mean,
variance, skew, and serial dependence of both hourly
precipitation and periods of no rain (Pattison, 1965).
Then the distribution characteristics could be simply
interpolated between the long-term record sites or
related to various precipitation characteristics, such as
mean-annual or annual 3-hour maximum precipitations.
Isograms of the distribution characteristics could then
be drawn on a map of the area. Thereafter, for any
selected location, the distribution characteristics for
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that site could be determined from the mapped cherac-
teristics and a precipitation record synthesized.

An advantage of synthesizing precipitation data is
that it provides records of any length, but thers is
some question as to which precipitation characteritics
are needed for flood-peak data synthesis and how ac-
curately precipitation characteristics can be mapped.
In the method described in this paper, only precipita-
tion characteristics available from U.S. Weather Bureau
maps were used to adjust for nonrepresentative pre-
cipitation at a selected site.

A runoff-rainfall model developed for Alabama
streams by L. B. Peirce (1965) was used to obtain data
for analysis. The Peirce model relates peak discherges
to storm-precipitation depths, storm duration, ente-
cedent conditions, and time of year. Graphical relations,
needed for the Peirce model, have been developed for
several small Alabama streams. Two streams were
chosen for this study: Jones Creek, near Epes, which
is on the Coastal Plain and drains an area of 11.7
square miles; and Wedowee Creek, above Wedowee,
which is in the Piedmont and drains an area of 6.5
square miles (see fig. 1).

Each of the five long-term precipitation records
shown in figure 1 were used with the runoff-rainfall
model to synthesize flood peaks. Flood-frequency
curves defined by each of the five sets of annual flood
peaks are shown in figures 2 and 3.

The variables that accounted for the differences in
the synthesized flood-frequency curves were empirically
determined to be the mean-annual precipitation, P,
the 2-year-3-hour, and the 50-year-3-hour precinita-
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Ficure 2.—Frequency curves for Jones Creek near Epes,
Ala., for synthesized peaks using various long-term pre-
cipitation records.
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Ficure 3.—Frequency curves for Wedowee Creek above
Wedowee, Ala., for synthesized peaks using various long-
term precipitation records.

tions, P, and Py, respectively. These variables were
combined into a single rainfall variable, R, defined as
Psy— P,

RZT (1)

The differences in the 10- and 50-year floods, from
the curves of figure 3, are related to R in figure 4.
These relations are of the form

QT:a+bR’ (2)

in which @, is the discharge corresponding to the
recurrence interval T, and @ and b are constants deter-
mined by the method of least-squares regression
analysis. Values of Py and P, can be obtained from
U.S. Weather Bureau Technical Paper 40 (1961).
Values for P can be determined from the U.S. Weather
Bureau series, “Climates of the States” (U.S. Weather
Bureau, 1959-60).

The specific relations developed for Jones Creek and
Wedowee Creek along with the corresponding standard
errors of estimate are given in table 1. The relations
are all significant at the 0.05 significance level.

TaBLE 1.—Relations of Qr tersus R for T=10 and 60 years
with corresponding standard errors of estimate, in cubic feet per
second, for Jones Creek near Epes, Ala., and Wedowee Creek
above Wedowee, Ala.

Standard error

o Location Relations of estimate (cfs)
Jones Creek__________ Q10=227,400R—4,524 _____ 124
Q50=307,300R—6,140______ 152
Wedowee Creek______ Gho=97,550R—2,131.______ 101
Q50=116,000R—2,239______ 108
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Ficure 4.—Relation of the 10- and 50-year recurrence
interval floods to the rainfall variable, R, fo- Wedowee
Creek above Wedowee, Ala.

PROPOSED STEPS IN THE DETERMINATION OF A
SYNTHESIZED FLOOD-FREQUENCY RELATION

Assuming that an adequate runoff-rainfell model is
available, a synthesized flood-frequency relation can be
determined by use of the technique described in this
article. Below are the steps for determining the fre-
quency relation.

1. Calibrate the runoff-rainfall model to be used in
the extension of the peak-flow record with tl~ observed
at-site precipitation and streamflow records.

2. Compute synthesized peak runoff by using pre-
cipitation data from surrounding area long-term
precipitation records. Peaks are synthesizel by using
the runoff-rainfall model and the calibration determined
in step 1.

3. Determine the frequency curve for each set of
peaks synthesized from each long-term precipitation
record.

4. Obtain Py and Py from U.S. Weatl'or Bureau
Technical Paper 40 (1961) and P from the U.S. Weather
Bureau series “Climates of the States” (1959-60) for
each long-term precipitation station.

5. Compute R from equation 1 for eacl long-term
precipitation station.

6. Determine the selected T-year discharge, Qr, from
each of the computed frequency curves of step 3.

7. Determine the constants @ and b of equation 2,
by the method of least squares. These constants apply
only to the selected recurrence interval. If the equation
for a different recurrence interval is desired, a new set
of constants must be determined.
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8. Compute R by using values of Ps, P, and P,
as determined in step 4, for the stream basin under
study.

9. Enter equation 2 by using the constants from
step 7 and the R value from step 8, and,_ compute Qr
for the basin studied.

10. Repeat steps 6, 7, and 9 for three or more
values of 7 and plot the resulting @r versus T on
probability or frequency paper. Determine a curve of
best fit to obtain the desired synthesized flood-frequency
relation.

A frequency curve computed in the above manner
is shown in figure 5 for Wedowee Creek above Wedowee,
Ala. Although eight annual flood peaks are not adequate
to make a reliable comparison, the observed annual
flood peaks for Wedowee Creek are plotted in figure 5
to show that no large discrepancy exists between
observed and computed results.
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Figure 5.—Synthesized flood-frequency curve for
Wedowee Creek above Wedowee, Ala., determined by
the desfcribed techniques. Observed data shown for
comparison.
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DISCUSSION

The technique described in this paper may be applied
most efficiently when a computerized runoff-rainfall
model is used. With a graphical runoff-rainfall model,
the procedure becomes time consuming because flood
peaks for each stream site must be synthesized from
three or more precipitation records. The synthesis of
flows for several sites where several precipitation records
per site are used often may require little more effort
than the synthesis by an electronic computer of a single
record per site.

Errors in a synthesized flood-frequency relation in-
clude those associated with the runoff-rainfall model
and those resulting from the use of a nonrepresentstive
precipitation record. The methods described herein
reduce the latter type of error. Their effectiveness in
reducing the error is a function of the accuracy
of the precipitation-characteristics maps and of the ad-
equacy of the variables used.

At present, this method for determining flood-
frequency curves by using long-term precipitation rec-
ords has been investigated for only the two stream sites
in the Alabama area. Thus, further work in synthesizing
flood-frequency curves by using precipitation records
is in order. However, the technique of adjusting flood-
frequency relations instead of trying to adjust a pre-
cipitation record directly holds considerable prorise,
at least for areas similar to those of Alabama.
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FLOOD HEIGHT-FREQUENCY RELATIONS FOR THE PLAINS AREA

IN MISSOURI

By E. EUGENE GANN, Rolla, Mo.

Work done in cooperation with the Missouri Division of Geological Survey

and Water Resources and Missouri State Highway Commission

Abstract.—Regional relations are defined for estimating the
heights of floods having recurrence intervals ranging from 1.2
to 50 years at natural flow sites in the plains area of Missouri.
Drainage-area size is the only independent variable required.
Average standard errors of the relations range from 21 percent
for the 50- and 25-year floods to 35 percent for the 1.2-year
flood. A method is presented for utilizing the relations at ungaged
sites.

Regional flood height-frequency relations defined for
the plains area of Missouri (fig. 1) can be used to
estimate flood heights corresponding to selected fre-
quencies at ungaged sites where natural floodflows and
stream channels exist. These relations will be useful in
the preliminary planning of proposed flood-plain
developments.
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Fieure 1.—Physiographic regions of Missouri. Area for which
relations shown in figure 2 are applicable is shaded.

A study by Leopold and Maddock (19563) showed
that for less than bankfull discharge a basin-wide rela-
tion exists between stream depth and disclarge when
discharge is of equal frequency of occurrence at all
sites. They proposed a general equation of the form
d=cQ’, where d is the average cross-section depth, @
is the discharge of a given frequency at the section,
and ¢ and f are constants for a given frequency. Thomas
(1964) found this type of relation applicable for greater
than bankfull discharges in New Jersey, and for sim-
plicity modified the equation to h=c@’, s, where h
is the height of the water surface above the average
channel bottom determined at time of median (50-
percent duration) discharge, Q,ss is the mean annual
flood discharge (recurrence interval of 2.33 years), and
¢ and f are constants for a given frequency.

A further modification of Thomas’ eauation to
h=cA’, where A is the contributing drainege area, h
is the height of the water surface above the elevation
of the 50-percent duration discharge, and ¢ and f are
as previously defined, has been found to adequately
describe the flood height-drainage area—frewuency re-
lation for the plains area in Missouri. These relations
are presented graphically in figure 2.

The relations shown in figure 2 were defined from
discharge-frequency and elevation-discharge curves at
81 stream-gaging stations. The higher frequency flood
discharges were not defined for all 81 station=. and only
42 and 47 stations were used to define, respectively,
the 50- and 25-year flood relations.

Drainage areas for the stations used in defining the
relations ranged from less than 1 square mile to 8,000
square miles. The 50-year flood discharge is not defined
for drainage areas of less than 50 square miles in the
plains area of Missouri; therefore, the extended 50-
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Fieure 2.—Regional flood height—drainage area—frequency
relations for the plains area in Missouri.

year relation is shown as a dashed line in figure 2 for
drainage areas less than 50 square miles.

Values of the exponent f were found to range from
0.130 for the 50-year flood, to 0.215 for the 1.2-year
flood, and values of the coefficient ¢ ranged from 2.65
for the 1.2-year flood to 10.0 for the 50-year flood.
Average standard errors, determined graphically, for
the relations range from 21 percent for the 50- and 25-
year floods to 35 percent for the 1.2-year flood.

The use of figure 2 requires knowledge of the ele-
vation corresponding to the 50-percent duration dis-
charge. This information must be estimated at an
ungaged site. For most streams in the plains drea of
Missouri, the elevation of the 50-percent duration
discharge is seldom found to exceed the elevation of
zero flow by more than 1 foot. The elevation of zero
flow corresponds to the lowest point at the upper end
of the riffle just downstream from the point of interest,
and it is suggested that the flood height be measured
from the point of zero flow. When measuring flood
height from the point of zero flow and for drainage
areas larger than 100 square miles, add 1 foot to the
values from figure 2 to adjust for the difference be-
tween the elevations of the 50-percent duration dis-
charge and the point of zero flow.

The following examples will illustrate the use of
figure 2.
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Example 1: Assume that an estimate of the elevation of
the 50-year flood is desired for a site on a stream
draining 300 square miles in the plains area of
Missouri.

Step 1: Determine the elevation of zero flow at the
upper end of the first riffle downstream from
the site. Assume an elevation of 600 feet above
mean sea level for this example.

Step 2: Determine the flood height from figure 2
for a 300-square-mile drainage area and a 50-year
flood to be 21 feet. .

Step 3: Add 1 foot for drainage areas larger than
100 square miles. The desired elevation is
therefore 6004-2141=622 feet above mean
sea level.

Example 2: Assume that a profile of the 50-year flond is
desired for a 5-mile reach of the stream in example 1.
Step 1: Plot the low-water profile of the desired
reach of stream from a topographic map.
Step 2: Determine the flood height for the desired-
frequency of flood from figure 2.
Step 3: Add flood height to low-water profile
elevations to obtain the estimated flood profile
for the desired frequency.

The relations described in this article are applicable
only to sites where the floodflow and river channe' are
virtually natural. Less confidence may be placel in
estimates from these relations than from estimates
based upon computations using open-channel hy-
draulics formulas and detailed flood-peak estimsting
relations (Sandhaus and Skelton, 1968). Despite these
limitations of use and accuracy, flood depths can be
quickly and easily estimated from the presented rela-
tions and they should be useful for solving many
common engineering and land-use planning problems.
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AN EMPIRICAL FORMULA FOR DETERMINING THE AMOUNT
OF DYE NEEDED FOR TIME-OF-TRAVEL MEASUREMENTS

By JAMES F. WILSON, JR., Cheyenne, Wyo.

Abstract.—Data from time-of-travel measurements in a wide
variety of streams have been used empirically to relate the
amount of rhodamine B dye required for slug injections to the
volume of flowing water in a stream reach. The formula requires
slight modification for low-flow or low-velocity measurements,
or for use with Rhodamine WT, a newer dye for which sufficient
field data are not vet available.

Since 1962 the U.S. Geological Survey has used
fluorescent dyes routinely to measure time of travel
and longitudinal dispersion of soluble materials in
streams. Dilution gaging, the measurement of stream
discharge, is a similar but separate activity. The only
significant recurring problem in time-of-travel measure-
ments has been determining the amount of dye required
for a given situation. With little empirical data avail-
able, Buchanan (1964) and his colleagues developed
the first rule-of-thumb formula for slug injections
(continuous injections are rarely used), and it worked
surprisingly well. By late 1965 a large number of time-
of-travel measurements had been made with rhodamine
B dye and its various solutions (such as DuPont
Rhodamine BA) in a wide variety of streams. The
writer has attempted to use those data to improve
Buchanan’s formula empirically. The result, although
an improvement, is still not entirely satisfactory, but
is reported here as the best available method to date
for slug injections. Further improvements undoubtedly
will be possible as more field data are collected.

Any dosage formula should be limited by safety at
the high-concentration end of the scale and by the
detectibility of the dye at the low-concentration end.
To avoid any potential problems caused by imparting
undesirable taste or discoloration to the water, and to
maintain a high factor of safety, the U.S. Geological
Survey has adopted 10 micrograms per liter as the
maximum dye concentration, (,, permitted at any

water intake or similar critical feature along a stream
(Wilson, 1968, p. 6). Field experience indic~tes that a
minimum C, of about 1 pg/l is necessary fcr adequate
interpretation of the data, although less than 1 ng/l is
sometimes acceptable. Within this range of 1-10 pg/l,
economics is a factor—the use of more dye than neces-
sary to produce a C, of 1-2 yg/l at the lower end of a
design reach is both wasteful and, for the larger streams,
expensive.

A perfect dosage formula could be developed if it
were possible to determine accurately in advance (1)
the volume of flowing water in the reach, (2) the amount
of dilution which will take place by the time the dye
reaches the lower end of the reach, and (3) the amount
of apparent loss of dye in the reach. Loss of dye,
resulting either from a permanent decrease in fluores-
cence of the field samples or from a true loss of dye
above the sampling site, is difficult to predict in ad-
vance. Losses depend on a variety of environmental
conditions such as direct sunlight and water quality,
which may destroy the dye or impair its ability to
fluoresce; channel configuration, which may cause some
of the dye to be held in storage; and aquatic vegetation
and bed material, which attract and hold some of the
dye by sorption.

Because of the difficulties in predicting d‘lution and
dye loss, an empirical approach which ignored these
two factors and was based on the volume of flowing
water was attempted. Data from measurements on
49 reaches (most studies used more than one dose)
are plotted in figure 1. Ordinates represent volume of
dosage, ¥, in gallons of 40 percent rhodamine B (or
DuPont Rhodamine BA) solution necessary to produce
a C, of exactly 1 ug/l at the lower end of the design
reach. The amount of dye actually used was converted
to equivalent gallons of 40-percent solution end divided
by the observed C, to obtain the plotting value. Con-
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Ficure 1.—Relationship of (1) the amount of 40-percent
rhodamine B dye solution required to produce a peak con-
centration of 1 ug/l at lower end of reach to (2) the volume
of flowing water in reach.

centrations usually are proportional to the amount of
dye used. Abscissas represent the volume of flowing
water in the design reach, defined as QL/V, where Q
is the observed discharge in cubic feet per second, L is
the reach length in miles, and V is the observed mean
velocity of the dye in feet per second. For convenience
the units are expressed as ft’-miles (derived from
cfs Xmile—1fps), to obtain a formula in terms of units
normally used in the field. Cubic feet or gallons might
have been used instead of ft*miles, but with less
convenience.

Variations in dispersion (primarily a function of
velocity) and dye loss probably account for much of
the scatter in figure 1. Human errors in data collection
and analysis are probably much less significant. Rather
than resorting to a least-squares method, the curve
was placed by eye as a 45° line because a linear formula
would be easier to use in the field and because such a
curve, for the data used, is probably as meaningful as
one defined mathematically. If only one curve is used,
it must be conservative at the upper end because of
the large amounts of dye involved. On the other hand,
it is probably better to tend to overdose slightly, thus
increasing the risk of wasted dye, than to underdose
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and risk wasting the time and effort put into the study
by not being able to detect the dye adequately.

From the curve in figure 1, the following formula
was derived for computing the amount, ¥, of 40-
percent rhodamine B solution in gallons (regardless of
specific gravity):

¥,=(4.00X 10-5)%£‘0,,.

To use the formula for computing 40-percent rho-
damine B in pounds, one should replace the coefficient
4.00X107% by 3.44X107*, for solutions with a specific
gravity of 1.03 (DuPont Rhodamine BA, for example)
and by 3.73X107*, for solutions with a specific gravity
of 1.12 (common rhodamine B).

Discharge and reach length are usually known,
whereas velocity must be estimated (the obvious weak
point in any dosage formula). As a general rule, a C,
of 3 ug/1 is recommended.

However, the distribution of the plotted points in
figure 1 indicates that, unless modified, the above
formula may cause slight overdosing on large fast
streams, and serious underdosing on small slow streams.
Hence, the value of C, used in the formula may be
modified by the user, on the basis of his experience and
his evaluation of stream conditions.

For small slow streams, dye costs are not significant,
and the user may increase O, in the formula to 4-6
ug/l. Where long pools and very low velocities exi-t, a
C, as high as 9 or 10 ug/l should be used. Values greater
than 10 ug/l should not be used. On larger streams with
velocities greater than 2 fps, ¢, may be reduced to as
little as 1 ug/l for economy, with reasonable assurance
of success. Data available to the writer for the October
1966 measurements on the Missouri River indicate
that the for<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>