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SEDIMENT-PHOSPHORUS RELATIONS IN SURFAc •

RUNOFF F}W IRRIGATED LADS

By D. L. Carter, Supervisory Soil Scientist, M. J. Brown, Soil Scientist,
and J. A. Bondurant, Agricultural Engineer, Agricultural Research Service,
Kimberly, Idaho.

ABSTRACT

Phosphorus and sediment concentrations were measured in irrigation and
drainage waters, and phosphorus and sediment inflows and outflows comput-
ed. Relationships between phosphorus and sediment were developed. Total
phosphorus and orthophosphate concentrations measured in nonfiltered
samples are closely related to the sediment concentration, but dissolved
orthophosphate measured in samples filtered through 0.45 pm membrane
filters is independent of the sediment concentration. A net sediment in-
flow was found on one large tract where sediment settles in drains and the
amount of surface runoff is low, but a net sediment outflow was found for
another tract with steeper drains and from which more surface runoff re-
turned to the river. Net phosphorus inflows were measured on both tracts.
Particle size segregation takes place in irrigatior, and drainage waters
-whenever the flow velocity is slow enough to all y. suspended sediment to
settle, and the quantity of phosphorus per un1.1: tt sediment remaining
suspended increases. Actually, much more phn....lorus settles with that
portion of the sediment that settles than remains in suspension where sedi-
ments are eroded from silt loam or loam soils. Thus, conditions favoring
settling are phosphorus conserving conditions.

INTRODUCTION

Phosphorus is tightly held by most soils and sediments, and the amount
solubilizing, precipitating or combining with sediments depends upon
equilibria conditions between the phorphorus in the ambient solution and
that attached to or held by sediments. Sediments may scavenge phosphorus
from solution (Taylor and Kunishi, 1971), and many sediments have a great
capacity to do so (Latterell, Holt, and Timmons, 1971). Sedimdnts also
represent a vast phosphorus reservoir that can maintain . a low and nearly
constant water-soluble phosphorus concentration in a lake or stream for a
very long time.

*Sediments carry large quantities of phorphorus into waterways each year as
a result of erosion (Viets, 1971; Wadleigh, 1968). Phosphorus is a limit-
ed, valuable, natural resource required by all living organisms, and re-
claiming it from ocean and lake sediments would be extremely expensive.
Therefore, the phosphorus entering waterways ultimately reaching the
ocean or other large water bodies represents a phosphorus loss to man,
animals, and plants, except those living in aquatic environments.

Irrigated agriculture involves very complex and dynamic solution-to-solid
phase equilibria for phosphorus. Irrigation waters from rivers and streams
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carry sediment loads and associated phosphorus that vary through the sea-
son. These waters have a dissolved phosphorus concentration that may
also vary during the season. When this water is applied to close growing
crops, like alfalfa and grass, the sediment and the associated phosphorus
is usually deposited upon the land. Dissolved phosphorus is effectively
removed from the water that percolates through the soil (Carter, Bondur-
ant, and Robbins, 1971; Carter, Robbins, and Bondurant, 1973). In contrast
when the water is applied to recently cultivated row crops, the soil ray
erode adding to the sediment and associated phosphorus loads in the run-
off water. Surface and subsurface drainage waters from fields of various
crops may enter surface drains and mix. In some cases flow velocities in
drains are low or the water is passed through a sediment pond and sedi-
ments settle. In other cases, the flow velocity is high and there is no
settling until the water reaches a river or a reservoir along a river, or
in some cases, the ocean. All these dynamic processes can influence
phosphorus equilibria.

During the past 6 years, we have been studying phosphorus inflows in the
irrigation water and outflows in the drainage water from large irrigated
tracts, and phosphorus-sediment relationships in irrigated agriculture in
an effort to determine the extent of phosphorus losses from irrigated
lands and to develop information useful for reducing such possible losses.
This paper reports phosphorus and sediment concentrations in irrigation
and drainage waters for two large tracts, functional relationships be-
tween sediment and phosphorus concentrations in irrigation and surface
runoff waters, phosphorus inflows and out123ws for two large tracts,
phosphorus:sediment rations, and related information.

MATERIALS AND METHODS

The studies involved the 82,030 ha (202,700 a) Twin Falls Canal Company
tract and the 65,350 ha (161,480 a) Northside Canal Company tract and the
sampling sites previously described (Brown, Carter, and Bondurant, 1974).
Three samples were collected at 2-week intervals at each site. They
were: (1) a 200 ml sample filtered through a 0.45 pm membrane filter
immediately upon sampling, (2) a 200 ml nonfiltered sample, and (3) a 10
liter nonfiltered sample. Biological activity was stopped by adding 40
mg HgCl /liter immediately as samples were collected. The 200 ml samples
were refrigerated at 4 C until analyzed. The 10 liter samples were allow-
ed to settle for 1 week in the laboratory, and then the supernatant was
siphOned off and analyzed for phosphorus concentration. The sediment and
a small amount of solution were transferred to weighed containers, dried
at 105 C and weighed to determine sediment concentrations. The settling
time exceeded that needed for 1.0, pm particles to settle the depth of the
sample according to Stokes law. All samples were collected at a drop
structure, culvert or turbulent zone to assure that the samples properly
represented the Cream and its sediment load. At some sites a fractional
water-sediment sampler was used to assure representative samples (Heine-
mann and Brown, 1972):
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All samples were analyzed for dissolved and total orthophosphate, dissol-
ved and total hydrolyzable phosphorus and total dissolved and total phos-
phorus following chemical treatments previously described (Carter, et al.-,
1974). Dissolved organic and total organic phosphorus concentrations were
obtained by'subtracting orthophsophate plus hydrolyzable phosphorus from
total phosphorus for the dissolved and total categories. The chemical
treatments used were essentially those recommended by the Environmental
Protection Agency (Environmental Progection Agency, 1974). Phosphorus
concentrations were measured in the solutions following chemical treat-
ment by the ascorbic acid method {Watanabe and Olsen, 1965). The pH was
adjusted before adding the ascorbic acid-ammonium molybdate solution con-
taining potassium antimony tartrate to assure reproducible results
(Carter, et al., 1974).

Regression and correlation analysis were employed to evaluate sediment-
phosphorus relations in irrigation and surface runoff waters. Such
analyses were completed for dissolved orthophosphate and total phosphorus
only because as studies progressed, hydrolyzable and organic phosphorus
concentrations in irrigation and drainage waters seemed insignificant.

Sediments collected from the 10 liter samples were analyzed for total
phosphorus by suspending 0.1 g subsamples in 40 ml of distilled water
and following the persulfate digestion procedure for water samples (Carter,
et al., 1974; Environmental Protection Agency, 1974). NaCHO

3
 extractable

phosphorus was determined by extracting 5 g samples with 100-ml 0.5 M
NaHCO solution and determining the phosphorus concentration by the
ascorbic acid method (Watanabe and Olsen, 1965). Where only small amounts
of sediments were obtained, 0.5 g of sediment was extracted with 10-ml
of the solution.

Sediment, dissolved ortho7 ..whate and total phosphorus inflows in the
irrigation water and outflows in the surface drainage water were calculat-
ed for a typical irrigation season for the two tracts. This was done by
multiplying the phosphorus and sediment concentration for each 2-week
sampling period by the quantity of flow for that period and accumulating
the results for the season.

The relationship of phosphorus concentration to particle size was in-
vestigated by collecting samples from the surface 15-cm of field soils
from certain subbasins in the two tracts, mixing soil samples with water
without the aid of dispersing reagents, and allowing samples to settle
for the time periods that gave an aggregate or particle size segregation
into sand, silt, and clay sizes. This segregation was assumed to simulate
processes taking place as eroded soil enters drainage streams and sub-
sequently settles as the flow velocity decreases. Complete dispersion was
not expected under these conditions, and some aggregates containing clay
settled in the sand and silt fractions. These size fractions were analyzed
for total- and NaHCQ 1-extractable phosphorus. Surface soil samples were
collected from both tracts on a grid and analyzed for total and NaHCO
extractable phosphorus so that results could be compared with those f3rom
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sediments collected from surface drainage streams. Additional evidence
that particle size segregation takes place in drainage streams was ob-
tained by calculating phosphorus:sediment reties (the quantity of phos-
phorus per unit of sediment) for some drainage streams with flow velocit-
ies slow enough to allow settling and some with high flow velocities so
that there was little or no settling. Dissolved orthophosphate concen-
trations were subtracted from the total phosphorus concentrations so that
the phosphorus involved was that attached to the sediment.

RESULTS AND DISCUSSION

The sediment concentration in surface runoff water returning to the river
from the two large irrigation tracts varied widely during the irrigation
season (Table 1). The lowest concentration measured was 10 ppm in the W
drain on the Northside tract in which the flow velocity was very slow
allowing the drain to serve as a sediment retention basin. The highest
concentration measured was 2610 ppm in the J-8 drain on the Northside
tract, but concentrations as high as 2250 ppm were measured in the Filer
drain on the Twin Falls tract. Generally,the sediment concentrations
were highest during the period when row crop cultivations were most
frequent. After July, sediment concentrations were lower in all drainage
water entering the river, except from those drains where the flow velocity
was slow enough to allow sediments to settle. Little changes were ob-
served in these drains.

The total phosphorus concentration paralleled the sediment concentration
(Table 1). The relationship between the two parameters is given by the
first equation in Table 2. A similar relationship was found between the

Table 2. Regression equation and correlation coefficients showing
relationship between sediment and phosphorus concentrations
in irrigation and drainage waters.

-k
X
	

EqUdtion

ti

Sediment in
nonfiltered
samples (ppm)

Sediment in
nonfiltered
samples (ppm)

Sediment in
nonfiltered
samples (ppm)

Total phosphorus
in nonfiltered
samples (ppb

Orthophosphate
in nonfiltered
samples (ppb P)

Orthophosphate
in filtered
samples (0.45
era) (ppb P )

Y 140.52 + 0.72X

79.82 + 0.579X

Y = 57.71 + 0.033X

0.89	 0.94

0.90	 0.95

0.10	 0.32
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A
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sediment and the orthophosphate concentrations determined in nonfiltered
samples. These results showed.that the.concentration of both O r tho ph o s -
ph a t e and total phosphorus in nonfiltered water samples depends upon the
sediment concentration. These equations could be used to predict the
total phosphorus and orthophoSphate in nonfiltered samples. Better pre-
dictive equations could likely be developed for specific surface drains or
subbasins where conditions are more Uniform. The third equation shows
that there is no such relationship between the orthophosphate in filtered
samples and the sediment concentration. Thus, the dissolved orthophos-
phate concentration is independent of the sediment concentration. Dis-
solved hydrolyzable and organic phosphorus concentrations are very low in
the 111 water samples included for comparison. Only two samples had
dissolved hydrolyzable concentrations above 26 ppm and only four samples
had organic phosphorus concentrations above that value. Total hydrolyz-.
able and organic phosphorus concentrations were somewhat higher and re-
lated to the sediment concentrations, but still of little significance in
irrigation-and drainage waters.

There was a net sediment outflow or loss of 37,790 mt (41,368 t) from the
Twin Valls tract ox/0.46 mt/ha (0.20 t/a), in contrast to a net sediment
inflow or accumulation of 45,170 mt (49,807 t) into the Northside tract
or 0.69 mt/ha (0.30 t/a) (Table 3). These two tracts had contrasting
results because of different amounts of surface drainage returning to the
river and different slopes and resulting flow velocities in surface drains
on the two tracts (Brown, Carter, and Bondurant, 1974). The surface
drains_ on the Northside tract were constructed to a low slope, some of
which serve effectively as sediment retention basins. One drain passes
through a basin. The drains on the Twin Falls tract are mostly natural,
steep channels in which the flow velocity is too high to allow much sedi-
ment settling.

Net total phosphorus and dissolved orthophosphate inflows were found for
both tracts even though there was a net sediment outflow on the Twin Falls
tract (Table 3). These results include only the phosphorus in the irriga-
tion and surface drainage water, and do not include the phosphorus
fertilizer applied to the land. The results indicated that the sediment
leaving the Twin Falls tract carried less phosphorus per unit of sediment
than the sediment entering the tract in the irrigation water. The sedi-
ment in the irrigation water was likely composed of smaller-sized partic-
les than was the sediment leaving the tract in the surface drainage water.

The NaNCO 3 extractable and total phosphorus concentrations were greater
in sediments  in drainage waters from the Northside tract than that from
the Twin Falls Tract (Table 4). These results show that more particle
size segregation takes place in Northside tract drains than in TWA/ Falls
tract drains. The sediment remaining suspended in Northside tract drains
contained relatively more clay than that in Twin Falls tract drains. Both
total and NaHCO extractable phosphorus concentrations in sediments from
both tracts werg higher than concentrations found in surface soils, but
the differeece was greater for the Northside tract (compare tables 4 and 5
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Table 5. NaHCO3-extractable and total phosphorus concentration in soil
samples collected from the surface 15 cm (6 in.) of fields in
two large irrigation tracts, ppm (Carter, et al., 1974).

No. of NaHCO 3 Extractable P
	

Total P

fields
sampled Max. Min. Ned . Mean Max. Min . Med . Mean

Northside
tract

Twin Falls
tract

44

48

64

55

4

6

22

20

24

22

885

1007

488

580

763

842

722

839

The relative total and NaHCO, extractable phosphorus concentration in the
sand, silt, and clay size frgctions of soils separated without the aid of
dispersion agents are presented in Table 6. A comparison of the values in
Tables 4 and 6 shows that particle size segregation is more complete in
drains on the Northside tract than in drains on the Twin Falls tract as
suggested earlier, because both total and NaHCO, extractable phosphorus
concentrations in sediments from Northside tract drains are closer to the
values for the clay size fraction separated from soils. Also, the data
in Table 4 indicate that sediments in the diverted water are comprised .
mostly of clay which is as expected because the river water is stored
in upstream reservoirs where settling can occur, and is then released for
irrigation downstream as the demand requires.

Table 6. Total and NaHCO
3
-extractable phosphorus for various particle

and aggregate size fractions of surface soils collected from
. four subbasins, ppm (Carter, et al., 1974).

Drainage
subbasins
Kimberly
Filer

J-8 

Total P
Sand	 Silt	 Clay
875	 1000	 1400
650	 975	 1285
550	 1150	 1285
450	 1020	 1325 

NaHC0
3
-extractable P.

Sand	 Silt	 Clay 
33	 55	 137
13	 27	 67
21	 74	 125
8	 45	 70  

The data in Table 7 show that the phosphorus:sediment ratio (the quantity
of phosphorus per unit of sediment) indicates the extent of the particle
size segregation. The higher the value of the ratio the more extensive
was the particle size segregation. For example, ratio values for the W
drain which serves as a'sediment basin were 1.60 and higher. Values for
the K drain which passes through a sediment retention basin also gener-
ally exceeded 1.0. When the flow velocity was too high to allow settling,
as in the Filer drain, the values were generally less than unity. Values
for Rock Creek and Deep Creek varied because their flows vary widely and
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Table 7. The quantity of phosphorus per unit of sediment in irrigation
and drainage waters.

Sampling date, 1971
6/15	 6/29	 7/13	 7/26	 8/10

Phosphorus per unit of sediment
8/28
X	 1000

9/8 9/28

Northside Canal 2.24 1.60 1.42 1.60 1.97 3.14 2.97 3.24
Twin Falls Canal 0.75 1.96 2.39 2.21 2.77 3.13 2.93
w 1.78 3.40 1.60 2.67 3.45 3.45 -- 2.65
K 1.12 0.94 1.62 2.31 1.82 2.25 2.40 4.08
Filer 0.83 0.57 0.96 0.58 0.81 0.87 0.86 1.29
Rock Creek 0.81 1.04 0.87 1.09 0.60 -- 1.45 1.17
Deep Creek 1.24 0.95 -- 1.00 1.34 0.81 1.02 0.91

and the amount of settling is related to the flow velocity which is a
function of the flow volume. The nean value for the total phosphorus for
the Northside and Twin Falls tract surface soils, calculated in the same
manner as for sediments were 0.72 and 0.84, respectively. Dividing
values for each tract into those presented in Table 7 for drains of the
respective tracts is another method of indicating the extent of particle
size segregation. The numbers presented in Table 8 are particle size
Segregation indices. When these values exceed 1.0, particle size segrega-
tion has taken place, and the greater the number, the more extensive was
the particle size segregation.

Table 8. Indices of particle size segregation in surface drainage
streams.

Sampling date, 1971
Drain 6/15 6/29 7/13	 7/26 8/10 8/24 9/8 9/28

2.5 4.7 2.2 3.7 4.8 4.8 -- 3.7
K 1.6 1.3 2.2 3.2 2.5 3.1 3.3 5.7
Filer 1.0 0.7 1.1 0.7 1.0 1.0 1.0 1.5

-Rock Creek 1.0 1.2 1.0 1.3 0.7 1.7 1,4
Deep Creek 1.5 1.1 -- 1.2 1.6 1.0 1.2 1.1

The data presented in Tables 7 and 8 were obtained over a broad range of
soil and cropping conditions, and varying stream sizes. Greater pre-
vision could likely be attained by restricting measurements to given
Stream sizes, subbasins, soils, cropping conditions, land slopes, time
of season, etc. Also, in our studies, there was considerable variation in
the total phosphorus measured in the surface soil so the numbers should
be used only as indicators not as precise measures. Also sometimes
canal water is spilled into surface drains, and the index values could
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exceed unity because values of the phosphorus:sediment'ratios in the
irrigation water were generally greater than found in the surface soils.

Most of the sediment and associated phosphorus entering irrigated tracts
is filtered from the water by soil as the water enters the soil or by
close growing crops. Only a small fraction of that sediment entering
an irrigated tract leaves that tract in drainage water, because only a
small portion, 6% and 14% for the two tracts studied, applied water be-
becomes surface runoff. Essentially all the sediment leaving an irrigated
tract is from erosion of that tract, supplying different sediments in
the drainage water than entered in the irrigation water.

CONCLUSIONS

Host of the phosphorus in irrigation water and surface drainage, waters
from irrigated lands is associated with or attached to the sediment.
The total phosphorus concentration is directly related to the sediment
concentration as is the orthophosphate measured on nonfiltered samples.
Therefore, controlling the quantity of sediment returning to a stream
from irrigated land controls to a large extent the quantity of phosphorus
returning. The dissolved orthophosphate concentration is independent of
the sediment concentration.

Sediment and phosphorus losses from irrigated tracts can be controlled by
limiting the surface drainage water leaving the tract and by utilizing
sediment retention basins or drains of low slope so that the flow velo-
city is slow enough for sediment to settle. Whenever the flow velocity
is slow enough to allow settling, particle size segregation takes place.
The clay size particles settle slowest and are most likely to be carried
by the drainage stream to the river. These smaller particles contain
higher phosphorus concentrations per unit weight so that as settling
takes place the phosphorus per unit of sediment remaining in suspension
increases. In a sense, this is phosphorus enrichment of the suspended
sediment. However, in sediments eroded from most silt loam or loam
soils the amount of phosphorus associated with the sediment that settles
greatly exceeds the amount associated with the smaller size particles
remaining in suspension so that conditions favoring settling are con-
servation conditions for both sediment and phosphorus. Ideally, pre-
venting surface runoff from entering a river would prevent all of the
sediment loss and the only phosphorus loss would be the very small
quantity in subsurface drainage water.
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