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Introduction

Polyacrylamide weatment of irriga-
tion water may be the fastest grow-
ing conservation technology in irri-
gated agriculture. PAMs were regis-
tered in most Western states by late
1994, and the Natural Resources Con-
servation Service (NRCS) published
an interim conservation practice stan-
dard for PAM-use in January 1995
{Anonymous, 1995). In 1995, its first
year of commercial use, about 20,000
ha were PAM-treated, saving as much
as a million tons (0.9 million metric
tons) of soil (Sojka and Leniz, 1996).
Irrigators have been attracted to the
new PAM technology because they
recognize irrigated agriculture’s
value, the threat of erosion on fragile
arid-zone soils, and PAM’s efficacy
and ease of use.

Significance of

Irrigated Agriculture

About 600 million ac (240 million
ha) or 15-17% of Earth’s cropland are
irrigated. mostly surface irrigated
(Hoffman eral., 1990, Gleick, 1993).
In the United States about 32 million
ac. (13 million ha) of crop land (53%
of the total) are surface irrigated. pri-
marily by furrow (Anonymous, 1996).
The proportion of surface irrigation
globally is thought to be much higher
than in the US, since most of the
world’s irrigated acres occur in un-
derdeveloped countries that do not
have the technologic base, rural
power or financial resources to de-
velop more advanced methods of ir-
rigation such as sprinklers or drip.

Irrigation occurs mostly in arid cli-
mates (Bucks er al., 1990} where pho-
tosynthetic rates are high (few
clouds). and disease, insect and weed
pressures are low, These factors mini-
mize fungicide. herbicide and pesti-
cide inputs. Arid soils seldom need
potassium fertilizer or lime; further-
more, their neutral to basic pH and
low organic matter minimize required
rates of sotl-incorporated herbicides
(Ross and Lembi, 1985).

Because water and nutrient avail-
ability. as well as pest control are
more easily optimized under imriga-
tion, imrigated commodities usually
artain higher quality than with rain-
fed production. Additionally, irriga-
tion in arid environments allows com-
mercial production of many high
value horticultural and other cash
crops that cannot be economically
grown under rain-fed conditions. Ir-
rigated yields average twice that of
rain-fed agriculture, accounting for
one-third of all crop yield. and half
of all crop value (Rangeley, 1987;
Bucks er al., 1990). About 50 mil-
lion ha of Earth’s best irrigated land
grows one-third of her entire food
crop (Tribe, 1994).

Erosion and Irrigated

Agriculture’s Sustainability

Irrigated agriculture’s high produc-
tivity makes possible the feeding and
clothing of Earth’s exploding popu-
lation on a minimum extent of arable
land. Yet, the arid and semi-anid soils
supporting most irrigated agriculture
typically have thin erodible surface
horizons. Furrow outflow soil losses
of 2 to 22 tons/ac/yr (5 10 50 metric
tons/ha/yr) are common in the U.S.
Pacific Northwest, with three to eight
times the field average loss occurring
near inflows (Berg and Carter, 1980;
Kemper er al, 1985; Fornstrom and
Borelli, 1984, Trout, 1996). Thus, ir-
rigated agriculture’s productivity is
seriously endangered by arid soil
erodibility, and irrigation-induced
erosion (Carrer, 1993). Some 1.2 bil-
lion ac (0.5 x 10° ha) of grasslands,
rain forests or wetlands would be
needed to replace irrigated
agriculture’s output if irrigation were
eliminated (Sojka, 1996).

Numerous conservation practices
for furmrow irrigation have been devel-
oped since 1970 (Sojka. 1997). Sev-
eral eliminate >80% of runoff-carried
sediment. Yel. few of these practices
have been widely adopted. even af-
ter two decades of promotion and
demonstration. This is largely be-
cause residue placement. reduced till-
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age. elc. are often regarded as incon-
venient or intrusive by furrow irriga-
tors. who prefer smooth clear furrows
to convey water. Conservation prac-
tices that require additional or unfa-
miliar field operations that occur dur
ing otherwise busy periods in the
farmning schedule are also avoided.
Furthermore, practices that reduce
sediment loss 60-70% (like sediment
ponds. vegetative filter strips or bur-
ied-pipe waste water systems) still
lose most of the clay-sized solids
{Brown et al., 1981} — the soil com-
ponerit most critical to sustained soil
fertility. These solids also are most
linked to BOD, pesticide and
eutrophying nutrient problems in re-
tum-flow receiving waters.
PAaMe-use has proven highly effec-
tive for erosion control and infiltra-
tion enhancement, and is well re-
ceived by furrow irrigators. This pa-
per summarizes the background of
this new tzchnology and the results
and insights obtained over several
years of experimentation with small
amounts of polyacrylamide (PAM)
dissolved in irrigation water. We have
also attempted to itemize important
practical considerations for effective
and znvironmentally responsible use
of PAM for furrow erosion control.

PAM’s Origins and

Properties

Chemical soil conditioners were
used as early as World War 11 to al-
low rapid construction of roads and
runways under adverse conditions
(Wilson and Crisp, 1975). The tech-
nolegy found its way into the US ag-
ricuitural arena in the 1950s, with a
variaty of svnthetic compounds, in-
cluding various types of PAMs that
were used to enhance aggregate sta-
bilitv of soil in the tilled surface layer
of agricultural fields. Various uses
for soil siructure stabilization in hor-
ticuitural. agronomic and construc-
tion. applications were extensively
researched through the 1970s(Azzam,
1950, De Bood: er al., 1993,
Gabriels. 1990},



“Polyvacrylamide™ and “PAM™ are
generic terms. PAMSs are polymers
made up of many repeating subunits
(moncmers). As with all poiymers,
the properties of PAMs are very
dependant on the size of the polyme:
A familiar analogy in nature is the
way simpie giucose mOnomers are
progressively polymerized into
polysacharides. pectins, starches and
callulose (wood). PAMS also vary in
molecular size. depending on the
number of acrylamide monomers
(AMD) that are combined to form the
polyacrylamide chain. In addigon.
PAMSs can be altered through modi-
fication of scme of the subunits.

The most common raw material for
polyacrylamide synthesis is natural
gas. a resource often burned off at pe-
troleum well heads, The PAMS used
inirrigation water to fight erosion are
copoiymers. They consist of high
molecular weight polyacryiamide,
typically 12-15 Mg/mole (>150.000
AMD monomer units per molecule},
with substirution of funictional groups
in about one in five AMD monomer
units (Fig. 1). This imparts a net
negative charge. The PAMs used in
the Idaho work typically had a nega-
tive charge density of about 18% (ie.
substrutions in about one of every
five monomers). In these PAMs, one
in five amide groups is replaced with
sodium formate. The sedium cation
dissociates in water, leaving a nega-
tve charge on the polymer for each
cation dissociated.

In its original mode of use 40 years
ago, PAM or other soil stabilizers
were applied ar rates of 500 to 1000
Ibs/ac (560-1120 kg/ha). They were
usually sprayed onto soil, then roto-
tilled or otherwise incorporated.
Sometimes multipie applications
were necessary to achieve the appli-
cation level required to stabilize the
soil aggregates creaied in the tillage
process. The concept was 10 mprove
the tillage layer’s soil structure and
stability. The application rates
neaded to achieve stabilizaricn for
this soil volume proved uneconomi-
¢al for all but high value uses.

Numerous laboratory column and
lysimeter studies were conducted in
the 1970s and '30s to study PAM ef-
fects on soil dispersion. PAM adsorp-
tion-descrpdon phenomena and infil-
traticn effects. During this period the

Fig. 1 — The depiction of an individual acrylamide mcnomer component as found in

a polyacrylamide molecule
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Substitution of the sodium formate funcional group for the 2mide group. as occurs in about
one in five coiymer units as shown, This is the subsitution that, witen sodium dissociates
from the cooofymer chain, provides net negative charge on the "AM” molecule.

chemistry of polyacrylamide synthe-
sis and copolymerization continued
to improve, broadening the choices
of polyacrylamide copolymers avail-
able for use. Since the earty 1980s.,
several papers have reported infiltra-
ton and erosion effects from rain-
simulator studies on soil pre-treated
with PAM.

Effects of a soil conditioner placed
in furrow irrigarion water was first re-
ported by Paganyas (1973). The re-
port referred only vaguely to the con-
ditioners as “K™ compounds, al-
though their description suggesisthey
were PAM-like chemicals. Small
amounts placed in the advancing fur-
row stream were used to premeat the
furrow. After pre-treamment the fur-
rows were irrigated, with great reduc-
tions in erosion. Mitchell (1986) re-
ported use of anionic PAMs applied
during the stream advance phase of
furrow irrigation at rates of 25, 50 and
150 ppm. His focus was on infiltra-
tion effects. but in a side observation
he noted that soil dispersion was re-
duced and runoff was nearly clear in
PAM-eated irrigadon furrows.

Lentz eral (1992) gave the firstde-
tailed report of PAM-use in furmow
irrigation for erosion control and net
infiltration improvement. Their ap-
proach. like Mitchell’s in 1986, in-
volved PAM treament of the furmow
advance stream (only). Eficacious
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treamnent was possible with net PAM
application rates of only about 1 Ib/
ac (1 kg/ha) applied in the advance
stream (oniy) at 10 ppm. McCutchan
etal. (1993) reporzed similar findings.
although: their approach involved ap-
plication of PAM at 2.5 ppm conrinu-
ously throughout the irrigation.

The very smail total amounts of
PAM needed 10 achieve desired re-
sults, when applying PAM in the
eroding irrigation stream has proven
to be a significant breakthrough.
Applying PAM in the furrow water
is effecdve at low rates because only
the thin layer of soil immediately af-
fected by the dispersion and sheer of
the furrow stream is treated by water
infiltrating into the soil (Fig. 2. ses
next page).

A simple calculation demonstrates
how such low rates can be effectuve.
Based on the old PAM application
rates of 3CC Ibs/ac incorporated in the
tilage layer {surface 6 in.. or 15 cm),
the fact thar water in furrows only
wets about 25% of the field surface
area. and at PAM only penetrates
about 1/16 . (1-2 mm) into the soil.
we sesa thor:

(500 Ibs/ag.: (25%) (1%) = 1.25 Ibs/ac

The poter:ial of creating significant
changes in soil response 10 irrigation



water applicaticn with such small
amounts of PAM is what has dnven
the development of this new tecinol-

ogy.

General Methodology

The findings discussed herein were
obtained largely from a series of stud-
ies conducted from 1991 through
1995 at or near the USDA Agricul-
tural Research Service's Northwest
Irrigation and Soils Research Labo-
ratory in Kimperty. Idaho. Soils in-
cluded Xerollic Haplargids and
Haploxerollic Durargids, but most
studies were on Pormeuf silt loam
(coarse-silty, mixed. mesic
Durixerollic Calciorthids). Surface
horizons and general physical and
chemical characteristcs of all soils
were simnilar. Texrures were siitlcams
(10-21% clay, 60-75% silt). Organic
mater ranged from 10-13 g’kg. Sam-
rated paste exmract EC was 0.7 w0 1.3
dS/m, ESP was 1.4 o 1.7, pH was
7.6-8.0 with CaC0, equivalent of 2-
8%. Slopes varied from 0.5 0 3.5%,
but unless noted otherwise, data gen-
erally reflect siopes of 1 to 1.3%.

Water was applied as furrow irmi-
gaton (usually either via spigoted
plastc pipe or siphon tubes) to con-
ventionally tilled fields. usually
disked in auramn and spring. then
roller harmowed following incorpora-
tion of ferilizer and herbicides prior
to planting. Furrows ranged from 570
to 860 ft (175 10 264 m) in length:
they varied from 4 to 8 ins. (10 10 20
c¢m) in depth. depending on crop
grown. and were prepared with
weighted 75° shaping tools. Furrow
spacing varied with crops. which in-
cluded edible dry beans (Phaseoius
vulgaris)at 22 ins, (56 cm). comiZea
mays) at 30 ins. (76 cm) and potato
(Solanum ruberosum) at 36 ins. (91.5
cm). Irrigation was normally on ev-
ery other furrow only, usually in
whesl-track furrows. Psr heclare
sediment-loss and infiltradon were
calculated based on the spacing be-
tween irrigated furrows. [rrigadon
water was withdrawn from the Twin
Falls Canal Company system and had
an electrical conductdvity (EC) of 0.5
dS/m and 2 sodium adsorption rato
(SAR) of 0.4 t0 0.7. Net infiltration,
runoff, and sediment-loss measure-
ments were accomplished by use of
periodic flow monitoring and sam-

Fig. 2

PAM-Treated Furrow Irrigation
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Schematic depiction of PAM deposition from treated water omto soil aggregates in the
surface few milimeters of soii in an imgated furrcw

pling and automated data analysis
similar 10 methods described in de-
tail elsewhere (Sojka er al. 1992 and
1994, Lentz and Sojka, 1994a and
1995).

. Polyacrylamide (PAM) copelymer
used. unless noted otherwise. was a
dry granuiar material having an ap-
proximate molecular weight of 12-15
Mg/mole. with an 18% negarive
charge density, manufactured by
CYTEC Indusmies of Wayne, NJ. It
is marketed in the US by American
Cyanamid Company under the trade
name Superfloc 336A. Numerous
similar materials, granular, com-
pressed cakes. high concentrate aque-
ous solutions and oil-emulsified PAM
concentrates are widely available
world wide. Unless noted otherwise,
our most frequent means of applica-
tion involved preparation of liquid
stock solutions of 1200-2400 ppm (g/
m*) concentration which were me-
tered into furrow siream flows to
achieve a concentraticn of 10 ppm (g/
m?*} in the advancing water flow be-
fore runoff began. Tvpical flow rates
ranged 3.5 to 10 gpm (13 to 38 L/min)
during advance. reduced 0 3.5 10 6
gpm (13-23 L/min) at runoff iniga-
tion.

Conservation Benefits, Mode

of Action and Cost

Polyacryiamide (PAM) has been an
effectve. economical erosion preven-
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tarive under a variety of field condi-
ticns (Fig. 3) when dissolved at 10
ppm (g/m?) in the advance phase
(only) of furrow irrigation inflow
smeams(Lenz eral., 1992, Lentz and
Sojka, 1994b; Lenrz, 1995). PAM
copolymers with molecular weights
of 12-15 Mg/mol and charge densi-
ties of 8-35% are most effecdve.

Advancing furrow streams contain-
ing 10 ppm (g/m*) PAM provided a
94% reducton in runoff-sediment in
three years of tests in Idaho (Leniz er
al., 1992; Sojka and Lentz, 1953;
Trour and Lentz, 1993, Lents and
Sojka, 1994b, Sojka and Lentz, 1993,
19%4a). With PAM-use, sediments
were rerined on fields, even with
conventonal clean-tgllage, using no
other conservation pracuces (Len:s
and Sojka, 1994b). PAM is a potent
flocculent that effectively retains
neary ail clay-sized material.

PAM, used according to the NRCS
przcdce standard (Anonymous, 1995),
increased infiltration 15% on
Pormeufsilt loam (Lentz eral, 1992,
Trout and Lensz, 1993 Lenz and
Sojia. 1994b; Trour er al,, 1995;
Sojka eral.. 1996) and up to 50% on
finerexmured soils (McCurchaner al.,
1664), PAM can increase initial in-
filtradon on swelling soils. but may
not aiways affect net infiltration of
prolonged irrigations since subsoil
sweiling blocks water entry as an ir-
rigation proceeds (Mirchell, 1986).
Bezause PAM-eated furrows did not
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“down-cut’” (ie. erode a desper chan-
nel), water infiltrated in Idaho tests
moved 25% further laterally from 4-
in. (10 cm) deep furrows between
level soil beds (Lentz er al., 1992).
Thus PAM-use can save water in
early irrigations when only enough
needs to be applied to reach planted
seeds or young seedlings.

The most effective and environ-
mentally safe PAMs are large nega-
tively charged molecules (Lenz et al.,
1993, Barvenik, 1994}, It has been
suggested that divalent cations in
water bridge the PAM and soil, in-
creasing soil cohesion and strength-
ening aggregates contacted in the fur
row {De Boodt er al., 1990; Barvenik,
1994, Sojka and Lentz, 1994b). Soil
particles at the furrow’s soil-water
interface are bound together, preveni-
ing derachment and transport of sedi-
ments in runoff. Soil ercdibility is
reduced by improved inter-aggregate
bonding and by protecting surface
roughness. PAM only penetrates soil
1/16 to 2/16 in. (a few millimeters)
in the furrow (Malik er al., 1991).
These. however, are the few millime-
ters critical to the erosicn process.
Since the wetted perimeter only ex-
poses about 25-30% of the seil sur-
face to flowing water. PAM’s prop-
erties are effective at very low appli-
cation rates, rypically 11b/ac (0.9kg/
ha}.

PAM is a seitling agent. It floccu-
lates {clusters together) dispersed clay
and siit paricles carried in turbid
flow, enabling them to settle to the
furrow borom in a loose pervious
layer. Ficcculation reduces the
amount of suspended fines that enter
and plug pores. decreasing infiltration
in untreated sediment-laden water
Pore aperturs maintenance was ¢on-
firmed in treated furrows by higher
infiltration rates under tension com-
pared to conwols (Ross et al., 1996).
Higher net infiltration decreases run-
off rate and armount, further reducing
stream force. carrving capacity and
Lransport volume.

PAM'’s large molecular size slightly
increases the viscosity and surface
tension of water (Malik and Lerey,
1962). It may also induce laminar
flow near the soil-warer interface.
Further research needs to determine
the extent o which these changes af-
fect propagation and transfer of shear
forces causing derachment of soil
particles.

PAM is used most often as follows
(Anonymous, 1995). One of several
registered pol yacrylamide copolymer
products is used. These PAM copoly-
mers are large molecules, containing
>150.000 moncmer units per mol-
ecule. Thev typically have 18% nega-
tive charge density. U.S. products
contain <0.05% fres (unreacted}
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acrylamide monomer by weight
{<Q.025% in Europe).

These water soluble PAMSs are me-
tered into irmigaton supply ditches. ei-
ther as concantrated stock solutions,
or as dry granules. If dry granules
are metered into the flow. one must
also provide turbulence in the head
ditch just below the point of PAM
addition to promote uniform PAM
dissolution and distribution. Supply-
ditch PAM concentration is brought
to 10 ppm (10 g/m’} (Leniz ez al.,
1995). The 10 ppm (10 g/m’) water
is delivered 10 dry furtows at inflow
rates that rapidly advance water
across the Szid.

It is essertial that no untreated wa-
ter wet the furrow ahead of the PAM-
treated flow. Untreated water de-
stroys soil stucture of erodible seils
before PAM-treamnent, greatly reduc-
ing PAM’'s =ffect. Wet furrows also
reduce infiltration of PAM-treated
water through the soil-water inter-
face, delivering less PAM to the thin
layer of scii along the wetted perim-
eter. This reduced application effi-
ciency may also increase PAM-loss,
increasing cost and the risk of deliv-
ering PAM 10 non-targeted waters.

When water reaches the end of the
furrow, introducdon of PAM into the
head ditch is stopped. Untreated wa-
ter is used for the halance of the im-
gation. In most production fields the
advance periocd consists of about the
first quarter of a total irrigation pe-
rficd. which typically lasts either 12
or 24 hrs. When runoff begins, it is
recommended that inflows be re-
duced to the least needed to sustain a
minimal runoff rate.

In five years of testng in Idaho, this
application method has required
about 1 kg/ha of PAM per treatment
(Lentz and Sojka, 19945, Lentz and
Sojka, 19%6ab). U furrows are un-
disturbed betwesn irmigatons, erosion
protection declines about 50% per
untreated irrigation (Lentz er al.
1992). Furrows disturbed by traffic
or cultivation must be retreated at the
10 ppm (10 2'm3) rate during inflow
advance. Undisturbed furrows typi-
cally erode less late in the season
(Brown er al., 1995). Vegetation of-
ten intrudes into furrow bottoms late
in the season. Shading of furrows
slows UV daterioration of PAM and
physical ¢estruction of polymer








