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Reducing Sediment and Phosphorus in Tributary Waters
with Alum and Polyacrylamide

L. B. Mason, C. Amrhein,* C. C. Goodson, M. R. Matsumoto, and M. A. Anderson

ABSTRACT

The Salton Sea is the largest inland water body in California,
covering an area of 980 km’. Inflow to the Salton Sea (1.6 km® yr ")
is predominately nutrient-rich agricultural wastewater, which has led
to eutrophication. Because internal phosphorus release from the bot-
tom sediments is comparatively low and external phosphorus loading
to the Salton Sea is high, reduction of tributary phosphorus is expected
to reduce algal blooms, increase dissolved oxygen, and reduce odors.
Removing both dissolved phosphorus and phosphorus-laden sediment
from agricultural drainage water (ADW) should decrease eutrophica-
tion. Both alum and polyacrylamide (PAM) are commonly used in
wastewater treatment to remove phosphorus and sediment and were
tested for use in tributary waters. Laboratory jar tests determined
PAM effectiveness (2 mg L) for turbidity reduction as cationic >
anionic = nonionic. Although cationic PAM was the most effective at
reducing turbidity at higher speeds, there was no observed difference
between the neutral and anionic PAMs at velocity gradients of 18 to
45 s7'. Alum (4 mg L' Al) reduced turbidity in low energy systems
(velocity gradients < 10 s™') by 95% and was necessary to reduce
soluble phosphorus, which comprises 47 to 100% of the total P concen-
tration in the tributaries. When PAM was added with alum, the anionic
PAM became ineffective in aiding flocculation. The nonionic PAM
(2mgL™ ") + alum (4 mg L' Al) is recommended to reduce suspended
solids in higher energy systems and reduce soluble P by 93%.

THE SALTON SEA is the largest lake in California,
covering an area of 980 km? (Fig. 1) (Hart et al.,
1998). The Salton Sea lies below sea level (—70 m), and
the only output is evaporation. The evaporation rate
exceeds 1.4 m yr~! and is counterbalanced with inflow,
84% of which flows from the Whitewater River to the
north, and the New River and Alamo River from the
south (Fig. 1 and Table 1) (Setmire et al., 2000). Inflow
to the Salton Sea (1.6 km® yr™!) is predominately agricul-
tural drainage water (ADW); the rest is comprised of
municipal effluent and less than 3% rainfall. The water-
shed generates $1.3 billion in agricultural commodities
per year (Anderson and Amrhein, 2002). The major
inflow results from agricultural tailwater that flows off
the fields and is high in nitrogen and phosphorus. This
nutrient-rich water has resulted in the eutrophication
of the Salton Sea and negatively impacted its beneficial
uses, including recreation, fishing, and wildlife resources
(Setmire et al., 2000). Some of the specific effects of
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eutrophication include high algal biomass, low clarity,
anoxia, massive fish kills, and noxious odors. Phospho-
rus (P) has been determined as the limiting nutrient for
algal growth in the Salton Sea (Setmire et al., 2000).
Because external phosphorus loading to the Salton Sea
is high, reduction of tributary phosphorus may reduce
eutrophication (Holdren and Montaiio, 2002). Phospho-
rus is contributed to the Salton Sea in both colloidal
and dissolved forms. Removing soluble phosphorus and
suspended solids from ADW would reduce the overall
amount of P entering the Salton Sea. In fact, total maxi-
mum daily loads (TMDLs) for suspended solids have
recently been established for the New River and the
Alamo River. The New and Alamo Rivers have aver-
aged 306 and 377 mg L™! suspended solids, respectively,
during 1980-2001 (California Regional Water Quality
Control Board, 2002). The newly established TMDLs
require the rivers carry no more than 200 mg L™! sus-
pended solids.

Alum and/or polyacrylamide (PAM) are commonly
used in municipal wastewater treatment to remove P
and solids, and then the sludge is collected and disposed.
The high sediment load and salinity of the ADW re-
quires testing and possible modification to the typical
procedures used in municipal treatment.

Alum (aluminum sulfate), the most widely used coag-
ulant in water treatment (Hammer and Hammer, 1996),
serves a dual role by acting as a coagulant for suspended
solids removal and an adsorbant for soluble P removal.
Alum has been applied in large-scale quantities in the en-
vironment to control internal P loading in lakes (Welch
and Cooke, 1999).

Coagulants quickly reduce or neutralize the electro-
static forces between negatively charged particles in wa-
ter, which leads to aggregation and settling (Black and
Harris, 1969; Reynolds and Richards, 1995). Alum forms
solid amorphous aluminum hydroxide in water, which
incorporates soluble phosphorus (Ps) into its structure
through either coprecipitation or adsorption onto the
surface (Omoike and VanLoon, 1999). The amorphous
aluminum hydroxide, or “floc,” combines with the other
coagulated suspended solids and settles out of the water
column.

Alum has been shown to be nontoxic in the pH range
of 5.5 t0 9.0. At these pH values, the aluminum concen-
tration is not expected to exceed 50 g L™! since alumi-
num hydroxide is highly insoluble in this range (Ken-
nedy and Cooke, 1982). Previous research has found
that alkaline waters (>75 mg L~! CaCOs) are not ex-
pected to have chronic or acute affects to biota with alum

Abbreviations: ADW, agricultural drainage water; PAM, polyacryl-
amide; Pp, particulate phosphorus; Ps, soluble phosphorus; Py, total
phosphorus; TMDL, total maximum daily load.
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treatments (Narf, 1990). The tributaries to the Salton
Sea meet these criteria for pH and alkalinity so toxicity
problems are not expected (Table 1).

Polymers are frequently applied in wastewater treat-
ment to enhance coagulation and settling. The polymer
acts as a coagulant aid by chemically bridging reactive
groups and increasing floc size (Reynolds and Richards,
1995). Polymers can range in charge type (cationic, an-
ionic, or neutral), charge density, and molecular weight.
Polyacrylamide is a synthetic polymer and has been used
in soil applications to reduce erosion (Sojka et al., 1998;
Zhang and Miller, 1996), increase infiltration (Ben-Hur
and Keren, 1997; Green et al., 2000), promote floccula-
tion (Helalia and Letey, 1988; Aly and Letey, 1988;
Laird 1997), and enhance salt removal (Aly and Letey,
1990; Malik et al., 1991).

The charge of the polymer and the type of suspended
solids in the wastewater influence the degree of floccula-
tion and settling rate. Cationic polymers directly adsorb
to the negative surfaces of the clay particles, anionic
polymers adsorb through cation-bridging, and nonionic
polymers form floc by attaching to the clay surfaces
through van der Waals forces (Seybold, 1994).

The nature of the suspended solids in the tributary
water requires an assessment for the most effective poly-
mer. The New and Alamo Rivers drain calcareous, smec-
titic soils that range from silty clays to sandy loams
(USDA-SCS, 1981), and the suspended solids in the
Whitewater River are dominated by illite and kaolinite
from the coarsely textured soils at the north end of the
Salton Sea (USDA-SCS, 1980).

Many reviews have been completed on PAM toxicity
(Barvenik, 1994; Sojka et al., 2000). All types of PAMs
are considered nontoxic to mammals. Anionic PAMs
are nontoxic to aquatic life (Sojka et al., 2000), while
nonionic polyelectrolytes exhibit low toxicity (LC% val-
ues of 16.5 mg L' in Daphnia magna; Biesinger et
al., 1976). Cationic polymers are of some toxicological
concern, and have been documented to bind to the nega-
tively charged gills in rainbow trout and affect ion regu-
lation (Muir et al., 1997). Values for LCs, ranging from
271 to 1733 pg L' among various cationic polymers
have been reported for rainbow trout (Goodrich et al.,
1991). Since federally listed species of pupfish and mud-
suckers are present in the tributaries and the drains of the
Imperial Valley, caution should be used when applying
cationic PAM to the field. However, the acute toxicity
of all types of polyelectrolytes is reduced in the presence
of solids, as the PAM binds to the suspended particles.

1999

AN Whitewater
: River

Alamo
River

New River

Fig. 1. Map of the Salton Sea and its tributaries: the Whitewater,
New, and Alamo Rivers (® denotes sampling sites).

The monomer of PAM, acrylamide, is a neurotoxin
and is regulated by the FDA, where the residual mono-
mer cannot exceed 0.05 to 0.2% of the PAM (Seybold,
1994). Although PAM degrades at a rate of 10% per
year, the degradation process does not release acryl-
amide (MacWilliams, 1978).

In this study, we conducted laboratory jar tests to
evaluate the effectiveness of alum and different types
of PAM in reducing turbidity and P in the tributaries
to the Salton Sea.

MATERIALS AND METHODS

Bulk water samples were collected from the three tributar-
ies to the Salton Sea: the Whitewater River (33°32.3" N,
116°05.7" W), the New River (33°05.12' N, 115°36.9" W), and
the Alamo River (33°07.5' N, 115°34.3" W) (Fig. 1).

Chemical and Physical Characteristics
of Tributary Waters

Baseline chemical characteristics were measured on the
sampled river water. Electrical conductivity (EC) was deter-
mined using a YSI 3200 conductivity instrument (Yellow
Springs Instruments, Yellow Springs, OH). River water pH
was measured using a combination glass electrode (Fisher
Scientific, Hampton, NH) on an Expandable Ion Analyzer
EA 920 (Orion Research, Boston, MA). Total suspended sol-
ids (TSS) were analyzed by filtering and drying 50 mL of river
water following standard methods (American Public Health
Association, 1992). Anions (chloride, nitrate, and sulfate)
were analyzed using ion chromatography (Model 500; Dionex,
Sunnyvale, CA), and cations (calcium, magnesium, potassium,

Table 1. Physical and chemical characterization of samples collected 3 Feb. 2004.

New River Alamo River Whitewater River
Electrical conductivity (EC), dS m ™! 4.9 34 2.0
pH 7.3 74 6.9
Total suspended solids (TSS), mg L' 199 192 10
Turbidity, NTU 83 140 12
Anions (SO, NO;, CI7), mmol, L™! 52 36 20
Cations (Mg?*, Ca’*, Na*, K*, NH{), mmol, L' 51 35 20
Alkalinityf, mg CaCO; L™! 227 190 174
Flow:, Mm® yr ! 601 760 65

F Sample date 30 Mar. 2004 from Holdren (personal communication).
% From Setmire et al. (2000).
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sodium, and ammonium) were analyzed using inductively cou-
pled plasma-optical emission spectroscopy (ICP-OES) (Op-
tima AV, PerkinElmer, Wellesley, MA).

Jar Test Method

All laboratory scale jar tests were performed in a 2-L jar
apparatus (PB-700; Phipps & Bird, Richmond, VA). During
preliminary studies, the jars were mixed, and the floc settled
for a predetermined amount of time. Since the floc settled
quickly, the effectiveness of each treatment was dependent
on the length of settling time. Therefore, to properly test floc
formation, settling, and strength, an alternative jar test method
was developed.

This alternative method included a gradient reduction of
paddle speed from 300 to 0 RPM (settling), followed by an
increase in paddle speed from 0 to 300 RPM (resuspension),
where each speed was held constant for 5 min. The jars were
filled with river water to the 2-L. mark (14.5-cm water depth),
and an initial sample was collected using a pipette at a depth
of approximately 3.5 cm while the water was mixed at 300
RPM. Concentrations of alum-Al (4 mg L™') and/or PAM
(2 mg L") were volumetrically added to the jars and the
gradient reduction in paddle speed began. Each sample was
collected by pipette (3.5-cm depth) after 5 min of a constant
paddle speed while the paddle was still spinning. Samples for
turbidity, Ps, and total phosphorus (Pr) were collected at 300,
200, 100, 50, 25, 15, 10, 5, and 0 RPM. The change in turbidity
or phosphorus concentration was compared to the initial sam-
ple of each particular jar.

Chemical Additions

The concentration of alum [AL(SO,);nH,0, n = 12-14;
technical grade; Fisher Scientific] was based on the average
stoichiometric aluminum (Al) content of the alum (alum-Al).
The PAM had a range of characteristics in polymer charge
type and density. The anionic polymers in decreasing anionic
charge density (as reported by the manufacturers) included
AP1120 (GE-Betz, Trevose, PA) > Stock-O-PAM (American
Soil Technologies, Pasadena, CA) = Soil fix (Ciba Specialty
Chemicals, Suffolk, VA) > AP1110 (GE-Betz) > AP1100
(GE-Betz) > AP1105 (GE-Betz). One cationic polymer CP1160
(GE-Betz) and one neutral polymer AP1142 (GE-Betz) were
also tested.

Turbidity

Turbidity samples were collected at a 3.5-cm depth, placed
in 25-mL glass vials, and sonicated for 30 s (Model 150 Sonic
Dismembrator; Fisher) to break up the floc and establish good
scattering for the turbidimeter. The sonication step was found
necessary to keep the floc from settling in the vial during the
measurement. Turbidity measurements were made on a Micro
100 Turbidimeter (HF Scientific, Fort Myers, FL). Each jar
test was completed in triplicate and the turbidity measure-
ments were normalized to the initial turbidity reading in each
jar. The values are reported as percent of the initial reading
along with the error as standard deviation.

Phosphorus

Both Ps and Py were analyzed with a modified ascorbic
acid—molybdate blue method (Murphy and Riley, 1962) on an
Alpkem RFA 300 Autoanalyzer (Astoria-Pacific, Clackamas,
OR). The P concentrations (either soluble or total) were nor-
malized to the initial P (soluble or total) concentration in each

jar. The values are reported as percent of initial concentration
with the error as standard deviation.

Sample preparation for Pg analysis included filtration
(<0.45 pm; Fisherbrand MCE membrane filters) and acidifica-
tion with concentrated sulfuric acid, which decreased the pH
to approximately 2.5. For Py determination, 5 mL of acidified,
unfiltered sample and 1 mL of oxidizing solution were com-
bined in 10-mL polypropylene mailing tubes and digested
using the persulfate digestion method found in American Pub-
lic Health Association (1992) with the following modifications:
the oxidizing solution was made of 30 g boric acid, 350 mL
1 M NaOH, and 50 g K,S,0; diluted to 1 L with deionized
water. Samples were heated in a boiling water bath for 1.5 to
2 h then analyzed for Py using the Alpkem RFA 300 Autoana-
lyzer. The particulate phosphorus (Pp) fraction was calculated
as the difference between P; and Pg. The values of P, are
reported as percent of the initial concentration along with the
error as standard deviation.

RESULTS AND DISCUSSION

The river water samples were characterized for physi-
cal and chemical constituents (Table 1). There was good
agreement between the sum of cations, sum of anions,
and the electrical conductivity indicating excellent quanti-
fication of the chemical constituents. The alkalinity of the
waters was more than sufficient to offset any acidification
due to aluminum hydrolysis and prevent Al toxicity.

Turbidity

Turbidity reductions were measured in the jar tests to
determine the removal efficiency of phosphorus-laden
sediment in the tributaries. Turbidity in the treated water
varied as a function of both mechanical energy inputs
and chemical amendments (Fig. 2). Subsequent increase
in paddle speeds (resuspension) for all the jar tests re-
sulted in increased turbidity, although levels were gener-
ally lower than found during settling. This suggests that
the floc collected at the bottom of the jar during settling
required more energy to break apart and resuspend. It
is important that this floc remain settled so as to not
resuspend and recontribute to the suspended sediment
load in the tributaries.

Relative to the control, the alum addition actually
increased the turbidity during the settling period from
300 to 50 RPM. This slightly higher turbidity (above
the initial turbidity sample) is explained as the formation
of the colloidal AI(OH);. Although this floc increased
turbidity at high speeds, alum reduced the turbidity to
that seen in the PAM-treated water at speeds less than
5 RPM (Fig. 2).

The PAM treatments resulted in turbidity measure-
ments lower than the control throughout the experi-
ment, showing the PAM was capable of settling sus-
pended solids at higher speeds. The cationic PAM-
treated water had the lowest turbidities of all the treat-
ments, even at a paddle speed of 300 RPM. The turbidity
in the jars was low and remained low after the paddle
speeds had been reduced to 25 RPM for both the anionic
and nonionic PAMs. Optimal floc formation occurred
between paddle speeds of 25 and 50 RPM to reduce
turbidity to <10% (Fig. 2).
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The mixing speed, or power input, can be described
by the G value (velocity gradient):

G =W/

where W is the power imparted to the water per unit
volume of the basin, and w is the absolute viscosity of
the water (Reynolds and Richards, 1995). In the jar
tests, the value of W depends on the container, paddle
geometry, and paddle speed (Lai et al., 1975). The G
value is the common variable for comparing mixing
between the jar tests and larger scale flows, like furrows
or drains.

The corresponding G values associated with the pad-
dle speeds of 25 and 50 RPM are 18 and 45 s~ ! (at 22°C),
respectively (Hudson, 1981). These paddle speeds re-
sulted in efficient collisions and effective bridging inter-
actions for floc formation between the suspended solids
and the anionic or nonionic polymer. Any G value above
these limits destabilized the floc (Young et al., 2000).
Power input to river water will need to satisfy a velocity
gradient of 18 to 45 s™! to promote optimal flocculation
and settling with anionic or nonionic PAM. The alum
treatment, however, required slower mixing speeds (<5
RPM) for proper floc settling (G < 10 s71).

Previous jar tests have also measured different opti-
mum G values between polymer (70-100 s~ ') and alum
flocculation (40 s~!) (Young et al., 2000). The G value
of the rivers is dependent on channel depth, channel
width, flow rate, and head loss throughout the length
of the river. Based on these variables, the power im-
parted in the three tributaries is estimated to range
from 50 to 100 s~%. Therefore, the velocity gradient for
optimum flocculation with PAM and alum may require
either a settling basin or lower flow system than typically
found in the rivers.

Since all of the polymers reduced the turbidity to less
than 10% of the initial turbidity in the jars at 25 RPM
(G = 18 s71), a comparison of the flocculation capacity
for the polymers was determined at a higher paddle
speed (50 RPM, or G value of 45 s71). This higher paddle
speed demonstrated the ability of the polymer to form
a floc and settle out of the rivers in slow reaches.

Since the Whitewater River had such low turbidity
readings (Table 1), the effect of the PAM addition on
the suspended solids was difficult to measure. There-
fore, the more turbid New and Alamo Rivers to the
south, which are the main contributors of suspended
solids to the Salton Sea, were used to measure the effec-
tiveness of the PAM treatment. As previously stated,
the majority of settling occurs between 25 and 50 RPM;
therefore, the ability to flocculate at the 50 RPM paddle
speed could potentially differentiate between the differ-
ent charge densities of the polymers tested. Cationic
PAM was the exception and outperformed the anionic
and nonionic PAMs. The cationic polymer CP1160 suffi-
ciently reduced turbidity even at speeds of 300 RPM
(G value 300 s7!) (Fig. 2) and is not included in the
following analysis at 50 RPM.

Applications of anionic and nonionic polymer showed
no observed difference for turbidity reduction at a higher

—<— Control

—&— 4 mg L-1 Alum-Al
—f4— 2 mg L-1 Cationic PAM
—@— 2 mg L-1 Anionic PAM
—7/\— 2 mg L-1 Nonionic PAM

— A \lﬂ’A

T T A

Percent of Initial Turbidity Remaining

0 160 200 300
Paddle Speed held for 5 minutes (RPM)

Fig. 2. Results of 2-L jar tests performed with New River water and
various amendment additions as the paddle speed is reduced (set-
tling, solid line) then increased (resuspension, dashed line).

paddle speed of 50 RPM (Fig. 3). There were differences
between the turbidity readings during settling and resus-
pension for all polymers, with lower resuspension tur-
bidities (Fig. 2). The lower turbidities during resuspen-
sion are a measure of the strength of the floc formed
during the settling process. The larger the difference
between the settling and resuspension turbidities at 50
RPM, the more energy that was needed to break apart
the floc, and the more tightly the floc was held together.
A stronger floc will allow the flocculated sediment to
resist resuspension as the drain or river flow increases.
The floc strength (unitless) of the various polymers was
nearly the same (21 = 5) (Fig. 3), and was extremely low
for alum (3.3) at 50 RPM (Fig. 2). However, when PAM
was used in combination with alum the floc strength varied
substantially among the polymers (discussed below).
Although alum and PAM are able to reduce turbidity
at different G values, combining the two treatments
could improve the turbidity removal compared to the
application of each treatment alone. However, the addi-
tion of alum with the polymers reduced the effectiveness
for turbidity removal in Alamo River water (Fig. 4)
relative to the polymers alone (Fig. 3b). The addition of
alum had a lesser effect on the flocculation and settling
efficiency when used with the nonionic AP1142 poly-
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100 —
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£
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Fig. 3. Turbidity removal at 50 RPM in jar tests performed with
various polyacrylamide (PAM) (2 mg L™ ') in both (a) New River
and (b) Alamo River water, where charge density (%) is reported
by the manufacturers.

mer. In fact, the difference between the settling and
resuspension turbidities of the different GE-Betz poly-
mers (of similar molecular weight) increased with de-
creasing polymer charge (Fig. 5). Other research has
shown that higher molecular weight polymers enhance
flocculation by better bridging between particles (Laird,
1997). However, the GE-Betz polymers were similar in
molecular weight to each other (approximately 5 X 10° g
mol '), and can serve as a good indication of how poly-
mer charge alone affects flocculation.

The nonionic AP1142 polymer formed a stronger floc

“Stock O PAM AP1110  AP1100

100
o  |AP1120
®© ‘o
= \
5 |
g AP1142 i)
_Bs |
= 60 |
2 _
=
I_
< 40 —
£
% ——e—— Settling
OE) 20 — ---8--- Resuspension
o
0 — T i T I | ' ]
-40 -30 -20 -10 0

Charge Density (%)

Fig. 4. Turbidity at 50 RPM in jar tests (2 mg L' polyacrylamide
[PAM] + 4 mg L' alum-Al) with Alamo River water, where
charge density (%) is reported by the manufacturers.

and had a greater reduction in turbidity in the presence
of alum compared to the anionic PAMs. These results
can be attributed to the adsorption of the trivalent alumi-
num ion onto the negatively charged polymers, thereby
reducing the effectiveness of both the anionic polymers
and the alum. This appears to contradict the belief that
polyvalent cations (like calcium and aluminum) encour-
age “cation-bridging” between polymer and clay (Theng,
1982; Laird, 1997). Peng and Di (1994) observed results
similar to ours when studying kaolin flocculation at pH
6.0. They attributed their results to the precipitation of
Al(OH);,) on the clay surfaces and to the adsorption of
AP*, AI(OH)*", and AI(OH); on the anionic charged
sites of the PAM. In our studies using Alamo River
water, the alum decreased flocculation capacity of all
the anionic polymers, whereas the alum did not affect
the ability of the nonionic PAM to reduce turbidity.
There were no interferences in turbidity removal when
cationic PAM was used in combination with alum (data
not shown), further supporting the findings of Peng and
Di (1994).

Phosphorus

Phosphorus loading to the Salton Sea must be mini-
mized to reduce eutrophic conditions. Although a re-
duction in sediment loading from ADW reduces Pp, Pg
is the predominant fraction of Pr (Table 2). Thus, re-
moval of the readily bioavailable P is essential to reduce
external P loading.

To compare the difference between PAM and alum
for P removal in river water, we tested anionic (AP1110)



e
o
2
[
)
)
—
%)
i
=
2
S
=
o
o
o
<
<
%))
%))
w
e
c
@
<
%))
%))
O
<
)]
<
>
o
e
)
<
D
o
S
o
>
=
[
S
¢
<
=
c
)
(S
c
o
=
>
C
L
o=
o
IS
=
—
=
o
=
(S
o)
S
=
e
)
8]
o}
S
o
S
o
()
o

MASON ET AL.: REDUCING SEDIMENT AND P IN TRIBUTARY WATERS 2003

20
AP1142
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Fig. 5. Effect of polymer charge density on the strength of the floc
formed in the presence of 2 mg L ! polyacrylamide [PAM] + 4 mg
L' alum-Al additions in Alamo River water, where charge density
(%) is reported by the manufacturers.

PAM, nonionic (AP1142) PAM, and alum using a 5-min
settling period at 0 RPM. During this settling period all
of the floc that had formed was able to settle out of the
water column. The floc formed by the PAM removed
suspended solids but not Ps, and the floc formed by
alum removed both suspended solids and up to 75% of

As previously mentioned, unlike PAM, the alum floc
was weak and not capable of settling out of the water
column at higher paddle speeds. Although the alum floc
absorbs the Ps in the water, the PAM is necessary to
enhance flocculation by settling the alum floc and keep
the floc settled (floc strength).

A combination of the nonionic PAM, AP1142 (which
was capable of reducing turbidity in the presence of
alum), and alum are recommended for both Ps and
P, removal in the tributary waters. When these two
treatments were added and allowed to settle for 5 min
(0 RPM), only 7.2 and 3.4% of Ps and P, remained
suspended in the jar, respectively. These two amend-
ments working together allow the alum to adsorb the Pg
fraction, and the PAM to flocculate both the suspended
solids and the alum floc.

CONCLUSIONS

Both alum and PAM were able to reduce turbidity,
but the alum floc required a lower velocity gradient (G
value) to settle out of the water column and formed a
weaker floc than the PAM. Although cationic PAM was
the most effective to reduce turbidity, it is not recom-
mended as a treatment option since endangered and
threatened fish are present in tributary waters in the
Imperial Valley. The alum reduced Ps, which is the ma-

Table 2. Average soluble phosphorus (Ps) and total phosphorus
(Pr) concentrations of initial river water samples.

New River  Alamo River Whitewater River
Collection date 20 Apr. 2004 7 June 2004 20 May 2004
Average P, mg L™'  0.69 = 0.23 0.43 = 0.15 1.32 + 0.06
Average P, mg L™! 146 = 0.11 0.66 = 0.05 1.32 = 0.13
Percent Pg, % 47 65 100

jority of the external P load to the Salton Sea. In lower
energy systems, the alum can reduce both turbidity and
P, but may not stay settled at higher G values (measured
by floc strength). The nonionic PAM settled both sus-
pended solids and the alum floc at higher G values,
and formed the strongest floc once settled. Therefore,
a combination of nonionic PAM (AP1142) in addition
to alum is the best application to reduce turbidity and
Ps. This stronger floc can remain settled so it can then be
periodically dredged from either the riverbed or settling
basins, removed from the system, and returned to the
agricultural fields or disposed. To meet newly estab-
lished sedimentation TMDLs, suspended solids would
need to be reduced by approximately one-third. If the
suggested treatments are applied, nonionic PAM ($7.83
kg~!) and alum ($0.57 kg™!), an estimate of $19 million
per year would be required to reduce Ps and Pp loading
to the Salton Sea by approximately one-third.
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