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ABSTRACT 

A small but significant amount of salinity removal has been 
reported by various authors to occur in mainstem Colorado River 
reservoirs. Recalculation of some of these salinity budgets, together 
with a review of the data bases used, suggests that removal has not 
often been conclusively demonstrated. Laboratory microcosm experi
ments and field data indicate that calcium carbonate precipitation, 
perhaps with some coprecipitation of magnesium carbonate, is the 
mechanism responsible for most of the salinity removal in Oneida 
Reservoir, Idaho. Coprecipitation processes (including ion exchange), 
coagulation, and bioassimilation do not appear to be important natural 
salinity removal mechanisms. Finally, loss of calcium, relative to 
monovalent cations, may decrease water quality for irrigation purposes 
through increasing the sodium adsorption ratio (SAR) , despite a gross 
decrease in the TDS. The potential role of various reservoir opera
tion options in managing natural salinity removal processes and the 
value of such removal is discussed. 
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CHAPTER I 

INTRODUCTION 

Effective water resources management 
requires consideration of water quality in 
addition to water availability. One of the 
most important water quality variables in the 
semiarid western states is salinity. Each 
year increased salinity in western river 
basins results in substantial economic losses 
in the forms of lowered crop productivity and 
damage to pipes and fixtures resultinp: from 
lower quality water or, alternatively, higher 
costs of providing suitable water for irriga
tion and municipal uses. In the Lower 
Colorado River Basin, it has been estimated 
(USDI 1981) that each mg/l increment in 
average total dissolved solids (TDS) concen
tration in the annual discharge will result 
in an annual loss of $450,000 in 1980 dollars 
to downstream users, approximately one third 
of which will be to agricultural users and 
the remainder to municipal and industrial 
supplies. The deleterious effects of in
creased salinity were recognized in the 
establishment of salinity criteria (target 
concentrations) for the Lower Colorado River 
Basin not to exceed 1972 concentrations 
(§120.5 40 CFR part 120). If further with
drawals of water for fossil fuel development 
and municipal uses in the Upper Basin de
crease the availability of relatively fresh 
dilution water, the salinity problem will 
increase in the future. 

Present attempts to mitigate the in
creasing salinity of the Colorado River 
include desalination facilities, diversion of 
saline springs and seeps, and shifts in water 
d i stri bu tion and i rr igation technologies 
(Narayanan et a1. 1979, Temple 1980). Pro
gram cost projections (USDI 1977) e"xceed 
$22 million/year and even then fail to 
include more than half of the proposed 
projects. As an additional alternative, 
two previous studies at the Utah Water 
Research Laboratory (UWRL) indicated that 

1 

significant quantities of total dissolved 
solids (salinity) that flow into some reser
voirs are held there rather than being 
di scharged through the outflow (UWRL 1975; 
Sorensen et a1. 1976). If such "natural" 
salinity removal processes are of widespread 
occurrence in western reservoirs, and if 
reservoirs could be managed to enhance these 
removal mechanisms, the costs of salinity 
removal by utilizing more expensive tech 
niques could be reduced. 

The purposes of this research into 
natural salinity removal processes in reser-

. voirs were twofold. The first was to review 
the literature to determine the frequency and 
magnitude of salinity removal occurring 
in western reservoirs. The results of this 
search are summarized in Chapter II. The 
second objective was to investigate possible 
mechanisms of salinity removal, together with 
the factors controlling these mechanisms, 
using both laboratory microcosms and data 
gathered from Oneida Reservoir, a small 
hydroelectric reservoir on the Bear River in 
southern Idaho. These studies focused on 
four hypothetical mechanisms for transferring 
salinity from the dissolved to the part icu
late state, I.e., natural salinity removal: 
1) Congruent precipitation processes; 2) 
coprecipitation, including incongruent 
precipitation processes; 3) coagulation; and 
4) biochemical assimilation. Following brief 
descriptions of the potential mechanisms for 
salinity removal in reservoi~s in Chapter 
III, and a description of the Idaho study 
site and experimental methods in Chapter IV, 
the results of these experiments, to?ether 
with brief discussions of the re]~vapt 
chemistry, are presented in Chapters V fino 
VI. Chapter VII summarizes the result!" of 
tbe study in the context of potential r~ser 
voir management practices. 



CHAPTER II 

EVIDENCE OF SALINITY REMOVAL AS A RESULT 

OF IMPOUNDMENT IN WESTERN RESERVOIRS 

Introduction 

Interest in the effects of impoundment 
on water quality in western reservoirs 
began at least as early as 1937, following 
construction of Hoover Dam (Howard 1960). 
In a project co-sponsored by the U. S. Bureau 
of Reclamation, the Metropolitan Water 
District of Southern California, and the 
U. S. Geological Survey (Smith et a1. 
1960), Howard found evidence that, although 
salinity increased as a result of passage 
of Colorado River water through Lake Mead, 
almost half of the original increase was 
subsequently removed by precipitation of 
calcium, and to a lesser extent, silica 
within the lake. Since that time increasing 
interest in water quality has spawned many 
symposia and review papers dealing with 
effects of impoundment on water chemistry 
(e.g. USPHS 1965, Obeng 1969, Symons 1969, 
Ackerman et a1. 1973, Ward and Stanford 
1979). In addition, nearly IOU papers have 
been published in the last decade on the 
aquatic chemistry of impounded streams. 
However, few of the studies represented by 
these papers actually had as their primary 
purpose, the conclusive deIllonstration 
of salinity removal. 

The occurrence of natural salinity 
removal in reservoirs has generally been 
demonstrated in one of three ways. The two 
most common methods are inferential. The 
easiest (and least conclusive) method is to 
demonstrate a lower concentration of dis
solved constituents in the tailwater down
stream from a reservoir than in the influent 
water. This method generally fails to take 
into account concentration or dilution 
brought about by influent spr ings, ground
water seepage, lo'cal precipitation and 
snowmelt, or evaporation from the lake 
surface. 

A more conclusive demonstration of 
salinity removal can be obtained through the 
use of a mass balance on the constituents of 
interest. Such a balance employs a conti
nuity equation of the form 

~miR ~ ECiRDiR ECiINDiIN - ECiOUTDiOUT 

- ~cSDS ...... (2.1) 

where mi the mass of the i'th cpnstituent; 
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c i = theconcentrat ion of the i' th con 
stituent over some time period, t; and Di 
equals the volume of water represented by 
ci. The subscripts R, IN, OUT, and S refer 
to removal, input, output, and storage, 
~espectively. The input terms should include 
all inflow from the main stem, preCipitation, 
snowmelt, seepage, and dry deposition (Di=O). 
Output terms include tailwater and evapor
ation losses (ci=O). The storage term should 
be measured accurately at the beginning and 
end of the period in question, and should 
include bank storage that can actively 
exchange ions with the water column. 

It is seldom practical to measure all 
these terms accurately. Typically, at best 
only the major tributaries and tailwater are 
gaged. The most reliable data are at USGS 
stream gages, but they are often upstream or 
downstre,am of the ideal locations for 
establishing a mass balance in that they 
often include river reaches which are not 
part of the reservoir. Thus riverine pro
cesses may be confused with reservoir pro
cesses. Although precipitation may be 
gaged, chemical analyses of wet and dry 
deposition are seldom available, although 
such sources can contribute significantly to 
lake mineral budgets (Eisenreich 1981). 
Groundwater movements and chemistry are 
seldom known with accuracy, and minor tribu
taries are seldom gaged. Although in western 
states, water contributions from minor 
tributaries to lowland reservoirs are usually 
small, their flows may be highly mineralized 
and contribute disproportionately to the salt 
load. Streamflow outputs are often accu
rately monitored, but evaporation is usually 
estimated from the mass balance equation. 

The third method for demonstrating 
salinity removal is deductive in nature: to 
observe, in situ, the occurrence of the 
suspected process itself. Such stud ies 
include observations of calcite formation 
and silica precipitation in the form of 
diatom frustules, and also sediment trap 
studies. Such investigations have been 
relatively rare in western reservoirs, 
although they have been performed more 
frequently in natural lakes. Because the 
nature of such studies is fundamentally 
different from mass balance methodologies, 
the removal processes will be reviewed 
separately in the following chapter. 



In the following sections of this 
chapter, we shall critically review some 
of the previous studies conducted on western 
reservoirs for inferential evidence of 
natural salinity removal. In some cases, the 
primary intent of the writers was not to 
demonstrate salinity removal, but their data 
can be used to draw tentative conclusions 
toward that end. In other cases, the papers 
make a case for removal of salinity or 
specific ions. In such cases, we shall also 
attempt to make some judgment of the reli
ability of the data and the methodology 
employed to demonstrate removal. 

We shall restrict our discussion to 
several western reservoirs located in arid or 
semiarid regions. The locations of these 
reservoirs are shown in Figure 2.1. They 
include: Bighorn Lake on the Bighorn River 
on the Wyoming-Montana border; Canyon Reser
voir on the Guadalupe River in Texas; Flaming 
Gorge Reservoir on the Green River on the 
Utah-Wyoming border; Lake Powell on the 
Upper Colorado River in Southern Utah; and 
Lake Mead on the Lower Colorado River on the 
Nevada-Arizona border. These reservoirs were 
chosen on the basis of data availability and 
suitability, and because potential influences 
of the water balance and evaporitic lithology 
on reservoir water chemistry in these arid 

. and semiarid systems are likely to be differ
ent than those in humid regions. Also shown 
in Figure 2.1 is the location of Oneida 
Reservoir on the Bear River in southern 
Idaho, the site chosen for intensive studies 
described in Chapters V and VI. 

Review of Western Reservoir Studies 

Lake Mead 

As pointed out previously, Howard (1960) 
was the first to note the importance of 
salinity removal mechanisms in a we,stern 
reservoir, using both concentration data and 
an incomplete mass balance. Howard noted 
that in the summer following closure of 
Hoover Dam in February 1935, total dissolved 
solids (TDS) concentrations became lower at 
the Willow Beach gage, 10 miles below the 
dam, than at Lee Ferry, Arizona, approxi
ma tely 355 mi les above the dam. He calcu
lated that during the water years 1935-1948, 
140 x 106 tons (127 Tg) of TDS were carried 
past the Lee Ferry station, and that another 
8 x 106 tons were added by unmeasured tribu
taries above Lake Mead. Output was measured 
at the Willow Beach gage between 1935 and 
1939, and immediately below the dam there
after. The TDS in the outflow was 136 x 106 
tons, resulting in a net decrease of 12 x 106 
tons. Storage was calculated to be 22 x 106 
tons, indicating a net increase in TDS of 
10 x 106 tons (8 Tg) of TDS. 

Although Howard does not describe his 
calculations, he estimated that 9 x 106 tons 
of calcium carbonate and 1 x 106 tons of 
silica precipitated in the lake, citing 
deposits of calcium and silica around the 
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• BIGHORN LAKE 

• ONEIDA 

• FLAMING GORGE 

• LAKE POWELL 
• LAKE MEAD 

Figure 2.1. Reservoir studies with ex
tensive hydrochemical data. 

lake littoral as supporting evidence. From 
increases in sulfate and chloride output 
below the dam, however, Howard calculated 
that this removal of calcium and silica was 
overshadowed by the di ssolu,t ion of gypsum, 
together with a smaller amount of halite, 
totaling 20 x 106 tons. Slight increases in 
magn~sium, potassium, and nitrate concen
trations were consistent with evaporative 
concentration, which accounted for 5 percent 
of the average annual inflow. 

Howard thus suggests that approximately 
6 percent (10 .;. 168) of the total input of 
TDS to Lake Mead, including internal loading, 
is removed by calcium carbonate and less than 
1 percent by silica precipitation. Data on 
inflows and outflows were taken from weighted' 
annual average concentrations published by 
USGS. Neither the number of data points used 
to calculate fluxes or storage, nor the 
method of calculating calcium or silica 
precipitation or dissolution are presented. 
It is significant that the calculated removal 
rate is similar in magnitude to the estimated 
(unmeasured) salt input between Harper I s 
Ferry, Arizona, and the head end of Lake Mead 
and about one. half of the calculated change 
in storage. Considering that salinity may 
vary by a factor of two over space and depth 
in Lake Mead over a 4-day sampling cruise 
(Anderson and Pritchard 1960), the accuracy 
of the storage estimate is also subject to a 
magnitude of errQr that could substantially 
effect the calculated salinity removal. 

Lake Powell 

Much more is known regarding the salin
ity of Lake Powell than that of Lake Mead, 
because it has been the object of an in-



tensive National Science Foundation (RANN) 
study (e.g., Reynolds and Johnson 1974, 
Mayer 1977, Merritt and Johnson 1978, Johnson 
and Merritt 1979), which began in 1971. The 
introduction to the hydrodynamics of Lake 
Powell presented by Johnson and Merritt 
(19'9) serves as good basis for discussion of 
salinity removal mechanisms later in this 
report. 

Lake Powell is classified as a \varm 
monomictic lake, i.e., wind driven circula
t ion fails to mix the warm reservoir water 
entirely to the bottom each summer, leaving a 
r-tagnant, salt rich chemolimnion at the 
i.:oL tom. Cold, relat ively saline, inputs 
during the winter displace the older saline 
water out of the deepest portions of the 
reservoir, whence it is flushed from the 
resetvoir by late March. The consequences of 
such hydrodynamics, depicted in Figure 2.2, 
are that ~ummer surface overflows are gener
ally lower in salinity than the lake average, 

but over an entire year, the entire water 
volume is reasonably well mixed. That this 
is so can be seen from the intermediate 
nature of Lake Powell water chemistry with 
respect to its three major tributaries 
(Figure 2.3). 

Reynolds and Johnson went on to deter
mine that from 8 to 12 percent of the bi
carbonate load of the influent water was 
being removed in Lake Powell, which would 
correspond to a salinity reduction of 19 to 
29 mg/l, or I.'Ipproximately 5 percent of the 
1965-1970 average salinity of 500 mg/I. The 
methodology involved assumptions similar to 
those used for our Lake Powell salinity 
budget that will be described at the end of 
this section. Corroberative evidence was 
gained from the fact that the surface water 
was everywhere supersaturated with respect 
to calcite. Subsequent experiments by 
Reynolds (1978), described in Chapter I II, 
tend to support calcite precip itation as an 

,; . .:' ;-'" 
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l· igure 2.2. Conductivity (salinity) distribution in Lake Powell before (April) and after 
(June) the spring runoff (Reynolds and Johnson 1974). 
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important salinity removal mechanism. Mayer 
(1977) calculated a net loss (input minus 
0Utput) of 1.3 to 2.9 mg!l of silica annu
ally, with the higher value necessitating 
considerable bank storage of dissolved Si. 
Thus silica removal does not contribute 
substantially to salinity removal in Lake 
Powell. Neither of these studies, however, 
includes a reliable measurement of change in 
water colu~n storage. 

Inasmuch as salinity records (USU 1975, 
Table 1) for the Colorado River at Lake 
yowell seemed to indicate that as much 
as 11 x lObI'. of salinity \~er day was being 
"stored" in the reservoir, and because no 
detailed calculations seemed to have been 
published, we decided to construct an input
output salinity model for the reservoir. We 
have chosen to present the model here, rather 
than in a later chapter, because we shall not 
turn again specifically to Lake Powell in our 
stuclies. The methodology is simi lar to that 
useCl by·eynolds and Johnson (1974), Mayer 
(1977), aOG BoIke (1979), except that a term 
is included for changes in water column and 
bank storage. 

.60 HC~ 

As is often the case, there is no gaging 
station immediately upstream from Lake Powell 
from which to directly derive the input data. 
Therefore, inputs were calculated using a 
linear regression model that relates the 
total annual salinity load from four streams 
tributary to the reservoir to the total salt 
load passing a downstream station prior 
to clOSing of the Glen Canyon dam in 1963. 
The upsteam stations included the San Rafael 
River near the town of Green River, Utah, the 
Colorado River near Cisco, Utah, the Green 
River, also near Green River, Utah, the San 
Juan River near Bluff, Utah, and the Dirty 
Devi 1 River above Poison Springs Wash near 
Hanksville, Utah. According to Iorns et a1. 
(1965) the rivers at these stations con
tribute 96.8 percent of the salt load to Lake 
Powell. The downstream s tat ion was on the 
Colorado River near Lee Ferry, Arizona. The 
locations of these stations are shown in 
Figure 2.4. The period covered by the model 
inCluded the 1941 through 1962 water years, 
and the data were taken from the USGS (e.g., 
USGS 1979). 

The linear model took the form 
MoUT = 446 + 1. 02 . HIN 

.45CI 

. .(2.1) 

Figure 2.3. Anion compositions of Lake Powell and the Green, Colorado, and San Juan Rivers 
(Reynolds and Johnson 1974). 

Data are expressed in ion equivalent percents. 
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in which the masses of total dissolved solids 
input and output, MIN. and MOUT, respectively, 
are expressed in 10\1 g/yr. The regression 
accounted for 83 percent of the variation in 
annual salinity output (r = 0.913, n 22) at 
Lee Ferry. Assuming that closure of the dam 
had no effect on salinity levels in the 
river, Equation 2.1 predicts that total salt 
output for the 13 water years 1963 through 
1975 at Lee Ferry should have been 99.1 x 106 
metric tons, whereas the observed salt load 
passing the station totaled only 76.2 x 106 
metric tons; leaving 22.9 x 106 metric tons 
apparently stored in the reservoir. 

The actual storage of salt in the water 
column can be estimated with reasonably good 
accuracy. The increase in water storage in 
the reservoir up until 1975 was 2.76 x lOla 
m3 • Total dissolved solids concentrations 
could be calculated by integrating specific 
conductance isopleths measured by Merritt 
and Johnson (1977, Figure 13) at the end of 
September in 1975, and using the empirical 
model chosen by these authors to relate TDS 
to specific conductance (TDS = 17.48 + 0.684 
(EC) Hendrick (1973)). The volume weighted 
mean TDS concentration for the reservoir at 
this time was 579 mg/I. Multiplied by the 
storage volume of 2.76 x lOla m3 , this leads 

to a total water column storage of 15.9 x lO~ 
metric tons. This leaves 6.9 x 106 metric 
tons of salt, or 7 percent of the calculated 
input, to have been removed either in bank 
storage or by some natural removal process. 

Bank storage of salinity depends on the 
movement of dissolved salts relative to 
stored water, in cracks, crevices, and 
permeable formations inundated by the reser
voir water. Qualitatively, one may envision 
that, in a filling reservoir, if the hydrau
lic migration rate of water away from the 
reservoir exceeds the molecular diffusion 
rate back toward the reservoir of salts 
released to the water from the flooded 
minerals, bank storage may act as a sink for 
salini ty. This is more likely to occur in 
permeable strata, which could also be ex
pected to contribute more salt owing to 
the relatively large surface area in contact 
with the water, than in large channels and 
crevices. The latter may be characterized by 
rap id flooding, followed by subsequent out 
migration of dissolved salts. Additionally, 
during seasonal or secular decreases in 
reservoir water levels, salts would be 
flushed out of the banks as stored water 
drains back toward the reservoir. 

Utah 
-.- ._._.- ._.- .-.-.. _._._.- ._._._.- '-'-'- ._._._._.- '-'- ._._ .. .j. 

Arizona i 

Figure 2.4. USGS gaging stations used to calculate Lake Powell salinity mass balance. 
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Although the magnitude of bank storage 
cannot be resolved with information presently 
available, a crude calculation may offer 
SOIl,e perspective. Bank storage in Lake 
Powell, at the time water column salt storage 
was measured above, was approximately 11 x 
109 m3 (Lee Morrison, Bureau of Reclamation, 
personal communication). I f one assumes an 
average historical flow weighted TDS concen
tration of 560 mg/l was stored with this 
water (Le., no biogeochemical interact ions 
occurred), the storage of salt would be 
6.2 metric tons, which would account for 
approximately 90 percent of the discrepancy 
between input and output, leaving only 0.7 
percent of the input unaccounted for. Again, 
it is important to recall that this calcula
tion is likely to represent an absolute 
maximum storage because it neglects biogeo
chemical salt loading from drowned rock and 
soil formations. Nonetheless, it suggests 
that massive biogeochemical salinity removal 
is in no way conclusively demonstrated by the 
salinity mass balance. 

Flaming Gorge Reservoir 

CloSing of the Flaming Gorge Dam on the 
Green River in northern Utah in 1962 led to 
an increase in the flow-weighted average TDS 
concentration in the outfall, which led BoIke 
(1979) to construct a salt balance for the 
reservoir. His methodology was similar to 
that described earlier for Lake Powell. The 
TDS load immediately below the dam site was 
related to the load from three gaged upstream 
tributaries (Green River, Blacks Fork, and 
Henry's Fork) during 1957-1962 prior to 
closure of the dam, the difference being 
ascribed to unmeasured salt sources (nonpoint 
flows, minor tributaries, springs, etc.). 
The precipitated/leached salt load was 
calculated using the mass balance: 

LL = DSL + OTL + DLF - 1.20 MINL .. (2.2) 

in which LL is the net gain or loss from 
biogeochemical reactions, DSL is the change 
in water column storage, OTL is the measured 
outflow load, DLF is a storage term for the 
smaller Fontanelle Reservoir, downstream from 
the gaging station on the Green River, 
and MINL is the measured inflow load. The 
nature of the calculation of the DLF term 
is not clear from BoIke's discussion, nor is 
the reliability of the data used to calculate 
DSL apparent. 

The net biogeochemical loading rate, LL, 
was calculated for eight periods of various 
lengths, based (presumably) on the avail
ability of data with which to calculate DSL 
(BoIke and Waddell 1975). The results 
indicated that, between the closing of the 
reservoir in 1962 and the end of the study in 
1975, a net release of 1.95 x 106 metric tons 
of TDS to the Green River resulted following 
construction of the reservoir. The pattern 
of TDS release was 1) high during initial 
filling (3 yr) of the reservoir, 2) low 
during a following period of declining water 
levels (3 yr), and 3) a return to high rates 
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during subsequent filling to design capacity. 
BoIke suggested that the increases were 
primarily due to leaching of salts from p-ewly 
inundated rocks, and that loadings would 
probably decrease in the future. 

BoIke (1979) also calculated a dissolved 
ion budget for the period September 1972 to 
September 1975. The net changes in ion 
loads (LL) are shown in Table 2.1. Modest 
increases in sodium, magnesium, and chloride 
were accompanied by a large increase in 
sulfate, a large decrease in bicarbonate, and 
no change in calcium concentration. Bolke 
(1979) reasoned that if the increase in 
sulfate load were caused by gypsum dissolu
tion, then 190 x 106 kg of calcium would be 
brought into solution, which would in turn 
precipitate 280 x 10 6 kg of carbonate in 
order to realize the zero balance of calcium 
inputs and outputs noted in Table 2.1. 
BoIke then noted that the dissolved bi
carbonate calculated in the load budget was 
390 x 106 kg, thus leaving 110 x 106- k? UP-

accounted for. 

Alternatively, one could approach the 
problem from the opposite direction. The 
preCipitation of 130 x 106 kg of calcium 
would be accompanied (assuming it originated 
from gypsum) by 310 x 106 kg of sulfate. The 
remaining 180 x 106 kg of sulfate could be 
produced by sulfide oxidation or the dissolu
t ion of other sulfate minerals. Unfor
tunately, the discrepancy between the ion 
budgets (BoIke 1979, p. 32) and the TDS 
budget (p. 31) for the same period differ by 
over 100 percent (see BoIke 1979, Table 2.3). 
This discrepancy suggests serious flaws in 
either the data or, more likely. the budget 
calculations, which makes further speculation 
of rather limited value. If BoIke's calcula
tions are correct, however, as much as 10 
percent of the TDS (external plus internal) 

Table 2.1. Accumulation or release of ion 
loads in Flaming Gorge Reservoir 
between September 1972 and 
September 1974 (modified from 
BoIke 1979). 

Accumulation (-) or release (+) 

Constituent x 106 kg x 109 equivalents 

Calcium 
Magnesium 

Sodium 
Bicarbonate 

Sulfate 
Chloride 

Total 

TDS 

a 
70 
50 

-390a 

460 

30 
+220 

564 

n 
-'} 10 

1 

value is misprinted as -0.49 
metric tons in BoIke (p.32). 

+8 

+5 



load to the reservoir may be lost by calcium 
carbonate precipitation. 

Bighorn Lake 

Bighorn Lake is a mUltipurpose impound
ment created by the closing of Yellowtail Dam 
on the Bighorn River, Montana, in November 
1965. The chemistry and limnology of the 
reservoir have been described by Soltero et 
a1. (1973, 1974)' and Soltero and Wright 
(1975). Soltero et a1. (1973) published 
discharge-weighted major ion concentrations 
of the inputs and outputs streams for the 
reservoir during calendar years 1968 and 
1969. Hydrologic budgets for the period were 
also provided, enabling the construction of a 
budget with a net storage (water column plus 
biogeochemical changes) term only. The 
resulting budget is shown in Table 2.2. 

As can be seen, most constituents were 
released to a small extent by the reservoir, 
except sodium and chloride, which showed 
a slight decrease in the effluent. Storage 
in the reservoir increased by 91 x 106 m3 
durin~ the budget period (Soltero et a1. 
1974), but no water column concentration data 
are available. No secular trend in the 
specific conductance of the effluent was 
noticeable during the budget period (Soltero 
et a1. 1973, p. 346), and the writers noted 
that calcium carbonate preCipitation was not 
likely to be important in Bighorn Lake 
because the CalMg ratio does not change 
between the influent and effluent waters. 

Table 2.2. 

Constituent 

Sodium 

Calcium 

Magnesium 

Chloride 

Bicarbonate 

Sulfate 

Major ion 
Reservoir, 
and 1969 
Soltero et 

Input 

budget for Bighorn 
Montana, during 1968 

(based on data from 
a1. 1973). 

Output Difference 

x 109 kg (%) 

33.0 32.4 -2 

30.5 31.1 +2 

9.55 9.63 +1 
4.7 4.4 -6 

75.9 78.5 +3 

111 116 +4 

An attribute of the data given by 
Soltero. et al. (1973) compared to that shown 
in Table 2.2 is worthy of notice. In the 
or iginal data, flow weighted concentrations 
were presented, and these concentrat ions 
were typically 5-15 percent lower for the 
discharge than the inputs. The reason for 
this is the unaccounted for snowmelt along 
the sides of the reservoir, which dilutes the 
lake water. Thus the apparent salini ty 
removal phenomenon disappears when the data 
are expressed as mass fluxes, as in Table 
2.2. 
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Canyon Reservoir 

Canyon Reservoir is an oli~o-mesotrophic 
deep storage reservoir on the Guadelupe River 
in central Texas. Hannan (1979) has summa
rized earlier work by him and his collengues 
on the biogeochemistry of the reservoir. 
Hannan and Young (1974) found that bi
carbonate ion concentrations decreased near 
the center of the reservoir, which the 
writers associate with the areas of highest 
chlorophyll A concentrations. Examination of 
their data (p. 189), however, does not seem 
to justify such a simple relationship. 
Specific conductance also decreased between 
an upstream station and the dam, mostly in 
the upstream, riverine reach of the reser
voir. The writers again attributed this 
effect. to biogenic carbonate precipitation, 
but without offering either proof or calcula
t ions. 

Hannan and Broz (1976) extended the 
earlier work, and reported the following 
average changes in concentrations between a 
station upstream for the reservoir and the 
tailrace: alkalinity, -20 to 30%, specific 
conductance, -34%, calcium, - 25%, magnesium, 
-23%, sodium, -20%, potassium, +35%. No 
chloride or sulfate data were presented. 
There are no seasonal trends apparent in any 
of these concentration changes, which might 
be expected if the principal removal mecha
nism were calcium carbonate precipitation. 
Hannan et a1. (1979) presented more detailed 
isopleths, and noted that bicarbonate reduc
tion was positively correlated with primary 
productivity rates, although reference was 
made to an unpublished thesis, and no 
data were.presented. 

In summary, these studies gave circum
stantial evidence of calcium carbonate acting 
to remove salinity from Canyon Reservoir. 
No mass balance was performed, however, and 
seepage of less saline water through an 
alluvial formation crossed by the reservoir 
could provide some dilution. Normal precipi 
tation is low « 16 cm/yr) in the area, which 
minimizes the impact of rainfall as a 
diluent. No mechanisms for sodium or magne
sium removal were suggested. 

Summary 

Although the authors of reservoir 
studies in the semiarid western states have 
frequently suggested that salinity removal 
may occur, the magnitudes are usually small 
and within the range of error of the calcula
tions. High estimates are 6 percent for Lake 
Mead, 3 to 8 percent for Lake Powell, 10 
percent for Flaming Gorge, and a net gain of 
3 percent in Bighorn Reservoir. Decreas ing 
ion concentrations were observed in Canyon 
Reservoir, Texas, but no mass balance was 
done. Most published mass balance calcula
tions are plagued by poor cation-anion 
balances, hidden calculations, and un
expressed or unsupported assumptions. In 
many cases, random sampling error in deter
mining salt storage in the water column is 



sufficient to account for the calculated 
removal. Determining bank storage of salin
ity is a particularly thorny problem. 

Two points are worth considering when 
analyzing and interpreting these data, 
however. The first is that a very small 
reduction in the salinity load in a river 
could be worth millions of dollars annually 
to downstream users (DOl 1981). Related to 
the first pOint is the second: a small 
salinity reduction is difficult to demon
strate conclusively against a high and 
variable background. This is not to say that 
such a change is not susceptible to manage
ment or worth looking for. That existing 
studies do not conclusively demonstrate 
constant and substantial salinity removal 
in reservoirs is not meant to imply that 
certain mechanisms cannot be important during 
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some years or seasons in certain reservoirs. 
We shall return to this problem in the final 
chapter. 

In general, such salinity removal as 
occurred appeared to be caused by calcium 
carbonate precipitation, although very minor 
biogenic silica removal was noted in Lake 
Powe 11 and Lake Mead. The imp licat ion that 
carbonate precipitation can act to ameliorate 
gypsum dissolution in the relatively young 
Flaming Gorge Reservoir is interesting, 
inasmuch as a homeostatic biogeochemical 
mechanism may be implied. That is, if 
calcium carbonate failed to precipitate, thus 
reducing the calcium concentration in the 
overlying water, would gypsum continue to 
dissolve? This question will be pursued 
following a discussion of the relevant 
chemistry in the following chapter. 



CHAPTER III 

NATURAL SALINITY REMOVAL PROCESSES 

Introduction 

Biogeochemical processes that poten
t ially could remove TDS from surface waters 
during transit through reservoirs include 
precipitation, coprecipitation, coagulation, 
and biochemical assimilation. These four 
processes are illustrated schematically in 
Figure 3.1. Precipitation is taken here to 
include congruent processes only; that is, 
processes in which two or more species in 
solution form a more or less crystalline 
precipitate, according to the principles of 
heterogeneous equilibria. Incongruent 
processes, involving solid phases as both 
reactants and products, will be considered as 
cop recipitation. Coagulation processes may 
be purely physico-chemical or may involve 
bridging by biological polymers. Biochemical 
assimilation includes incorporation of 
dissolved ions into shells, bones, tests, and 
other biogenic structures with long lifetimes 
relative to sedimentation rates. Each of 
these processes will be considered with 
respect to the relevant chemistry and pre
vious in situ studies. 

Precip i tat ion 

Although occasionally massive calcium 
carbonate deposition has been observed in 
hardwater midwestern lakes (Otsuki and Wetzel 
1974), including the summer "whitings" of 
Lake Michigan (Strong and Eadie 1978), 
demonstrations of such precipitation in 
western reservoirs are less common. Extrapo
lation of laboratory experiments to chemical 
conditions in Lake Powell led Reynolds (1978) 
to conclude that calcite precipitation 
removed a significant fraction of the calcium 
input to Lake Powell, but that the phenomenon 
was restricted to a few weeks during the 
summer. Because calcite precipitation is 
strongly influenced by pH, and thus by photo
synthesis and other biological processes, 
precipitation is likely to be strongly 
influenced by trophic state, residence time, 
and morphometry of reservoirs, and thus 
simple extrapolation from natural lakes to 
reservoirs must be done with caution. As a 
first step in evaluating the empirical 
evidence on the extent to which precipitation 
occurs, it is worthwhile to consider the 
factors which affect precipitation reactions 
in aquatic systems. 
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Carbonate Precipitation 

The relative ubiquity of calcium and 
magnesium in freshwater ecosystems, together 
wi th the low solubil ity of their carbonates 
relative to monovalent ions, leads to the 
supposition that these species might be 
suspected to remove the majority of salts 
from hardwater reservoirs. Lucid presen
tations of carbonate precipitation with 
emphasis on freshwater ecosystems can be 
found in Garrels and Christ (1965), Kelts and 
Hsu (1978), and Stumm and Morgan (1981). The 
following discussion depends heavily on these 
sources. 

Solubility product. The 
product of calcite, the most 
carbonate, is reported to be 
(Krauskopf 1978) at 25°C, i.e. 

solubility 
ubiquitous 

4.5 x 10-9 

++ = -9 -8.35 
Ksp(calcite) "" (Ca ) (C03) = 4. 5xlO = 10 

. . . (3.1) 

where the quantities in parentheses refer to 
the activities of calcium and carbonate, 
respectively. The negative 10glO of the 
K s p, 8 . 3 5, i s c u S t om a r i 1 Y ref err edt 0 a s 
the pK sp ' and this term provides a con
venient notation for equilibrium calcula
tions. Activities of ions differ from their 
analytical concentrations (denoted by enclo
sure in brackets), in that activities repre
sent the "effective" concentrations of each 
species with respect to a particular reac
t ion. In dilute solution at environmental 
temperatures activities are somewhat lower 
than analytical concentrations, owing to 
interactions with other ions in solution. 

Ion activities are calculated by multi
plying an analytical concentration by a 
suitable activity coefficient (y). In dilute 
aqueous solution « 0.1 m), these coeffi
cients are most conveniently calculated using 
the extended Debye-HUckel equation (e.~., 
Stumm and Morgan 1981, p. 134-137). 

Log y . . . . . . . (3.2) 

where 



A 1.82 x 10 6 (dialectric constant x 
Kelvin temperature)2/3 ;: O.S in H20 
at 2SoC 

Values of a are tabluated in Stumm and Mor~an 
(1981, p. 13S), e.g., O.S nm for C03 and 
0.6nm for Ca++. Ionic strengtb can be 
calculated using tbe formula 

Z ionic cbarge 

B SO.3 (dialectric constant x Kelvin 
temp era t u r e) 1 /2 ,: O. 33 in H20 at 
25°C 

, , . " (3" 3) 

a = ion size parameter (in 10 10 m 
assuming B = 0.33) 

wbere Ci and Zi represent tbe concentrat ion 
and charge of ionic species i, respectively. 
Wben the complete analysis of a water is not 
available, Stumm and Morgan (1981) suggest 
using one of the approximations: I ionic strength of the medium 

/--, 
'C ++\+ 
I a J 

" / "--

/.--., /'-, 
'C ++\ lS'I" \ + \ a ,+, Ilca, 
" / " / ............. '--'" 

PRECIPITATION 

.. 

COPRECIPITATION 

----II .... / + \ / +\ ++ '--, --, E:3 
I No 1+( No ,+ Co -clay 
\ / \ I '--'" ,_/ 

or 
--............. /--, 

\ H + ) + Co -montmori lIonite 
" / --

COAGULATION 

,-../ '- '"' r-' '"'- '1 SALT .. 
<CO CO~+~Ca C0 3 ) 

l /\.. ...-..../ J Microbial 
COLLOIDIAL Fibrils 

BIOASSIMILATION 

.. 
SMALLER LARGER 

Figure 3.1. Examples of biogeochemical processes that could potenti-ally transfer dissolved 
solids (dasbed boundaries) to a particulate pbase (solid boundaries) in n,ltllral 
waters. 
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I 4([Ca++] + [Mg++]) _ alkalinity 
2 (3.4) 

or 

I = 2.5 x 10-5 x TDS . . . (3.5) 

where the total dissolved solids (TDS) is 
expressed in mg/l. 

Calcite solubility then can be shown to 
equal the square root of the Ksn divided by 
the activity coefficients for Ca~+ and C03=. 
Specifically, 

++ = 
(YCa++[Ca ])(Yco;[C03]) Ksp(calcite) (3.6) 

and 

thus 

..... (3.7) 

By similar reasoning, if a water is saturated 
with calcite, the ion activity product, 
(YCa++ [Ca++])\YC03 [COj"]) '" lAP, will exactly 
equal the Ksp. Supersaturated water will 
exhibit an IAP/Ksp ratio> 1.0, and under
saturation will result in a ratio < 1.0. 

The importance of the effect of ionic 
strength on calcite solubility has been 
pointed out by Plummer (1975). Equilibrium 
calculations indicate that mixing saline 
water «10% sea water) with fresh groundwater 
saturated with respect to calcite invariably 
results in undersaturation. The extent of 
under saturation increases greatly with 
increasing PC~ above 10- 3 • 0 atm and with 
decreasing tempi:!rature. The undersaturat ion 
is attributable to the indifferent ion effect 
as expressed through the activity coeffi
cients. This phenomenon may be important 
in increasing calcite solubility near saline 
seeps in rivers or reservoirs. 

In surficial waters three major factors 
influence solid/solution equilibrium; car
bonate is a conjugate base in the cal:bonic 
acid system (as is bicarbonate); the carbonic 
acid system exists in equilibrium with a 
gaseous component, C02; and C03- participates 
in ion pairing reactions that compete with 
calcite precipitation. The first two fac
tors, which are interrelated, are considered 
together. 

Carbonic acid system. Carbonic acid is 
a diprotic acid which ex ists in equilibrium 
with atmospheric carbon dioxide. It becomes 
aquated when it enters solution 

CO2 (gas) + CO2 (aqueous) .. : ..... (3.8) 
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CO2 (aqueous) + H20 + H2C03 Ko 10-2 . 8 (3.9) 

The sum of C02 (aqueous) + HZC03 is typically 
represented as HZC03 *. COZ solubi li ty is 
determined by Henry's Law, 

CO 2 (aqueous) . (3.10) 

where KH is Henry's Law constant for C02 and 
PC02 is the partial pressure of C02 in the 
gas phase (atmosphere). KH is dependent on 
temperature and equals 10-1.42 moles/ atm-l 
at 25°C (CRC 1976). PC02 is typically 10-3 •5 
atmospheres in ambient air. lC02(aR.ueous)} 
thus should be 10- 4 . 9 M. Upon dIssolu
tion only a small fraction (= 3%) of the 
C02 (aqueous) becomes aquated, however, thg 
Ko for reaction (3.9) being only 10- 2 . 
at 25°C. 

* H2C03 next dissociates into bicar-
bonate, which may in turn further dissociate 
to yield carbonate ion 

H2C0
3
* + H+ + HC0

3
-

HCO; + H+ + CO; 

10- 6 . 35 

10- 10 . 33 

(3.11) 

0.12) 

the K values given being for infinite dilu
tion (1=0) and 25°C (Harned and Scholes 
1941). Kal ;;; KH2C03/Ko from Equation 3.9, 
where KH2CCh represents the dissociation 
constant of crue H2C03. 

By combining Equations 3.8 to 3.12 with 
the mass balance condition for total in
organic carbon, CT and neglecting H2C03, 

It can be shown that 

......... (3.14) 

where 

(3.15) 

* Activites of the remaining fractions, (H2C03) 
and (HCO), can be calculated similarly 
(Stumm and Morgan 1981) to yield a concen
tration/pH diagram similar to Figure 3.2. 
I t can be seen that the carbonate activity 
becomes equal to the bicarbonate actj v i ty 
where the activity lines intersect at pH ~ 
10.33, the pK a 2 of carbonic acid. This 
explains why carbonates precipitate only with 
basic pH. 

From the discussion above, we thus may 
compute the lAP for calcite as 

++ . 
(YCa++)([Ca ]) {KalKa2PC02KH} 

(H+) 2 lAP (3. 16) 
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Figure 3.2. pC-pH diagram for a 10-3 m carbonic acid system. 

When the alkalinity is predominantly (> 95%) 
HCOJ, i.e., pH = 7.3-9.3, and the system is 
in equilibrium with atmospheric C02 (PCO..?=' 
10-3 •5 ) at 25·C, Equation 3.16 can be simpri
f ied to 

These equations indicate that the 
precipitation of calcium carbonate will be 
enhanced by the increasing pH that results 
from the loss of C02 (H2C03*) from the 
system. This may result from C02 escaping 
from supersaturated groundwater or from hypo
limnetic water that has been subjected to 
decay processes and subsequently exposed to 
the atmosphere. Carbonate encrustations of 
dead moss and rocks surrounding spring 
outlets illustrate this process.. Also C02 
can be removed by photosynthesis, as will be 
discussed in a subsequent section. First, 
however, we shall consider the third process, 
ion pairing, which competes for calcium and 
carbonate ions. 

lon_~~igg_and_com~lexation. In 
addition to insoluble precipitates, calcium 
may form io~ pairs wi~h inorganic ligands 
such as C03- and S04-, or with organic 
ligands such as the polyphenolic acids 
responsible for the brown or yellow color of 
waters .draining from decaying vegetation. 
Simi larly, carbonate may be comp lexed by 
calcium, or by other metals (e.g. Hasset and 
Jurinak 1971). Such reactions are charac
terized by stability constants which describe 
such reactions as 

K - 103 . 2 
f - . (3.18) 

There are models presently available that 
calculate the fraction of various species 
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held in complexes and ion pairs (e.g., 
Truesdell and Jones 1974, Ingle et al. 1978, 
1980, and summaries in Pagenkopf 1978). 
Applications of these models generally 
require extensive water quality analyses, 
however, and less comprehensive models are 
frequently used which deal only with key 
species,i.e., those which complex a signifi
cant fraction of the species of interest. 
Complexation is often ignored in natural 
aquatic systems because other factors may be 
expected to cause at least as much, if not 
more, uncertainty (e.g. Kramer 1967). How
ever, Otsuki and Wetzel (1973) demonstrated 
that fulvic acids may complex significant 
amounts of' calcium in waters containing 
substantial organiC color. Such compounds 
also have been shown to interfere with the 
kinetics of calcite precipitation, as dis
cussed below. 

Effects of tem~ture on carbonate 
eBuilItITTa.-rnone of the earlier studies()I 
t e effects of temperature on freshwater 
carbonate equilibria, Kindle (1929) recog
nized the importance of PC02 on the deposi
tion of lacustrine marls. Kramer (1967) 
developed a model which took into account the 
effects of temperature and ionic strength on 
carbonate equilibria in Great Lakes water, 
but failed to include ion pair ing (which is 
probably not highly significant in the < 2 mM 
water of these lakes). Kramer concluded that 
colder water, typical of the mass of water 
below the thermocline, was undersaturated 
with respect to calcite or dolomite. Water 
warmer than l3-14·C was supersatured with 
respect to both phases, but aragonite satura
tion resulted only above 20·C. Kramer 
reasoned that because of the long residence 
times characteristic of Great Lakes waters, 
that the undersaturation in the hypolimnion 
was the result of supersaturation with C02. 
the equilibrium concentration of which 
exceeded that in the atmosphere by a factor 



of 3 at S·C. The supersaturation was assumed 
to result from slow mixing. 

Plummer (1975) summarized the effects of 
temperature on the various equilibrium 
constants as shown, along with additional 
pertinent equilibrium constants, in Table 
3.1. Temperature can be seen to decrease 
C02 solubility.! shift the carbonate equilib
ria toward C03, and decrease the Ksp , thus 
decreasing calcite solubility by !leveral. 
mechanisms. 

~ii~!~_of_biQ1Qgical activities on 
nonbiogenic calcite precipitation. I t has 
been known for some time that the removal of 
C02 (aqueous) or HC03 by photosynthesis in 
the euphotic zone of lakes results in calcium 
carbonate precipitation. The reaction can be 
described 

++ - * Ca + 2 RC03 + CaC03 + + R2C03 ... (3.19) 

* Thus the removal of one mmol of C02 (H2C03) 
would result in the precipitation of one mmol 
of Ca++ and a subsequent reduction in 2 meq 
of alkalinity, provided the IAP/K sp ratio 
equaled or exceeded 1.0 prior to uptake of 
C02 by autotrophs. Chemoautotrophs such as 
nitrifiers and Thiobacillus may assume local 
importance, as may anapleurotic uptake by 
heterotrophic microorganisms in aerobic, 
aphotic environments (e.g. Sorokin 1969). 
However, carbon fixation rates by these 
processes are generally much lower than those 
resulting from photosynthesis by algae and 
macrop hytes. 

It should be noted that uptake of HC03 
rather than C02 would result in 

RCO) + CO2 (aq) + OH .... (3.20) 

Ca++ + OH + RCO; + CaC03 + + R20 (3.21) 

which, when added, result in Equation 3.19. 
The first phenomenon, represented in Equation 
3.20 was demonstrated by Steeman Nielsen and 
Kristiansen (1949) and is catalyzed by the 
enzyme carbonic anhydrase. The carbon 
s p e c i e s fix e dis t h u sun imp 0 r tan tin its 
effect on carbonate production. Of course 
plants fixing HC03 in alkaline waters_are 
more likely to produce sufficient C03 to 
exceed the Ksp for calcite than would be 
obligate C02 fixers, such as the aqyatic 
moss Fontinalis, which is limited to slIghtly 
acidic waters (Hutchinson 1975). 

Most reservoirs in the west have rather 
steep sides, and consequently harbor only a 
meager littoral zone. Thus most of the 
p hotosynthet ic product ion occurs in the 
phytoplankton community. However, if 
shallow, upstream reaches of reservoirs have 
extensive growths of macrophytes or benthic 
algal mats, these communities are particuarly 
capable of precipitating large amounts of 
calcite, as has been demonstrated by Otsuki 
and Wetzel (1974) and others. The benthic 
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macroalga Chara is particularly effective in 
this regard. 

Kinetics. Calcite crystal growth occurs 
by a surface controlled mechanism such as 
spiral dislocation (Nancollas and Reddy 1971, 
Wiecherst et al. 1975, Reynolds 1978). Reddy 
(1975) has demonstrated that crystal growth 
can be described by the second order equation 

where 

N 

. (3.22) 

total molar concentration of all 
dissolved calcium species minus the 
equilibrium Ca++ concentration, 
Le., the excess calcium available 
for precipitation 

k crystal growth rate constant 

s = seed crystal concentration (""
available crystal surface area 

The value of k was found to be approximately 
2.17 (+10 percent) l2/mo l-min-mg seed in an 
inorganic solution, but with increasing 
additions of glycerophoshphate, k decreased 
to as low as 0.081 l2/mo l-min-mg seed for a 
0.3 mM/l concentration of glycerophosphate. 
Additional experiments indicated that the 
inhibition of crystal formation was caused by 
interference with the growth process, rather 
than by ion pairing with calcium or formation 
of a metastable solid phase at the crystal 
surface. 

Such experiments led Reynolds (1978) to 
investigate the possibility that interference 
with crystal growth by polyphenolic organics 
was responsible for calcite supersaturation 
observed in Lake Powell. Experiments similar 
to those performed by Reddy in artificial 
lake water which contained no polyphenolic 
organics yielded the rate expression 

dc - [< ++) (=) Ksp ] at - kS Ca C03 - (y ++) (y ). 
Ca C03 

(3.23) 

which gave a linear plot with a zero inter
cept, thus confirming Equation 3.22. Addi
tional experiments with natural Lake Powell 
water containing polyphenolic organics, 
however, fit the expression 

(3.24) 

where C = (CO'3), and n=4. Reynolds inter
preted these experiments as pointing to 
crystal growth by the relatively efficient 
spiral dislocation nucleation process in the 
absence of inhibiting species. In the 
presence of inhibiting species, however, 
growth occurred by the much slower surface 
nucleation and spreading process with carbon
ate, rather than calcium (cf. Reddy 1975), 
being the rate controlling species. 



Table 3.1. Standard entha1pies of reaction, equilibrium constants, and analytical expressions 
for temperature corrections relating to freshwater carbonate chemistry (Plummer 
1975 after various sources). 

CaOH+ 

casog 

caco~ 
MgOH+ 

MgSOg 
+ }1gHC03 

HgCO~ 
NaS04 

o Na2S04 

NaHCo~ 
NaCO; 

o Na2C03 
NaC1 0 

KC1 0 

H
2

0 

Cart + OH

Cart + S04-

Cart + co;

Mg++ + OH-

++ --Mg + S04 

Mg ++ + HCO; 

Mg++ + co;-

+ --Na + S04 
+ --2Na + S04 

+ -Na + HC03 
+ --Na + C03 
+ --2Na .+ C0

3 
Na+ + C1-

K+ + Cl

H+ + OH-

CaMg(C03) 2 (dolomite) 

~ Ca++ + Mg++ + 2CO;-

CaCO . 3(calclte)++ 
Ca + C03 

0+-H2C03 H + HC03 
HCO; H+ + CO;-

KS04 K+ + S04-

As Reynolds added tannic acid or cold 
water extracts from Tamarix, or cottonwood 
or oak leaves to the water, K decreased. A 
regression of log K on log TTE (total tannic 
acid equivalents) showed a correlation 
coefficient of -0.94. Ultraviolet radiation 
restored the original K value, and other 
organics (pyrogallol and citric, acetic, 
tartaric, and gylcolic acids) failed to 
inhibit crystal growth. Reynolds hypothe
sized that the polyphenolic substances which 

-1.19 

-1. 65 

-3.13 

-2.14 

-4.92 

-10.37 

-0.058 

-2.229 

2.642 

-8.911 

13.345 

-8.29 

Log K(T) 

Log K(T) 

Log K(T) 

Log K(T) 

Log K(T) 

Log ctH COO 
2 3 

Analytical expression 

Log 

-1.40 

-2.309 

-3.20 

-2.60 

-2.238 

-0.928 

-3.398 

-0.226 

1. 512 

0.250 

-1.268 

-0.672 

1.602 

1.585 

-13.998 

-17.00 

13.870-0.04035T - 3059T 

14.8435-0.032786T - 3404.71/T 

6.498 0.02379T - 2902.39/T 

3.106 + 637.6/T 

5.3505 - 0.0183412T - 557.2461/T 

log PC02 - 14.0184 + 0.015246T 

+ 2385.73/T - I(0.84344 - 0.004471T 

+ o.ODn006667T2) 

enter the reservoir during spring runoff 
adsorb onto the crystals, thus inhibiting 
spiral dislocation growth and forcing the 
crystals to grow by the slower mechanism 
of surface nucleation and spreading. The 
implication for Lake Powell was that, 
although the water is supersaturated dur ing 
much of the year, calcite precipitation 
occurs predominantly in the downstream 
surface waters of the reservoir during the 
summer months. 
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Precipitation of carbonates other than 
calcite. Carbonate precIpItates tflat could 
conceivably form in natural waters are shown 
in Table 3.2, along with representative 
values for their respective Ksp's at infinite 
dilution. Although most of the transition 
metal carbonates could exert control over the 
concentration of the metal in alkaline 
waters, the amount of the available metal is 
insufficient to account for substant ial 
removal of dissolved carbonate in typi
cal reservoir waters. The most prevalent 
of these, Fe++, is only present in un
oxygenated water, and there it is competed 
for effectively by s= which forms the 
highly insoluble mineral, pyrite (Ksp = 
10- 18.1 as opposed to 10-10.7 for siderite). 
Even then, the Fe++/Ca++ rat io must exceed 
0.05 for siderite, rather than calcite, to be 
the stable solid phase. Precipitation of 
other alkaline earth carbonates (e.g., 
Ba++, and Sr++) are simi larly restr icted 
by low ambient concentrat ions of the metals. 

Many of the magnesium-rich carbonates, 
e.g. huntite, magnesite, hydromagnesite, and 
nesquehonite, are found only in saline lakes 
dominated by evaporative regimes, and then 
only as d iagenet ic products (Kelts and Hsu 
1978). Dolomite also is formed only over 
geologic time periods, owing probably to the 
very low entropy of the crystal structure 
(Garrels et al. 1960). The remaining primary 

precipitates are apparently controlled 
largely by the Mg++/Ca++ ratio. 

MUller et al. (1972) found that general
ly waters with a Mg++/Ca++ ratio less 
than 2 were dominated by calcite prec ita
t ion. Waters whose rat io exceeded 12 were 
almost invariably dominated by arag:onite 
precipitation, while intermediate ratios led 
to the precipitation of magnesium calcites 
and aragonite. This phenomenon has alterna
tively been explained to result [rom poi 
soning by Mg++ of the calcite lattice struc
ture (Folk 1974) or from increased solubility 
of the Mg++ salt through incon!!ruous solu
tion (Berner 1975). Maximum solubility 
occurs at 6.0-8.5 mole percent Mg++, Ivhich 
separates the high from low-magnesian cal
cites in Table 3.2. Monohydroca1cite 
precipitation has been demonstrated only in 
Lake Kivo in Africa (Stoffers and Fischbeck 
1974) under a Mg++/Ca++ ratio of 4-30. 
Thus, if the Mg++/Ca++ ratio remains below 
2 in reservoirs, it should be possible 
to focus on calcite as the primary solid 
carbonate phase responsible for precip
itation from the water column. 

Case studies. Many case stud ies (as 
opposed to equilibrium models involving 
dissolved species) are found in the limno
logical and oceanograph ic Ii terature, and 
several deserve special mention because of 
their particular insights or controver-

Table 3.2. Solubility of potentially important lacustrine carbonates (after Kelts and Hsu 
1978, data from Garrels and Christ 1965, Truesdell and Jones 1974, Krauskopf 
1978). 

Species 

Primary precipitates 

CaC03 
MgxCa(l_x)co 

x 0.005-0.07 

x 0.07-0.3 

CaC03 ·H20 

CaC03 

Diagenetic in sediments 

caO.45-0.55MgO.55-0.4S(C03)2 
CaMg3 (C04 )3 

MgC03 
MgS(OH(C03)2)2·4H20 
BaCO j 

Uncertain origin 

FeC03 
SrC03 
MnC0 3 
ZnC0

3 

'\-Depends on Mg/ Ca ratio. 
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Calcite 8.35 

Low Mg-calcite * 
High Mg-calcite * 
Monohydrocalcite 

Aragonite 8.22 

Dolomite 17-19 

Huntite 30 

Magnesite 7.5 

Hydromagnesite 36.8 

Witherite 8.3 

Siderite 10.7 

Strontianite 9.0 

Rhodochrosite 9.3 

Smithsonite 10.0 



siality. Among these are the works of Megard 
(1968) on Minnesota lakes and Otsuki and 
Wetzel (1974) on extremely hard water lakes 
in Indiana. Both studies found that photo
synthesis was empirically coupled strongly to 
calcite precipitation. Megard found that the 
4 moles of C02 fixation were accompanied 
by the precipitation of 1 mole of CaC03, 
which is far less than that predicted by 
Equation 3.19. The reason for this dis
crepancy was not clear. 

Brunskill (1969) monitored meromictic 
Fayetteville Green Lake in upstate New York 
over a 14-month period for evidence of 
calcite precipitation and its causes. The 
lAP /Ksp ratio was calculated using an algo
r i thm that took into account concentra
tion, diverse ion effects, ion pairing, 
temperature, and HS- contributions to 
alkalinity. Also, suspended calcite crystal 
inventories were conducted periodically by 
filtration, and sedimentation rates were 
monitored using sediment traps suspended in 
the monoliminion. 

Brunskill concluded that. although the 
mixolimnion of the lake was supersaturated 
with respect to calcite throughout the 
year, a three- to fourfold increase in 
supersaturation (to values ranging from 6.6 
to 9.4) occurred from May to late August. 
This was attributed to the effects of temper
ature on the dissociation constants of 
carbonic acid and the equilibrium activity 
product of calcite. Calcite precipitation 
(Zg/m2-day) began in late May. and was 
followed one month later by a decline of 2 
moles COz/m2 which persisted into October. 
The crystals settled at a rate of 2-4 m/day 
during the spring, a rate consistent with 
Stokes' law. Calcite precipitation and 
sedimentation were greatly reduced during the 
remainder of the year. Both chemical data 
and sedimentation traps indicated an annual 
sedimentation rate of 230-240 g CaC03/m2_yr. 

Kelts and HsU (1978) summarized their 
experiments on carbonate sedimentation in 
Zurichsee in Switzerland. Calcite precipi
tation occurred in two peaks during early 
summer and early fall, both of which followed 
peaks of algal biomass. Precipitation also 
roughly corresponded with the IAP/Ksp ratio 
and the highest epilimnetic temperatures, but 
the correspondence was, at best, general. 
Calcite crystals tended to be large (5-15 ~m) 
during the spring peak and smaller (1-4 ~m) 
during the autumn peak, perhaps owing to 
different crystal growth processes. Calcula
t ions based on observed alkalinity changes 
and crystal dissolution rates suggested net 
deposition of 4 mm sediment annually, com
pared to an observed value of 1-3 mm/yr. 

~~~~~~y of carbonate ~cipitation 
processes. Factors capable of atfecting the 
chemical precipitation of carbonates in 
reservoirs, together with some of the pro
cesses affecting them, are summarized in 
Table 3.3. The influence of some of these 
factors can be studied using equilibrium 
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chemical approaches, and others req'uire in 
situ monitoring or laboratory experiments. 
Rather than speculating further here, we 
shall discuss the likely importance of these 
factors in the context of the research on 
Oneida Reservoir in subsequent chap ters. 

Precipitation of Noncarbonate Species 

Unlike the carbonates, there appears to 
be little evidence for the congruent precip
itation of other solid phases in fresh
water environments (Jones and Bowser 1978). 
Typically, the cycle of weathering reactions 
for clay minerals in freshwater systems 
involves the weathering of feldspars to 
kaolinite (see e.g. Stumm and Morgan 1981), 
which releases alkali or alkaline earth 
metals and perhaps some silica. Authigenic 
formation of Na- or Ca-montmorillonite also 
reduces dissolved metal and silica concen
trations and may occur in some lacustrine 
sediments, but such a process involves 
incongruent precipitation and so will be 
discussed in a subsequent section. 

The failure of aluminosilicates to 
precipitate in congruent reactions has been 
attributed by Hem and Lind (1974) to ,the 
high energy requirements for deprotonation 
of AIOR and SiOH to form AI-O-Si bonds. 
Kittrick (1970) found precipitation of 
kaolinite from aqueous suspension of alumino
silicates to require 3 to 4 years in the 
laboratory, a period clearly too long to be 
of interest in a periodically mixed reservoir 
with a detention time of 1-2 years. Precipi
tation of metal sulfides, oxides, and oxy-

Table 3.3. Factors which maJ affect car
bonate precipitatlon in western 
reservoirs (greatly modified from 
Kelts and HsU 1978). 

Equilibrium factors 

Saturation Index (IAP/KSp) 
Evaporation 
Temperature 
Alkalinity 

Loss of C02 from supersaturated water 
pH (especially photosynthesis) 

Ionic strength 

Groundwater mixing 
Evaporation 

Mg/Ca Ratio 

Kinetic factors 
Availability of seed crystals 

Rate of seeding 
Rate of nucleation 

Rate of supersaturation 
Inhibitors (phosphates, organic films) 



- .. ~ hydroxides, and of calcium phosphates and 
fluorides, may be important in exerting 
control on the solubility of their con
stituent ions (see Jones and Bowser 1978). 
However, it is unlikely that in most rela
tively fresh surface waters, stoichio
metrically limiting ions are present in 
sufficient concentration to affect total 
salinity greatly. The precipitation of 
biogenically reduced iron originating from 
sedimented iron oxides in the form of non
trionite (e.g. MUller and Foerstner 1973) or 
vivianite (Emerson and Widmer 1978) may be 
important in limiting the diffusion of 
ferrous ion into the overlying water, but 
cannot be responsible for reducing salinity 
unless the iron oxides and oxyhydroxides 
originally entered the lake in colloidial 
("dissolved") form. 

Coprecipitation (Incongruent 
Precip itat ion) 

Coprecipitation (incongruent precipita
t ion) p rocesses are those i nvol vi ng mo re 
than one solid phase. A classical situation 
is exempli fied by the authigenic conversion 
of kaolinite to Ca-montmorillonite (Stumm 
and Morgan 1981, p. 530) 

7 A12Si205 (OH)4 + 8 H4Si04 + Ca++ t 

3 caO.33A14.67Si7.33020(OH)4+2H++23 H20 

....... (3.25) 

Such a reaction would essentially reduce the 
dissolved solids by 99.7 percent, providing 
the solid phases were truly nonfilterable. 
In addition to such chemically "well-defined" 
processes, we shall also include ion-exchange 
on surfaces of suspended particles (Table 
3.1), as well as precipitation of metal 
oxides and oxyhydroxides, phosphates, and 
organic coatings on the surfaces of suspended 
particulates (Jenne 1977), as examples of 
incongruent processes. 

Authigenesis (Diagenesis) of Clay Minerals 

The most convenient method of displaying 
information about clay mineral equilibria is 
the stability of predominance diagram p io
neered by SillEfn. Krauskopf (1978, p. 
157-158) offers the following example 
involving K-feldspar, muscovite, kaolinite, 
and gibbsite. The reactions, together with 
the negative logarithms of their equilibrium 
constants, are: 

3 KAlSi 30 8 + 2 H+ + 12 H20tKA1
3
Si

3
0lQ(OH

2
) 

K-feldspar Huscovite 

+ 6 H4Si0
4 

+ 2 K+ pK 

Silica 

13.4 ... (3.26) 

2 KA1
3
Si

3
0 l0 (OH) 2 + 2 H+ + 3 H

2
0 t 

Huscovite 

3 A12Si20
5

(OH)4 + 2 K+ pK 

Kaolinite 

10.0 . (3.27) 
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2 KAlSi
3

0
8 

+ 2 H+ + 

K-feldspar 

+ 4 H
4
Si0

4 
+ 2 K+ 

Silica 

9 H20:t A12Si20
5 

(OH) 4 

Kaolinite 

pK 5.6 . (3.28) 

KA1 3Si3010 (OH)2 + H+ + 9 H20!3 Al(OH)3 

Huscovite Gibbsite 

+ 3 H
4
Si0

4 
+ K+ 

Silica 

pK 10.8 .... (3.29) 

A1 2SiZ0 5 (OH) 4 + 5 H20:t 2 Al (OH) ~ 
Kaol~n~te Gibbsit~ 

+ 2 H4Si04 
Silica 

pK = 10.5 ...... (3.30) 

The equilibrium expressions can be written 
with two unknowns; log [K+]/[H+j and log 
[H4Si04] : 

2 log [K+] + 6 log [H
4
Si0

4
] 

[H+] 
-13.4 .(3.26') 

[K+] 
2 log [H+] 10.0 ......... (3.27') 

2 log [K+] + 4 log [H
4
Si0

4
] 

[H+] 
-5.6 .. (3.28') 

+ 
log ~ + 3 log [H4Si04 ] = -10.8. 

[H+] 

2 log [H4Si04 ] = -10.5 ..... . 

. (3.29') 

.(3.30') 

Equations 3.26' through 3.30' can conse
quently be represented as straight lines on a 
graph (Figure 3.3) with these axes. As can 
be seen from the diagram, kaolinite is. the 
stable phase for intermediate (10- 5 • 3 to 
10- 2 • 7 mil) silica concentrations, except 
under conditions of high K+ concentrations 
or very high pH, where muscovite (a K-mica) 
becomes predominant. 

Kramer (1967) plotted chemical analyses 
of Great Lakes water on stability diagrams 
for sodium and potassium species. He found 
summer lake water and sediment pore water to 
be in equilibrium with kaolinite, although 
winter lake water was in apparent equilibrium 
with gibbsite. Only seawater was suffi
ciently rich in K+ and Na+ to near the 
stability fields for k-feldspar and mont
morillonite (or albite), respect ively. This 
finding generally underscores the idea that 
diagenesis of kaolinite to the smectites 
(e.g. montmorillonite) is generally limited 
to marine sedimentary environments. 
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Figure 3.3. Stability relations of K-feld
spar, muscovite, kaolinite, and 
gibbsite at 25°C and 1 atm, as 
functions of log [K+]/[H+] 
and log [H4Si04]. Numbers in 
parentheses refer to Equations 
3.26' to 3.30'. 

Notes of caution regarding conclusions 
based on equilibrium models are given by 
Sutherland (1970) and Zen (1972), among 
others. Uncertainty in thermochemical data 
upon which equilibrium constants must be 
based, variable composition and crystallinity 
of solid phases, and metastability resulting 
from slow kinetics may confuse interpreta
tions. Furthermore, Jones and Bowser (1978) 
point out that many of the diagenetic reac
tions are highly influenced by H4Si04 con
centrations, which may be temporally highly 
variable in the euphotic zone due to uptake 
by diatoms. The latter authors dedu~e 
from a thorough review of the literature on 
fresh water lacustrine sediments, however, 
that no evidence exists to dispute the view 
that sediment composition is controlled 
entirely by the distributive signature of 
lake c4rrents superimposed on allochthanous 
inputs of minerals from the watershed. 

Reactions at the Solid-Solution Interface 

Natural waters contain many particulates 
with specific surface areas of several 
hundred m2 /g and surface energies on the 
order of 109 erg/g (Stumm and Morgan 1981). 
These particulates provide active sites for 
many reactions in aquatic systems. The 
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Simplest of these involve the adsorption of 
nonpolar solutes or poorly hydrated ions or 
complexes onto surfaces because of their 
low affinity for the aqueous phase. More 
complicated reactions occur as a result of 
chemical interactions, covalent bonding, 
ion-exchange, hydrogen bonding, or London or 
van der Waals forces. Although much is 
known about the nature of these interactions 
in well-defined laboratory systems, the work 
in natural waters remains mostly empirical, 
owing largely to the ill-defined composition 
of the particulate milieu. 

It is beyond the scope of this research 
to construct state-of-the-art models to 
describe coagulation reactions in western 
reservoirs. The purpose of the experiments 
to be described subsequently is to demon
strate the possible importance of such 
reactions, with a basic description of the 
most important processes and the factors that 
control them, for subsequent application in 
interpreting the experimental results. 
Further background can be found in Stumm and 
Morgan (1981, p. 599-684), Kavanaugh and 
Leckie (1980), and the references found 
therein. The following discussion is based 
primarily on these sources. 

Particulate surfaces in most natural 
waters are negatively charged because of one 
of three basic processes; chemical reactions, 
isomorphous replacement, and ion adsorption. 
Chemical reactions such as the deprotonation 
of metal hydroxides, silanol, or organic 
functional (e.g. carboxyl) groups leads to 
negatively charged surface sites which vary 
as a function of pH. Surfaces may become 
positively charged at low pH because of 
protonation of amino groups, and become 
neutrally charged at a pH referred to as the 
"zero point of charge," or ZPC. Charged 
surfaces may also result from coordinative 
binding of solutes to solid surfaces, e.g. 

FeOOH(s) + HP04 + FeOHP04 + OH . (3.31) 

This process is called adsorption or specific 
adsorption. 

Isomorphous replacement results when 
Si+4 is replaced by Al+3, or Al+3 by Mg++, 
in a clay crystal lattice, resulting in a net 
negative charge which must be neutralized by 
a counter ion. Such charges are not in
fluenced by pH, although H+ ion may compete 
with other dissolved ions for positions on 
the exchange site. Clay minerals thus have 
an ion exchange capacity having a pH depen
dent component resulting from deprotonated 
s ilanol group s at p late edges, and a pH
independent component, much of which is 
exhibited at inter layer positions in ex
panding lattice clays. 

The affinity for cations exhibited by 
these charged surfaces is a function of the 
surface charge, clay structure, and the 
hydrated radius of the adsorbed cation. In 
dilute solution, divalent cations are selec-



tively adsorbed over monovalent cations. The 
exchange can be represented by a selectivity 
coeffici ent, Q, e. g. for the rep lacement 
of sodium by calcium on an exchange site 
(Stumm and Morgan 1981, p. 643-644): 

Q(NaR+CaR) 
XCaR [Na+]2 

X~aR [Cart] 
. . . . . . (3.32) 

where X represents the equivalent fraction of 
the counter-ion on the exchange surface, R. 
(e.g. XCaR = 2 [Ca R++ ] /2 [CliR++] + [NaR+])· 
Values for Q depend on a host of environ
mental variables, such as ionic strength and 
composition of the clay particles. Selec
tivity for divalent ions decreases with 
increasing ionic strength, as can be seen in 
Table 3.4, and the magnitude of the effect is 
highly dependent on clay type. The combined 
effects of hydrated radius and charge can be 
summarized by the Hofmeister or Lyotropic 
series: Sr++>Ca++>Mg++>H+,NH4>K+>Na+ 
(e.g. Shainberg and Kemper 1967), although 
some zeolites produce the opposite behavior. 

The final mechanism for creating a 
surface charge is ion adsorption due to 
London-van der Waals forces or hydrogen 
bonding (as opposed to the chemical bonding 
described above). Examples include the 
adsorption of surfactants on clays, and humic 
or fulvic acids or multinuclear hydroxy-metal 
compounds on calcite or silica surfaces. The 
ZPC on such particles is determined by the 
relative concentrations of potential-deter
mining ions in solution, including pH. Such 
reactions are undoubtedly important in 
controlling heavy metal distribution in 
aquatic systems (e.g. Jenne 1977) and 
in interfering with crystal growth kinetics 
as described earlier. 

The consequences of such reactions may 
be to remove TDS by either substituting 
heavier ions for lighter ions, or by trans
ferring soluble species to newly created 
exchange sites. In the first 'case, such a 
mechanism may involve replacement of one 
Ca++ by two Na+ ions, if ionic strength 
in the reservoir is higher than in the 
tributary water, owing either to evaporation 
or input from saline springs or seeps. 

Replacement of K+ by Na+ would also decrease 
salinity. Finally, weathering of kaolinite 
to montmorillonite in sediments could in
crease the available ion exchange capacity 
if the sediment were subsequently released 
into the overlying water column during wind 
mixing or overturn. However, such an event 
would be more likely to increase the salin
ity, by stirring more concentrated inter
stitial water into the overlyin~ water 
column. 

Coagulation 

Natural waters hold in dispersion many 
types of particulates, which have diameters 
small enough to pass through a standard glass 
fiber filter (Stumm and Morgan 1981). Glass 
fiber filters typically pass 50 percent of 
the particles as large as 0.7-0.9 uM (Sheldon 
1972) which thus appear as total dissolved 
solids (~ filterable residue, EPA 1978, APHA 
1975) in the analysis. Any mechanism which 
results in the coagulation of these particles 
would thus appear to remove salinity, even 
though there would be no actual reduction 
in the truly dissolved species. Two pro
cesses which could effect such coagulation 
in reservoirs are physical-chemical coagula
tion and bioflocculation. 

Physical-chemical Processes 

Physical-chemical coagulation depends on 
neutralizing the chemically induced surface 
charges, which tend to disperse similarly 
charged colloids, and physical transport 
processes that bring about interparticle 
contact (Hahn et a1. 1980, O'Melia 1980). 
The ionic double layer that surrounds charged 
colloids in aquatic systems is compressed 
with increasing ionic strength, allowing the 
similarly charged particles to approach 
closely enough to flocculate, thus increasing 
their sedimentation velocity sufficiently 
to remove much of their mass to the sediment. 
This process accounts for the well-known 
sediment.ation of river-borne clays in estu
aries (e.g. Edzwald et ale 1974) and has also 
been demonstrated in a sewage outfall plume 
in a river (Hahn et al. 1980), an environment 
of much lower ionic strength. Transport 
mechanisms that allow the coagulation of 
colloids include Brownian motion, which leads 

Table 3.4. Ion exchange of clays with solutions of CaC12 and KCl of equal equivalent concen
tration (Wiklander 1964). 

Clay 

Kaolinite 

Illite 
Montmorillonite 

Exchange 
Capacity, 
meq g-l 

0.023 
0.162 
0.810 

100 

1.1 
1.5 
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Ca++/K+ Ratios on Clay 

Co~centration of Solution 
2[Ca++] + [K+] , meq liter- l 

10 1 

1.8 5.0 
3.4 8.1 

22.1 

0.1 

11. 1 
12.3 
38.8 



to perikinetic coagulation and gravitational 
settling, and fluid shear, which results in 
orthokinetic coagulation. The last of these 
processes may provide the most efficient 
transport mechanism in well mixed environ
ments. Coagulation is a reversible process, 
in that redispersion of suspended colloids 
may occur if ionic strength were to decrease 
in a reservoir or river reach. 

Unfortunately there is very little 
literature on physic'il-chemical coagulation 
of very small « 2 lim) colloids in natural 
freshwater systems. Physical modeling has 
lead O'Melia (1980) to conclude that coagula
tion is extremely effective at removing 
submicron particles from lake ecosystems. 
The principal problem thus far has been the 
absence of a rapid, low-cost method for 
determining particle size fractions in the 
<1 lim range. 

Stumm and Morgan (1981, p. 671) present 
two equations for determining' steady state 
colloid concentrations in completely mixed 
(one-box) reservoirs resulting either from 
perikinetic or orthokinetic processes. 
These are: 

N = ,-1 ± ,-2 +~ KpNo,-l 
Perikinetic: 

2 kp ... (3.33) 

and 

Orthokinetic: N . . . . . (3.34) 

in which N steady state concentration of 
aggregates 

0= concentration of aggregates 
entering the reservoir 

Q inflow - outflow rate 

V reservoir volume 

, = residence time V/Q 

orthokinetic and peri
kinetic rate constant~ 
respectively. 

These rate 
factors. 

constants depend on the foliowing 

kp a p 8 D 'IT a (3.35) 

where 

a .!!: V du 
o 'IT m dz 

a collision efficiency factor 

(3.36) 

o Brownian diffusion coefficient 
Einstein-Stokes coefficient 

a particle radius 
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Vm volume fraction occupied by 
suspended particles 

du/d z = velocity gradient 

Such calculations lead to a half time for 
reduction of 106 particles/ml (in water of 
20·C and a = 1) of 6 days by perikinetic 
coagulation versus 3.7 days for orthokinetic 
coagulation if a = 1.0 ]..1m and du/d z = 5 
sec":-l . 

Bioflocculation 

Bioflocculation results from the ten
dency of bacteria to aggregate at surfaces in 
order to take advantage of the increased 
availability of nutrients drawn to charged 
sites (Marshall 1971) and perhaps also to 
exert an ameliorative effect on an otherwise 
harsh environment. Bacteria and viruses are 
widely known to armor themselves with clay 
platelets, which may enhance their survivial 
in aquatic systems (e.g. Bitton and Mitchell 
1974), and recent work by Massalski and 
Leppard (l979a,b) has indicated that a 
substantial portion of the dissolved organic 
carbon (DOC) fraction of lakes may be present 
as colloidial microfibrils associated with 
bacteria. 

The significant aspects regarding the 
microfibrils were their ubiquity and their 
apparent role in the ecology of the bacteria. 
The 2-40 nm fibrils were found at different 
depths in the water column, at the sediment 
surface, as a coating on algae and bacteria, 
as an apparent adhesive between particles, 
and as a component of froth at the air-water 
interface in nine different Canadian Lakes. 
Agglomerations caused by fibrillar adhesion 
included colloids such as clay particles, 
viruses, and copepod fecal pellets. Ferrante 
and Parker (1977) have shown that such fecal 
pellets are surrounded by a polysaccharidic 
peri trophic membrane that is broken down by 
microbial activity within 6-14 days under 
conditions found in Lake Michigan. Inasmuch 
as the settling rate was found to average 4.7 
m/day, this would allow the pellet to reach a 
reservoir bottom that was shallower than 
25 m, but, in the absence of downwelling 
turbulence, probably sets a maximum depth at 
65 m for the process to be effective as an 
apparent salinity removal mechanism. The 
longevity of the pellet in the sedimentary 
environment was not studied. 

Biochemical Assimilation 

Biochemical assimilation or bioassimila
tion is the uptake of dissolved substances by 
organisms and their incorporation into 
biomass. In examining bioassimilation as a 
potential salinity removal mechanism, it is 
important to look at situations in which the 
subsequent mineralization and release of the 
substances does not occur rapidly with 
respect to the residence time of the reser
voir. For example, consider an algal bloom 
occurring toward the head end of a reservoir 
and having a lifetime of 24 to 48 hours. If 



the algae decomposed entirely within another 
48 hours after death, they would not signifi
cantly affect the net dissolved solids 
concentration of a reservoir with an effec
tive detention time in the euphotic zone of 
10-12 days. The most likely bioassimilation 
processes to affect salinity removal would 
thus be those that incorporate dissolved 
solids into refractory material that con
tribute to long term sediment production, or 
into components of the food chain that 
emigrate from the reservoir. 

Refractory Material 

The refractility of various components 
of biomass depends largely on its composi
tion, although environmental factors undoubt
edly play a major role in supplying the 
energy of activation needed for various 
decomposition processes. It is somewhat 
surprising that algal decomposition rates are 
rather slow, although highly variable. 
Gunnison and Alexander (1975) found that dead 
blue green algae showed signs of radical 
decomposition after several days, but that 
microscopic evidence of decomposition in many 
species of green algae did not appear for 
1 to 2 weeks. Species of Pediastrum and 
Staurastrum did not show evidence of damage, 
even at the termination of the incubation 30 
days following the start of the experiment. 

Wetzel (1975, p. 592-595) has summarized 
the work of some previous investigators, who 
found that decomposition' typically results 
in a rapid release of dissolved organic 
matter (DOM) , probably resulting from cellu
lar autolysis. This is followed by a less 
rapid (approximately first order) release 
until the more resistant components of the 
cell walls remain. At 20·C, organic carbon 
of dead green algae was reduced to 45 percent 
in 5 days under aerobic conditions, whereas 
60 days were required to reduce the particu
late organic carbon to 50 percent of its 
original value. Dead zooplankton, benthos, 
and fish showed highly variable rates of 
decay, with 28% (fish) to 68% (Tubifex) loss 
of total particulate biomass within 24 hr 
under aerobic conditions at 20·C. Decompo
sition was found to be strongly affected by 
temperature, pH, and major ion ratios and 
concentrations. 

The end resuJt of this relatively slow 
degradation is the product ion of some frac-
t ion of the lake sediment that is auto
chthanous in origin. It is important to 
note, however, that the carbonaceous fraction 
of thi& resistant biomass entered the system 
largely as a gas, or the assimilated bicar
bonate soon was replaced by C02 from the 
atmosphere. Thus bioassimilated inorganic 
carbon is not likely to provide a viable 
salinity removal mechanism, provided equi
libration with the atmosphere is rapid 
relative to the effective residence time of 
the reservoir. Such is usually the case in 
high productive bodies of water (Emerson 
1975). Therefore calcitic and aragonaceous 
structures, the opaline silaceous tests of _ 
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diatoms, and vertebrate skeletal structures 
would seem to be the most likely means of 
removal of salinity by bioassimilation. 

Calcitic structures include the cara
paces of ostracods, otoliths (ear bones) of 
fish, oogonia cysts of Chara spp., pelycepod 
shells, and (rarely) tests of the green, 
nonnoplanktonic alga, Phacotus. Aragonitic 
structures include gastropod shells, and some 
pelycepods. A few pelycepods may secrete 
magnesian calcite shells (Kelts and Hsu 
1978). Skeletons and scales of aquat ic 
vertebrates are also calcified. Finally, 
diatom species are protected by a frustule of 
opaline silica. 

The long-term survival of such hard 
parts depends on the depositional environ
ment. Parker and Edgington (1976) found that 
solubilization rates of diatom frustules in 
Lake Michigan sediments, which are under
saturated with respect to silica, approxi
mately equaled the accumulat ion rate. How
ever, diatom frustules, carapaces of ostra
cods, and mollusc shells survive long enough 
in many lacustrine sediments to make them 
valuable paleolimnological indicators (e.g., 
Frey 1974). Thus some long-term salinity 
r emova 1 mus t occur by such p roces se sin 
suitable reservoirs. 

Emergence and Migration 

Two other biological mechanisms that do 
not depend on the refractory nature of hard 
parts remaining in the sediment include 
insect emergence and fish migration. Al
though very little data are available for the 
former phenomenon in western reservoirs, 
Menzie (1980) has recently reviewed the 
literature and found that Chirinomidae 
(midges) account for the majority of pro 
duct ion in most typical lake ecosystems, 
typically 10-20 g dry weight/m2-yr. If one 
assumes that assimilated carbon is ultimately 
replenished by the atmosphere, a maximum of 
about 15 percent of this dry weight could be 
composed of nitrogen, phosphorus, and in
organic minerals (e.g. Bowen 1980), thus 
accounting for removal from a reservoir with 
a mean depth of 10 m, only 0.2 mg dissolved 
solids/l-yr. Similarly a small lake fishery 
(10 g/m2-yr) would remove a similar amount. 
Thus emergence and migration are not likely 
to significantly decrease dissolved solids in 
natural reservoir ecosystems. 

Summary 

The biogeochemical processes that could 
contribute Significantly to natural salinity 
removal in reservoirs include homogeneous 
precipitat ion; incongruous p recip i tat ion 
processes that include clay diagenesis and 
ion exchange reactions which replace lighter 
counter ions with heavier ones; coagulation, 
including biocoagulationj and bioassimilation 
followed by sedimentation or emigration. Of 
the precipitation processes, calcite precipi
tation driven either by photosynthetically 
induced increases in pH or by increaf'dng 



temperature, looks the most promising in 
western reservoirs. There is evidence of 
this process occurring in natural lakes, 
although the stoichiometry does not always 
correspond to that predicted. Homogeneous 
precipitation of other carbonates and authi
genic precip i tat ion of c lay minerals do 
not appear important in relatively fresh 
waters. 

Of 
known. 

the remaining processes, less is 
Past research indicates that in-
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congruous clay mineral diagenesis is re
stricted to sediment environments, except in 
unusual or particularly saline waters. 
Coagulation, either as a result of the 
input of saline spring water or through the 
trapping effect of bacterial fibrillar 
collOids, has not been thoroughly investi
gated. Bioassimilation may be important in 
controlling chemicals incorporated into 
refractory hard parts, but emigration' is 
unlikely to be of sufficient magnitude 
to represent an important chemical sink in 
saline waters. 



CHAPTER IV 

STUDY AREA, METHODS AND MATERIALS 

Description of Study Area 

Oneida Narrows Reservoir is a hydro
electric reservoir operated by Utah Power and 
Light Company on the Bear River between the 
towns of Cleveland and Preston in south
eastern Idaho (Figure 4.1). The narrows 
occur where the reservoir passes through a 
ridge that separates Gem Valley to the north 
(including the southern portion of the valley 
called Gentile Valley) from the lower lying 
Cache Valley to the south. Both valleys are 
vertical fault block structures filled 
with alluvial and glacial deposits overlying 
the Cenozoic rock which forms the valley 
floor, thus providing means for extensive 
groundwater movements in the valley bottoms. 
The alluvial deposits from ancient Lake 
Thatcher are overlain by Pleistocene frac
tured olivine basalt in the valley, which is 
in turn overlain by approximately 6 feet 
of loess and, in the areas adjacent to the 
mountains, alluvium and colluvium of recent 
origin. Haws and Hughes (1973) provide a 
thorough description of the Oneida subbasin 
of the Bear River Drainage, from. which the 
following description derives. 

Annual hydrologic inputs to the Oneida 
subbasin average 555 km3 from the Bear River 
mainstem, where a quaternary lava flow 
blocked the river from its original north
westerly course near Alexander, Idaho; 187 
km3 (44 cm) of precipitation, distributed 
approximately evenly throughout the year; and 
approximately 154 km3 of groundwater inflow 
from the Blackfoot River drainage to the 
north. Outflow from the basin occurs through 
t he One ida N arrows Dam dis charge, wh ich 
averages 656 km3/yr, and 18 km3 /yr In irriga
tion exports to the Blackfoot River drainage 
to the north. The remaining 222 km3 /yr 
return to the atmosphere as evapotransplra
t ion. Thus approximately 61 percent of the 
hydrologic inputs to the unit are exported 
through the reservoir. The mean annual 
tempera~ure in the subbasin is 6.7°C, and the 
mean elevation is 1800 m. The low topography 
of the valley bottoms, ample water, and rich 
soil make the Oneida subbasin one of the 
richest agricultural areas within the Bear 
River Valley. Principal crops include 
alfalfa, pasture, other hay, and small 
grains, with lesser amounts of sugar beets 
and potatoes. 

The reservoir itself is located in a 
steep sided canyon (Oneida Narrows) which 
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separates Gentile Valley to the north from 
Cache Valley to the south (Figure 4.2). 
Although the morphometry of the basin is 
known, virtually no previous chemical or 
biological data are available for the reser
voir. At full storage (spillway level = 
1485 m above M.S.L.), the reservoir occupies 
a volume of 14.2 km3 and has a surface area 
of 208 ha (Utah Power and Light Co., personal 
communication). A depth-volume curve is 
shown in ligure 4.3. The depth of the 
reservoir varies over a range of approxi
mately 0.5-1 m both daily and seasonally with 
operation of the hydroelectric station, and 
the upstream reach grades imperceptably into 
the Bear River below Cottonwood Creek. The 
surrounding peaks rise to an elevation of 
1750-1875 m, thus there is undoubtedly a 
substantial input of snowmelt to the reser
voir during the spring and summer. Also, 
several hot springs in the immediate vicinity 
discharge small amounts of hot (- 50· C) , 
saline water into the reservoir. 

Methods 

Field Sampling 

Two synoptic samping surveys and several 
reservoir surveys were conducted to see if 
changing concentration patterns could be 
used to reveal the extent and location of 
salinity removal processes in the river reach 
between Soda Point and the tailrace of Oneida 
Reservoir. 

Synoptic studies. Samples were col
lected on June 26, 1980, in downstream order 
from the USGS gaging station below Soda Point 
Reservoir (approximately 8: 15 a .m. MDT) to 
the br idge across the Oneida Narrows, 2 km 
below the Oneida Narrows Reservoir tailrace 
(approximately 4: 30 p.m. MDT). Samp les were 
collected at the following locations (a 
sampling map is presented in Chapter V). 

1) North side of riverbank 40 m below 
USGS gaging station at Soda Point. 

2) Middle of dam at irrigation diversion 
at Grace. 

3) Middle of bridge above Grace power 
plant. 

4) West bank above bridge near cheese 
factory. 



Niter 

Caribou County 
~-£-----

Franklin County 

Preston 

Figure 4.1. Bear Ri ver bas in between Soda 
Point Reservoir and Glendale 
Reservoir, Idaho. 

5) West bank above bridge near Thatcher 
meetinghouse. 

6) West bank above bridge at Thatcher. 

7) Middle of bridge near Cleveland. 

8) 50 m north of penstock (surface). 

9) 50 m north of penstock (6 m depth). 

10) 100 rn east of Oneida Dam spillway. 

11) 100 m north of bend above Oneida Darn. 
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Figure 4.2. 

Cleveland 
Bridge 

Oneida Narrows Reservoir, Idaho. 
For location see rectangle A in 
Figure 4.1. 

12) 500 m south of bath house at Maple 
Grove Hot Springs. 

13) 200 m north of bath house at Maple 
Grove Hot Springs. 

14) Bridge 2 km south of Oneida dam 
tailrace in Oneida Narrows. 

15) Maple Hot Springs. 

16) Br id~e at Oneida Narrows (west bank 
and stream center). 
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Figure 4.3. Depth volume curve for Oneida 
Narrows Reservoir. 

Samples collected from bankside were 
taken above bridges to prevent backwater 
effects around pilings. Samples were col
lected in acid-washed, polyethylene bottles 
previously rinsed with the sample. Samples 
taken from bridges and at depth in the 
reservoir were collected in either a poly
styrene or brass Van Dorn sampler and trans
ferred to polyethylene bottles. Bottles 
were completely filled, tightly capped to 
minimize C02 exchange with the headspace, 
and immediately iced. Specific conductance 
and temperature were measured in situ using a 
YS1 Model 33 S-C-T meter previously cali
brated in the laboratory. A second synoptic 
survey on March 10, 1981, sampled specific 
conductance and erature only at sites 1 
through 7 and be ow 16, just above the 
confluence with Mink Creek. 

Reservoir samp ling. Samp les were taken 
between Cleveland Bridge (7) and the bridge 
be low the Oneida Narrows Reservoi r (16) 
at various sampling locations and depths on 
Apr i 1 4, 1 9 8 0; .J u I y 1 6, 1 9 7 9; J u 1 y 1 5 , 
1980; August 1, 1980; August 7, 1980; and 
August 19, 1980. Sampling methods were the 
same as those described above. Sampling maps 
are presented in Chapter V. 

Sample handling. Samples were returned 
to the laboratory in an ice chest, and 
alkalinity, TDS, and turbidity were measured 
on raw water samples. An aliquot was 
filtered through 0.45 \.lm millipore filters 
for subsequent analysis for calcium and 
total hardness, sodium and potassium, silica, 
and chloride. Raw water determinations and 
filtration and hardness titrations were 
done within 18 hours of sample collection. 
Analytical methodology is described below. 
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Sediment samples. Sediment samples were 
collected from approximately 400 m south of 
Maple Grove Hot Springs and 100 m north of 
the Oneida Narrows Reservoir tailrace on July 
16, 1979, using a "thunderstick," an acetone
filled metal wedge which freezes the sediment 
to its side, whereupon it can be removed 
intact (e.g. Stocker 1972). The sediment 
samples were cleared for examination for 
diatom frustules using the method described 
by Patrick and Reimer (1966), in which a 
sample is digested with hot H2S04, oxidized 
with potassium dichromate, and washed with 
distilled water. The cleared sample was then 
mounted on a glass slide in Hyrax under a 
cover slip. Sediments to be used in the 
microcosms were collected from the main pool 
of the reservoir using an Eckman Dredge. 

Soil samples were col
lect Ie Valley in February of 
1980 to examine the effects of suspended 
plastic material on salinity. Samples were 
collected from open erosion faces that 
obviously contributed sediment to the Bear 
River above Oneida Reservoir. Although the 
samp les were not classified formally, they 
included a clay, a silt, and a sand, as 
judged from gross physical texture. 

Laboratory Studies 

The overall goal of the laboratory 
studies was to provide empirical evidence 
for the operation of the four mechanisms 
that could result in salinity removal as 
outlined in Chapter Ill. By' controlling 
various environmental factors which in
fluenced these mechanisms, we hoped to be 
able to isolate individual mechanisms and to 
study some of the controlling factors. These 
studies generally attempted to gain initial 
insights into the possibilities for the 
various mechanisms, and were not intended to 
"duplicate" a particular reservoir. There 
were five basic experiments. 

~~erimen!_~ __ ~otic coagu1ationl 
precipitation. To see whether coagulation or 
precipitation may be important in the absence 
of photosynthesis, water was collected from 
the Bear River at Cleveland Bridge (station 
6, Figure 5.1) and from the east bank of the 
main pool of Oneida Narrows Reservoir (near 
the penstock) on February 25, 1980. The 
water was mixed in equal volumes and placed 
in an acid washed polypropylene carboy on the 
following day and incubated in the dark in a 
temperature controlled laboratory. Samples 
were periodically withdrawn for analysis. 
One aliquot was not filtered and analyzed for 
temperature, pH, specific conductance (Ee), 
and dissolved oxygen (DO). The second 
a liquot was fi ltered through a Whatman GFC 
glass fiber filter and analyzed for pH, EC, 
total dissolved solids (TDS), suspended 
solids (SS; method 2080, APHA 1975), and 
silica. The final aliquot was filtered 
through a Nucleopore po1ycarbonate membrane 
filter (0.2 \.lm pore diameter) and analyzed 
for pH, EC, TDS, and silica. Analytical 
methods are described below. 



~~R~~i~~Q!_II~ __ ~ii~~of_£Qot~ 
synthesis. In order to investigate the 
effects of photosynthesis on salinity removal 
we attempted to examine water chemistry 
changes resulting from no photosynthesis 
(dark) and enhanced photosynthesis (nutrient 
amended) in 3 phase microcosms relative to a 
light, untreated control. Water and sediment 
were collected from Oneida Narrows Reservoir 
on April 4, 1980. Water samples were col
lected from the surface, and sediment samples 
were collected from the littoral zone near 
the penstock. Nine microcosms (Figure 4.4) 
were filled with the sampled water and 
sediments on April 8. Sediment was homoge-

WATER 
DRIVEN 
MAG
MIXER 

~~"" WATER 
LEVEL 

nized and evenly distributed among the 
microcosms up to the top of the black lined 
basal sections, and 5.8 t of water were 
evenly distributed into the microcosms. The 
use of such triphasic, semicontinuous micro
cosms has been thoroughly described by 
Reynolds et a1. (1975), although in this 
experiment, the microcosms were incubated 
with an open headspace. 

After allowing approximately two weeks 
for stabilization, the study was begun on May 
11. Microcosms 1, 6, and 11 were p laced in 
the dark adjacent to the other microcosms. 
Microcosms 3, 8, and 9 were spiked with 5 
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Figure 4.4. Schematic diagram of three phase microcosm. 
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mg/l KN03-N, which was determined to be the 
growth limiting nutrient (Table 4.1). Micro
cosms 3, 7, 8, 9, 10, 11, and 12 were held 
under conditions of constant light (2000 lux 
measured at the top of the microcosms). The 
magnetic stirrers were started, and the 
microcosms were incubated through May 24. 
Samples (700 mls from each microcosm) were 
taken on May 11,12, IS, 17, 20, 22, and 24. 
May 11 samp 1es were taken before the micro
cosms were treated and the stirrers started. 
The samples were drawn from the lower tap on 
the microcosms and the microcosms were filled 
from the top to bring the volume back to S.8 
liters. The reservoir water used to refill 
the microcosms was held at 6.7°c in the cold 
room. This "reserve" water was sampled for 
analysis on alternating sampling dates. 

Chlorophyll a was measured by various 
methods for this study. On May 2 chlorophyll 
~ was measured for the respective microcosms 
using filtration, extraction with 90 percent 
acetone for 24 hours, and measurement of the 
extract on a spectrophotometer. Chlorophyll 
a was measured on May 11, 12, IS, 17, 20, and 
22 by extraction of 10 ml of sample with 90 
ml of acetone for 24 hours. The samples were 
then read on a Turner Model 420 Fluorometer. 
Because background fluorescence of the water 
obscured fluorescence of the chlorophyll !!, 
100 ml samples from May 24 were filtered 
through GFC filters, the filters were ex
tracted with 90 percent acetone for 24 hours, 
and the extract was read on the fluorometer 
as before. Samples were filtered through 
0.4S 11m mi11ipore filters, and the filters 
were p reserved in methanol for zoop lankton 
counts. Ten ml samples were taken for 
phytoplankton counts and were preserved with 
formaldehyde. 

At each sample period, the following 
analyses were done by Standard Methods (APHA 
1975): dissolved oxygen, specific conduc
tance, pH, alkalinity, silica, and chloride. 
A probe and a YSI DO meter were calibrated 
before each use and were used to measure DO 
within the microcosms. Samples were titrated 
to pH 4.6 to determine alkalinity. Total 
dissolved solids were measured from 100 
m 1 samp les and were only d one on May 24. 
Samples were also taken for atomic absorption 
and emission ana ysis for Ca++ Mg++ 
N + + ' , a , K , and • The replacemen~ (re-
s~rve) water was held in two carboys. The 
fIrst carboy was used up with the May 17 
refill, and the second, carboy was used for 
the remainder of the study. Chemical analy
ses inElicated no significant differences 
between the water in the two carboys. 

Following this experiment, on June 13, 
the microcosms were sampled for EC, TDS pH 
alkalinity, and suspended chlorophyil ~ 
(EPA 1973). Also, the sides of the micro-=
cosms were thoroughly scraped with a rubber 
policeman, and the dry weight of the attached 
Au fwuchs cornmun ity biomass was measured by 
drying at 10S·C and combustion of organic 
matter at SSO·C. 
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Table 4.1. Results of five-day bioassays 
of microcosm water spiked with 
nitrate (10 mg N03-N/L) and 
phosphate (10 mg P04-P/L); 
results are means of duplicate 
analyses. 

Treatment Chlorophyll (l (l1g/l) 

Control 110 

Nitrate 400 

Phosphate 71 

~~eri~~~!_lll~_ Mixi~K of upstream 
~aters. To see whether mixing of turbid, 
upstream water with less turbid reservoir 
water contributed to coagUlation or stimula
tion of photosynthesis the following experi
m~nt was conducted. On June 16, 1980, the 
mIcrocosms from Experiment II (which had 
been subsequently emptied and the surface cm 
of sediment removed) were filled with water 
collected from the east center of the main 
pool of the reservoir on June 14. All 
microcosms were incubated under constant 
fluorescent light (2000 lux) and allowed to 
equilibrate for 8 days. Beginn on June 
24, the microcosms were analyzed every 1-3 
days .f~r calcium and total hardness, pH, 
alkalInIty, TDS, sodium, potassium, chloride 
sulfate, and silica. Not all of the param: 
eters were measured on each sampling date due 
to the constraints of the work schedule. 
Fo~lowing withdrawal of each 700 ml sampling 
alIquot from the top port of the microcosm, 
a 700 111 volume of reserve water from the 
or ina 1 sampling date (stored in 4 walk-in 

rooms at 4°C) was added to the bottom 
port to make up the original volume. 

Beginning on July 18, three of the 
microcosms (1, 9, and 11) began to receive 
700 ml aliquots of water from a carboy 
collected at the Cleveland Bridge on July 14. 
Microcosms 6, 7, and 8 continued to receive 
Oneida Narrows Reservoir water from the 
original June 14 sampling date. The re
maining three microcosms were discontinued 
(the microcosms receiving the various treat
ments were chosen using a random number 
table). Samples were periodically drawn 
from the six microcosms and the two reserve 
water carboys for analysis as descr ibed in 
the previous paragraph. Although turbidity 
analyses should reveal changes in plankton 
biomass, no biological data were gathered. 

Experiment IV. Coagulation/mixing with 
saline spring water. The objectives of this 
experiment were 1) to investigate the rela
tionship between submicron particle size 
distribution and water chemistry and 2) to 
investigate the effects of mixing Maple Grove 
hot springs water with water from the Oneida 
Narrows Reservoir. Water samples were 
collected at various stations and depths (see 



10cat ion map, Figure 5.7) on August 7, 
1980. Samples were returned to the labora
tory and an aliquot of Maple Grove hot spring 
water was subsequently mixed in a 1:7 ratio 
with water from station 2, upstream from the 
hot spring influent. Samples were incubated 
under ambient conditions in the laboratory 
(- 16 hours light, 8 hours dark, ~ 21"C) in 
acid washed polypropylene 3.8 1 bottles. 
Samples were withdrawn on July 7 (immediately 
after mixing), from microcosms 8, 11, 14, 
filtered through Millipore 0.45 ]lm membrane 
filters, and aliquots were analyzed for 
calcium and magnesium (EDTA titration), 
sodium and potassium. TOC and Si were 
measured on July 7, 11, and 14, and July 8, 
respectively. The filtrates were also 
analyzed for submicron particle size distri
bution using a Coulter Electronics Nannosizer 
(T.M.), but there was an insufficient mass of 
particles « 1 mg/l) to produce a reading on 
the instrument at any sampling date. TDS 
(single analyses), alkalinity, and pH were 
runs of aliquots of each sample at every 
date. 

Experiment v. Heterogeneous precipita
t ion. To test the effects of clay inputs to 
the reservoir on heterogeneous precipitation 

Table 4.2. Methods for water analyses. 

Analytical Parameters 

TDS mg/l 
TSS mg!l 
Turbidity 

Detection level 

1 mg/l 
1 mg/l 
0.05 NTU 

(coprecipitation) three soils were collected 
above Oneida Narrows Reservoir from erosional 
areas typical of those that could contribute 
sediment to the Bear River. A sediment 
sample was also taken from the Bear River 
above Cleveland Bridge. Subsamples of each 
of the three soils and the sediment were 
mixed with a synthetic Bear River water made 
up to resemble the composition of the water, 
as determined on February 25, except for 
spiking with CaC12 to give calcium hard
nesses of 150, 200, 250, and 300 mg/l as 
CaC03. Two sets of samples, one representing 
0.5 g sediment/l and one representing 1.0 gIl 
under field moisture conditions, together 
with control flasks filled with artificial 
river water alone, were incubated with each 
water type on a shaker table in the dark at 
18"C for 36 hours. Following the incubation, 
aliquots were withdrawn, filtered through 
Whatman GFC filters, 'and analyzed for pH, TDS 
(in triplicate), and calcium ion (atomic 
absorption spectrophotometry: AA). 

Analytical methods 

Methods used in analyzing field and 
laboratory samples are summarized in Table 
4.2. 

Method 

Specific Conductance 
pH 

1 \lmho!cm @ 250 C 
0.1 pH units 

Gravimetric; SM p. 92 
Gravimetric; SM p. 94 
Nephelometric; SM p. 132 
Conductivity; SM p. 71 
pH Electrode; SM p. 460 
EDTA Titrimetric; SM p. 202 
EDTA Titrimetric; SM p. 189 
Calc. from Tot. Hard 

Total Hardness 
Calcium (Ca) Dissolved rug/I 
Magnesium (mg) Dissolved rug/I 
Potassium (K) Dissolved mg/l 
Sodium (Na) Dissolved mg/l 
Alkalinity 
Bicarbonate (HC03) mg/l 
Carbonate (CO ) mg/l 
Chloride (Cl)3Dissolved mg/l 
Sulfate (S04) mg/l 
Total Organic Carbon mg!l 
Silica (Si) Dissolved mg/l 

1 mg/l; as CaC03 1 mg!l 
0.1 mg/l 
0.1 mg!l 
1.0mg/l 
1 mg!l 
1 mg/l 
1 mg!l 
0.1 mg/l 
1. 0 mg/l 
1 mg!l 
0.5 mg/l 

Flame Photometric; SM p. 234 
Flame Photometric; SM p. 250 
Titrimetric, SU p. 278 
Calc. from Alkalinity 
Calc. from Alkalinity 
Ferricyanide (automated); SM p. 613 
Methylthymol Blue (automated); SM p. 628 
Combustion Infrared; SM p. 532 
~~lybdosilicate; SM p. 487 

SM - Standard Methods for Examination of Water and Wastewater, 14th Ed., (APHA 1975). 
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CHAPTER V 

SALINITY REMOVAL IN ONEIDA NARROWS RESERVOIR 

The field portion of this investigation 
was conducted at Oneida Narrows Reservoir 
because there was preliminary evidence that 
salinity was lower in the reach below the 
reservoir than above (Hill et a1. 1973) and 
because of its proximity to the laboratory. 
Experiments were directed toward mass balance 
and equilibrium modeling of water chemistry 
above, below, and within the reservoir in 
order to search for supersaturation of 
carbonate species, for patterns of element 
removal, and for in situ evidence of coagula
t ion or biodeposition of elements in the 
sediments. In addition to reexamining the 
data gathered by Hill et al. (1973), samples 
were gathered sporadically between the 
summers of 1979 and 1980. Sampling and 
analytical methods have been described 
in Chapter IV. 

Evidence for Ion Removal Based on Changes 
in Chemical Concentrations 

Bear River Study 

Initial evidence that salinity removal 
may have been occurring in Oneida Narrows 
Reservoir was based on data collected by Hill 
et a1. (1973, Appendix F.) Paired-t statis
tics (HP 1977) were calculated for constit
uents of interest for samples taken at 
the same date (usually 2 hours apart) at 
Alexander, Idaho, and the Oneida Dam tail
race. The results of this analysis, pre
sented in Table 5.1, indicated that TDS 
concentrations showed significant (a =0.05) 
decreases downstream, but that sodium and 
chloride, and to a lesser extent, calcium, 
exhibited significant increases. Sulfate 
also increased and alkalinity decreased 
downstream, but the d i f ferences were not 
significant. 

Qualitative examination of the data 
initially suggests in situ dissolution or 
a 110chtllOnous inputs-or-sQdium, potassium, 
and calcium balanced by chloride and sulfate 
ions, together with the subsequent precipita
tion of calcium carbonate. However, a mass 
balance of ions (Table 5.1) indicates the 
increase in sulfate (0.06 meq/l) to be 
insufficient to account for enough calcium 
going into solution (perhaps from gypsum) 
to offset the 0.68 meq/l of alkalinity 
presumed to be lost by calcite precipitation. 
This leads one to suspect the data for at 
least one of the chemical species to be in 
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error. Indeed, addition of the ions in 
Table 5.1 indicates a discrepancy of 113 mg/l 
TDS (546 minus 433) for the upstream station 
and 174 mg/l TDS (522 minus 348) for the 
downstream station. Inorganic carbon species 
lost through volatilization or conversion to 
oxides during the TDS analysis (APHA 1975) 
may account for some of the discrepancy. 

Proceeding on the assumption that the 
TDS, rather than the constituent ion values, 
were in error, ion ratios of each ion to 
chloride were calculated. If one assumes 
that chloride ion concentration is not 
altered by biogeochemical processes, but only 
by concentration or dilution of the water 
mass by evaporation or mixing with a new 
water mass (Liss 1976), a change in such 
ratios often suggests the operation of 
biogeochemical processes in aquatic systems. 
Again paired-t tests were run on upstream 
versus downstream ratios, using the data of 
Hill et a1. (1973). The results (Table 5.2) 
failed to indicate a statistically signifi
cant change in any single ion relative to 
chloride, although a reduction in the TDS/ 
chloride ratio was significant at the a = 
0.05 level. These data thus indicated a need 
for further study, both within the Oneida 
Narrows Reservoir itself and also along the 
stream reach between Alexander and the 
headwaters of the reservoir, in order to gain 
a better understanding of temporal and 
spatial changes in ion concentrations within 
the study area. 

It should be borne in mind that the only 
way to conclusively demonstrate salinity 
removal is through a mass balance, as de
scribed in Chapter II. Establishing the 
required hydrologic gaging network was beyond 
the scope of this project. Thus the objec
tive of the field studies described below was 
to suggest the potential for salinity removal 
to occur in the reservoir or the upstream 
river reach and the most likely spatial and 
temporal pattern of such removal, if it were 
indeed occurring. 

Bear River Synoptic Study 

One problem with the data from the 
earlier study was that they did not distin
guish between processes occurring in the 
stream reach above Oneida Narrows Reservoi r 
and those occurring within the reservoir 
itself. Several springs flow into the river 



Table 5.1. Compari son of paired samples taken upstrean: (Alexander) and downstream (OneidCl 
Narrows Reservoir tailrace) several hours apart (data from Hill et a1. 1973. 
App end ix F). 

TDS Cl ALK 

Upstream 
433 74 25 Concentration 26 3.1 29 49 279 

mg/l (± 1 S. D.) (±119) (±30) (±20) (±9) (±1. 1) (±10) (±13) (±72) 

Downstream 
Concentration 348 75 25 31 4.2 36 52 245 

mg/l (± 1 S.D.) (±114) (±22) (±12) (±9) (±2.1) (±14) (±20) (±82) 

Percent chanr;e -20 +1 0 +19 +35 +24 +6 -12 

Change in meq/l +0.05 0 +0.22 +0.03 +0.20 +0.06 -0.68 

1. 9* * * '1< 
-2.5 * -0.6 1.1 t-statistic 1.8 0.5 -4.4 -2.3 

(d.f.) (14) (13) (13) (12) (12) (13) (12) (14) 

at c! 0.05 

Table 5.2. Comparison of ion:chloride ratios of samples taken several hours apart at Alex
ander, Idaho, and at the Oneida Narrows Reservoir tailrace (data from Hill et al. 
1973, Appendix F). 

Ratio 

Ca++/Cl- ++ -Mg ICI Na+/Cl- K+/CI- /Cl ALK/Cl TDS/Cl 

Alexander 2.6 0.76 0.86 0.10 1.7 9.2 15 

Oneida Reservoir 2.7 0.84 0.94 0.12 1.7 8.2 11 
i< 

t-statistic (d.f.) 0.47 (12) 0.62 (12) -0.46 (10) -0.87 (11) 0.14 (10) -1.17 (12) 3.6 (11) 

0.05 

from the lava flow near Alexander (Figure 
4) and Rupp and Adams (1981) have recently 
demonstrated that calcium carbonate precipi
tation is promoted in stream reaches by 
periphyton communities growing in northern 
Utah streams. Thus several locations up
s tream from Oneida Narrows Reservoir offer 
the potential for salinity removal to occur. 
Therefore, a synoptic sampling of the entire 
river reach between Alexander and the bridge 
crossing the Bear River in the Oneid;; Nar
rows, several kilometers below the reservoir, 
was undertaken on July 26, 1980. Concentra
tions of the various constituents are de
p icted in Figure 5.1. The comp lete data are 
tabulat.ed in Appendix A, Table A3. Results 
of a second confirmatory study measuring 
temperature and conductivity only are de
picted in Figure 5.2. 

Comparison of upstream with downstream 
samp les (Soda Point versus a station below 
the Oneida Dam tailrace) indicates the same 
general patterns as the previous study. 
Sodium, chloride, and potassium increase, 
while TDS and alkalinity show small de
creases. On the July 26 date, calcium 
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decreases slightly downstream. Silica, not 
measured in the previous study, increases 
from 4.3 mg/l at Soda Point to 5.7 mgll at 
the bridge below the narrows. 

Examination of the changes in species 
concentrations between the Soda Point and 
Oneida Narrows stations indicates a complex 
pattern of events. A source of saline water 
apparently enters the river between the Grace 
power plant (station 3) and the bridge near 
the Thatcher meetinghouse (station 4). 
Station 3 is located above the power plant 
discharge, and is fed upstream by minimal 
outlets from the Grace diversion dam (station 
2) and groundwater inflows, particularly from 
a number of springs in lower Black Canyon 
(Figure 4.1). It is somewhat more saline 
than the power plant discharge, which is 
delivered through a relatively new (and 
presumably watertight) penstock from the 
Grace diversion dam. Thus most of the 
salinity increase between stations 3 and 4 
must come from groundwater, from creeks 
entering the river from the west (Densmore, 
Dry, and Smith), or from springfed creeks to 
the east. These sources apparently deliver 
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botb calcium carbonate and sodium chloride 
waters with little silica. Conductivity 
measurements on March 10, 1981, confirm this 
spatial pattern, and also indicate a salinity 
source downstream from the Grace power 
plant. 

The high salinity level at station 4 
seems to be reduced to levels typical of 
those below Soda Point Reservoir by the 
time it reaches the br idge at Cleveland 
(station 7). Whether the reduction is 
caused by biogeochemical p rocesses or by 
dilution with relatively fresh groundwater is 
not known. Temperature patterns indicate 
virtually no stream cooling between stations 
4 and 7 on the July date, and stream temper
a tures decreased in the reach on the March 
date, which fact tends to suggest little 
groundwater influence (no snow was present 
on either date). However, TDS, calcium, 
alkalinity, sodium, and chloride all de
creased by 67-82 percent, indicating either 
dilution Idth relatively fresh water or 
biogeochemical processes simultaneously 
removing calcium carbonate and sodium chlo
ride, which seems unlikely. 

The next change in river chemistry 
results from the input of hot, saline water 
from Maple Grove hot springs between stations 
12 and 13. There is li ttle evidence for 
changes in calcium and alkalinity during 
the synoptic study, the major changes being 
an increase in sodium, chloride, and alka
linity. These concentrations appear to 
decrease to slightly above upstream levels by 
the time the main pool of the reservoir is 
reached, either through reaction, or complete 
mixing with the reservoir contents. The 
fourfold decrease in silica is most note
worthy. 

Generally, CalCl ratios and TDS/CI 
ratios tend to decrease slightly between 
s tat ions 1 and 3, to increase between 3 and 
7, to decrease again near the hot spr ings, 
and to increase again near the reservoir 
penstock. The stations below the reservoir 
indicate a slight source of sodium chloride 
groundwater upstream, but little change in 
TDS overall. The results of the reservoir 
study, as well as laboratory studies, with 
the Maple Grove hot spring water will be 
discussed below. 

A commonly used statistical method of 
analyzing patterns in diverse, multivariable 
data bases is cluster analysis (e.g. Boesch 
1977). The data collected at the various 
stream -locations in the synoptic study were 
analyzed using the CLUSTAND package (USU 
Computer Center) available on the Utah State 
llniversi ty Burroughs B6800 computer and the 
UPGMA (group average) combinatorial method. 
The variables included were calcium, chlo
ride, TDS, alkalinity, silica, sodium, 
and potassium (subsequent inclusion of 
turbidity and total hardness made little 
difference in ultimate clustering). The 
resultant dendrogram (Figure 5.3) separates 
one group of stations (l, 2, and 8), typical 
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of reservoir water lying just above a diver
sion, from a second group (3, 5,6,7 and 12) 
being representative of more riverine situa~ 
tions. A third group (4, 13 and 14) appears 
dominated by inputs of more saline water, 
although the composition of the saline water 
seems different (no similarity between 
stations), owing either to differences in 
the composition of the newly input water, the 
receiving water, or perhaps both. The 
analysis suggests the possibility that main 
pool reservoir water is somewhat lower in 
sodium and alkalinity than other water in 
this reach of the Bear River, although 
possible biogeochemical mechanisms for 
removal of sodium bicarbonate (e.g., in 
Oneida Narrows Reservoir) are not readily 
apparent. 

Initial Oneida Reservoir synoptic study. 
Samples were collected from six s.ites above, 
within, and below the Oneida Narrows Reser
voir on July 16, 1979, to look for spatial 
patterns of ion concentiations that might 
suggest salinity removal mechanisms operating 
within the reservoir. The results are 
presented in Table 5.3. The upstream station 
(UP) is at the bridge near Cleveland (station 
1 in Figure 5.4); stations 2,3,4, and 5 
are within the reservoir in a downstream 
direction, and the downstream (DOWN) station 
is located below the outlet to the tailrace 
of the power plant. These locations are 
shown in Figure 5.4. 

The most striking feature of the ion 
concentrations is their homogeneity, both in 
horizontal and vertical directions. Statis
tically there is no difference among up
stream and downstream stations nor among 
depths. Although not statistically signifi
cant, station 2, near where the river enters 
the reservoir, appears to have a somewhat 
lower calcium concentration, a pattern not 
shared by other ions, including total hard
ness (as evidenced by the ion ratios in the 
last two columns). Also, there appears to be 
a general freshening of water with increasing 
depth in the pool of the dam above the pen
stock (station 5). Although all constituents 
decrease with depth, the ion ratios remain 
relatively constant, thus suggesting dilution 
rather than a biogeochemical process. Ion 
ratios (e.g., calcium:chloride) were calcula
ted but followed no particular pattern and 
are not shown. 

Subsequent reservoir synoptic studies. 
A sampling program was carried out during the 
summer of 1980 to determine if the reservoir 
samples taken as part of the Bear River 
synoptic study described in the previous 
section were characteristic of the entire 
summer. Sampling trips were conducted on 
July 15 and August 1, 7, and 19, a period 
during which biogenic precipitation of 
calcite could be expected to be at its 
max imum. Selected resul ts of these surveys 
are presented in Figures 5.5, 5.6, and 5.7. 
A comp lete tabulat ion of the data can be 
found in Appendix A, Tables A.4, A.5, and 
A.6. 
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Figure 5.3. Dendrogram representin~ the results of a cluster analysis of the data collected 
at stations shown in Flgure 5.1 for the variables Ca++, Na++, K+, TDS alkalinity, 
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Comparison of Figures 5.5, 5.6, and 5.7 
reveals a striking similarity of patterns 
with respect to the various chemical constit
uents measured. Total dissolved solids 
increase between stations 1 and 2, and 
again in response to input from Maple Grove 
hot spr ings. The TDS concentrat ion then 
decreases to approximately the upstream 
(station 1) value by the time the main pool 
is reached. Calcium, sodium, and chloride 
show similar behavior, whereas alkalinity 
(see also Table A.6) seems to show less 
change, except on August 7, a date for which 
the chemical analyses are somewhat suspect. 
The patterns generally indicate relatively 
low CalCl and TDSICI ratios near. the spring 
inlet, returning to their upstream values in 
the main pool. Species concentrations at the 
bridge in the narrows downstream from the 
reservoir are generally similar to those 
in the main pool, although calcium was 
somewhat lower on July 15, and TDS was lower 
on the August 1 sampling date. 

As in the earlier study, neither the 
temperature nor chemical data indicate more 
than slight temporary stratification in the 
downstream reach of the reservoir (see Tables 
A.4-A.6), thus minlmlzing the potential 
for hypolimnetic salinity storage, as in 
Lake Powell. Unfortunately, biogeni~ally 
controlled calcite removal from a stable 
euphotic zone is also not observable. The 
chemical patterns thus observed suggest 
general dilution of the Maple hot springs 
water below (and possibly above) the spring 
inlet, but there is little evidence to 
suggest the operation of one or .more biogeo
chemical homeostatic mechanisms operating in 
Oneida Narrows Reservoir during the period of 
study. 

Thermodynamic Analysis of 
Carbonate Supersaturation 

Another way of viewing the data pre
sented above is in terms of the thermodynamic 
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stability of the waters samp led with respect 
to various solid phases. As discussed in 
Chapter III, homogeneous precipitation of 
dissolved constituents as calcite (or a 
related mineral) has frequently been espoused 
as the most probable mechanism for salinity 
removal in reservoirs. It should be noted at 
the outset that the absence of thermodynamic 
stability does not necessitate precipitation, 
perhaps because of slow kinetics (e.g., 
Reynolds 1978), and that the values of 
thermodynamic parameters are often not known 
with great preciSion (e.g. Krauskopf 1979, p. 
71). Nonetheless, clear cases of under
saturation preclude precipitation, and 
temporal patterns in supersaturat ion ratios 
may be revealing. 

The thermodynamic model used in the 
analyses was modified from a model created 
by Stan Peterson in the Soil and Biometeo
rology Department at Utah State University. 
The revised model, listed in Appendix B, 
was written in Microsoft Fortran for a 
Pixie Microcomputer. It is of the con
t inued fraction type and depends on thermo
dynamic input data from tabulations by Sadiq 
and Lindsay (1979), Krauskopf (1978), and 
Plummer (1975). All equilibrium constants 
are corrected for temperature by using either 
empirical relationships (see Table 3.1) or 
standard free enthalpies of formation togeth
er with the van'T Hoff equation (Krauskopf 
1978, p. 168-170). A~ter each initial 
calculation of ion pairs and complexes 
involving calcium, magnesium, sodium, pot as
s ium, sulfate, carbonate and bicarbonate, a 
mass balance is performed on each of these 
species, and the calculations reiterate until 
the free ion concentrations change by less 
than 0.1 percent from the previous iteration. 
A charge balance is computed on the free and 
complexed ions and the error reported. 
Although many models adjust the charge 
balance (or proton condition) after each 
iteration, this was not done in this study 
inasmuch as complete analyses were seldom 



.J 

Table 5,3. Constituent concentrations in Oneida Narrows Reservoir on July 16, 1979. Volues are in mg!1 except calcium 
and total hardness and alkalinity, which are in mg!l as CaC03, and ion ratios which ;'1'" dimensionless, Sta-
tion locations are shown in Figure 5. 

Station Total 
Location and Total Ca Hardness! Hardness! 

Depth (m) pH Hardness Hardness Alkalinity Chloride Sulfate Alkalinity Alkalinity 

UP 8.00 337 233 286 44 61 1.18 0.81 
DOWN 8.08 333 234 287 44 63 1.16 0.82 
2-S 8.04 338 192 288 45 66 1. 21 0.67 
2-1 8.06 334 198 286 46 65 1.17 0.69 
2-2 8.05 339 192 288 44 66 1.18 0.69 
3-5 8.09 337 234 288 45 68 1.17 0.81 
3-2.5 8.10 338 224 288 45 64 1.17 0.78 
3-3.5 8.13 338 187 287 45 60 1.18 0.65 
4-S 8.04 342 219 292 43 63 1.17 0.75 
4-5 8.06 339 212 293 45 63 1.16 0.72 
4-11 8.08 337 198 294 44 64 1.15 0.67 
5-S 8.14 343 213 293 46 67 1.17 0.73 
5-2 8.13 338 198 291 44 67 1.16 0.68 
5-6 8.12 337 196 294 44 64 1.15 0.67 
5-10 8.09 339 199 290 44 64 1.17 0.69 
5-14 8.08 330 205 286 42 62 1.15 0.72 
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available. The error in the charge balance 
was generally less than 10 percent, usually 
with anions exceeding cations. 

Bear River Study. The first analyses 
were run on the upstream/downstream data of 
Hill et al. (1973). The results (Figures 5.8 
and 5.9) show striking differences between 
the water below Soda Point Reservoir and that 
below the Oneida Narrows Reservoir tailrace. 
The water below Soda Point Reservoir (Figure 
5.8) was quite undersaturated with respect to 
calcite during the late summer of (1971 and, 
except for a brief excursion in October, 
remained so until March of 1972. Thereafter, 
the water remained sl tly supersatured 
until July of 1972 (the isked data point 
is of questionable veracity owing to a poor 
ion balance), whereupon the saturation index, 
S1 (= ion activity product f Ksp) exceeded 
1.5 for the remainder of the summer. Con
versely, the water below Oneida tailrace 
(Figure 5.9) was consistently supersaturated 
(except for February 1972) with respect to 
calcite. The pattern below the tailrace, 
which is presumably indicative of lower 
reservoir chemistry, was one of increasing 
supersaturation in the fall of 1971, a 
subsequent decrease during the winter and 
spr ing, and increases in July and September 
of 1972. 

The observed patterns appear to be 
consistent with the hypothesis that phyto
plankton blooms occurring in the reservoir 
during early summer and late fall super
saturate the water primarily by increasing 
the pH. However, pH is a poor predictor of 
saturation index (r2 0.42 for a regres
sion of SI on antilog pH), and variations in 
calcium and alkalinity concentrations and 
temperature confound such a simple interpre
tation. It is nonetheless clear that calcite 
precipitation was thermodynamically possible 
throughout much of the 1971-1972 sampling 
season in the lower part of the Oneida 
Reservoir, especially during early fall, and 
that calcite precipitation was unlikely at 
the upstream (Soda Point) station, except 
during late summer and early fall of 1972. 
The undersaturation during the winter below 
Soda Point Reservoir may result from sub
limnetic input of the C02-r ich "soda" spr ing 
water, from which the reservoir derived its 
name. 

Bear River synoptic study. Supersatura
t ion ratios calculated using the data col
lected on the July 16, 1980, synoptic study 
(Figure 5.1) suggest that the undersaturation 
typ ical of the station below Soda Point may 
not continue very far downstream. The only 
two downstream stations demonstrating under
saturation were the Soda Point station (1) 
and the bridge near the cheese plant in Gem 
Valley (4). The latter station was unusual 
in that it had high concentrations of calcium 
and alkalinity, but also a low pH. Station 
3, characterized by spring water inputs above 
the Grace power plant, was supersaturated 
almost fivefold, and relatively high S1 
values (>2.2) were observed elsewhere down
stream and in the reservoir. 
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Reservoir srnoptic studies. Saturation 
indices were a so calculated for samples 
obtained in three reservoir sampling trips: 
July 16, 1979, and August 1 and 15, 1980. 
The results are displayed in Table 5.4. On 
these sampling dates, the water was generally 
supersaturated with respect to calcite, 
except for the bottom waters on August 1, 
1980. The chemistry of the reservoir water 
column on this date (and to a lesser extent 
on August 7) suggests decreasing super
saturation with depth, owing 1 ly to 
decreasing pH. This may result rom C02 
and other acidic metabolites diffusing out of 
the sediments or being produced in the 
aphotic zone. The calcium profiles (Tables 
A.5 and A.6, Appendix A) show no evidence of 
calcium removal from surface waters, however, 
even though the surface water is generally 
supersaturated. It is also interesting that 
the supersaturation is greater at the bridge 
below the narrows, and less at Cleveland 
Bridge, than in the surface waters of the 
reservoir itself. 

Summary. The results of the thermo-
dynamic modeling thus indicate that, below 
the Soda Point sampl station, the Bear 
River is generally supersaturated with 
respect to calcite. With supersaturation 
often increasing downstream, there is little 
evidence that calcite precipitation is 
occurring. Hydrogen ion activity, perhaps 
controlled primarily by algal productivity 
and the decomposition of organic matter, 
seems to be the principal control on super
saturation ratios. Although dissolved 
organic matter may retard calcite precipita
tion from supersaturated water, polyphenolic 
organic color, as measured by spectrophoto
metric absorbence of 420 rnm light by filtered 
s amp les at pH 8.3 (5 cm path length) was 
virtually negligible (absorbence < 0.035), 
thus there is little likelihood of inhibition. 

Finally, it should be noted that analy
ses of two sediment cores taken from the 
center of the reservoir exhibited a CaC03 
content of 16 percent, as determined by loss 
on ignition between 550° and 1000°C. This 
concentration is in the low range for "car
bonate" lakes in the midwest, and would be 
typical of lakes with a total cation concen
tration in the range of 2.5-3.5 meq total 
cations/l (Dean and Gorham 1976), a value 
markedly lower than the average 7 meq/l 
characteristic of the waters in Table 5.1. 
Whether this is indicative of a lower effi
ciency of precipitation or higher carbonate 
solubilization in Oneida Narrows Reservoir 
sediments is not clear, although the satura
tion profiles described above suggest the 
latter. 

Homogeneous Precipitation of Other Species 

As discussed in Chapter III, precipita
tion of species other than calcite in most 
freshwaters is usually limited by thermo-
dynamic stability. Very little evidence 
exists for auth precip itation of clay 
minerals (Jones and Bowser 1978), except in 
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saline evaporites and brines, and the solu
bility product constants for most carbonates 
exceed those of calcite (Table 3.2). Satura
t ion ratios for aragoni te were also calcu
lated by the computer program described in 
the previous section. The Ksp for aragonite, 
d isp layed in Figures 5.8 and 5.9, indicates 
supersaturation in Oneida Reservoir only 
during late fall, and on only one late fall 
date below Soda Point Reservoir. The June 16 
Bear River synoptic study indicated super
saturation at all sites that were also 
saturated with respect to calcite. The 
Oneida Narrows synoptic studies indicated 
undersaturation on August 1, 1980, and 
supersaturation on August 19 (SI = 1.36 + 
0.16). However, the Mg++/Ca++ ratios in 
the Bear River and the reservoir seldom 
exceed 1.0 and are usually more on the order 
of 0.25-0.35, indicating that the precipita
tion of aragonite and magnesian calcites 
relative to calcite is kinetically not 
favorable (Muller et a1. 1972). It is noted 
that, while solid phases such as hydroxy
apatite may be important in controlling 
phosphorus solubility, it is unlikely that 
these phases precipitate stoichiometrically 
significant quantities of calcium (e.g. Stumm 
and Morgan 1981). 

Other Salinity Removal Mechanisms 

Incongruent precipitation. An alterna-
tive to homogeneous precipitation of clay 
minerals is incongruent precipitation, as 
described in Chapter I I I. Although reports 
of water column clay diagenesis are rare, 
Roche (1975) found that magnesium concentra
t ions in Lake Chad, Afr ica, were controlled 
by montmorillonite diagenesis from kaolinite, 
despite the low (~350 mg/l) TDS. Analysis of 
silica concentrations on the Bear River 
synoptic study (e.g. Table A.3, Appendix A), 
as well as subsequent spot analyses, indi-

cated log silica activities between -5.1 
and -4.2 and log (K+)/(H+) ratios between 
3.4 and 3.7, thus indicating that kaolinite 
is stable with respect to montmorillonite 
(= muscovite, Figure 3.1) in the reservoir. 
Also, as discussed previously, there is 
little evidence to suggest potassium or 
sodium removal based on ion ratio patterns 
observed during the synoptic studies. There 
is thus neither thermodynamic nor circum
stantial evidence to indicate incongruent 
precipitation as an important salinity 
removal mechanism. This conclusion is 
further supported by laboratory studies to be 
described in the following chapter. 

Coagulation. It was reasoned that if 
coagUlation were occurring in the reservoir, 
differential size fractionation of suspended 
matter through the use of different pore size 
filters would reveal a shift from many 
smaller (i.e., filterable, APHA 1975) partic
les to fewer, larg.er (I.e., nonfilterable) 
particles. Such size fractionation was 
carried out on two sets of field samples 
using 0.22 jlm Nucleopore polycarbonate 
membrane filters, 0.45 ].jm Millipore ,membrane 
filters, and Whatman GFC (-0.7-1.0 jJm) glass 
fiber filters. 

The results from the first set of 
analyses on four samples taken on February 
19, 1980, are shown in Table 5.5. Paired 
sets of samples showed virtually no differ
ence in TDS results, either between 0.22 jlm 
and 0.45 jlm membrane filters, or between 
0.45 jlm membrane filters and -1 um GFC 
filters. Indeed, the filtrates from the 
smaller pore size filters frequently showed 
higher TDS concentrat ions. The somewhat 
higher values for the 0.45 jlm filtrate at two 
of the three stations may represent dissolu
tion or desorption from clay minerals during 

Table 5.4. Saturation indices for calcite in Oneida Narrows Reservoir on three sampling 
dates. 

Station S.1. Station 
(Figure 5.4) JULY 15, 1979 August I, 1980 August 7, 1980 (Figure 5.5) 

UP 1. 21 1. 94 1 
D01.JN 1. 48 6.06 2.73 16 

2-S 1.11 2.73 l4-S 
2-lm 1.20 1. 00 2.20 l4-6m 
2-2m 1.13 

3-S 1. 51 1. 62 2.73 8-S 
3-2.5m 1.48 1. 43 2.10 8-6 
3-35m 1. 32 1. 00 2.32 8-12 

4-3 1.27 1. 36 2.56 5-Sm 
4-5m 1.11 2.47 5-6m 
4-llm .1. 28 0.95 5-l2m 

5-3 1. 55 1. 28 2 36 11-3 
5-2m 
5-6m 1. 39 1.15 2.33 ll-6m 
5-l0m 1. 29 
5-l4m 1.71 0.96 2.12 ll-12m 
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Table 5.5. ComRarison of TDS determined on filtrates of Bear River samples using filters with 
different pore sizes (GFC = 2 ~m, millipore = 0.45 ~m, and nucleopore = 0.22 ~m). 

Date 
Filtered 

2-19-80 

2-20-80 

Filter 
Pore 

Diameter Grace (4) 

2 ]lm 304 
(8%)2 

0.45 ]lm 290 
(6%) 

0.45 ]lm 365 
(3%) 

0.22 ]lm 343 
(4%) 

of variation of 3 replicates 

storage, a result suggested by laboratory 
experiments described in the next chapter. 

The second set of samples were col
lected on the Bear River on June 26, 1980. 
Total dissolved solids were analyzed on 0.22 
l1m membrane and GFC filtrates. Analysis of 
the results (shown in Table A.3, Appendix A) 
indicated mean values of 350 + 31 (+ 1 S.D.) 
mg/l and 346 + 30 mgl/TDS (or the GFC and 
membrane fil s, repectively. The mean 
difference of 1 percent was not found to be 
statistically significant using a paired-t 
test, and no upstream/downstream pattern of 
differences was apparent, although stations 6 
and 7, above the reservoir (Figure 5.1) had 
slightly higher differences (- TDS was 6 
percent higher in the GFC filtrate) than the 
other samples. Although this pattern could 
suggest coagulation occurring somewhere 
above the hot spring (near station 13 in 
Figure 5.1), perhaps as a result of in
creasing ionic strength, removal by this 
process would be slight. It is recognized 
that the analysis outlined above is subject 
to the caveat that coagulation of a constant 
input of submicron particles could not be 
differentiated from a static situation in 
which no coagulation occurred. However, in 
the latter case one would expect to find some 
spatial pattern in the data, assuming that 
the input of colloidial matter from a hetero
geneous environment would be unlikely ,to be 
be uniform. 

Bioassimilation. The two principal 
mechanisms by which bioassimilation could 
remove significant quantities of salinity in 
Oneida Reservoir would be through silica 
assimilation by diatoms and insect emergence. 
Unfortunately, no biological information of 
either type is available for the reservoir. 
However, an examination of cleared sediment 
preparations on samples taken near Maple 
Grove hot springs and from the main pool of 
the reservoir revealed very few diatom 
frustules. Most of the frustules present 
belonged to species (e.g. Gomxhonema) that 
exhibit a sessile habit an were prob-
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Thatcher (6) (Cleveland (J) 

484 435 
(370) (2%) 

480 438 
(6%) (3%) 

475 474 
(2%) (1%) 

485 445 
(4%) (2%) 

ably contributed largely from upstream 
reaches. Either silica sedimentation is 
unimportant or the redissolution rate is 
sufficiently high to return most of the 
silica to the water column on an annual 
basis. 

Summary 

The results of the field sampling 
indicate that homogeneous precipitation of 
calcite is the most likely contributor to any 
total dissolved solids removal from the Bear 
River reach between Soda Point Reservoir and 
the lower. Oneida Narrows. Synoptic studies 
indicate a removal of TDS between Soda Point 
Reservoir and the Oneida Narrows Reservoi r 
tailrace, being accompanied primarily by 
a reduction in alkalinity, but no real change 
in cation concentrations. Although gypsum 
dissolution accompanied by calcite precipita
tion could cause such an observation, the 
stoichiometric increase in sulfate was 
insufficient to balance the needed input of 
calcium ions. Synoptic studies indicated 
that virtually the entire reach below the 
sampling station at Alexander was super
saturated with respect to calcite. The 
highest supersaturation values occurred when 
pH was highest, thus tending to support a 
photosynthetic, rather than a temperature
controlled process. 

Spatial calcite supersaturation patterns 
within the reservoir itself failed to suggest 
calcite precipitation. Patterns of de
creasing specific ion concentrations down
stream from Maple hot springs could indicate 
an homeostatic biogeochemical mechanism in 
operation, but could. equally as well indi
cate simple dilution away from the source. 
Neither incongruous precipitation of clay 
minerals (including ion exchange), coagula
tion, nor bioaccumulation appeared to play a 
significant role in salinity removal in the 
reservoir or river reach during the period of 
study. 



CHAPTER VI 

LABORATORY EXPERIMENTS ON NATURAL SALINITY 

REMOVAL PROCESSES 

In addition to the field studies de
scribed in the previous chapter, several 
laboratory experiments were designed to test 
the salinity removal mechanisms hypothesized 
in Chapter Ill. While the bench scale 
approach in no way duplicates the natural 
environment with respect to irradiation 
signature, physical miXing, importance of 
attached (Aufwuchs) communities relative 
to plankton, and similar characteristics, it 
does allow a water column mass balance to be 
constructed, and various physical, chemical, 
and biological variables to be controlled and 
independently varied. 

The purpose of these experiments was 
to explore the potential for the various 
processes under study to occur, together with 
their most likely causes in the field. Pro
cess rates, which are very much a function of 
solar and geothermal energy inputs, can only 
realistically be studied using rather expen
sive and labor intensive situ studies. 

The five experiments described below 
studied congruent and incongruent precipita
t ion and coagulation processes only. Bio
assimilation cannot be meaningfully studied 
directly in the laboratory because of the 
difficulty in maintaining a realist ic, 
complex water column with a planktonic 
population similar in form and function to 
that occurring in an actual reservoir. 
However, the three phase microcosms described 
in Chapter IV p~obably come as clo,se to 
representing such a system as is possible in 
the laboratory, and these were used in 
experiments in which the presence of a 
sediment phase and complex biological system 
was appropriate. The first experiment 
presented below was an exploratory examina
t ion of changes in chemical spec ies content 
of water held over a 6-day incubation period. 
The other four examined the effects of: 
1) the biological community present, 2) 
influent water chemistry on biogeochemical 
processes, 3) saline influent on precip ita
tion and coagulation, and 4) suspended 
allochthonous and autochthonous inputs of 
clay minerals and sediments on incongruous 
precipitation, including ion exchange. 
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Experiment I. Aphotic Coagulation/ 
Precipitation 

The initial exploratory laboratory study 
was designed to investigate the incubation of 
a 1: 1 mixture of Bear River water collected 
at Cleveland Bridge with water collected from 
the main pool of the Oneida Narrows Reservoir 
in February 1980. Incubation of triplicate 
samples in the dark at IS·C for 6 days 
resulted in the patterns displayed in Figure 
6.1. The only secular changes in chemical 
species involved calcium ion and pH, which 
generally showed a pattern consistent with 
calcite precipitation and redissolution 
according to reaction [3.19]. Total dis
solved solids concentration showed a trend 
similar to calcium ion concentration, al
though calcite removal (based on the decrease 
of Ca++ ion) would be expected to remove 
only 40 mg/l TDS instead of the 62 mg/l 
observed. Dissolved oxygen declined from 8.0 
to 6.0 mg/l, indicating that aerobic condi
t ions persisted throughout the experiment. 

There was virtually no difference in the 
TDS concentrat ion measured by f i Itrat ion 
through GFC (-1 ~m pore size) versus membrane 
(0.2 ~) filters, indicating little potential 
for coagulation, at least in the >0.1 ~m 
particle size range. Analysis of the various 
ions shown in Figure 6.1 in the 0.2 ~m 
membrane filtrates showed virtually identical 
concentrations to those in the GFC filtrates, 
futher indicat the absence of coagulation 
in the 0.2-1 ~m size range. Inasmuch as 
the Bear River water was quite turbid at the 
time of collect ion (day 0 suspended solids 
~ 88 mg/l), the absence of a secular trend in 
Na+, K+, or Mg++ ion concentrations tends 
to indicate the absence of significant 
heterogeneous (e.g. ion exchange) reactions 
during the course of the incubation. 

Experiment 11. Effects of Photosynthesis 

The initial laboratory microcosm study 
was performed to investigate the effects of 
p hotosynthesi s on Oneida N arrows Reservoir 
water and to test the utility of three-phase 
microcosms in general. Details of the 
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experimental methodology have been presented 
in Chapter IV, but we shall recapitulate some 
important points that pertain to the inter
pretation of data. The microcosms and. their 
operation are particularly well described by 
Reynolds et al. (1975). 

The microcosms contain a sediment phase 
that allows for removal or input of dissolved 
ions as controlled by interfacial processes 
(e.g. Berner 1980) and also provide some 
degree of chemical buffering. Water is 
replaced at 2 or 3 day intervals, which 
resupplies essential nutrients and removes 
bioactive (both stimulatory and inhibitory) 
metabolites. Such semicontinuous operation 
has been shown to approximately simulate 
chemostatic behavior without the requirements 
for an extensive pumping system (Reynolds et 
al.197S). The microcosms are fully mixed 
using magnetic stirrers. 
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Replacement water in these experiments 
was collected from the appropriate field 
source and stored in polyethylene carboys in 
a refrigerated walk-in (5°C) cooler. Al
though it was initially feared that this 
water might change chemically with time, 
periodic analyses indicated no secular 
changes in water chemistry during storage. 
Under these circumstances (which may well not 
hold with other waters) the use of actual 
water, with its particular complex suite of 
dissolved organic and inorganic species, is 
far superior to the use of a laboratory 
recipe, which may not contain ions that 
enhance or interfere with reaction kinetics 
(e.g. Reynolds 1978). Although these micro
cosms can be operated with a closed headspace 
for gas measurement, they were not in this 
case in order to prevent supersaturation with 
oxygen during the incubations. 

A preincubation of nine replicate 
microcosms for approximately 20 days indi
cated a pattern of relatively stable major 
ion concentrations and electrical conduc
tivity (EC). Afterwards, the experiment was 
begun by moving three microcosms to a dark 
chamber, and spiking three of the microcosms 
left in the light with 10 mg/l nitrate-N, 
which was shown to be the growth limiting 
nutrient to Selanastrum in a preliminary 
bioassay (see Table 4.1). The extensive 
amount of data collected during this experi
ment is listed in Table A.6 in Appendix A. 
In the following sections, we will highlight 
the behavior of some ions of interest. 

As a prelude to discussing individual 
ion behavior, some general trends are noted. 
The dark microcosms behaved much differently 
than the light microcosms, generally ex
hibiting trends of increasing ion concentra
tions (as measured by electrical conduc
tivity), despite the fact that the sediment
water interface never became anaerobic. Of 
the two groups of light microcosms, there was 
little difference between the nitrogen-spiked 
and control group. This may have been the 
result of silica, rather than nitrogen, 
limitation of the Aufwuchs community com
prising the lion's share of the biomass in 
the microcosms. One of the spiked microcosms 
behaved rather unusually, and it is con
sidered separately below. 

Initially trends were graphed for each 
constituent in each microcosm and examined to 
indicate availability of the various ions for 
chemical and biological reactions. Data were 
aggregated only when justified by the simi
larity of response in a number of the micro
cosms. The danger of doing otherwise will 
become apparent in the following paragraphs. 
Changes may result not only from biogeo
chemical processes, but also from dilution 
with the replacement water. Thus absolute 
biogeochemical reaction rates cannot be 
simply deduced from changes in species 
concentrations. The mass balances (which 
are not susceptible to such problems in 
interpretation), together with some statis
tical treatment of the data, will follow 



the discussions of individual constituent 
behavior. 

Dissolved oxygen. During preincubation 
(days -20 to 0) the dissolved oxygen concen
tration (DO) was able to rise to 12 to 16 
mg/l because of the long period (14 days) 
between water replacement (Figure 6.2). At 
the beginning of the experiment, however, the 
DO level fell to approximately 5 mg/l in the 
light microcosms on day 1, followed by 
an unremarkable increase to 6-7 mg/l for the 
remainder of the experiment. In the dark 
microcosms, the DO cencentration dropped to 3 
mg/l during the first day of the incubation 
where it remained. 

The failure of the light microcosms to 
maintain oxygen saturation (:: 8-9 mg/!) 
despite constant illumination and a con
tinuous accumulation of periphyton on the 
walls of the microcosms is somewhat per-

plexing. The combined biochemical (BOD) and 
sediment (SOD) oxygen demands in the dark 
microcosms apparently were insufficently high 
to exceed the reaeration rate, inasmuch as a 
low level of DO was maintained throughout the 
experiments. Thus the slight undersaturation 
in the light microcosms must indicate some 
relatively stable balance between photo
synthesis, autochthonous SOD, and the BOD of 
both the biological community and the in
fluent water. 

Hydrogen ion. An increasing trend in pH 
levels was observed in all of the light 
microcosms (Figure 6.2) beginning on the 
first day of preincubation (pH = 8.0-8.2) and 
climbing gradually through the last day 
of observation (pH = 9.0-9.7). There was no 
apparent difference in the nitrogen-amended 
and control groups. The dark microcosms 
showed identical changes to the light micro
cosms during the preincubation under constant 

Figure 6.2. Changes in dissolved oxygen (DO) and pH before and during incubation of Oneida 
Narrows Reservoir water in the light (-) or dark (--) in semicontinuous, 3-phase 
microcosms. 
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light, but decreased back to pH 8.0-8.1 by 
the last day of the experiment. 

Calcium. Calcium concentration patterns 
showed three distinct patterns during the 
incubat ions. Five of the six light micro
c. osms followed one pattern and the sixth 
a dislinctly different one. The light 
mi:rocosms were thus grouped into Group I 
( t 1 ve simi lar light microcosms), Group I I 
(one unusual light microcosm) and Group I II 
(tbree dark microcosms). Unless otherwise 
n0ted, there were no significant differences 
between the nitrogen-amended and unamended 
light microcosms in Group I. 

Lslcium concentrations in all the micro
COSIP" ranged from 75 to 83 mg/l on day -14 
nf the preincubation and diverged somewhat 
( 65-96 mg/l) by the beginning of the experi
ment (Table A.6), although high and low 
values were randomly distributed among the 
three groups. Groups I and II showed a 
s€(ular decline in calcium concentrations 
during the experiment (Figure 6.3), with 
Group I I showing a much smaller decline 
than Group I. The dark microcosms showed 
only a slight decrease in calcium concentra
t ion. 

Magnesium. Magnesium concentrations 
exhibited changes similar to those for 
calcium ion (Figure 6.3). Secular decreases 
occurred in Groups I and II, with Group II 
showing a much smaller change than Group I. 
vroportional changes were much smaller than 
1n the case of calcium. There was virtually 
~o change in the Group III microcosms. 

Alkalini ty. I n Group I, alkalinity 
exhibited a slow decrease during preincuba
t ion (Table A.6), followed by a more precip-
1 t ous decline during the experiment (Figure 
6. j). The microcosms in Group I I and Group 
tIl exhibited virtually no change. 

Specific conductance. The specific 
conductance patterns (Figure 6.4) are com
plex. In Group I, EC drops and then in
creases during preincubation (Table A.6), and 
t hen drops significantly during the experi
ment. Group II is similar, except that there 
I s no secular trend during the experiment, 
whIle Group III shows a significant increase 
in EC throughout the experiment, despite the 
aerobic sediment water interface. 

Silica. Changes in silica concentra
t ions during the experiment suggest the 
reason for the similar behavior of the 
nitrogen-amended and unamended microcosms. 
Silica concentrations ranged from 12 to 15 
mg!l at the beginning of the preincubation 
and decreased almost linearly until the 
experiment started (Figure 6.5). In all but 
one of the Group I light microcosms (shown 
separately), silica concentrations decreased 
to below 2 mg/l, despite the periodic addi
tion of replacement water containing 19 mgtl 
of silica. This suggests that most of the 
microcosms may have been silica, instead of 
or in addition to, nitrogen limited. In the 
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dark microcosms, silica increased toward the 
19 mg/l level present in the replacment 
water. Subsequent analysis will indicate 
that little or no silica was released from 
the sediments. 

Other ions. No trends were observed for 
chloride, sodium or potassium, and no dis
tinct patterns were observed that distin
guished one treatment from the others. 
Although sulfate was not monitored regularly, 
preincubation concentrations between days 20 
and 14 did show a slight (not statistically 
significant at a = 0.05) increase. Total 
dissolved sol ids, although also not mon i
tored, were measured on the last day (13) of 
the experiment. Group I averaged 337 + 13 
mg/l; Group II, 455 mg/l, Group III, 460+ 18 
mg/l, and the reserve water exhibited a TDS 
of 470 mg/l. Thus only the Group I light 
microcosms showed a significant decrease in 
TDS below the replacement water. 

Biological changes. The observat ion 
that the Aufwuchs community far outstr ipped 
the plankton in standing crop led to a 
de-emphasis of plankton monitoring during the 
course of the experiment. Unfortunately, 
samples for later examination were improperly 
stored, and thus many were lost or ruined. 
Nonetheless, spot checking of a score of the 
samples that were well preserved led to the 
following generalization. At day 0 of the 
incubation, the light microcosms were sparse
ly populated with coccoid gre~n algae, 
Pediastrum, Navicula, and other smaller 
diatoms. The unamended microcosms developed 
small populations dominated by the diatom, 
Synedra, and also developed popUlations of 
the rotifer, Monostyla, together with some 
Trichocerca. The amended microcosms devel
oped relatively larger (although still small 
in absolute terms, i.e. <lOO/ml) populations 
dominated by Synedra, and with far fewer 
rotifers. Tabellaria and Melosira species 
were occasionally present. Zooplankton 
data are only reliable for day 10 of the 
preincubation and ranged from 100-400 
organisms/I, except for microcosm 8, which 
had 930/1. I t is interesting that this 
microcosm later showed the greatest popula
tions of Synedra during days 4-6 of the 
incubation. Cladocerans dominated the net 
plankton. 

Following the last day of the study, the 
Aufwuchs community was harvested and examined 
for c;omposition and dry weight. The un
amended microcosms were codominated by 
Phormidium and L~a, two species of 
tilamentous bluegreen aLgae. The amended 
microcosms were dominated by Lyngbya and 
Chroococcus, a colonial bluegreen alga. 
The asb free dry weight was somewhat higher 
in the unamended microcosms (0.94 g versus 
0.64 g), as was the accumulated ash weight 
(1.8 g versus 1.S g). The amended micro
cosms, however, displayed a healthier Auf
wuchs community, the community in the un
amended microcosms appearing somewhat chlo
rotic. Planktonic chlorophyll ~ was similar 
in both groups, averaging less than 3 )1g/l. 
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Figure 6.'-!. Changes in electrical conduc
tivity occurring during in
cubation of Oneida Narrows 
Reservoir water in light (Groups 
I and II) and dark (Group III) 
3-phase semicontinuous micro
cosms. 

t-'lass balance analyses. Results of mass 
balance analysis on the microcosms indicate 
that attached algal communities (Aufwuchs) 
are capable of reducing the total dissolved 
solids in Bear River \vater, principally by 
the mechanism of calcium carbonate precipita
tion. In the absence of photosynthesis, 
salinity may actually increase somewhat, 
although this effect is likely to be small, 
provided the water column remains oxygenated. 

Table 6.1 summarizes the overall effect 
of the incubations. In each group, the 
beginning value is the average of the first 
two days (0 and 1) of data. This averaging 
was done to decrease any error that might 
have arisen from random sampling or analyti
cal error on the first day (day 0). This 
value was corrected for the periodic replace
ments of microcosm water with reserve water, 
which dilutes the sample either with solute 
or solvent depending on the relative concen
trations of the constituent of interest. 
finally, the average of the final two days of 
observation (11 and 13) is subtracted from 
the adjusted initial value to estimate the 
change in concentration over the incubation 
period. 

Virtually all of the constituents 
investigated decreased between the beginning 
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and end of the experiment, with the greatest 
changes occurring in the lighted Group I 
microcosms (Table 6.1). The greatest chanl:!es 
were in silica, hydrogen ion, and calcium 
concentrations, with alkalinity and magnesium 
concentrations being smaller. The changes in 
the dark microcosms generally were not 
statistically significant, except for con
ductivity, which increased, and calcium, 
wh ich decreased. The Group I microcosms 
showed highly significant decreases in all 
constituents, including hydrogen ion. 

The large changes in pH, alkalinity, and 
calcium ion are reflected in the relatively 
small changes observed in calcite saturation 
index (S1), which remained in the (average) 
range of 5-6. Most of the Group I microcosms 
showed an elevation of the saturation index 
on day 4 or 9, before returning to a rela
tively lower value. Microcosm 10 (Group I) 
showed a particuarly high peak (51 22.8) on 
day 9 before returning to 5.9 on day 13. The 
Group II microcosm increased gradually to an 



Table" .1. Changes in concentrations, adjusted 'for dilution of selected constituents over 
the course of incubation under light (Groups I and II) or dark (Group III) condi
tions for 11 days. Asterisked values are significant at a 0.01 level. 

Constituent {). Soncentration Percent Cbang;e Group 

Conductivity -153 I 
( "mhos / cm) +1 0 II 

+54 +7* III 
-

(-83): pHa +0.77 +9 I 
+0,84 +10 (-86) II 
-0.113 -2 (+52) III 

Alkalini tv -98 I 
(mp.;/l as CaC03) -7 -3 II 

-5 -2 III 

Silica -9 I 
(mp.;/l ) -10 II 

-1 -7 III 

Calcium -56 -68* I 
(mg/l) -22 -26* II 

-13 -16* III 

Magnesiu'l1 -7 -14* I 
(mg/l) -4 -8 II 

-1 -2 III 

Calcite -0.7 -13 I 
Index +8.8 +244 II 

-2.1 -66 III 

aValues in parameters calculated as ~(H+) 
bExcluding 1110 which had an unusually high index on day 11; inclusion vlOuld result in +0.9 

(+18%) 

SI of 12.3, where it remained. The Group III 
microcosms fell to and remained near satura
t ion by day 4. 

Closer examination of the salinity 
removal process indicates the operation of 
calcite precipitation, enhanced perhaps by 
another process removing hardness. Figure 
6.6 indicates the removal of 1.08 meq/l of 
calcium for each meq of alkalinity, which is 
not statistically different (a '" 0.05, 
Ho:bl.l '" bl.O) than the expected stoichio
metric ratio of 1: 1. Superimposed on this 
alka] inity-related removal is a loss of 
0.6) meq of calcium which is not accompanied 
by alkalinity removal, amounting to approxi
mately 25 percent of the calcium removed in 
the light microcosms. Similar analysis of 
the magnesium removal gave a slope of 0.25 
meq Mg/meq alkalinity, with a y intercept of 
O.12meq(r 2 0.78,b=Oat q=O.OI). 
These analyses suggest that magnesium may be 
coprecipitated with calcium carbonate, 
although such a conclusion would suggest that 
the slope of the regression line in Figure 
6.6 is too high by 0.33 meq Ca/meq alkalinity. 

Examination of the data from the in
dividual microcosms indicates a clear de
creasing trend from day to day, and likewise 
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the standard curves for calcium and magnesium 
analysis failed to indicate any bias between 
dates. Thus the trends appear in no way 
artifactual. However, in the case of mag
nesium, the change in mean concentration 
between the beginning and end of the experi
ments (Table 6.1), although statistically 
significant, represents a loss of only 6 mg/l 
against a background of 50-55 mg/l, which is 
in the range of instrumental error for this 
analysis. Therefore, the decrease in mag
nesium must be regarded with some caution. 
It may be worthwhile noting that linear 
regression of calcium against magnesium loss 
yielded a correlation coefficient (r2) of 
only 0.74, which may indicate the absence of 
very strong coupling between the removal 
mechanisms. 

Removal of calcium and magnesium ion in 
the absence of carbonate precipitation could 
occur by bioassimilation in conjunction with 
H+ ion excretion to maintain charge balance 
or through clay mineral diagenesis or ion 
exchange. In the first case, the ash free 
dry weight of the Aufwuchs (-1 g/microcosm) 
could only account for 4 mg of noncarbonate 
calcium and 3 mg of the magnesium (Wetzel 
1975, p. 641, after Vallentyne) , which is 
less than 2 percent and 7 percent of the mass 
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lost from the light microcosms of calcium and 
magnesium, respectively. Alternatively loss 
of 13 mg/l (= 0.65 meq) Ca++ by ion ex
change would entail the input to the medium 
of 15 mg/l of Na+ or 25 mg of K-i;, or would 
decrease the pH by 5 units (or some combina
t ion of the above). The possibilities of a 
1IIa+ increase of 15 mg/l against a back
ground of approximately 40 mg/l cannot be 
categorically ruled out, but does not appear 
to be supported by the data. The potassium 
concentration decreased, if anything, and 
H+ clearly cannot be responsible for much 
of the exchangeable ion. Aluminium could 
account for a fraction of the exchange but 
was not measured. Formation of significant 
amounts of new silicate phases is not sup
ported by the mass balance in the dark 
microcosms (Table 6.1). Thus the calcium and 
magnesium removal not related to alkalinity 
changes, if real, are minor and not eluci
dated by the experimental results. 

One final mass balance calculation 
proves instructive, although enigmatic, 
especially because it is in agreement with 
field data collected by Megard (1968). The 
mean loss of calcium in the light microcosms 
(216 mg Ca++) may be compared with the mean 
organic carbon accumulation of 379 mg in the 
Aufwuchs (50 percent of the ash free dry 
weight) to give a Ca++/organic C ratio of 
0.17. This can be compared with the expected 
value of 0.45 which can be derived from 
the stoichiometry which holds for a water in 
which all of the hardness derives from 
carbonate minerals: 
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0.5 ca++ + 0.6 Mg++ + 2.2 HCO; + H20 + 

1.1 CH20 + 02 + 0.5 CaC03 + 0.6 Mg + 0.6 C03 

. . . . (6.1) 

It is interesting that Megard found ratios of 
Ca/organic C ranging from 0.1 to 0.4 in four 
Minnesota lakes, which were also less than 
the predicted stoichiometric ratio (- 0.5). 
Two factors which could alter the stoichio
metry in Equation 6.1 include a third alka
linity source (e.g. NaHC03, sodalite) and 
the possibility that some of the precipitated 
calcium may be colloidial (e.g. Kelts and HsU 
1978) and thus be analyzed with the dissolved 
ions. 

Kinetic anal:(ses. Analysis of the data 
for kinetic relatlonships between constituent 
removal rates and concentrations failed to 
yield statistically useful models. Plots of 
calcium, magnesium, and alkalinity removal 
against calcium, magnesium, and carbonate 
concentrations, tl:!..e calcite supersaturation 
index or (Ca++)(C03) - Ksp calcite, indicated 
that high constituent concentrations or 
supersaturation led to high removal rates and 
vice versa. However, within the subset of 
light or dark microcosms, there were no clear 
relationships between rates and concentra
tions, either at timesteps of 1-3 days or 
over the entire experiment, on a microcosm by 
microcosm basis. 



This behavior may have resulted from the 
tact that the kinetic constants in crystal 
growth equations such as Equations 3.21 and 
3.22 are not constant during the experiment, 
but change as p recip i tat ion and crystal 
growth and aging proceeds. Nonetheless, 
plots of both calcium and carbonate re
moval versus (Ca++) (C03) - Ksp fit linear 
models much better than power functions for 
all but two of the light microcosms, indi
cating the unlikelihood of kinetic inhibition 
(e.g. Reynolds 1978). Unobserved excursions 
of constituent concentrations away from the 
endpoints of the averaging period, together 
with random sampling and analytical error, 
may also have obscured such kinetic relation
ships as were observed in carefully con
trolled, two-phase apparatus used by Reynolds 
(1978). However, complexities introduced by 
early diagenetic reactions, and concentration 
gradients in the surficial sediments cannot 
be ruled out. 

Synopsis. The combined data strongly 
support the hypothesis that precipitation of 
calcite (and perhaps magnesian calcite) 
occurs through the agency of an increase in 
pH brought about by photosynthes.is. The 
slight precipitation in the dark microcosms, 
if real, may be the result of establishment 
of chemical equilibrium in a (relatively) 
closed, nonbiological system. Failure of 
microcosm 9 (Group II) to precipitate 
calcium and magnesium at the same rate as the 
other light microcosms remains enigmatic 
owing to the lack of comparative biological 
data. However, the fact that the relatively 
low Aufwuchs biomass in that microcosm 
probably indicates low productivity agrees 
with the photosynthesis hypothesis. There 
was no conclusive evidence of removal 
of cations by processes other than carbonate 
precip itation. 

~xperiment III. Mixing of Upstream Water 

As discussed in Chapter I I I, the solu
bilIty of calcite is a function of many 
factors which can vary between water masses 
<.e.g., Wigley and Plummer 1976). The third 
experiment was designed to assess the effect 
of the Bear River water flowing into the 
"nelda Narrows Reservoir on calcite precipi
tation. The experiment began by reestab
I ishjng the microcosms used in the previous 
experiment with fresh reservoir water and 
allowing them to equilibrate for one week. 
Spot checking at that time resulted in 
selection of six of the nine microcosms that 
were chemically the most simi lar for use in 
the exp eriment. One group, A (l, 7, and 11) 
received periodic replacement, as described 
in the previous experiment, with Bear River 
water collected at Cleveland Bridge. The 
remaining group, B (6, 8, and 9), received 
replacements of reservoir water collected in 
the main pooL All of the microcosms were 
kept under continuous light, and the reserve 
water was stored in a cold room. 
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Results of mass balance analyses for 
several constituents of interest are pre
sented in Table 6.2. The raw data are 
tabulated in Table A.S in Appendix A. The 
Bear River water contained somewhat higher 
concentrations of all the constituents than 
did the microcosms (Table A.8) or the reser
voir replacement water; and as Table 6.2 
indicates, absolute removal of most constit
uents was higher in the microcosms receiving 
the river water. The differences between TDS 
concentrations and calcium concentrations at 
the beginning and end of the experiments were 
statistically significant using a t-test on 
the two means, but there was no significant 
differences between removal in the two 
carboys. The pat tern of data, however, 
indicates that another experiment of this 
type may be fruitful. 

Comparison of this experiment with 
Experiment II reveals both similarities and 
differences. Calcite precipitation is 
apparently again the salinity removal mecha
nism. Saturation indices during the experi
ment were in the range of 2.2 to 3.4, indi
cating that prec itation was thermodynam
ically possible. Although the fraction 
of calcium removed in this experiment was 
smaller than that in Experiment II, the 
duration of the present experiment was only 4 
days, relative to 13 for Experiment I I. In 
this experiment, the Aufwuchs community was 
visibly less well developed, although the 
microcosms were again capable of maintaining 
the silica levels below 2 mg/l, despite the 5 
mg/l concentrations in the replacement water. 
Removal of small amounts of magnesium was 
suggested again in Experiment IV, although 
the removal was well within analytical 
error. 

Experiment IV. Effects of Saline 
Influent on Precipitation and Coagulation 

The potential for precipitation or 
coagulation as a result of changing ionic 
strength and composition has been pointed out 
in Chapter I I I. The input of saline water 

Table 6.2. Changes in selected constituents 
in microcosms initially contain
ing Oneida Narrows Reservoir 
water receiving daily replacement 
of 12 percent Bear River water 
versus 12 percent reservoir water 
(control). 

Group I Group II 
Constituent Bear River Reservoir 

mg/l % mg/l % 

* * TDS 32 -11 -26 -10 
Cart 10 -20* - 5 14 
Mg+t - 1 - 4 - 2 10 
Na+ - 1 - 4 0 0 
Si+ -0.5 -32 -0.7 -42 

* Significant at Ct "" 0.05, d.f. = 4. 



from Maple Grove hot springs (e.c. 3.1 
mmho/cm) to the Oneida Narrows Reservoir 
provided an opportunity to test such a 
hypothesis, which may also pertain to reser
voir reaches along the Colorado River that 
receive inputs of saline spring water. In 
this experiment, water from various parts of 
the reservoir were incubated in polyethylene 
containers (capped, no sediment phases) on a 
laboratory countertop, and one upstream 
sample was mixed with spring water. The 
chemistry and submicron particle size distri
bution in the containers was monitored for 7 
days. 

The original intent of this experiment 
was to correlate chemical changes with 
changes, either in colloid size or concentra
t ion, as the experiment progressed. The 
results of size fractionation using the 
Coulter Electronics N annos izer, however, 
indicated that the submicrometer particle 
concentration in all of the incubated waters 
was consistently lower than 1 mg/l (the 
minimum level of detection of the instru
ment), even immediately after mixing. The 
results of this experiment thus suggest 
that coagulation cannot be responsible for 
Significant salinity removal under the summer 
conditions characteristic of Oneida Narrows 
Reservoir at the time of sampling. However, 
the results should not be extrapolated to 
turbid spring meltwater runoff without 
further studies. 

Despite the failure of the Nannosizer to 
yield quantitative results, water chemistry 
was nonetheless monitored for 7 days in order 
to detect the occurrence of any other biogeo
chemical processes occurring in the absence 
of a sediment phase. Chemical changes in the 
unmixed waters are depicted in Figure 6.7 and 
6.8, and those occurring in the hot springs/ 
reservoir mixture are shown in Figure 6.9. 
Individual data are recorded in Table A.9 of 
Appendix A. 

All of the i ncubat ions excep t Number 1 
(Cleveland Bridge), showed sharp decreases in 
calcium during the first day of incubation, 
but alkalinity generally increased slightly 
during the incubations. The average net 
change in calcium concentration during the 
incubations (day 7 minus day 0) was 25 + 8 
mg/l (- 33%) with the mixed sample almost 
exactly at the mean value (24 mg/l)., Net 
loss of alkalinity during the same period was 
31 2: 65 mg/l as CaC03, assuming the two 
high alkalinity values on day 0 (4b and 5b, 
shown in Table A.9 but not in Figure 6.7) are 
not artifacts. It is interesting that the 
extent of calcium removal, 33 percent, 
compares favorably with the 44 percent 
removal over 9 days of incubation in the 
Group I microcosms of the previous experi
ment. Of the remaining chemical parameters 
measured, sodium increased from 31 + 2 to 
41 2: 1 mg/l, pH increased from 8.0 to 8.3 
units, and magnesium, potassium, and dis
solved organic carbon (~6 mg/l) showed no 
change in the unmixed microcosms. The saline 
spiked microcosm showed an increase in sodium 
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Figure 6.7. Changes in alkalinity, calcium, 
and sodium concentrations during 
incubation of Oneida Narrows 
Reservoir water under ambient 
laboratory conditions in the 
absence of a sediment phase. 
Sampling stations correspond 
to Figure 5.7. 

of 10 mg/l (78 to 88), and virtually no 
change in the other parameters. 

Assuming a loss of 25 2: 8 mg/l calcium, 
calcite precipitation should result in 
62 + 0 mg/l removal in alkalinity, which is 
clearly much higher than the observed Change. 
Adsorption onto suspended particulates is the 
only other apparent mechanism that could 
remove dissolved species. Ion exchange with 
sodium should cause an increase in the mean 
sodium concentration of 29 + 9 mg/l, which is 
approximately three times- higher than the 
observed change. These results thus suggest 
some combination of calcite precipitation, 
ion exchange with sodium, and perhaps a third 
mechanism, in addition to inherent sampling 
and analytical errors. 

A significant point is the positive 19 
mg/l change in TDS in the unmixed samples 
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f<i?ure 6.8. Changes in total dissolved 
solids during incubation of 
Oneida Narrows Reservoir water 
under amb ient laboratory con
ditions in the absence of a 
sediment phase. Sampling 
stations correspond to Figure 
5.7. 

(significantly at a = 0.01, paired t = 5.38, 
dF = 5), despite the apparent decreases in 
other constituent concentrations. These 
results suggest that the decrease in calcium 
and perhaps alkalinity may be overestimated, 
or that SOlI'e unmeasured ion (e.g. sulfate) 
was released from suspended particulate 
matter, inasmuch as the trend in TDS concen
trations displayed in Figure 6.8 does not 
sugp,est the operation of analytical or 
sampling error on a particular date. Re
plilcement of a relatively volatile anion 
(e.g. bicarbonate) by a less volatile one 
(e.g. sulfate) is another possibility. At 
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Changes in chemical concentra
tions during incubation of Ll 

1:7 mixture of Maple Grove hot 
springs water with Oneida 
~arrows Reservoir water under 
ambient laboratory conditions 
in the absence of a sediment 
phase. 

any rate, the change represents only 2 
percent of the initial TDS value. No change 
in TDS was observed in the sample receiving 
the spring water (Figure 6.9). 

Experiment V. Heterogeneous Precipitation 

The purpose of this experiment was to 
assess the extent to which heterogeneous 
(incongruous) precipitation and ion exchange 
processes might contribute to or remove 
salinity from Oneida Narrows Reservoir water. 
Essentially, the design called for incubating 
two concentrations of three soils and a river 
sediment sample on a shaker table in the dark 
in four media of increasing ionic strength 
(synthetic Bear River water spiked to give 
increasing calcium concentrations). The 
hypothesis tested was that increasing soil 
loading would lead to increasing dissolution 
(release), uptake, or exchange, while in
creasing initial ionic content would cause a 
decrease in salinity for a given treatment by 
decreasing the concentration gradient between 
the ion surface and the bulk aqueous phase. 
Kinetic versions of such a mode] have been 
applied successfully by Nezafati (1981) and 
Jurinak and Wagenet (1981) to describe 
salinity interactions between particulates 
and river water. 



The results of the experiment indicated 
that the initial calcium concentration of the 
incubation medium was the most important of 
the three independent variables tested in 
describing the behavior of TDS in the experi
mental systems. Figure 6.10 displays the 
combined results of the 0.5 g and 1.0 g 
soil/1 incubations, which were not signifi
cantly different from each other. Raw data 
are presented in Table A.10 of Appendix A . 
Three-way analysis of variance using the 
ANOVA routine of SPSS (Nie et al. 1975) was 
run on the test results, treating all three 
independent variables (calcium concentration, 
soil concentration, and soil type) as non
metric factors, and employing the sum of 
squares of the three-variable interaction to 
produce the residual error term (Le. SPSS 
Option 4). The dependent variable was the 
average difference in TDS between triplicate 
determinations on each experimental flask and 
a corresponding single control flask of the 
same calcium concentration but without 
sediment. The TDS in one control flask (150 
mg/1 Ca++ hardness) was adjusted upward 
from 487 to 515 mg/l to put it on a TDS/Ca++ 
hardness concentration curve (Figure 6.11) 
that fit both the remaining three control 
data points and also the expected relation
ship between the initial TDS concentration 
and the calcium chloride spike used to 
increase the salinity. 

The results of the ANOVA are shown in 
Table 6.3. A highly significant interaction 
(a 0.001) between initial calcium concen
tration and the ultimate TDS concentration 
was the only statistically significant 
relationship in the analysis. There were no 
significant interactions between the indepen
dent factors, and the entire model accounted 
lor 71 percent (r2) of the variation in TDS 
(of which 67 percent, ETA2, was accounted 
for by the calcium concentration). As 
pointed out above, there were no statis
t ically significant effects of either sedi
ment type or initial sediment concentration 
on net TDS accumulation or release. 

Counter intuitively, however, the effect 
of increasing calcium concentration on the 
TDS was to cause salinity removal at the 
lower concentrations and salinity increases 
at higher concentrations (Figure 6.10 and 
6. j 1) • Such a phenomenon could only be 
caused by the indifferent ion effect, because 
any increase in calcium ion concentration 
should force its removal from the liquid 
phase, either through ion exchange or precip
itation. The latter probability is unlikely, 
in that the measured calcium concentrations 
in the control flasks corresponded to the 
expected concentrations, except in the 300 
mg/1 control, which showed an analytical 
concentration of only 282 mg/l. Because the 
TDS/calcium ratio was "correct"in this 
control flask (Figure 6 .11), however, the 
calcium value is not likely to be in error 
(i.e., the analytical concentration does not 
equal the true concentration), but it is 
impossible to separate the possibility that 
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Figure 6.10. Change in TDS 48 hours after 
addi tion of various Bear River 
watershed soils to synthetic 
Oneida Reservoir water contain
ing different concentrations of 
Ca++ (expressed as mg/l CaC03). 
Both 0.5 and 1.0 g additions 
have been combined. 

some precipitation occurred from that of an 
error made in preparing the media. 

If the increasing TDS concentrations 
were the result of calcium ion exchange, 
increasing calcium ion concentration could 
lead to an increase in TDS, provided that the 
counter ions have a larger equivalent mass 
than calcium (e.g. Na+ = 23 mg/meq, k+ = 39 
mg/meq versus 20 mg/meq for Ca~+). However, 
a TDS change of 115 mg/l x 0.07 1 8.2 meq, 
such as occurred in the 300 mg Ca++/l spike, 
would entail a cation exchange capacity of 
(8.2 -;- (23-20)=) 2.7 meq per 0.5 g of soil 
which is far too high for even an expandable 
lattice clay (- 100 meq/lOO g). Also, ANOVA 
analyses of calcium, sodium, magnesium, 
potassium, and pH failed to show a signifi
cant effect of initial calcium concentration 
on the parameter concentration following 
incubat ion. The only remaining possibility 
that appears likely is that increasing the 
ionic strength alone increases the solubility 
of some unmeasured constituent (e.g. alumi
num, silica, organic matter, etc.) which 
leads to the observed increase in TDS. 
Additional work is needed to clarify the role 
or existence of such a mechanism. 
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Figure 6.11. Final TDS and calcium hardness 
concentrations in experimental 
flasks containing various 
amounts and types of soil and 
in soil-free control flasks 
incubated with various initial 
concentrations of calcium ion. 
The dotted line indicates the 
expected relationship in the 
absence of biogeochemical 
interactions affecting calcium 
and TDS differentially. 

Perhaps the most s igni ficant result of 
this experiment was that, at calcium concen
trations typical of Bear River or Oneida 
Narrows Reservoir water suspended, particu
lates could act only as a minor source or 
sink for salinity. The curve in Figure 6.11 
indicates a calcium concentration of approxi
mately 90 mg/l as Ca++ as the line of 
demarcation between contribution and removal. 
At lower calcium values (150 and 200 mg/l as 
CaC03), removals of approximately 3-5 percent 
are indicated, whereas at 250 mg/l as CaC03 
( 100 mg/l as Ca++, which is typ ical of 
late summer values), a contribution of 
7 percent is indicated. Clearly the results 
of such a process, if controlled by water 
hardness alone, are not highly significant in 
the Upper Bear River, and would be more 

55 

likely to contribute salinity, rather than 
remove it, in the harder waters downstream. 

It is worth noting that, although the 
differences were not statistically signifi
cant, the various soil samples tested showed 
unusual patterns, and two interact ion terms 
between amounts of sediment in the flask and 
initial calcium concentrations were statis
t ically signif icant at the a. = 0.05 level. 
The differences in pH between soil types was 
also highly significant. In spite of the 
statistical relationships, however, most 
constituent differences were within the 
range of preciSion of the analytical tech
nique. The conclusion in this case is that, 
although one cannot reject the hypothesis 
that two treatments give different results, 
the explanation for these complexities may 
well lie more with the day-to-day vagaries of 
the chemical analyses than wi th the actual 
biogeochemistry. Very careful experimental 
design, sampling, and analytical quality 
control will likely be necessary to truly 
unravel such apparently complex chemical 
behavior. 

Summary 

The results of the laboratory experi
ments indicate the calcium carbonate precipi
tation brought about by photosynthesis is the 
most likely salinity removal mechanisms in 
Oneida Narrows Reservoi r, and that hetero
geneous precipitation or ion exchange of 
hardness-causing ions may be of secondarily 
(and likely minor) importance. Slight 
magnesium removal may occur through co
precipitation as magnesian calCite, or may 
result from an incongruous precipitation 
process. Coagulation, either through bio
logical mechanisms or saline groundwater 
inputs, does not appear to be detectable in 
the river/reservoir system studied. Bio
logical assimilation could only be studied in 
Aufwuchs communities, and in these the actual 
assimilation of hardness-causing ions could 
only account for a small fract ion of the 
amount removed from the water column. 

In general, the extent of salinity 
removal, relative to the original concentra
tions in the systems studied, was minor. 
Neither precise stoichiometric nor kinetic 
models with good predictive power could be 
derived from the experiments, owing to the 
number of uncontrolled variables changing 
over sampling periods that were far apart, 
relative to the rate of reactions. Nonethe
less, trends were clear, and no thermodynamic 
rules were violated. 



Table 6.3. Results of mUltiple ANOVA analysis of changes in TDS concentration relative to 
controls following incubation with different amounts of soils and sediments from 
the Bear River watershed in - synthetic river water of varying initial calcium 
hardness. 

ANALYSIS OF VARIANCE* 

TDS 
by Conc 

Amt 
Type 

Source of Variation 

Nain effects 
Conc 
Amt 
Type 

2-Way Interactions 
Conc Amt 
Conc Type 
Amt Type 

Explained 

Residual 

Total 

Calcium Hardness 
Amount of Soil 
Soil Type 

He an 
DF Squar.e 

7 15529.281 
3 34073.281 
1 318.781 
3 2055.448 

15 2021.098 
3 765.531 
9 2217.142 
3 2688.531 

22 6319.156 

9 1539.170 

31 4931.418 

Multiple r2 
*SPSS ANOVA routine, Option 4 (Nie et a1. 1975). 
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0.711 

F 

10.089 
22.137 

0.207 
1.335 

1.313 
0.497 
1.440 
1.747 

4.106 

Signif of 
F 

0.001 
0.000 
0.660 
0.323 

0.348 
0.693 
0.298 
0.227 

0.017 



CHAPTER VII 

CONCLUSIONS AND RECOMMENDATIONS 

Increasing salinity in the Lower Colo
rado River Basin promises to cost almost 
a half-million dollars annually for each 
milligram per liter increment and promises to 
pose problems with international treaty 
commitments in the near future. Exploitation 
of naturally occurring salinity removal 
processes have been suggested in develop ing 
lower cost management options to substitute, 
in part, for more expensive structural 
measures. The purpose of this study was to 
review the evidence for natural salinity 
removal processes in western reservoirs 
and to conduct laboratory and in situ in
vestigations of their controlling factors. 
The field investigations were accomplished by 
using Oneida Narrows Reservoir, in south
eastern Idaho, as a model system. 

Investigations of chemical changes 
occurring as a result of impoundment have 
been conducted for decades, but salinity 
removal has not often been systematically 
examined in such studies. Typically such 
studies have indicated that the most likely 
range of gross salinity removal is between 0 
and 10 percent of the annual input load. 
They further suggest that salinity removal 
mechanisms such as calcium carbonate precipi
tation often only partially offset salt 
loading from the reservoir sediment, the net 
result being a gross increase in salinity 
downstream. Overall, however, the vagaries 
of sampling to determine water column salt 
storage and the failure to account for bank 
storage, together with often necessarily 
unfounded assumptions and unnecessarily 
unc lear calculat ions, cast doubt as to the 
validity of these conclusions. There is 
little doubt that calcium carbonate precipi
tation occurs, but its quantitative effect is 
not clear from past studies. If a general
ization can be made from the results of the 
previous studies, it would be that calcium 
carbonate precipitation is more important in 
the newer Colorado River mainstem reservoirs 
(} laming Gorge and Lake Powell) than in the 
older Lake Mead. Other ions, except possibly 
silica, do not appear to be removed. 

Examination of the biogeochemical 
literature indicates that the four types of 
processes most likely to contribute signifi
cantly to natural salinity removal in reser
voirs are homogeneous precipitation; copre
cipitation processes that include clay 
diagenesis and ion exchange react ions which 
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replace lighter counter ions with heavier 
ones; coagulation, including biocoagulation; 
and bioassimilation followed by sedimentation 
or emigration. Calcite preCipitation, 
driven either by photosynthetically induced 
increases in pH or by increasing temperature, 
has been amply demonstrated in natural 
lakes, although the stoichiometry does not 
always correspond to that predicted. Homo
geneous precipitation of other carbonates and 
authigenic precipitation of clay minerals do 
not appear to be important in relatively 
fresh waters. 

Of the remaining processes, less is 
known. Past research indicates that in
congruous clay mineral diagenesis is re
stricted to sediment environments, except 
in high magnesium or particularly saline 
waters. Coagulation, either as a result of 
the input of saline spring water or through 
the trapp ing effect of bacterial fibrillar 
colloids, has not been thoroughly investi
gated in fresh waters. Bioassimilation may 
be important in controlling chemicals in
corporated into refractory hard parts, but 
emigration is unlikely to be of sufficient 
magnitude to represent an important chemical 
sink in saline waters. 

In order to test hypotheses relating to. 
the occurrence and relative importance of 
these mechanisms, a combined field and 
laboratory study was conducted. In order to 
facilitate frequent site visits, Oneida 
Narrows Reservoir on the Bear River in 
southeastern Idaho was chosen as the study 
site. Results of field studies indicated 
a potential for calcite precipitation, based 
on thermodynami c supers aturat ion, a lmos t 
everywhere below Soda Point in the Bear River 
during the summer. The supersaturation was 
principally the result of the relatively high 
pH acting in concert with high summertime 
water temperatures. 

Although mass balances could not be 
done, significantly lower total dissolved 
solids and alkalinity at the most downstream, 
rel'ative to upstream stations indicated the 
possibility of calcite precip~t~tio? in situ. 
It is not clear whether preCIpItatIon occurs 
instream by periphyton or in the reservoir by 
phytoplankton or both. The absence of 
changes in calcium concentration and the 
increasing sulfate concentrations indicate 
pptential gypsum dissolution, although the 



stoichiometry is not exactly correct. There 
is evidence - for the input of saline spring 
water. both in Gem Valley and also from 
Maple Grove hot springs. Although these 
springs cause the concentrations of sodium 
and chloride to increase, there is in
sufficient information on spring discharge to 
determine whether some fraction of these ions 
are removed in situ. The chemical effects of 
input of Maple Grove hot springs water to the 
Oneida Narrows Reservoir is not apparent 
several hundred yards downstream, but it is 
not known whether this is merely the result 
of simple dilution of a relatively small 
input. Thermodynamic analyses, differential 
filtration experiments, and sediment analyses 
fail to support the operation of incongruous 
precipitation processes, coagulation, or 
biogenic silica deposition. 

Laboratory studies included experiments 
designed to demonstrate the possibi~ities of 
aphotiC, heterogeneous precipitation, photo
synthetically driven calcite precipitation, 
and precipitation or coagulation resulting 
from changes in ionic strength resulting 
from saline spring inputs. Two-phase flask 
incubations or three-phase laboratory micro
cosms were used, depending on the appro
priateness of a sediment phase. Incubation 
of water in two separate experiments demon
strated the apparent absence of coagulation 
in response to changing ionic strength, and 
further indicated the absence of a signifi
cant concentration (> 1 mg/l) of submicron 
particles, at least during the summer. 

Results of an extensive three phase 
laboratory microcosm experiment indicated the 
likelihood of biogenically driven calcite 
precipitation, accompanied perhaps by some 
magnesium coprecipitation. Five of six 
microcosms exposed to continuous light showed 
stoichiometric removal of calcium and carbon
ate. One light microcosm showed lower 
Aufwuchs biomass and correspondingly lower 
calcite precipitation. The light micro
cosms showed secular increases in pH which 
increased calcite supersaturation which was 
subsequently relieved by precipitation. 
Dark microcosms showed a slight, albeit 
significant, loss of calcium to the sedi
ments, returning the supersaturation index to 
near unity. The results of these experiments 
indicate little evidence for inhibition 
of efficient calcite precipitation kinetics 
by organics, but the importance of such 
inhibition in Aufwuchs communities was not 
addressed. There was no evidence for removal 
of other ions except for silica which was 
presumably assimilated by diatoms in the 
Aufwuchs assemblage. The net result was a 25 
percent decrease in TDS in the light micro
cosms. 

Results of a second microcosm experiment 
also indicated the ?peration of calcite 
precipitation, remOVIng approximately 10 
percent of the TDS input over 4 days under 
continuous light. Although there was a 
suggestion that addition of Bear River water 
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to the microcosms, rather than reservoir 
water, may somewhat enhance calcium removal, 
the results were not statistically signifi
cant. The effect that occurred was perhaps 
caused by addition of a limiting nutrient 
that stimulated phytoplankton growth. It is 
interesting to note that, despite higher 
concentrations of most ions in the Bear River 
water, microcosms receiving Bear River 
replacement water tended toward the same 
final concentrations of calcium, magnesium, 
and silicon as did those receiving reservoir 
water. Such results suggest (but do not 
prove) the operation of biogeochemical 
homeostat ic processes in situ, which is 
somewhat borne out by the-reservoir synoptic 
studies. A final experiment (IV) conducted 
without a sediment phase, also hinted at 
calcite precipitation as the only operant 
salinity removal mechanism, and also pOinted 
to the lack of importance of saline spring 
water in enhancing or retarding precipitation 
processes. 

The final experiment (V) described here 
revealed the complexity, and often counter
intuitive behavior, of salinity with respect 
to particulates. In synthetic Bear River 
water, low calcium concentrations in the 
water led to suspended soils and sediments 
removing salinity, whereas at higher concen
trations these particulates acted as a 
salinity source. In both cases, the relative 
impacts were minor « 10%), but these experi
ments suggest caution in designing particle
salinity exchange experiments with respect to 
choice of ions used and measurement pro
cedures. 

In summary, the results of all the 
experiments conducted, in situ studies, and 
literature reviewed suggest~t some natural 
salinity removal occurs in western reservoirs 
as a result of calcium carbonate precipita
t ion. Smaller amounts of silica and magne
sium may be removed through coprecipitation. 
In general it has not been established that 
the magnitude of salinity removal by natural 
processes in reservoirs is large, although it 
can be argued that even minor amounts of 
removal are valuable to downstream users. 
The potential for management of natural 
salinity processes, and some potential 
environmental impacts, will be considered, 
prior to suggesting some avenues for further 
research. 

Caveats Regarding Managing 
Calcite Precipitation as a 
Salinity Removal Process 

As pOinted out in Chapter II, even a 
small reduction in salinity has been pre
dicted to save $448 million (1980 dollars) in 
downstream damages annualy per mg/l removed 
above Imperial Dam (Kleinman and Brown 1980). 
This calculation is subject to caveats 
that 1) without mitigation the salinity at 
Imperial Dam will reach 1225 mg/l; 2) munici-



pal costs exhibit linear increments of 
$240,500 per mg!l (1976 dollars) over the 
800-1400 mg!l range of salinity; and 3) that 
agricultural costs can be directly related to 
TDS and exhibit an indirect cost multiplier 
of 5.32 (Kleinman and Brown 1980). While the 
foregoing analysis of economic impacts of 
salinity in the Colorado is likely the best 
possible given the available data, the 
savings resulting from the differential 
removal of calcium ion must be interpreted 
with some caution. 

As to damage to materials, corrosion 
is the normal response to increasing concen
trations of monovalent cations and magnesium 
and the nonalkaline anions, while carbonate 
hardness is associated with scaling of pipes, 
boilers, water mains, and so on. Because 
municipal costs are based on replacement of 
corroded or scaled fixtures, the removal of 
calcium (relative to sodium) may increase 
or decrease the $240,500 per mg!l cost, 
depending on the relative damage of 
versus corrosion, which was not considered in 
the analysis. 

If water treatment were upgraded to 
avoid damages, however, natural calcium 
removal would be much less valuable than 
sodium removal if damages from the two 
effects are otherwise assumed to be equal. 
'While hardness and carbonate alkalinity 
can be removed through conventional lime-soda 
so ftening, sod i um, chlor ide, and suI fate 
must be removed through more expensive 
desalination procedures such as reverse 
osmosis. Thus although reduction of salinity 
involves the same thermodynamic cost per mole 
of solute removed (usually measured using the 
corresponding change in vapor pressure of the 
solution), some removal processes require 
higher quality energy and more intensive (and 
thus expensive) technology. 

Agricultural damages present thornier 
problems. The value of i rrigat ion water 
depends not only on its salinity, but also on 
the ratio of sodium to divalent cations. 
Because sodium causes alkalization and loss 
of tilth of clayey soils, reduction of 
salinity through removal of divalent ions 
alone, without a corresponding decrease in 
sodium, will increase the exchangeable sodium 
percentage and thus harm the soil structure. 
The sodium absorption ratio, SAR (USDA 1954) 
has long been used in the U.S. to quantify 
this phenomenon. The ratio: 

SAR = 
+ meq!l Na 

/ meg!l Ca++ + Mg++ 
V 2 

. . . . . . (7.1) 

should not exceed 6 in the range of salinity 
resulting in an electrical conductivity of 
750 ~mho!cm. Reynolds and Johnson (1974) 
report values of appro:K'imately 4 meq!l for 
sodium and calcium, and 2 meq!l for magnesium 
in Lake Powell in summer. If half of the 
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calcium were removed by precipitation (repre
senting a decrease in 100 mg!l salinity), 
the SAR would be increased from 2.3 to 2.8, a 
value still well within the low salinity 
range. Similarly, the calcite precipitation 
occurring in the Group I microcosms increased 
the SAR only from 0.9 to 1.2. Nonetheless, 
removal of calcium relative to magnesium will 
produce a poorer quality irrigation water, 
despite its lower salinity, in that more must 
be applied in order to enjoy the same benefit 
when leaching to reclaim saline soil. For the 
sake of argument, if we assume that removing 
calciUm alone results in no benefits, then 
the savings are reduced 30 percent (agricul
tural losses plus indirect effects) to 
$313,400 (1980) per mg!l (cL Kleinman and 
Brown 1980, p. 18-19). Nonetheless, the 
savings per mg!l remain substantial. 

Assuming then that calcium carbonate 
removal is desirable the method by which it 
is to be removed requires some thought. 
Temperature and pH appear to be the factors 
which most strongly affect the saturation 
index of calcite. Table 7.1 indicates the 
results of methodically varying temperature, 
pH, and various ions of interest which either 
contribute to or compete for calcium and 
carbonate ions. Temperature acts to force 
the inorganic carbon equi Ii br ium toward 
carbonate, and less substantially to decrease 
the calcite solubility product, while pH also 
contributes to the former process. Calcium 
and alkalinity of course provide the constit
uent ions of calcite, while magnesium com
petes for carbonate through ion pairing. 
Sulfate and chloride primarily interfere 
with precipitation through the diverse ion 
effect, although their impact is relatively 
Slight. 

The analysis in Table 7.1 suggests that 
promising methods of calcite removal include 
maintaining a high pH through encouraging 
photosynthesis, and maintaining a high 
surface temperature through release of flows 
from deep within the reservoir. This last 
technique, however, would significantly 
increase water loss from evaporation. 

Encouragement of algal growth and high 
pH will likely lead to dominance by nuisance 
b luegreen algae (Shap i ro 1973), and the 
resultant organic loading to the hypolimnion 
may cause anoxia. Conventional wisdom 
presently holds that such anoxia leads to 
solubilization and release of additional 
phosphorus, thus exacerbating and perpetu
ating eutrophic conditions in the reservoir 
(Mortimer 1971, Imboden 1974). Of course 
this also results in the discharge of cold, 
anoxic water from deep in the reservoir, 
which must be mechanically aerated if it is 
to support a cold water fishery in the 
tailwater. Clearly such side effects need to 
be carefully weighed (or ameliorated) against 
the benefits of water softening. 

The results of the study by Reynolds 
(1978) suggest an innovative possibility with 



Table 7.1. Effect of varying physical and 
chemical parameters of Oneida 
Narrows Reservoir water on 
the calcite saturation index 
as determined by equilibrium 
modeling (Appendix B). The 
underlined value was held con
stant when evaluat ing the re
maining variables. 

Calcite 
Saturation 

Parameter Value Index* 

0 C 1. 32 
5 1. 65 

Temperature 

10 2.05 
15 2.55 
20 3.22 
75" 3.89 

pH 7.5 0.52 
7.7 0.82 
7.9 1. 29 
8.1 2.04 
8.3 3.22 
F.3 5.07 

59 mg Call 2.67 
84 3.22 

Calcium 

ltr9" 3.63 

176 mg/l as CaC03 2.28 
252 3.22 

Alkalinity 

"ITS" 4.14 

6.6 mg/l 3.63 
16.6 3.22 

Magnesium 

2l5":O 2.90 

Sulfate 16 mg/l 3.25 
40 3.22 
bZf 3.19 

Chloride 10.2 mg/l 3.23 
25.6 3.22 
r;z;- 3.21 

*Jacobsen and Langmuir (1974) 

less drastic secondary impacts. Reduction of 
the input of polyphenolic organic molecules 
through nonpoint source management practices 
that reduce forest floor leaching .could 
remove an important natural inhibitor to 
precipitation of the supersaturated calcite 
and promote a rapid spiral crystal growth 
mechanism. The relative merit of reducing 
the amount of dilution water transporting the 
organic compounds, or alternatively treating 
or diluting it during periods critical to 
calcite precipitation, would have to be 
weighed against the value of the salinity 
removal to downstream users. 

One remaining problem involves the fate 
of the calcite precipitated in the epilimnion 
of the reservoir. Calcite crystals settling 
into a dark, C02 rich, undersaturated hypo
limnion may redissolve to some extent and 
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be released downstream through the deep 
discharge. Such a mechanism operates at a 
much grander scale in the ocean (e.g., 
Edmund 1974). Although this problem is 
exacerbated in cold, saline, anoxic waters, 
which favor slow settling rates and carbonate 
dissolution, Kelts and Hsu (1978) found that 
only 10 percent of the calcite typically 
dissolves during settling through the 120 m 
hypolimnion of Lake Zur ich in Switzerland. 

A potentially very valuable tool for 
assessment of enhancement (or ameleoration) 
of natural salinity removal processes is 
construction of a biogeochemical model linked 
to a finite element hydraulic reservoir 
model that would apportion and mix waters of 
different temperature, salinity, and chemical 
composition among the various depth zones 
of a reservoir according to density and 
momentum. A phytoplankton model could then 
be used to drive surficial pH changes, and 
s inking, ion exchange, coagulation, and 
kinetic/equilibrium models used to predict 
chemical changes in the resultant water 
masses. The compilations by Canale (1975), 
Chadderton and Shane (1978) and Scavia and 
Robertson (1979) suggest that such modeling 
efforts are within reach of the present state 
of the limnological art. 

Suggestions for Further Research 

Further research should revolve around 
three complementary goals: 1) assessment of 
process rates and mass balance in situ in 
systems of interest; 2) controlled-raboratory 
studies, again using local water, sediments, 
etc., to formulate kinetic expressions; 
and 3) construction of multidisciplinary, 
physical-biogeochemical reservoir and river 
models that integrate the effects of various 
individual processes. A list, by no means 
complete, of specific topics should include: 

I. Assessment: 

1. Measuring water column storage 
in the system of interest of 
constituent ions. 

2. Measuring bank storage and 
migration rates and directions 
of salts dissolved in bank 
storage waters. 

3. Measuring sedimentation rates of 
biogeochemical constituents such 
as diatom tests and auto
chthonous calcite crystals. 

4. Measuring supersaturation 
throughout the season in situ 
using carbonate saturometers. 

5. Collecting and correlating daily 
(diel) primary production and 
calcite precipitation rates. 

6. Determining the content of ion 
exchange sites on suspended 
particulates as they move 



longitudinally and vertically 
through river/reservoir systems. 

II. Laboratory studies: 

III. 

1. Conduct radiocarbon tracer 
studies to determine why carbon
ate/organic carbon stoichiometry 
often falls below the predicted 
level. 

2. Examine the exchange of ions, 
particularly calcium magnesium, 
alkalinity, and sulfate between 
surficial sediments and over
lying water in microcosms (the 
gypsum dissolution/calcite 
precipitation model is particu
larly interesting). 

3. Examine the effect on calcite 
precipitation on consumer 
controlled (three-component) 
versus producer controlled 
(two-component) microcosms. 

Modeling: 

1. Construct and verify a hydrau
lic-biogeochemical reservoir 
model. I t should include the 
following components: 

A. 

B. 

C. 

Hydraulic model (driven by 
den sit y and mom e n t um) . 

Equilibrium/kinetic model 
(driven by constituent 
activities) • 

Phytop lankton model (dr i yen 
by isolation, extinction 
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coefficient, and a limiting 
nutrient). 

D. Heterogeneous equilibrium/ 
minetic model (driven by 
solid-solution concentration 
grad ients of counter ions 
and coagulation models). 

A general observation that is particu
larly important with respect to all of these 
research suggestions is the need for special 
care and expertise at all levels of investi
gation. Chemical analyses must be done 
immediately and with special attention to 
calibration and quality control, and the time 
intervals over which changes are to be 
measured may range from minutes to hours. 
The sensitivity of the calcite saturation 
index to changes in pH and temperature 
indicate the need for much caution. Field 
meters should be carefully calibrated, and 
both alkalinity and acidity should be ti
trated in the field as soon as possible 
following collection. 

Regarding mass balance calculations and 
the chemical analyses upon which they are 
based, one should bear in mind that a reduc
tion of 10 mg/l of salinity in the Lower 
Colorado River may save $S million annually. 
However, demonstrating a 10 mg/l decrease 
against a background of 700 mg/l requires the 
utmost care in analysis and replication. 
Although one cannot solve the problem of 
demonstrating a secular trend of this magni
tude against the "noise" level characteristic 
of natural environments, such demonstrations 
may be possible during short duration labora-
tory or studies. We feel that the 
time is a and for such careful work. 
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APPENDIX A. DATA 

Table A.1. Chemical concentrations in Bear River below Soda Point Reservoir (at Alexander) 
from Hill et a1. (1973). 

Date 

July 8, 1971 
Aug. 4 
Sept. 9 
Oct. 7 
Nov. 12 
Dec. 10 
Jan. 15, 1972 
Feb. 9 
Mar. 9 

April 17 
May 15 
June 14 
July 18 
Aug. 14 
Sept. 9 

Ca 

60 
62 
58 

106 
99 

112 
112 
89.6 

144.8 
100 

32 
96.8 
62.4 
48.8 
64 

Mg 

56.6 
41 
60 
3.7 

15.3 
o 

20.5 
21. 5 
2.0 

23.9 
18.5 
o 

35.2 
42 
34.8 

Na 

14.6 
29.2 
21. 2 
32 
33 
30 
37 
32 
28 
23 
11 

8 

34 
36 

K 

3.7 
3.9 
3.9 
2.6 
3.0 
2.5 
3.5 
3.5 
4.4 
3.0 
1.5 
1.0 
3.0 
3.6 

332 
312 
333 
330 
304 
152 
320 
256 
286 
278 

92 
376 
256 
275 
297 

52 
72 
60 

50 
52 
44 
44 
46 
30 
26 
48 
45 
66 

Cl pH 

37 7.5 
23 7.4 
39 7.4 
32.5 7.9 
33 7.9 
35 8.0 
34 8.0 
37 7.9 

5 8,3 
3.5 8.0 

15.5 8.7 
22 8.2 
27.9 8.2 
34.3 8.0 
30.9 8.2 

Temp (C) 

23 
17 

9.5 
3.5 
0.5 
1.2 
1.9 
2.5 
7.2 

11.2 
17 
19.1 
20 
14 

Table A.2. Chemical concentrations in Bear River below UPLC tailrace at Oneida, data from 
Hill et a1. (1973). 

Date 

July 8, 1971 
Aug. 4 
Sept. 9 
Oct. 7 
Nov. 12 
Dec. 10 
Jan. 15, 1972 
Feb. 9 
Mar. 9 

April 17 
May 15 
June 14 
July 18 
Aug. 14 
Sept. 9 

Ca 

63 
59 
60 

100 
95 
94 

102.4 
91. 2 

109.6 
44.8 
42.4 
68 
65.2 
59.2 
67.2 

Mg 

38.7 
39.0 
36.1 
1.5 

12.3 
13.4 
19.0 
22.4 
18.5 
39.0 
10.3 
19.0 
32.1 
38.2 
33 

Na 

15 
36 
33 
38 
37, 
35 
37 
37 
33 

15 
20 
34 
38 

K 

5.9 
6.1 
8.9 
4.0 
3.5 
3.6 
3.5 
4.4 
4.4 

2.0 
3.0 
0.4 
4.4 

69 

220 
350 
322 
320 
284 
244 
300 
268 
270 
228 
104 
214 
242 
281 
291 

75 
84 
90 

56 
45 
40 
44 
27 
37 
32 
44 
42 
62 

Cl pH 

52 8.3 
61 8.0 
48 8.3 
43 8.5 
37 8.4 
39.5 8.4 
40 8.4 
41. 5 8.0 
20 8.4 

8.5 
17.5 8.5 
10 8.4 
28.6 8.4 
34.3 8.1 
36.7 8.6 

Temp (C) 

21. 3 
24.4 
19.5 

9.7 
3.3 
1.1 
0.0 
0.9 
3.0 
6.8 

12.8 
18.9 
12.4 
20.8 
15.4 
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Table A.3. Data collected on Bear River synoptic survey, June 26, 1980. Stations shown in Figure 5.1. 

Field 
Conduc- Hard- A1ka-

TDS TDS tivity 
Ca* 

Dissolved Dissolved linity Silica 
Station-Depth (GFC) (0.22 jl) mho/cm Temp Na K as Chloride Si04 Sulfate pH 
(S '" surface) mg/1 mg/1 (25°) °c mg/1 mg/1 mg/1 mg/1 mg/l mg/l 

l-S 350 34.8 570 18.5 280 90.3 20 3 250 23.8 4.31 36 7.73 
2-S 334 33.3 544 19.3 269 81. 9 19 3 236 24.2 5.43 29 8.18 
3-S 347 36.4 591 18.0 284 84.0 27 3 250 27.0 7.21 39 8.54 
4-8 462 45.3 749 19.4 373 107.1 33 6 344 32.4 7.62 7.33 
5-8 349 35.3 574 19.9 301 85.1 25 4 262 25.6 8.03 34 8.12 
6-8 356 33.4 560 19.6 284 86.1 24 3 264 24.7 6.46 46 8.22 
7-8 348 32.8 554 20.1 292 88.2 22 4 254 24.3 7.83 31 8.15 
8-8 335 32.6 286 84.0 24 4 244 26.1 2.73 31 8.37 
9-S 332 34.1 615 19.7 284 87.2 25 4 246 27.0 3.02 31 8.23 
9-6 m 341 34.8 571 19.7 280 92.4 26 4 248 27.4 3.89 38 8.20 
10-S 323 33.8 588 20.5 282 .84,0 28 4 252 25.6 2.32 40 8.30 
11-8 351 32.5 583 20.5 282 83.0 27 4 248 27.4 5.43 33 8.14 
12-8 344 34.1 565 20.0 288 86.1 28 4 254 28.3 6.50 33 8.18 
13-8 346 34.1. 575 22.0 280 86.1· 28 4 258 28.3 11.00 46 8.18 
14-8 (bank) 339 34.5 280 84.0 28 4 247 27.9 6.09 8.01 
14-S (center) 337 32.7 286 87.2 26 4 242 26.1 5.34 31 8.12 

Hot 8pring 1806 1780 3077 52°C 350 124 525 72 400 620 24.8 230 7.65 
"-l 
0 



I ~ 

Table A.4. Data collected on Oneida Narrows Reservoir synoptic study on July 15, 19S0. Stations shown in Figure 5.5. 

Field 
Ca+t Hardness Station - Depth Log it TDS Conductivity Temperature Total Hardness Na K Chloride 

S Surface ms/l (llmho/cm @ 25 DC) DC mg/l as mg/l Ca+t mg/l mg/l mg/l 

1 - S 1 380 633 21. 6 288 78.5 31 3 26.5 
2 - S 2 297 660 22.0 292 73.6 35 4 32.0 
Hot Springs 3 1821 3146 50.0 328 98.1 515 69 54.7 
4 4 448 758 27.8 284 78.5 50 6 52.0 
5 - 13 m 5 390 629 21.1 292 73.6 29 4 29.0 
5 - 6 m 6 379 629 21.1 284 73.6 33 4 29.9 
5 - S 7 378 632 22.5 288 S1. 8 33 4 29.9 
8 8 403 661 20. if 284 76.9 32 4 29.0 
8 9 388 649 21.2 284 72.S 31 4 29.9 
8 - S 10 386 638 22.0 280 72.8 31 4 28.2 

11 11 3.81 659 21. 3 284 75.2 31 4 30.7 
11 12 385 640 21.1 292 76.0 33 4 30.7 
11 - S 13 380 640 22.7 292 74.4 32 4 30.7 

-..l 14 14 385 630 21. 8 284 70.3 32 4 29.9 ..... 
14 - S 15 391 650 22.7 280 72.0 31 4 29.9 
16 16 378 624 21. 5 284 83.4 31 4 31. 6 
16 - S 17 368 641 21. 8 282 70.3 30 4 30.7 
18 18 390 6.26 21.4 284 71.1 32 4 29.9 



Table A.5. Data collected on Oneida Narrows Reservoir 
Sampling stations are shown in Figure 5.6. 

synoptic study on August 1, 1980. 

Field 
Station - Depth TDS Conductivity Temperature Chloride 

S = Surface Log 41 mg/1 (~mho/cm @ 25 DC) DC pH Alkalinity mg/1 C1-

1 - S 1 432 667 20.0 8.04 296 31. 6 
2 S 2 471 726 19.8 7.64 298 35.9 

Hot Springs 3 1859 3088 50.0 7.50 420 55.9 
4 - S 4 539 893 24.0 7.76 308 61.5 
5 5 460 724 22.0 7.79 297 33.7 
5 - 6 414 721 22.5 7.89 296 35.0 

5 - S 7 458 727 22.5 7.91 296 34.2 

8 - 8 452 706 23.5 7.81 295 31.6 
8 - 9 441 633 22.0 7.98 296 31.6 
8 - S 10 453 621 22.5 8.03 294 34.2 

11 11 416 615 23.0 7.91 290 31.6 
11 - 12 411 621 22.5 7.80 296 31.6 
11 S 13 435 616 22.5 7.88 295 34.2 
14 - 14 426 704 24.0 7.90 295 34.2 
14 - S 15a 424 695 24.0 7.70 294 31. 6/34.2 
15 15b 695 25.0 33.3 
16 16 404 580 25.0 8.55 306 33.3 

Table A.6. Data collected on Oneida Narrows Reservoir synoptic study on August 19, 1980. 

Field 
Station - Depth Conductivity Temperature Alkalinity 

S Surface Log 41 Ilmho/cm @ 25 DC DC pH mg/1 as CaC03 
1 - S 1 725 13.8 8.22 294 
2 - S 2 760 14.0 8.24 294 
5 12 m 3 725 17.0 8.34 296 
5 - 6 m 4 761 17.0 8.33 291 
5 - S 5 764 17.5 8.28 293 
8 12 m 6 730 17.8 8.29 291 
8 - 6 m 7 748 17 .8 8.30 293 
8 - S 8 779 18.0 8.30 288 

11 12 m 9 764 17.5 8.31 290 
11- 6 m 10 764 17.5 8.30 293 
11 S 11 785 18.0 8.29 296 
14 - 6 m 12 764 17.5 8.40 288 
14 - s 13 794 17.5 8.29 294 
16 s 14 712 17.8 8.38 292 
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- Table A. 7. Concentrations of various constituents in Experiment II. All data are in mg/1 
except conduct i v ity (llmhos/cm) , alkalinity (mg/1 as CaC03), Fe and Chlorophyll ~ 
(llg/l) , and temperature (·C) • 

COSM DISS CONDUC- TOTAL 
NO DAY OXYGEN TIVITY PH ALK SI CL CHL a CA MG NA K FE TEMP 

1 0 13.2 840. 8.79 262. 7.4 47.3 9.0 89. 50. 59. 9. 409. 19.5 
3 0 11. 0 820. 8.58 261. 3.7 47.8 9.9 71. 54. 50. 9. 19. 19.5 
6 0 12.0 750. 8.35 257. 5.4 38.5 9.0 65. 55. 42. 8. 81. 18.0 
7 0 12.0 850 8.69 261. 5.5 44.7 9.9 96. 55. 43. 8. 38. 19.5 
8 0 11.0 850. 8.51 269. 4.5 43.7 9.9 83. 54. 46. 9. 15. 19.5 
9 0 11.0 825. 8.55 257. 3.1 42.6 12.0 81. 56. 42. 9. 68. 19.5 

10 0 11. 6 840. 8.54 255. 2.8 46.2 7.2 82. 54. 44. 9. 25. 19.5 
11 0 9.5 850. 8.42 269. 5.7 45.7 9.9 75. 55. 36. 9. 11. 19.5 
12 0 16.0 770. 8.95 248. .9 45.2 9.0 67. 54. 41. 9. 8140. 19.5 

1 1 4.3 870. 8.48 261. 8.5 45.8 6.3 77. 51. 46. 9. 25. 17.0 
3 1 4.8 880. 8.73 270. 3.6 46.7 6.3 80. 54. 42. 16. 217. 18.0 
6 1 3.9 810. 8.36 254. 6.9 45.4 9.0 7I. 55. 34. 9. 42. 17.0 
7 1 4.5 790. 8.76 264. 5.1 45.6 6.3 75. 55. 40. 9. 233. 18.0 
8 1 4.4 880. 8.69 272. 3.3 44.2 9.9 78. 55. 46. 15. 17. 18.0 
9 1 5.5 880. 8.51 263. 3.2 45.8 8.1 83. 54. 47. 16. 44. 18.0 

10 1 5.0 850. 8.55 260. 2.7 45.8 9.0 69. 52. 41. 9. 11. 18.0 
11 1 4.0 810. 8.25 280. 13.0 37.1 9.9 72. 55. 34. 9. 20. 17.0 
12 1 4.4 780. 8.95 243. 1.1 45.8 8.1 59. 54. 38. 8. 12. 18.0 

1 4 2.6 940. 8.06 274. 10.7 46.2 14.0 72. 56. 46. 7. 151. 21. 0 
3 4 6.9 870. 9.11 268. .7 44.7 32.0 100. 57. 44. 14. 328. 23.0 
6 4 3.6 840. 8.00 255. 8.4 39.6 13.0 61. 50. 35. 7. 25. 21. 0 
7 4 5.9 835. 8.92 260. 4.1 41. 6 15.0 70. 51. 38. 7. 11. 23.0 
8 4 7.4 865. 9.04 266. .6 41.6 15.0 72. 50. 37. 15. 11. 23.0 
9 4 7.0 930. 8.80 263. .7 46.2 15.0 72. 54. 40. 15. 11. 22.0 

10 4 7.0 885. 8.98 264. .8 48.8 62.0 72. 52. 46. 8. 45. 22.0 
11 4 3.8 850. 8.11 271. 8.4 35.4 15.0 71. 52. 31. 7. 46. 21. 0 
12 4 6.8 750. 8.51 187. .6 44. 7 15.0 43. 49. 37. 7. 93. 23.0 

1 6 2.5 887. 8.04 273. 11.1 47.8 15.0 33. 57. 42. 6. 57. 20.0 
3 6 7.3 757. 9.13 232. .3 45.7 16.0 25. 53. 38. 9. 11. 22.5 
6 6 4.0 810. 8.09 255. 8.6 40.6 11.0 29. 52. 31. 6. 12. 20.0 
7 6 6.0 745. 8.84 240. 4.3 43.2 15.0 26. 53. 34. 6. II. 22.0 
8 6 7.5 760. 9.02 233. . 3 42.6 17.0 26. 52. 34. 9 . 11. 23.0 
9 6 7.6 830. 8.90 263. .7 47.3 17.0 35. 51. 37. 9. 11. 22.0 

10 6 6.3 810. 9.14 265. .7 46.7 22.0 42. 53. 37. 6. 71. 22.0 
11 6 4.7 820 8.16 271. 9.2 36.0 15.0 42. 53. 29. 5. 11. 20.0 
12 6 6.5 690. 8.90 195. 1.2 43.2 18.0 15. 51. 32. 5. 11. 22.0 

1 9 0.0 895. 8.12 291. 12.8 46.2 15.0 69. 54. 37. 7. 11. 20.0 
3 9 0.0 710. 9.19 191. . 5 45.2 14.0 30 . 48. 32 10. 15. 22.0 
6 9 0.0 820. 8.10 268. 10.2 39.0 14.0 72. 52. 28. 6. 11. 20.0 
7 9 0.0 730. 8.77 216. 4.0 43.2 14.0 46. 49. 33. 6. 11. 22.0 
8 9 0.0 730. 8.98 197. . 6 42.1 15.0 38. 49. 30. 10 . 14. 22.0 
9 9 0.0 835. 8.99 275. . 8 44.7 15.0 69. 50. 35. 12 . 12. 22.0 

10 9 0.0 785. 9.36 274. 1.2 47.3 16.0 70. 50. 34. 6. 1470. 22.0 
11 9 0.0 840. 8.17 294. 10.1 36.0 14.0 73. 53. 27. 6. 11. 20.0 
12 9 0.0 650. 9.00 186. 1.2 42.6 16.0 34. 47. 30. 6. II. 22.0 

1 11 2.5 920. 8.06 288. 12.9 45.6 18.0 70. 51. 44. 5. 11. 20.5 
3 11 6.1 675. 9.39 169. .6 44.1 17 .0 21. 42. 37. 8. 22. 23.0 
6 11 3.0 870. 7.83 26'8. 10.7 39.5 14.0 60. 49. 41. 5. 11. 20.5 
7 11 6.2 685. 8.79 192. 3.8 42.6 14.0 30. 45. 42. 5. II. 23.0 
8 11 5.6 715. 9.09 183. .9 42.1 18.0 24. 47. 43. 7. 11. 23.0 
9 11 5.5 855. 9.06 277. 1.2 43.6 17.0 66. 52. 48. 7. II. 23.0 

10 11 7.0 750. 9.40 239. 1.2 47.7 20.0 44. 49. 51. 5. 11. 23.0 
11 11 3.5 880. 8.03 283. 10.8 33.8 17.0 68. 53. 40. 5. 11. 20.5 
12 11 5.0 675. 9.02 183. 2.0 42.6 20.0 25. 46. 34. 3. 11. 23.0 

1 13 2.6 910. 8.00 277. 14.2 45.1 . 4 72. 55 . 51. 5. 11. 19.0 
3 13 6.1 645. 9.62 162. 0.0 44.1 .3 19. 44. 42. 6. 11. 21. 0 
6 13 3.2 845. 7.91 268. 12.1 39.5 . 3 66. 52 . 38. 4. 12. 19.0 
7 13 5.0 655. 8.93 175. 3.5 42.1 .3 23. 27. 41. 4. 11. 21. 0 
8 13 5.5 665. 9.20 175. .2 42.1 . 8 26 . 44. 45. 6. II. 21.0 
9 13 5.5 830. 9.13 270. .6 43.1 . 6 60 . 46. 48. 6. 11. 20.5 

10 13 6.4 655. 9.35 171. .3 46.7 .6 22. 43. 48. 4. 11. 21. 0 
11 13 3.3 855. 8.06 281. 12.5 34.9 .2 71. 47. 39. 5. 70. 19.0 
12 13 5.1 655. 9.05 180. .6 41. 5 . 7 27 . 46. 42. 4. 11. 21.0 
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Table A. 8. Concentration of chemical constituents in microcosms durin!" upstream/downstream experiment. 

Total 
Conductivity 

Ca-t+ Na-t+ K+ 
Alkalinity Hardness 

TDS (]lmho/cm pH as Silica Turbidity Sulfate 1 
(mg/l) @ 250 C) (mg/1) (mg/1) (mg/1) ) (mg/l) (NTU) (mg/l) 

7-2-80 
Microcosm 

1 545 
3 486 
6 518 
7 453 
8 479 
9 515 

10 489 
11 525 
12 520 

7-14-80 
Microcosm 

1 400 8.6 42.1 
3 412 8.7 34.8 
6 402 8.6 40.5 

...., 7 391 8.7 49.4 
.I>- 8 428 8.8 43.7 

9 432 8.7 41. 3 
10 468 8.6 47.8 
11 434 8.7 38.9 
12 488 8.6 51.8 

7-17-80 
Microcosm 

1 8.7 36 168 30 
3 8.8 35 32 
6 8.7 43 160 28 
7 8.7 38 190 33 
8 8.7 36 180 29 
9 8.7 35 172 31 

10 8.6 44 29 
11 8.7 39 168 31 
12 8.5 47 
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Table A.9. Concentration of chemical constituents in microcosms dur Experiment III. 

Total 

Ca++ Na++ K+ 
Alkalinity Hardness 

TDS pH (mg/l as Silica Turbidity Sulfate (mg/l) 
(mg/l) (mg/l) (mg/l) (mg/l) CaC03) (mg/l) (NTU) (mg/l) as CaC03) 

7-21-80 
Microcosm 

1 247 8.71 34 26 5 .91 12 194 
6 233 8.70 30 24 4 .68 10 174 
7 258 8.66 42 25 5 .16 17 194 
8 254 8.54 45 24 5 1. 66 12.5 186 
9 258 8.72 34 24 5 .44 9 190 

11 243 8.54 36 23 4 .59 11 194 
Upstream 325 8.13 66 23 3 4.71 18.5 242 

Downstream 363 8.38 79 27 3 4.61 7.5 279 

7-22-80 
Microcosm 

1 240 36 25 5 173 1. 38 9.5 182 
6 220 32 25 4 164 .65 12 171 
7 246 41 24 5 188 .29 14.5 198 
8 222 38 23 5 187 2.10 10 184 
9 226 37 24 5 .56 11.5 179 

"-l 11 231 39 22 4 1. 24 9.0 179 
\J1 

7-23-80 
Microcosm 

1 246 8.74 39 25 4 151 1. 63 183 
6 228 8.65 39 23 4 145 .72 178 
7 248 8.57 47 23 5 167 .41 199 
8 252 8.57 47 23 5 161 2.08 189 
9 236 8.58 36 24 5 155 .32 185 

11 240 8.59 47 23 4 169 1. 09 187 
Upstream 289 8.10 64 21 4 5.02 242 

Downstream 340 8.22 78 26 3 4.84 269 

7-26-80 
Microcosm 

1 238 36 24 4 179 9 182 
6 223 41 22 4 170 12 170 
7 255 43 22 5 199 12 200 
8 247 [fO 23 5 195 12 192 
9 243 38 24 5 185 10 188 

11 247 41 24 4 190 8 192 
Upstream 307 61 21 4 244 1. 52 26 240 

Downstream 347 71 26 4 277 .98 49 270 
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Table A.9. Continued. 

Total 
Conductivity 

Ca++ Na++ K+ 
Hardness 

TDS (Ilmho/cm pH Silica Turbidity Sulfate 1 
(mg/1) @ 25 OC) (mg/1) (mg/1) (mg/1) (mg/1) (NTU) (mg/1) 

7-21-80 
Microcosm 

1 25 400 8.71 34 26 5 .91 12 194 
6 23 417 8.70 30 24 4 .68 10 174 
7 26 459 8.66 42 25 5 .16 17 194 
8 25 442 8.54 45 24 5 l. 66 12.5 186 
9 26 428 8.72 34 24 5 .44 9 190 

11 24 432 8.54 36 23 4 .59 11 194 
Upstream 33 585 8.13 66 23 3 4.71 18.5 242 

Downstream 36 585 8.38 79 27 3 4.61 7.5 279 

7-22-80 
Microcosm 

1 25 462 36 25 5 173 l. 38 9.5 182 
6 23 440 32 22 4 164 .65 12 171 
7 25 479 41 24 5 188 .29 14.5 198 
8 23 445 38 23 5 187 2.10 10 184 

--.I 9 23 455 37 24 5 175 .56 11.5 179 
0" 11 24 462 39 22 4 174 l.24 9.0 179 

7-23-80 
Microcosm 

1 25 467 8.74 39 25 4 151 l. 63 183 
6 23 440 8.65 39 23 4 145 .72 178 
7 25 482 8.57 47 23 5 167 .41 199 
8 25 462 8.57 47 23 5 161 2.08 189 
9 24 438 8.58 36 24 5 155 .32 185 

11 24 453 8.59 47 23 4 169 l. 09 187 
Upstream 29 550 8.10 64 21 4 5.02 242 

Downstream 34 610 8.22 78 26 3 4.84 269 

7-26-80 
Microcosm 

1 24 437 36 24 4 179 9 182 
6 23 420 41 22 4 170 12 170 
7 26 431 43 22 5 199 12 200 
8 25 429 40 23 5 195 12 192 
9 24 445 38 24 5 185 10 188 

11 25 457 41 24 4 190 8 192 
Upstream 31 530 61 21 4 244 l. 52 26 240 

Downstream 35 610 71 26 4 277 .98 49 270 



Table A.10. Chemical data for coagulation experiment. All values in mg/l exc~pt alkalinity 
(mg/1 as CaC03) and pH. sam~le numbers corresf,0nd to the statIons (a = 6 m 
depth, b = surface), c is a 7: dilution of samp e 2 with water from Maple Grove 
hot sp~ings (Experiment IV). 

Date TDS Ca Mg Na K Alkalinity Si TOC pH 

8-7-80 

Sample 1 401 60 46 32 4 283 6.1 7.89 
2 413 70 45 33 5 285 5.9 7.91 
4a 410 72 40 32 4 256 6.9 8.20 
4b 404 89 38 27 4 391 6.3 8.30 
Sa 74 41 32 5 281 6.6 8.08 
5b 395 75 41 30 4 391 11.9 7.78 
6 417 69 41 32 5 270 6.3 8.07 

c 564 74 44 78 11 5.9 9.98 

8-8-80 

Sample 1 400 65 48 39 4 285 6.3 8.19 
2 423 33 44 42 5 371 5.2 8.06 
4a 404 40 45 39 5 278 6.0 7.98 
4b 414 58 43 38 5 282 5.9 8.05 
Sa 408 35 44 40 5 282 6.2 8.00 
5b 404 35 43 40 5 282 7.2 8.06 
6 404 34 42 38 5 282 6.9 8.29 

c 579 34 46 88 12 292 5.4 8.16 

8-11-80 

Sample 1 401 26 47 38 4 287 10.2 8.18 
2 429 30 48 42 5 288 11.9 8.03 
4a 422 32 43 39 5 275 11.0 8.07 
4b 417 33 42 39 5 290 10.8 8.11 
Sa 422 33 43 40 5 286 12.5 8.09 
5b 428 36 43 40 5 285 10.1 8.07 
6 418 31 42 39 4 288 10.1 8.29 

c 565 32 44 87 11 303 14.3 8.08 

8-14-80 

Sample 1 427 44 50 41 5 289 5.5 8.39 
2 426 38 48 44 5 293 5.4 8.33 
4a 431 47 45 42 5 293 6.1 8.25 
4b 420 50 43 40 5 290 6.6 8.28 
Sa 429 58 44 42 5 290 5.9 8.30 
5b 427 50 43 41 5 293 6.7 8.28 
6 425 49 43 40 5 291 6.8 8.48 

c 563 50 46 88 12 302 5.6 8.44 
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Table A.ll. Final concentrations of constituents in control 
incubration with soil samples (Experiment V). 

and experimental flasks following 

Treatment pH TDS 

150 mg/l as GaG03 - control 8.09 487 152 33 27 6 
0.5 g sand 8.09 490 149 34 24 6 
0.5 g silt 8.17 499 141 33 23 2 
0.5 g clay 8.27 518 142 34 23 5 
0.5 g sediment 8.16 489 146 34 21 5 

1 g sand 8.16 489 144 35 21 5 
1 g silt 8.29 450 152 35 20 5 
1 g clay 8.31 488 167 35 27 5 
1 g sediment 8.25 494 147 36 29 6 

200 mgll as GaG03 - control 8.03 552 200 36 23 5 
0.5 g sand 8.14 568 212 37 28 5 
0.5 cr silt 8.07 578 222 36 23 5 C> 

0.5 g clay 8.15 500 197 37 22 5 
0.5 g sediment 8.30 477 201 36 22 6 

1 cr sand 8.05 533 209 37 20 5 <:> 

1 cr silt 8.08 554 239 36 22 5 '" 1 g clay 8.25 534 255 37 32 6 
1 cr sediment 8.15 517 220 36 22 5 '" 

250 mg/l as GaG03 - control 8.08 593 261 35 23 5 

0.5 g sand 8.18 612 277 35 23 5 
0.5 0- silt 8.15 628 270 35 27 6 

"" 0.5 g clay 8.20 644 253 35 23 6 
0.5 g sediment 8.11 623 252 35 23 6 

1 g sand 8.08 588 235 36 20 6 
1 g silt 8.l3 583 257 35 24 6 
1 g clay 8.13 709 266 35 23 6 
1 g sediment 8.26 675 255 35 23 6 

300 mgll as GaG03 control 8.08 610 282 35 25 9 
0.5 g sand 8.14 720 302 35 26 6 
0.5 g silt 8.07 731 301 34 31 6 
0.5 g clay 8.20 802 311 35 26 6 
0.5 g sediment 8.21 590 306 35 23 6 

1 g sand 8.08 731 273 36 24 6 
1 g silt 8.21 777 267 35 24 6 
1 g clay 8.25 712 274 34 26 6 
1 g sediment 8.30 736 270 34 24 6 

Soil added as wet weight to dry weight of 0.5 orl.Og/l 70 ml/beaker for TDS, 103°G over-
night, 3 reps/TDS. 
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APPENDIX B. CHEMICAL EQUILIBRIUM PROGRAM USED TO CALCULATE SUPERSATURATION OF CARBONATE SOLID 
PHASES GIVEN ANALYTICAL CONCENTRATIONS OF CONSTITUENT IONS AND TEMPERATURE. SEE 
CHAPTER V FOR DETAILS OF CONSTRUCTION AND SOURCES OF THERMODYNAMIC DATA. 

C 
C 

C 

CALCLILATE ACTIVITY COEFFICIENTS lISING DAVIES APPROXIMATION OF THE 
DEBYE-HlICl<EL FORMULA. ION PAIRS HAVE A VALlIE OF 1. 
[IIMENSION FNAM(3) 
THIS VERSION USED IN THE REPORT 
REAL KD1.KD2,KD3,KD4.KD5.KDb.KD7.KD8.KD9,KDI0,KD11,KD12,IAP.KW.K 

*.KDI3.KDI4 
EQUIVALENCE (ACTl,ACHC03,ACNA.ACK.ACNS04.ACHS04,ACKS04,ACCHC3, 

+ACCL. ACCAOH. ACMOOH, ACMHCI3, ACN(03), (ACT2, ACCA, ACI'1O. ACS04. ACC(3), 
+ ( ACT7, ACCS40. ACI'1C3(1, ACCC30, 
+ACt1S40), 
+(ACT4, ACSI) 

C SETS PARTIAL PRESSURE OF CARBON DIOXIDE 
PC02=.000276 
TNAS04=O. 
THS04=O. 
THC03=O. 
TC03"0. 
TCAOH=O. 
TMOOH=O. 
TMHC03=O. 
TNAC03=O. 
THC03N=O. 
TNAS04=O. 
THS04 .. 0. 
TCHC03=O. 
TCAOH=O. 
TI'IOOH=O. 
TI'IHC03=O. 
TNAC03=O. 
WRITE(3,134) 

134 FORI'IAT(' READY B WITH DATA, THEN TYPE 11 CHAR FILE NAI'IE'I 
*, ........... '1' ') 

READ(I,135)FNAI'I 
135 FORMAT ( 3A4 ) 

3 FORMAT< 1 X, 3A4) 
WRITE(3.3)FNAM 

C INPUT DATA & CHECK DATA 
WRITE(3.125) 

125 FORI'IAT(1X, 'WILL CARBONATES BE',I,' I.-GIVEN? 
*',1.' 2.-CALCLILATED?') 

READ(I,138)J 
136 FORMAT< A2) 

WRITE(3.137) 
137 FORl'lAT(IX,'WILL ION RATIOS AND SAR BE COMPUTED?', I, 

*, 1.-YESI',I,' 2.-NOI') 
READ(I,I38)N 

1::~a FORMATe 12) 
WRITE (3, 175) 

175 FORI'IAT(' DO YOU WISH TO PRINT CHLORIDE AND SULFATE RATIOS?'I 
* ' 1. "'YES' 1 ' 2. =NO' ) 

READ(I,136)RATIO 
WRITE(S,17b} 

170 FORMAT< I DO YOU WISH TO CALCULATE EC AS 1\ FUNCTION OF ION 
* CONCENTRATIONS?'I' 1.=YES'I' 2.aNO') 

READ(I.136)SPEC 
WRITE(3,177) 
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177 FORMAT(' DO YOU WISH HARD COPY OF INTERMEDIATE VALUES DURING 
* ITERATIONS?' I' 1. -YES' I' 2. =NO' ) 

READ(1, 136o)WL 
WRITE(3,139) 

139 FORMAT< 1)(, 'WHAT ACTION IS TO BE TAKEN ON THE INPUT DATA?' 
*, I, ' 1. -CONVERSION OF CA & MG HARDNESS (AS CAC(3) TO 
*MO/L OF CA OR MO?',I,' 2.-CONVERSION OF MOIL TO MMOLlL?' 
*,1,' 3.-CONVERSION OF MMOL/L TO MEGIlL?'. I. 
*' 4.-CONVERSION OF MEGIlL TO EQ/L?') 

READ ( 1, 13€OM 
WRITE(2,132)M,J.N 

132 FORMATC lX, 12, lX, 12, lX. 12) 
CALL OPEN(b,FNAM,2) 

1 READC6o,128,END=60)DNO,DAY,DOX,EC,PH,TALK.TSI,TCL,TCHL.TCA. 
*TMO.TNA,TK.TFE,TC 

TS04=30. 
128 FORMAT (2F2. (I. 13F4. 0) 

WRITE(2. 191) 
181 FORMAT<1X, 'RAW INPUT DATA (CA. MO. NA, K, CL. S04, SI, TALK, 

*PH, TEMP) , ) 
WRITE( 2, 120) TCA, Tl'm, TNA, TK. TCL, TS04, TSI, TALK, PH, TC 

120 FORMAT (7CE9. 3, 2X), I, 4(E9. 3, 2X» 
C M=INPUT FORMAn J=CALCliLATE VS. OIVEN CARBONATES (1=GIVEN), 
C N=ION RATIOS AND SAR (1=COMf'UTE) 
C THESE DATA REPRESENT DISSOCIATION AND SOLUBILITY PRODUCT 
C CONSTANTS CORRECTED FOR TEMPERATURE USING VANT HOFF'S 
C LAW OR EMPIRICAL RELATIONSHIPS (SEE TABLE 3.1), AND THE 
C 'EPSILON' AN[I 'A' TERMS FOR THE DEBYE-HUCKEL EQUATION. 

TKL=TC+273. 15 
RL=(1.98"7E-03)*2.303 
TTRM=(TKL-298. )1 (TKL*298. ) 
WRITE(3,140)TKL,RL.TTRM 

140 FORMAT ( 1)(. 3( E9. 3, 3X) ) 
KD1=10. *~H -2.31+( 1. 605IRU*TTRM) 
KD2=10. **(-2. 238+(4. 921RU*TTRM) 
KD8=10. **(-. 0226+(2. 229/RL)*TTRM) 
KD4"" 10. **(5. 3505-. 0183412*TKL-557. 246011TKU 
KD5=10.**(-3.lOb+b73.6o/TKU 
KD6o=10. **(-3.15+(3. 13/RU*TTRM) 
KD7=10.**(-1.129+(6o.33/RL)*TTRM) 
KD8=10. **(-1. 303+( 1. 19/RU*TTRM) 
KD9=10.**(-2.548+(2.14/RL)*TTRM) 
KD 1 0= 1 O. ** (-3. 24+ (. 05B/RU *TTRM) 
KD11 =10. ** (-1.071 +( 10. 37 IRU *TTRM) 
KD12=10.**(-1.2b84+(8.911/RL)*TTRM) 
KD13=10. **( 14. 8453-. 032786o*TKL-3404. 71/T1<U 
KD14=10.**(6o.498-. 02379*TKL-2902. 39/TKL) 
KW=10. **(-13. 998-( 13. 345/RU*TTRM) 
EPS==87.74-. 4008*TC+9. 3398E-04*TC**2-1.410E-06o*TC**3. 
ATRM=l. 82483E+06o*(EPS*TKU**(-1. 5) 
SP1JL=10.**(13.87-0.04035*TKL-3059./TKU 
SP2~10.**(-4.604+(.34IRL)*TTRM) 
SP3=10. **(-18. 52-(7. 28/RL)*TTRM) 
SP4=10.**(-8.19-(2.84/RL)*TTRM) 
SP1SW=10. **(-8. 42-(2. 94/RL)*TTRM) 
WRITE(2,182) 

182 FORMAT< lX, 'DISSOCIATION CONSTANTS, SOLUBILITY PRODLICT CONSTANTS, 
* AND ANALYTICAL CONCENTRATION (MOLlU') 

WRITE(2,154)KD1,KD2,KD3,KD4,KD5.KDb,KD7,KDB,KD9.KDI0. 
*KDll, KD12, K[113, KD14, SPISW, SP1 . ..JL. SP2, SP3, SP4 

154 FORMAT ( 1 X, 'KD1='. E9. 3.' KD2=', E9. 3.' KD31::'. E8. 3. I KD4=', E8. 3. 
*' KD5=',E8.3, , KDb=',E8.3,1,' KD7.'.EB.3,' KD8=',E8.3, 
*'K[l9=', EB. 3, I KD10=', E8. 3,' KD11-', EB. 3,' KD12='E8. 3, I.' KD13=', 
*E8.3, , KD14=',E8.3, , SPISW=',E8.3,' SPIJL·',E8.3, , SP2=',E8.3. 
*1' SP3=',E8.3, , SP4=',E8.311) 

C THIS ROLITINE ALLOWS FLEXIBILITY IN INPLIT DATA. IF 
C 1'1=1 ;CONVERSION OF CA lie MG HARDNESS (AS CAC03) TO MOIL OF CA OR Me; 
C M=2 ;CONVERSION OF MOIL TO MMOL/L 
c: 1'1=3 fCONVERSION OF MMOL/L TO MEQ/L 
C M=4 ;CONVERSION OF MEQ/L TO EQ/L 

GO TO (27.28,29.30),1'1 
27 TCA=TCA*0.4 
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TMO=TMO*.24 
28 TCA=TCA/40. 

TMO=TMO/24.4 
TS04=TS04/96. 
TSI=TSII60. 
TNA=TNA/23. 
TK=TK/39. 1 
TCL=TCL/35.5 

29 IF (N.NE. 1)00 TO 30 
TCA=TCA*2. 
TMO=TMO*2. 
T804=T804*2. 
TC03=TC03*2. 
TSI=TSU·4. 

C CALCULATION OF NONCONSERVATIVE/CONSERVATIVE ION RATIOS AND 
C SODIUM ABSORPTION RATIO (SAR) PRINT STMTS 

CLCAR=TCA/TCL 
CLMOR=TMG/TCL 
CLNAR=TNA/TCL 
CLKR=TK/TCL 
CLSIR=TSIITCL 
SFCAR=TCAITS04 
SFMOR=TMGITS04 
SFNAR=TNAITS04 
SFKR=TK/TS04 
SFSIR=TSI/TS04 
SAR=TNA/SQRT«TCA+TMO)/2. ) 
TCA=TCAI2. 
TMO=TMO/2. 
TS04=TS04/2. 
TC03=TC03/2. 
T81=T8114. 

30 CONTINUE 
TCA=TCA/1CIOO. 
TMO=TMO/l000. 
TNA=TNA/1CIOO. 
TK=TK/1000. 
TCL=TCL/1000. 
TS04=TS04/1000. 
T81=TSI I 1000. 

C CALClILATES INITIAL BICARBONATE SYSTE" PARAMETERS 
AH=1./(10.**(PH» 
AOH=KW/AH 
IF (d.NE. 1)00 TO 20 

C THIS ALOORITHM CALCULATES THE CONCENTRATIONS. HC03,AND C03 AS 
C A FUNCTION OF ALKALINITY AND PH 

THC03= ( (TALK/50000. )+AH-( KW/AH) ) I ( 1+( 2 .... KDI4/AH) ) 
TC03=(. 5*( (TALK/50000. )+AH-(KW/AH» )/( 1+(AH/(2. *KD14») 

20 CONTI NUE 
C PRINT NEW ION CONCENTRATIONS 

TCAN=TCA 
TMQN=TMG 
TNAN=TNA 
TKN=TK 
TCLN=TCL 
TS04N=TS04 
TSIN=TSI 
THC03N=THC03 
TC03N=TD)3 
WRITE(2. 150)TCAN,TMON,TNAN,TKN,TCLN,TS04N,TSIN,THC03N,TC03N 

150 FCfRMAT(1X,'TCAN=',E9.4,' TMGN=',E9.4,' TNAN=',E9.4,' TKN"',E9.4. 
*' TCLN=', E9. 4, 1,' TS04N='. E9. 4.' TSIN'" I. E9. 4, I THC03N= I, E9. 4, 
*' TC03N"',E9.4/) 

C LOOP CALCULATES NEW IONIC STRENGTHS, COMPARES THEM WITH OLD IONIC 
C STRENGTHS, AND ITERATES UNTIL THE DIFFERENCE IS NEGLIGIBLE 

TOLD=TCAN+TMON+TNAN+TKN+TCLN+TS04N+THC03N+TC03N+TSIN 
DO 40 1 .. 1. 10 
U=«(TCAN+TMGN+TS04N+TC03N)*4. ) 

*+(TNAN+TKN+TCLN+THC03N+TNAS04+THS04+TCHC03+ 
*TCAOH+TMOOH+TMHC03+TNAC(3) 
*+(TSI+16. ) )/2. 

WRITE(3,152)TOLD,U 
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152 FORMAT(U, 'TOLD 8< U =',2(E9.4,2X» 
lITRM=(SQRTW) ) 1 (1 +SQRT W) )-(. 3*U) 
WRITE(3.153)UTRM,ATRM 

153 FORMAT(lX, 'UTRM= ',E9.4, , ATRM=',E9.4) 
ACT1=10. **( -ATRM*UTRM) 
ACT2=10.**(-ATRM*4.*lITRM) 
ACT3=10.**(-ATRM*9.*UTRM) 
ACT4=10. **(-ATRMiH6. *UTRM) 
ACT7=L 
ACA=ACCA*TCAN 
AM I3=ACMI3*TMON 
ANA=ACNA*TNAN 
AK=ACK*TKN 
WRITE(Z, 133) 

183 FORMAT( lX, ' ITERATIONS' ) 
WRITE(2, 101 )TOLD, U, ACT1, ACTZ. ACT4 

101 FORMAT(lX, 'TOLDr:',E8.2.' U=',ES.2.' ACT1 .. '.E8.2. I ACT2=' , 
+E8.2.' ACT4=',E8.Z) 

IF(WL.NE. 1)00 TO 160 
WR I TE (2, 10Z) ACA, A110, ANA. Ale: 

10Z FORMAT(1X,' ACA='.E8.2, I AMO=',E8.Z.' ANA:;', 
+E8. 2,' AK=', E8. 2, ) 

280 
290 

160 ACL=ACCL*TCLN 310 
AS04=ACS04*TS04N 320 
ASI=ACSI*TSIN 330 
IF (WL.NE. 1)130 TO 161 
WRITE(Z,119)ACL.AS04,ASI 

119 FORMAT ( 1 X, 'ACL=' , E8. 2,' AS04=', E8. 2,' AS I == ' , E8. 2) 
161 IF (J .EQ. 1) GO TO 7 

IF<I.OT.1>OO TO 7 
C THIS ALOORITHM CALCULATES THE ACTIVITES OF HZC03. HC03, AND C03 
C AS A FUNCTION OF KELVIN TEMP(SEE TABLE 3.1) 

AH2C03=10.**(ALOO(PC02)-14.0184+0.01526*TKL+2385.73/TKL-
1U*<O. 84344-0. 004471*TKL+O. 00000666*TKL*TKU) 

WRITE(2.133)KD13,KD14 
133 FORMAT ( lX, 'KD1:::~=', E9. 4,' KD14=', E9. 4) 

THC03N=KD13*AH2C03/AH 
TC03N=+:D14*THC03N/AH 
THC03=THC03N 
TC03=TC03N 
WRITE(2,103)THC03N,TC03N.AH2C03 

103 FORMAT(1)(, 'THC03N=',E8.2,' TC03N=',E8.Z,' AH2C03·',E8.3) 
7 CONTINUE 

AHC03=ACHC03*THC03N 
AC03=ACC03*TC03N 
IF (WL.NE. 1)00 TO 8 
WRITE(Z, 130)AHC03,AC03 

130 FORMAT(lX.'AHC03=',E~2, I AC03='.E8.2) 
8 CONTINUE 

ACAS40=(ACA*AS04) IKD1 390 
AMOS40=(AMG*AS04)/KDZ 400 
ANAS04=(ANA*AS04)/KD3 410 
IF (WL.NE. 1)130 TO 162 
WRITE(2.104)AHC03,AC03.ACAS04,AMOS04,ANAS04 

104 FORMAT(1)(, 'AHC03=',E8.2,' AC03=',E8.Z,' ACAS04=',E8.Z.' AMOS04==', 
+ES. 2,' ANAS04=', ES. 2) 

16Z AHS04=(AH*AS04)/KD4 420 
AKS04=(AK*AS04)/KD5 430 
ACC030=(ACA*AC03)/KD6 440 
ACHC3=(ACA*AHC03)/KD7 45(1 
ACAOH= ( ACA*AOH) IKDS 46(1 
IF (WL.NE. 1)00 TO 163 
WRITE(Z.105)AHS04,AKS04.ACC030,ACHC3.ACAOH 

105 FORMAT (1)(, ' AHS04=' , E8. 2,' AKS04=', ES. 2,' ACC030= I, ES. Z, 
+' ACHC3=',E8.2, I ACOH=',E8.Z) 

163 AMOOH=(AMG*AOH)/KD9 470 
AMC030=(AMO*AC03)/KDlO 480 
AMHC03=(AMG*AHC03) IKDll 490 
ANAC03=(ANA*AC03)/KD12 500 

C MASS BALANCE ON INITIAL ION CONCENTRATIONS 
TS04N==TS041 ( 1. 0+( (ACA*ACS04) 1 (KD1*ACCS40»+( (AMG*ACS04)1 

+(KDZ*ACMS40»+«ANA*ACS04)/(ACNS04*KD3»+«AH*ACS04)/(KD4*ACHS(4» 520 
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++(AK*ACS04)/(KD5*ACKS04» 
IF (WL.NE. l)GO TO 164 
WRITE(2,106)AMGOH,AMC030,AMHC03,ANAC03,TS04N 

106 FORMAT(lX, 'AMGOH=',E8.2,' AMC030=',E8.2,' AMCH03=',E8.2,' ANAC03=' 
+, E8. 2,' TS04N=', E8. 2) 

164 TCAN=TCA/(1.0+(AS04*ACCA)/(ACCS40*KD1)+(AC03*ACCA)/(ACCC30*KD6)+ 

530 

+(AHC03*ACCA)/(ACCHC3*KD7)+(AOH*ACCA)/(ACCAOH*KDB» 550 
TMGN=TMG/(1.0+«AS04*ACMG)/(ACMS40*KD2)+(AOH*ACMG)/(ACMGOH*KD9) 

++(AC03*ACMG)/(ACMC30*KDI0)+(AHC03*ACMG)/(ACI'1H03*KD11») 
THC03N=THC03/(1.0+(ACA*ACHC03)/(ACCHC3*KD7)+(AMG*ACHC03)/ 

* ( ACMH03*KD 11 ) ) 
TC03N=TC03/ ( 1. 0+ (ACA*ACC03) / (ACCC30*KD6) + (AMC;*ACC03) / 

*(ACMC30*KDI0)+(ANA*ACC03)/(ACNC03*KD12» 
TCLN=ACL/ACCL 
TNAN=TNA/(1.0+(AS04*ACNA)/(ACNS04*KD3)+(ACNA*AC03)/(ACNC03*I«12» 
HN=TK/(1.(I+(AS04*ACK)/(ACKS04*KD5» 
IF (WL. NE. 1 )GO TO 165 
WRITE ( 2, 107> TCAN, TMGN, TCLN, TNAN, THC03N, TC03N 

107 FORMAT (lX, 'TCAN=', EB. 2,' TMGN=', E8. 2,' TCLN=', EB. 2,' TNAN=', 
+E8.2,' TCH03N=',E8.2,' TC03N=',E8.2) 

165 THS04=AHS04/ACHS04 
TCHC03=ACHC3/ACCHC3 
TCAOH=ACAOH/ACCAOH 
TMGOH=AMGOH/ACMOOH 
TMHC03=AMHC03/ACMH03 
TKS04=AKS04/ACKS04 
TNAS04=ANAS04/ACNS04 
TNAC03=ANAC03/ACNC03 
TNEW=TCAN+TM(;N+TNAN+TKN+TCLN+TS04N+THC03N+TC03N+TSIN 
FLMT=(I.002*TOLD 
IF (WL.NE. 1)(;0 TO 166 
WRITE(2, 108>TKN, TCHC03, TCAOH, TC03N, TNEW 

108 FORMAT ( 1 X, 'TKN=' , E8. 2,' TCHC03=', E8. 2,' TCAOH=', E8. 2,' TC03N=', 
+EB.2,' TNEW=',E8.2/) 

166 IF(ABS<TNEW-TOLD).LT. FLMT> (;0 TO 50 
TOLD=TNEW 
ERRP=TNAN+TKN+AH+TCHC03+TCAOH+TMGOH+TMHC03+(2.*(TCAN+TMGN» 
ERR=(ERRP-(TCLN+THS04+TKS04+TNAS04+TNAC03+AOH+(2.*TS04N)+ 

*THC03N+(4.*TSiN»)/ERRP 
WRITE(2,167)ERR 

167 FORMAT ( lX, 'ERROR=', E8. 2!) 
40 CONTINUE 

640 
660 
670 
680 
69(1 
650 
630 
700 

C PRINT OUT TOTAL CONCENTRATIONS, ACTIVITY PRODUCTS, AND SATURATION INDICES 
50 CONTINUE 

TMGS40=AMGS40/ACMS40 750 
TMC030=AMC030/ACMC30 760 
TCC030=ACC030/ACCC30 770 
TCAS40=ACAS40/ACCS40 
IAP=ACA*AC03 
SATIN1=(ACA*AC03)/SP1SW 
SA TI N2= ( ACA*AS04 ) / SP2 
SATIN3=(ACA*AM(;*AC03*AC03)/SP3 
SATIN4=(ACA*AC03)/SP4 
SATIN5=(ACA*AC03)/SPIJL 
IF <RATIO. NE. 1. )(;0 TO 109 
WRIT~(2, 170)CLCAR,CLMGR,Cl,NAR,CLKR,CLSIR 

170 FORMAT ( 1 X, 'CA/CL=', E8. 2,' MG/CL=', EB. 2,' NA/CL=', E8. 2, 
*' K/CL=',E8.2,' SI/CL=',E8.2/) 

WRITE(2,171)SFCAR,SFMGR,SFNAR,SFKR,SFSIR 
171 FORMAT(lX, 'CA/S04=',EB.2,' MG/S04=',EB.2,' NA/S04=',E8.2, 

*' K/S04=',E8.2,' SI/S04=',E8.2/) 
109 WRITE(2, 180) 
180 FORMAT ( lX, 'FINAL ION CONCENTRATION, IONIC STRENGTH, AND ACTIVITY 

* COEFFICIENTS') 
WRITE(2,110)TCAN,TMON,TNAN,TKN,TCLN,AH,AOH 

110 FORMAT(lX, 'CA=',E8.2,' MG:a',E8.2,' NA=',E8.2,3H K=,E8.2,' CL=', 
*EB. 2,' H=',E8. 2,' OH=',E8.2) 

WRITE(2,111>TS04N,THC03N,TC03N,TSIN,TNAS04 
111 FORMAT ( lX, 'S04=', E8. 2,' HC03=', E8. 2,' C03=', E8. 2,' SI=', E8. 2, 

+' NAS04=',EB.2) 
WRITE(2,112)THS04,TKS04,TCHC03,TCAOH,TMGOH 

112 FORMAT(lX, 'HS04=',E8.2,' KS04=',E8.2,' CAHC03=',E8.2,' CAOH=', 
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~ +ES.2, , MOOH=', ES. 2) 
WRITE (2, 113 HJ1(:030, TCC030, TMHC03 

113 FORMAT(lX, 'MOC03=',ES.2,' CAC03=',ES.2, 
+' MOHC03=',EEI.2) 

WRITE(2,114)TNAC03.TCAS40,TMOS40.LI,ACT1,ACT2 
114 FORMAT ( 1 X. 'NAC03=', ES. 2' CAS040=', E8. 2,' MOS040"", EEl. 2, /. 

*' IONIC 8TRENOTH=',E8.2, , ACT1=',E8.2.' ACT2=',E8.2) 
WRITE(2,11S)ACT3,ACT4,I 

l1S FORMAT(lX, 'ACT3=',E8.2, , ACT4=' , E8. 2, , ITERATIONS=',I51) 
WRITEC2,116)IAP,SATIN1,SATIN5,SATIN4,SATIN2,SATIN3,TC,SAR 

116 FORMAT <1 X, 'lAP CALCITE=',E9.3, , SAT INDEX CALCITE (SW)=',E9.3,/ 
+' SAT INDEX CALCITE (,..IL)::',E9.3, 
+' SAT INDEX ARAOONITE=',E9.3,/,' SAT INDEX OYPSUM=', 
*E9.3, , SAT INDEX DOLOMITE=',E9.3,/, , TEMP-C=',E8.3, , SAR=',E9.3/1) 
IF (SPEC.NE. 1. )00 TO 65 

C CALCULATE EC AS AN EMPIRICAL FUNCTION OF ION CONCENTRATIONS 
TNA= TNA* 1 000. 
THC03=THC03*1000. 
TK=TK*1000. 
TC03=TC03*2000. 
TS04=TS04*2000. 
TCA=TCA*2000. 
TOO=TI'10*20(10. 
TSI=TSIN*4000. 

TCL=TCL*1000. 
WRITE(2.1S5>TNA.THC03,TK,TC03,TS04,TCA,TI'10,TSI,TCL 

155 FORMAT(lX,5CE9.4,2X),/,4(E9.4,2X» 
CALL ECI I I (TCA, TMO, TNA, TK. TC03, THC03, TCb TS04. EC) 
WRITE(2. 117 HCA, nro, TNA, TK, T(:03 

117 FORMAT(1X, 'CA=',E~2.' MO='.E8.2, , NA='.E8.2,3H K=.E8.3.' C03=', 
*EEI.3) 

WRITE(2, 118>THC03, TCL. TS04, EC 
118 FORMAT(lX, 'HC03=' ,EEl. 2, ' CL:a',E8.2, , S04=',E8.2, , EC.',ti9.3///) 
65 00 TO 1 
60 CONTINUE 

END 
SUBROUTINE ECI I I (TCA, THO, TNA, nt. T(:03. THC03, TCL. TSC14. EC) 
REAL MO 
(:A=TCA 
MO=TMO 
S04=TS04 
IF (804 .OT. CM 00 TO 10 
CAS04=S04 
CA=CA-804 
804=0.0 
00 TO 30 

10 CAS04=CA 
S04=S04-CA 
IF (804.0T.MO) 0"0 TO 20 
CAS04=CA804+S04 
1'10=1'10-804 
S04=0.0 
00 TO 30 

20 CAS~4=CAS04+MO 
804=804-1'10 
1'10=0.0 

30 ~ITE(3. 156) 
156 FORI'1AT(lX, 'ECIII-21') 

EC=. OS641*CA**. 9202+. OS099*MO**. 9102+.04748*NA**. 949S+ 
2. 07263*TK**.9706+. 069*S04**. 8973+. 0733*TC03**. 8719+ 
3.04143*THC03**.9501+.07206*TCL**.9b71+. 1133*CAS04**.84b3 

WRITE(3. 157 )EC 
lS7 FORMAT(1X, 'EC=',E9.4) 

RETURN 
END 
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