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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 bhas 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, 1daho. 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 1

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 resulting 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 dissoclved solids (TDS) concen-~
tration in the anpual discharge will result
in an annual loss of $450,000 in 1980 dollars
to downstream users, approximately omne third
of which will be to agricultural users and
the temainder 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
distribution and irrigation technologies
{(Narayanan et al. 1979, Temple 1980). Pro-
gram cost projections (USDI 1977) exceed
8§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

significant quantities of total dissolved
solids (salinity) that flow into some reser-~
voirs are held there rather than being
discharged through the outflow (UWRL 1975;
Sorensen et al. 1976). I1f 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 particu-
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 reservoirs in Chapter
111, and a description of the Idaho study
site and experimental methods in Chapter 1V,
the results of these experiments, together
with brief discussions of the relevart
chemistry, are presented in Chapters V and
VI. Chapter VII summarizes the results of
the study im the context of potential reser-
voir management practices.



CHAPTER 11

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. 8. Bureau
of Reclamation, the Metropolitan Water
District of Southerm California, and the
u. S. Geological Survey (Smith et al.
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 al, 1973, Ward and Stanford
1979). In addition, nearly 100 papers have
been published in the last decade on the
agquatic chemistry of impounded streams.
However, few of the studies represented by
these papers actually had as their primary
purpose, the conclusive demonstration
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 springs, ground-
water seepage, local precipitation aund
snowmelt, or evaporation from the lake
sur face.,

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

bmip = & ZcigDip = ZeipyDigy - ZeigyrPigyr
-AegDg .. . o o oL L (20D

where mj = the mass of the i'th constituent;

ci = the concentration of the i'th con-
stituent over some time period, t; and Dj
equals the volume of water Tepresented by
¢i. The subscripts R, IN, OUT, and S refer
to removal, input, output, and storage,
respectively. The input terms should include
all inflow from the main stem, precipitation,
snowmelt, seepage, and dry deposition (Dj;=0).
Output terms include tailwater and evapor-
ation losses (cij=0). 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 coclumn.

It is seldom practical to measure all
these terms accurately. Typically, at best
only the major tributaries and tailwatér are
gaged. The most reliable data are at USGS

‘stream gages, but they are often upstream or

downstream 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
gsalinity removal is deductive in nature: to
observe, in situ, the occurrence of the
suspected process itself. Such studies
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
regservoirs 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 comnclusions
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 rteli-
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 regervoir water chemistry in these arid

. and semiarid systems are likely to be differ-

ent than those in humid regioms. Alsc shown
in Figure 2.1 is the location of Oneida
Reservoir on the Bear River in southern
l1daho, the site chosen for intensive studies
described in Chapters V and VI.

Review of Western Reservoir Studies

Lake Mead

As pointed out previocusly, Howard (1960)
was the first to note the importance of
salinity removal mechanisms in a western
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-
mately 355 miles above the dam. He calcu-
lated that during the water years 1935-1948,
140 x 106 tons (127 Tg) of TDS were carried
gast the Lee Ferry station, and that another

¥ 10 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, tesulting 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 100 tons
of calcium carbonate and 1 x 10% tons of
silica precipitated in the lake, citing
deposits of calcium and silica around the

» BIGHORN LAKE

® ONEIDA
e FLAMING GORGE

. s LAKE POWELL
LAKE MEAD

CANYON RESERVOIR
.

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 dissolution of gypsum,
together with a smaller amount of halite,
totaling 20 x 106 tons. Slight increases in
magnesium, 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 inmput 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's
Ferry, Arizona, and the head end of Lake Mead
and about one half of the calculated change
in storage. Cong idering 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 errour that could substantially
effect the calculated salinity removal.

Lake Powell
Much more is known regarding the salip-

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 1677, 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
(1979) serves as good basis for discussion of
salinity removal mechanisms later in this
report.,

Lake Powell is classified as a warm
monomictic lake, i.e., wind drivem circula-~
tion fails to mix the warm reservoir water
entirely to the bottom each summer, leaving a
stagnant, salt rich chemolimnion at the
Lot tom. Cold, relatively saline, inputs
during the winter displace the older saline
water out of the deepest portions of the
reserveoir, whence it is flushed from the
reservoir by late March. The consequences of
such hydrodynamics, depicted in Figure 2.2,
sre 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 so0 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 1Z percent of the bi-
carbonate load of the influent water was
being removed in Lake Powell, which would
correspond to a salipity reduction of 19 to
29 mg/l, or approximately 5 percent of the
1965-1970 average salinity of 500 mg/l. The
methodology involved assumptions similar to
those used for our Lake Powell galinity
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 III,
tend to support calcite precipitation as an

EL 35947
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tigure 2.2, Conductivity (salinity) distribution in Lake Powell before (April) and after
(June) the spring runcff (Reynolds and Johnson 1974).



important salinity removal mechanism. Mayer
(1977) caiculated a net loss (input minus
output) 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 colurn storage.

Inasmuch as salinity records (USU 1975,
Table 1) for the Colorado River at Lake
vYowell seemed to indicate that as much
as 11 x 10%g of salinity per 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
studies. The methodology is similar to that
usea by Veynolds and Johnson (1974), Mayer
(1977), anc Bolke (1979), except that a term
is included for changes in water column and
bank storage.

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
Devil River above Poison Springs Wash near
Hanksville, Utah. According to lorms et al.
(1965) the rivers at these stations con-
tribute 96.8 percent of the salt load to Lake
Powell. The downstream station 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 + l.OZ.MIN e e . (20D

.SOIHCO3 ]

Figure 2.3. Anion compositions of Lake
(Reynolds and Jobnson 1974).

.45Cl

Powell and the Green, Colorado, and San Juan Rivers

Data are expressed in ion equivalent percents.



in which the masses of total dissolved sclids
input and output, MI% and MguT, respectively,
are expressed in 107 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 1006 metric tons
apparently stored in the reservoir.

The actual storage of salt in the water
colunn can be estimated with reasonably good
accuracy. The increase in water storage in
the reservoir up until 1975 was 2.76 x 1010
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 5379 mg/l. Mult%ﬂjed by the
storage volume of 2.76 x 1010 m3, this leads

SAN RAFAEL R

DIRTY DEVIL R. §

LEE'S FERRY

GREEN R.

to a total water column storage of 15.9 x 106
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 o¢f 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
salinity. 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
rapid 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.
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Figure 2.4. USGS gaging stations used to calculate Lake Powell salinity mass balance.



Although the magnitude of bank storage
cannot be resolved with information presently
available, a crude calculation may offer
some 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). If one assumes an
average historical flow weighted TDS concen-
tration of 5360 mg/l was stored with this
water (i.e., no biogeochemical interactions
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 imput 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 Bolke
(1979) to construct a salt balance for the
Teservoir. 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 Bolke's discussion, nor is
the reliability of the data used to caleculate
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
(Bolke 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 10% 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

during subsequent filling to design capacity.
Bolke suggested that the increases were
primarily due to leaching of salts from rewly
inundated rtocks, and that loadings would
probably decrease in the future.

Bolke (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) rteasoned that if the increase in

~sulfate load were caused by gypsum dissolu-

trion, then 190 x 106 kg of calcium would be
brought into solution, which would in turnp
precipitate 280 x 105 kg of carbonate in
order to realize the zero balance of calcium
inputs and outputs noted in Table 2.1.
Bolke then noted that the dissolved bi-
carbonate calculated in the load budget was
390 x 106 kg, thus leaving 110 x 106 kg un-
accounted for.

Alternatively, one could approach the
problem from the opposite direction. The
precipitation of 130 x 10% kg of calcium
would be accompanied (assuming it originated
from gypsum) by 310 x 1U6 kg of sulfate. The
remaining 180 x 106 kg of sulfate could he
produced by sulfide oxidation or the dissolu-
tion of other sulfate minerals. Unfor-
tunately, the discrepancy between the ion
budgets (Bolke 1979, p. 32) and the TDS
budget (p. 31) for the same period differ by
over 100 percent (see Bolke 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 Bolke'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
Bolke 1979).

Accumulation (-) or release (+)

Constituent ){loskg x 109 equivalents
Calcium 0 0
Magnesium 70 6 +8
Sodium 50 2
Bicarbonate -3902 -6
Sulfate 460 10 +5
Chloride 30 1

Total +220
TDS 564

3This value is misprinted as -0.49 x 1{)B

metric tons in Bolke (p.32).



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
al. (1973, 1974) and Soltero and Wright
(1975). Soltero et al., (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
rteleased 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 m
during the budget period (Soltero et al.

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 al. 1973, p. 346), and the writers noted
that calcium carbonate precipitation was not
likely to be important in Bighorn Lake
because the Ca/Mg ratio does not change
between the influent and effluent waters.

Table 2.2. Major ion budget for Bighorn
Reservoir, Montana, during 1968
and 1969 (based on data from
Soltero et al. 1973).

Input Output

Constituent g Difference
x 107 kg (%)
Sodium 33.0 32.4 -2
Calcium 30.5 31.1 +2
Magnesium 9.55 9.63 +1
Chloride 4.7 4.4 -6
Bicarbonate 75.9 78.5 +3
Sulfate 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. 1In the
original data, flow weighted concentrations
were presented, and these concentrations
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 salinity
removal phenomenon disappears when the data
irg expressed as mass fluxes, as in Table

Canyon Reservoir

Canyon Reservoir is an oligo-mesotrophic
deep storage reservoir on the Guadelupe River
in central Texas. Hannan (1979) has summa-
rized earlier work by him and his colleagues
on the biogeochemistry of the reservoir.
Hannan and Young (1974) found that bi-
carbonate jion 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-
tions.

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 al. (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 & 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. Decreasing
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 (DOI 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 mnot 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
Powell and Lake Mead. The implication that
carbonate precipitation can act to ameliorate
gypsum dissolution in the relatively young
Flaming Gorge Reservoir 1is 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
disselve? This question will be pursued
following a discussion of the relevant
chemistry in the following chapter.



CHAPTER 111

NATURAL SALINITY REMOVAL PROCESSES

Introduction

Biogeochemical processes that poten-
tially 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
coprecipitation. 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.

Precipitation

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
inmput 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, rtesidence 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
with the low solubility 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
Hsl (1978), and Stumm and Morgan (1981). The
following discussion depends heavily on these
sources.

Solubility product. The solubility
product of calcite, the most ubiquitous
carbonate, is reported to be 4.5 x 10-9
(Krauskopf 1978) at 25°C, i.e.

cat™ {co‘§> =4.5%x10"% = 10
... 3D

X - ~8.35
sp(calcite)

where the quantities in parentheses refer to
the activities of calcium and carbonate,
respectively. The negative loglg of the
Ksp, 8.35, is customarily referred to as
the pKg,, 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-
tion. 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-Hiickel equation (e.g.,
Stumm and Morgan 1981, p. 134-137).

2 JT
1+Ba~/3.

Logy = - AZ (3.2)

where



A=1.82 x 106 (dialectric constant x Values of a are tabluated in Stumm and Morgan

Kelvin temperature)2/3 = 0.5 in H30 (1981, p. 135), e.g., 0.5 nm for COZ and
at 25°C 0.6nm for Ca*t*. 1Ionic strength can be

calculated using the formula
Z = ionic charge

B = 50.3 (dialectric constant x Kelvin I = % z Cizi2 FO O N )
temperature)l/2 = 0.33 in H20 at
25°C

: where Cj and Zj represent the concentration
a = jon size parameter (in 10-10 m - and charge of ionic species 1, respectively.
assuming B = 0.33) When the complete analysis of a water is not
available, Stumm and Morgan (1981) suggest

I = ionic strength of the medium using one of the approximations:
PRECIPITATION
,\ a—-——
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(ca**)+{CO5" )
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COPRECIPITATION
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Figure 3.1, Examples of biogeochemical processes that could potentially transfer dissolved
solids (dashed boundaries) to a particulate phase (solid boundaries) in natural

waters.
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or

I=2.5x%10"° x TDS (3.5)

I

where the total dissolved solids (TDS) is
expressed in mg/1l.

Calcite solubility then can be shown to
equal the square root of the Kgy divided by
the activity coefficients for Ca%t and CO3™.
Specifically,

<YCa++[Ca++})(YCO§tCO§]) = Ksp(calcite) (3.6)

and
[ca™1 = [co3]
thus
. 1/2
[Ca™¥] = | — 5B (3.7)
YCa++Ycog

By similar reasoning, if a water is saturated
with calcite, the jfon activity product,
(Yca++[Ca++])Gto§ [CO3]) = 1aP, will exactly
equal the Kg,. ~“Supersaturated water will
exhibit an Ig%/Ksp ratio > 1.0, and under-
saturation will result in a ratio < 1.0.

The importance of the effect of ionic
strength on calecite 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
undersaturation increases greatly with
increasing Pg above 10-3.0 atm and with
decreasing temp®rature. The undersaturation
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 carbonic
acid system (as is bicarbonate); the carbonic
acid system exists in equilibrium with a
gaseous component, CO02; and CO3 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 exists in equilibrium
with atmospheric carbon dioxide. 1t becomes
aquated when it enters solution

Coz(gas) " c02(aqueous) (3.8

aiea™™ ] + gD - 21&2%%2&22(3'4)
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o + Hy0 » H,C0, K = 10748 (3.9

2 (aqueous) 2773
The sum of CO2(aqueous) + H2C03 is typically
represented as HoCO3*. CO7 solubility is
determined by Henry's Law,

CO?.(aqueous) = KH'PCOZ .(3.10)

where Ky is Henry's Law constant for CO2 and
PCOZ is the partial pressure of CO2 in the
gas” phase (atmosphere). Ky is dependent on
temperature and equals 10-1.42 moles/atm-1
at 25°C (CRC 1976). Pgg, is typically 10-3.5
atmospheres in ambient %&ir. COZ(aqpeous)]
thus should be 10-4.9 M. Upon dissolu-
tion only a small fraction (& 3%) of the
C02 (aqueous) becomes aquated, however, the
Ko 2%0: reaction (3.9) being only 10-2.8
at °C.

% . c . :
HoC03 next dissociates into bicar-
bonate, which may in turn further dissociate
to yield carbonate ion

* + - -6.
HyCO;  + H' + HCO,”  Ka = 10 6.:35 (3.1

~10.33

i

Hco,” - HT + col Ka, = 10 (3.12)

3 3
the K values given being for infinite dilu-
tion (I=0) and 25°C (Harned and Scholes
1341). Kay = KH,C04/Ko from Equation 3.9,
where KHZ?%? represents the dissociation
constant G rue H9CO3.

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

* - e
Cp = (H2CO3) 4'(HCO3) +~(CO3) (3.13)
It can be shown that
(cog) = GZCT (3.14)
where
Ka«Ka .
o, = L 72 (3.15)

a + +, 2
2 RajKap + Kay () + ()

%*
Activites of the remaining fractions, (H2C03)
and (HCO3), can be calculated similarly
(Stumm and Morgan 1981) to yield a concen-
tration/pH diagram similar to Figure 3.2.
It can be seen that the carbonate activity
becomes equal to the bicarbonate activity
where the activity lines intersect at pH =
10.33, the pKz2 of carbonic acid. This
explains why carbonates precipitate only with
basic pH.
From the discussion above, we thus may
compute the IAP for calcite as

(Yoot ([€a* 1) {KajKa,PeooKy!
IAP = )
(H)

(3.16)
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Figure 3.2.

when the alkalinity is predominantly (> 95%)
HCO3, i.e., pH = 7.3-9.3, and the system is
in equilibrium with atmospheric COj
10-3.5) at 25°C, Equation 3.16 can be simp
fied to

Ka,ALK
TAP = (10 ([Ca™ D) (vg%) -—(—Z—*T

These equations indicate that the
precipitation of calcium carbonate will be
enhanced by the increasing pH that results
from the loss of C02 (H 003*) from the
system. This may result %rom CO02 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

(3.17)

outlets illustrate this process. Also CO»p
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 pairing and complexation. In
addition to insoluble precipitates, caleium
may form ion pairs with inorganic ligands
such as CO3 and S04 , or with organic
ligands such as the polyphenolic acids
responsible for the brown or yellow color of
waters . draining from decaying vegetation.
Similarly, carbonate may be complexed 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

++ 3.2

ca’’ + €0, =+ Caco,°

3 3 (3.18)

Ke = 10

There are models presently available that

calculate the fraction of various species

(Pc%ﬁi
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pC-pH diagram for a 10-3 m carbonic acid system.

beld 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 fulvie acids may complex significant
amounts of calcium in waters containing
substantial organic color. Such compounds
also have been shown to interfere with the
kineties of calcite precipitation, as dis-
cussed below.

Effects of temperature on carbonate
eguilibria. In one of the earlier studies of
the effects of temperature on freshwater
carbonate equilibria, Kindle (1929) recog-
nized the importance of Pggs 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 pairing (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 13-14°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 COj,
the equilibrium concentration of which
exceeded that in the atmosphere by a factor




of 3 ar 5°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
CO2 solubility, shift the carbonate equilib-
ria toward CO3, and decrease the Kgp, thus
decreasing calcite solubility by Bev
mechanisms.

Effects of biological activities on
nonbiogenic calcite precipitation. It has
been known for some time that the removal of
Cog(aqueous) or HC03 by photosynthesis in
the euphotic zone of lakes results in calcium
carbonate precipitation. The reaction can be

described

4 - *
Ca + 2 H003 -+ CaCO3 ¥ + 32003 (3.19)

Thus the removal of one mmol of COp (H200§)
would result in the precipitation of one mmol
of Catt and a subsequent reduction in 2 meq
of alkalinity, provided the IAP/Kgp ratio
equaled or exceeded 1.0 prior to uptake of
CO2 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, carbom fixation rates by these
processes are generally much lower than those
resulting from photosynthesis by algae and
macrophytes.

It should be noted that uptake of HCO3
rather than COy would result in

HCOZ (3.20)

3

cat™ + on” + HCO3 + CaCO, + + H,0

+ C0,(aq) + on”

(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 (1%49) and is catalyzed by the
enzyme carbonic anhydrase. The carbon
species fixed is thus unimportant im its
effect on carbonate production. 0f course
plants fiximg HCO3 in alkaline waters_arte
more likely to produce sufficient CO3 to
exceed the Ksp for calcite than would be
obligate CO3 Tixers, such as the aquatic
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
photosynthetic production 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

eral.
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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

dN _ 2
a’E—"kSN

where

(3.22)

N = total molar concentration of all
dissolved calcium species minus the
equilibrium Ca** concentration,
i.e., 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) lzlmol-min~mg seed in an
inorganic solution, but with increasing
additions of glycerophoshphate, k decreased

“to as low as 0.081 12/mol-min-mg seed for a

0.3 mM/1 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

K

de ++ =y _ s
& = ks | (ca H(coy) TVE;;Fg%?EE§7 . (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

ge = xsc” (3.24)
where C = (C03), and n24. Reynolds inter-
preted these experiments as pointing to

crystal pgrowth 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, rvather than calcium (cf. Reddy 1975},
being the rate controlling species.



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

Reaction A Hg Log K(ZS)
caont = ca™t + on” -1.19 -1.40
Casoy = ca'" + 505" -1.65 -2.309
caco) = ca™ + oy -3.13 -3.20
Mgon™ =M™+ o -2.14 -2.60
MgSO, = mgtt + s0;” 4,92 ; -2.238
Mchog - Mgt o+ HCOS -10.37 « -0.928
Mgcog = ¥g* + coj” -0.058 -3.398
Nasoj, - Na© + 80;” -2.229 -0.226
Na,S0) = 2Na' + S0} 2.642 ; -1.512
NaHCO] = Na® + HCOj ©0.250
NaCoy = Na" + co3” -8.911 ©-1.268
Nay€03 = 2Na® + 03 -0.672
Nac1? = §aT + cl” 1.602
kc1? =xt +c1” 1.585
H,0 =B+ on” 13.345 -13.998
CaMg(COB)Z(dolomite)

= ca " + gt + 2005” -8.29 -17.00
Caco3(calcite)++ - Analytical expression

=ca’" + cog Log K(T) = 13.870-0.04035T - 3059T
HZCOg =u+ HCOj Log K(T) = 14.8435-0.032786T - 3404.71/T
HCOS, = 7"+ coy” " Log K(T) = 6.498 - 0.02379T - 2902.39/T
KSO,, = K" + 507" Log K(T) = 3.106 + 637.6/T
HSO,, - H + s0;” Log K(T) = 5.3505 - 0.0183412T - 557.2461/T
CO, + Hp0 = H,C03 L8 %,00] = Tog Poy, - 14.0184 + 0.015246T

+ 2385.73/T - T(0.84344 - 0.004471T
+ 0.000006667T2)

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 tanmnic
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 c¢rystal growth. Reynolds hypothe-

sized that the polyphenolic substances which

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 during
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
calcit&. Carbonate precipitaces that could

conceivably form in natural waters are shown
in Table 3.2, along with representative
values for their respective Kgy'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 substantial
removal of dissolved carbonate in typi-
cal reservoir waters. The most prevalent
of these, Fe*t, is only present in un-
oxygenated water, and there it is competed
for effectively by 5% which forms the
highly insoluble mineral, pyrite (Kgp =
10-18.1 as opposed to 10-10.7 for siderife).
Even then, the Fett/Catt ratio must exceed
0.05 for siderite, rather than calcite, to be
the stable solid phase. Precipitation of
other alkaline earth carbonates (e.g.,
Batt, and Sr*+) are similarly restricted
by low ambient concentrations of the metals.

the magnesium-rich carbonates,
magnesite, hydromagnesite, and
nesquehonite, are found only in saline lakes
dominated by evaporative regimes, and then
only as diagenetic products (Kelts and Hsi
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

Many of
e.g. huntite,

precipitates are apparently controlled

largely by the Mgt+/Catt ratio.

Miiller et al. (1972) found that general-
ly waters with a Mg+t+/Catt ratio less
than 2 were dominated by calcite precipita-
tion. Waters whose ratio exceeded 12 were
almost invariably dominated by aragonite
precipitation, while intermediate ratios led
to the precipitation of magnesium calcites
and aragonite. This phenomenon has alterna-
tively been explained to result from poi-
soning by Mgt+ of the calcite lattice struc-
ture (Folk 1974) or from increased solubility
of the Mg*t salt through incongruous solu-
tion (Berner 1975). Maximum solubility
occurs at 6.0-8.5 mole percent Mgtt, which
separates the high from low-magnesian cal-
cites in Table 3.2. Monohydrocalcite
precipitation has been demonstrated only in
Lake Kivo in Africa (Stoffers and Fischbeck
1974) under a Mgt+/Catt ratio of 4-30.
Thus, if the Mg*+/Ca*t 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 studies (as
opposed to equilibrium models involving
dissolved species) are found in the limno-
logical and oceanographic literature, and
several deserve special mention because of
their particular insights or controver-

Table 3.2. Solubility of potentially important lacustrine carbonates (after Kelts and Hsi
%37%5 data from Garrels and Christ 1965, Truesdell and Jones 1974, Xrauskopf
78).
Species pKSP
Primary precipitates
CaCO3 Calcite 8.35
ngca(l-x)co
x = 0.005-0.07 Low Mg-calcite
x = 0.07-0.3 High Mg-calcite *
CaCO3-H20 Monohvdrocalcite
Ca003 Aragonite 8.22
Diagenetic in sediments
Cay 45-0.55M80.55-0.45(C03) 7 Dolomite 17-19
CaMg3(C04)3 i Huntite 30
MgCO4 Magnesite 7.5
Mgs(OH(C03)2)2.4H20 Hydromagnesite 36.8
Ba003 Witherite 8.3
Uncertain origin
Fe003 Siderite 10.7
SrCO3 Strontianite 9.0
MnCO3 Rhodochrosite .3
ZnCO3 Smithsonite 10.0

*Depends on Mg/Ca ratio.
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. Zurichsee in Switzerland.

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 COp fixation were accompanied
by the precipitation of 1 mole of CaCOj,
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 l4-mounth period for evidence of
calcite precipitation and its causes. The
IAP/Kgp ratio was calculated using an algo-
rithm that took into account concentra-
tion, diverse ion effects, ion pairing,
temperature, and HS8- 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
(2¢g/m2-day) began in late May, and was
followed one month later by a decline of 2
moles CO07/m? 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 c¢hemical data
and sedimentation traps indicated an annual
sedimentation tate of 230-240 g CaCO03/m2-yr.

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

Summary of carbonate precipitation
rocesses. Factors capable of affecting the
cnemical precipitation of carbonates in

reserveirs, 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 require in
situ monitoring or laboratory experiments.
Rather than speculating further bhere, we
shall discuss the likely importance of these
factors in the context of the research on
Oneida Reservoir in subsequent chapters.

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 wminerals 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 og 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 Al10H and SiOH to form Al-0-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 pericdically mixed reservoir
with a detention time of 1-2 years. Precipi-
tation of metal sulfides, oxides, and oxy-

Table 3.3. Factors which may affect car-
bonate precipitation in western
reservoirs (greatly modified from

Kelts and Hsi 1978).

Equilibrium factors
Saturation Index (IAP/X
Evaporation
Temperature
Alkalinity
Loss of COp from supersaturated water

SP)

pH (especially photosynthesis)
Tonic 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. Miller 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
Precipitation)

Coprecipitation (incongruent precipita-
tion) processes are those involving more
than one solid phase. A classical situation
is exemplified by the authigenic conversion
of kaolinite to Ca-montmorillonite (Stumm
and Morgan 1981, p. 530)

. ) ++
7 Al,Si,0.(0H), + 8 H,8i0, + Ca’ %

: +
3 Capy 53Al, 751 330, (0H), + 2H +23 Hy0

(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 pio-
neered by Sillen. 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 KA181308 +2H + 12 HZOZTKA13813010(0H2)

K~feldspar Muscovite

+6 H,S10, + 2 K' pK = 13.4 . (3.26)
8ilica .
. +
2 KA13813010(0H)2 +2H +3 HQOZ
Muscovite
. -+
3 A1231205(0H)& + 2 K pK = -10.0 (3.27)

Kaolinite
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. + - .
2 KA181308 +2H + 9 H20+-A1251205(0H)4
K-feldspar
. -+
+ 4 H45104 + 2 K
Silica

Kaolinite

pK = 5.6 (3.28)

, + ;
RALSi,0,(0H), + H' + 9 Hy02 3 AL(OH),

3= 31
Muscovite Gibbsite
(3.29)

+ 3 H,8i0, + K* pr = 10.8

4 4
Silica

AlZSiZOS(OH)4 + 5 H 022 Al(OH%:2

Kaolinite Gibbsi
+ 2 HQSJ'.O4 pK = 10.5 (3.30)
Silica
The equilibrium expressions can be written
with two unknowns; log [K+]/[H+] and log
[H4Si04]:
[k+] ; - '
2 log === + 6 log [H451OQ] = -13.4 .(3.26")
(2] ,
e
2 10g L1 < 100 (3.27")
(]
k'] '
2 log %—15 + 4 log [H,Si0,] = -5.6 . .(3.28")
H
x
log === + 3 log [H,5i0,] = -10.8. . .(3.29")
(5]
2 log [H48104] = -10.5 . .(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 (10-3.3 to
10-2.7 m/1) silica concentrations, except
under conditions of high ¥t 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 Nat to near the
stability fields for k-feldspar and mont-
morillonite (or albite), respectively. 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+]/[nt]
and log [H45i04]. 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 deduce
from a thorough review of the literature on
fresh water acustrine sediments, however,
that no evidence exists to dispute the view
that sediment composition is controlled
entirely by the distributive signature of
lake cyrrents superimposed on al%ochthanous
inputs of minerals from the watershed.

Reactions at the Solid-Solution Interface

Natural waters contain many particulates
with specific surface areas of several
hundred mZ/g and surface energies on the
order of 109 erg/g (Stumm and Morgan 1981).
These particulates provide active sites for
many teactions 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 mnatural
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) + HPO, ~ FeOHPo; + OH (3.31)

This process is called adsorption or specific
adsorption.

Isomorphous replacement results when
Sit4 is replaced by Al*3, or Al*t3 by Mg*t,
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 rtesulting from deprotonated
silanol groups at plate edges, and a pH-
independent component, much of which is
exhibited at interlayer 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
coefficient, Q, e.g. for the replacement
of sodium by calcium on an exchange site
(Stumm and Morgan 1981, p. 643-644):

X +. 2
- CaR_ [Na ]
QV - -
{(NaR+CaR) XgaR [Ca++]

(3.32)

where X represents the equivalent fraction of
the counter-ion on the exchange surface, R.
(e.g. Xggr = 2[Cagtt ]/2[Cagt+] + [Nagtl).
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 1ions 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: St++>Cat+>Mgt+>HY ,NHL>K+>Nat
(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
Catt by two Nat 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 Nat 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 overlying 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). <Class
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 al. 1980, O0'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
sedimentation of river-borne clays in estu-
aries (e.g. Edzwald et al. 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 CaCly and KCl of equal equivalent concen-

tration (Wiklander 1964).

Ca++/K+ Ratios on Clay

Concentration of Solution

Exch ++ + . -
Cﬁ;aiggi, 2{Cca '] + [K'], meq liter L
Clay meq g1 100 10 1 0.1
Kaolinite 0.023 1.8 5.0 11.1
Illite 0.162 .1 3.4 8.1 12.3
Montmorillonite ; 0.810 1.5 - 22.1 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 physical-chemical coagulation
of very small (< 2 um) colloids in natural
freshwater systems. Physical modeling has
lead 0'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 rtapid, low-cost method for
determining particle size fractions in the
<1 um 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:
- - / -1
= 7l 172 v Kplot

Perikinetic:

2 ky (3.33)
and
r-lno
Orthokinetic: N = —:I———E— (3.34)
T +
o

in which N = steady state concentration of
aggregates

0 = concentration of aggregates
entering the reservoir

Q = inflow - outflow rate

V = reservoir volume

T = residence time = V/Q
orthokinetic and peri-~

kinetic rate constants,
respectively.

ko,kp =

These rate constants depend on the following
factors. .

kp = ap 8Dwa (3.35)
k, = a2y U Y & I 13)
where
a = collision efficiency factor
D = Brownian diffusion coefficient =
Einstein-Stokes coefficient
a = particle radius
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Vm = volume fraction occupied by
suspended particles

dyfdg =

Such calculations lead to a half-time for
reduction of 10® particles/ml (in water of
20°C and a = 1) of 6 days by perikinetic
coagulation versus 3.7 days for orthokinetic

velocity gradient

coagulation if a = 1.0 um and dy/dy = 5
sec4.
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 enviromment. 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 (197%a,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 tole 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
peritrophic 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. 1f



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 biocassimilation
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 1is 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 rtesults
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 result of this relatively slow
degradation is the production of some frac-
tion of the lake sediment that is auto-
chthanous in origin. It is important to
note, however, that the carbonaceous fraction
of this resistant biomass entered the system
largely as a gas, or the assimilated bicar-
bonate soon was replaced by €O from the
atmosphere. Thus biocassimilated 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 wusually the case in
high productive bodies of water (Emerson
1975). Therefore calcitic and aragonaceous
structures, the opaline silaceous tests of

nonnop lanktonic alga,
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diatoms, and vertebrate skeletal structures
would seem to be the most likely means of
removal of salinity by biocassimilation,

Calcitic structures include the cara-
paces of ostracods, oteliths (ear bones) of
fish, oogonia cysts of Chara spp., pelycepod
shells, and (rarely) tests of the green,
Phacotus. Aragonitic
structures include gastropod shells, and some
pelycepods. A few pelycepods may secrete
magnesian calcite shells (Kelts and Hsi
1978). Skeletons and scales of aquatic
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 accumulation rate. How-
ever, diatom frustules, carapaces of ostra-
cods, and mollusc shells survive long enough
in many lacustrine sediments to make them
valuable paleoclimnological indicators (e.g.,
Frey 19?33. Thus some long~term salinity
removal must occur by such processes in
suitable reservoirs.

Emergence and Migration

Two other biological mechanisms that do
not depend on the refractory nature of hard
parts Temaining 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-
duction in most typical lake ecosystems,
typically 10-20 g dry weight/mZ-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 f(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
precipiration; incongruous precipitation
processes that include clay diagenesis and
ion exchange reactions which replace lighter
counter ions with heavier ones; coagulation,
including biocoagulation; and biocassimilation
followed by sedimentation or emigration. Of
the precipitation processes, calcite precipi-
tation driven either by photosynthetically
induced increases in pH or by increasing



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 precipitation of clay minerals do
not appear important in relatively fresh
waters.

B

0f the remaining processes, less is
known. Past research indicates that in-
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congruous clay mineral diagenesis is re-
stricted to sediment environmments, 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
colleids, has not been thoroughly investi-
gated. Bioassimilation may be importapt 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 1V

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 imputs to the Oneida
subbasin average 555 km? 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
the Oneida Narrows Dam discharge, which
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 evapotranspira-
tion. Thus approximately 61 percent of the
hydrologic inmputs to the unit are exported
through the reservoir. The mean annual
temperature 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
tichest 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 Figure 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 statiom, 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 bridge across the Oneida Narrows, 2 km
below the Oneida Narrows Reservoir tailrace
(approximately 4:30 p.m. MDT). Samples 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.



Soda Point
Reservoir

Preston

Figure 4.1.

5)

6)

73
8)
9)
10)
11)

Vs
Glendale

\ Maple Grove
Hot Springs

Reservoir

Bear River basin between Soda
Point Reservoir and Glendale
Reservoir, Idaho.

West bank above bridge near Thatcher
meetinghouse.

West bank above bridge at Thatcher.
Middle of bridge near Cleveland.
50 m north of penstock (surface).
50 m north of penstock (6 m depth).
100 m east of Oneida Dam spillway.

100 m north of bend above Cneida Dam.
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Cleveland
Bridge

Spiltway Elevation
4887

intake

Figure 4.2.

12)

13)

14)

153

16)

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

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

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

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

Maple Hot Springs.

Bridge at Oneida Narrows (west bank
and stream center).
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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 CO9 exchange with the headspace,
and immediately iced. Specific conductance
and temperature were measured in situ using a
YSI Model 33 S-C-T meter previously cali-
brated in the laboratory. A second synoptic
survey on March 10, 1981, sampled specific
conductance and temperature only at sites 1
through 7 and below 16, just above the
confluence with Mink Creek.

Reservoir sampling. Samples were taken
between Cleveland Bridge (7) and the bridge
below the Oneida Narrows Reservoir (16)
at various sampling locations and depths on

April 4, 1980; July 16, 1979; July 15,
1980; August 1, 1980; August 7, 1980; and
August 19, 1980. Sampling methods were the

same as those described above.
are presented in Chapter V.

Sampling maps

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 um 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.

27

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 H2S804, 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. Scil samples were col-
lected from Gentile 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
samples 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 I1I. 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.

Experiment I. Aphotic coagulation/
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 (EC),
and dissolved oxygen (D0O). The second
aliquot was filtered through a Whatman GFC
glass fiber filter and analyzed for pH, EC,
total dissolved solids (TDS), suspended
solids (SS; method 208D, APHA 1975), and
silica. The final aliquot was filtered
through a Nucleopore polycarbonate membrane
filter (0.2 um pore diameter) and analyzed
for pH, EC, TDS, and silica. Analytical
methods are described below.




Experiment II. Effects of photo~-

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~

nized and evenly distributed among the
microcosms up to the top of the blacklined
basal sections, and 5.8 & of water were
evenly distributed into the microcosms. The
use of such triphasic, semicontinuous micro-
cosms has been thoroughly described by
Reynolds et al. (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 placed in
the dark adjacent to the other microcosms.
Microcosms 3, 8, and 9 were spiked with 5
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mg/l KNO3-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, 15, 17, 20, 22, and 24.
May 11 samples 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 5.8
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
a 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, 15, 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 a,
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
0.45 um millipore filters, and the filters
were preserved in methanol for =zooplankton
counts. Ten ml samples were taken for
phytoplankton counts and were preserved with
formaldehyde.

At each sample period,
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
ml samples and were only done on May 24.
Samples were also taken for atomic absorption
and emission analysis for Cat+, Mg++,
Nat, K%, and Fet**. The replacement (re-
serve) 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 indicated 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 chlorophyll a
(EPA 1973). Also, the sides of the micro~
cosms were thoroughly scraped with a rubber
policeman, and the dry weight of the attached
Aufwuchs community biomass was measured by
drying at 105°C and combustion of organic
matter at 550°C.

the following
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Table 4.1. Results of five~day biocassays
of microcosm water spiked with
nitrate (10 mg NO3-N/L) and
phosphate (10 mg PO4-P/L);
results are means of duplicate
analyses.

Treatment Chlorophyll o (ug/1)

Control. - 110

Nitrate 400

Phosphate ‘ 71

Experiment III. Mixing of upstream
waters. To see whether mixing of turbid,
upstream water with less turbid reservoir
water contributed to coagulation or stimula-
tion of photosynthesis the following experi-
ment was conducted. On June 16, 1980, the
microcosms from Experiment II1 (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 teservoir on June 1l4. All
microcosms were incubated under coustant
fluorescent light (2000 lux) and allowed to
equilibrate for 8 days. Beginning on June
24, the microcosms were analyzed every 1-3
days for 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.
Following withdrawal of each 700 ml sampling
aliquot from the top port of the microcosm,
a 700 ul volume of reserve water from the
original sampling date (stored in 4 walk-in
cold 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 described in
the previous paragraph. Although turbidity
analyses should rteveal 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 CGrove
hot springs water with water from the Oneida
Narrows Reservoir. Water samples were
collected at various stations and depths (see




location 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 um membrane
filters, and aliquots were analyzed for
calcium and magnesium (EDTA titration),
sodium and potassium. TOC and S5i 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-

tion. To test the effects of clay inputs to
the reservoir on heterogeneous precipitation

Table 4.2. Methods for water analyses.

(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 CaCly to give calcium hard-
nesses of 150, 200, 250, and 300 mg/l as
CaC03., Two sets of samples, one representin

0.5 g sediment/l and ome representing 1.0 g/%
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
laboratory samples are

o ils

in analyzing field and
summarized in Table

Analytical Parameters

Detection level

Method

TDS mg/1 1 mg/l

TSS mg/1l 1 mg/l

Turbidity 0.05 NTU
Specific Conductance 1 ymho/ecm @ 25°C
pH 0.1 pH units
Total Hardness 1 mg/l; as CaCO3
Calcium (Ca) Dissolved mg/1l 1 mg/l

Magnesium (mg) Dissolved mg/l 0.1 mg/l
Potassium (K) Dissolved mg/1l 0.1 mg/l

Sodium (Na) Dissolved mg/l 1.0 mg/l
Alkalinity 1 mg/l
Bicarbonate (HCO3) mg/l 1 mg/l

Carbonate (CO,) mg/l 1 mg/l

Chloride (Cl)- Dissolved mg/l 0.1 mg/l
‘Sulfate (S04) mg/l 1.0 mg/1

Total Organic Carbon mg/l 1 mg/l

Silica (Si) Dissolved mg/l 0.5 mg/l

Gravimetric; SM p. 92

Gravimetric; SM p. 94
Nephelometric; SM p. 132
Conductivity; SMp. 71

pH Electrode; SM p. 460

EDTA Titrimetric; SM p. 202

EDTA Titrimetric; SM p. 189

Cale. from Tot. Hard

Flame Photometric; SM p. 234

Flame Photometric; SM p. 250
Titrimetric, SM p. 278

Calc. from Alkalinity

Cale. from Alkalinity :
Ferricyanide (automated); SM p. 613
Methylthymol Blue (automated); SM p. 628
Combustion Infrared; SM p. 532
Molybdosilicate; SM p. 487

SM - Standard Methods for Examination of Water and Wastewater,
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l4th Ed., (APHA 1975).



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 al. 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-~
tion 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 al. (1973, Appendix F.) Paired-t statis-
tics (HP 1977) were calculated for constit-
uvents of interest for samples taken at
the same date (usuazlly 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 (o =0.05)

decreases downstream, but that sodium and
chloride, and to a lesser extent, calcium,
exhibited significant increases. Sulfate
also increased and alkalivity decreased
downstream, but the differences were not
significant. ‘

Qualitative examination of the data
ipitially suggests in situ dissolution or
allochthonous inputs of sodium, 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 statiom. 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. 1If 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 sugpgests the operation of
biogeochemical processes in aquatiec systems.
Again paired-t tests were run on upstream
versus downstream ratios, using the data of
Hill et al. (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 o =
0.05 level. These data thus indicated a need
for further study, both within the Oneida
Narrows Reservoir itself and also aleong 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 11. 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 Reservoir
and those occurring within the reservoir
itself. Several springs flow into the river



Table 5.1. Comparison of paired samples taken ugstream {(Alexander) and downstream (Oneida
Narrows Reservoir tailrace) several hours apart (data from Hill et al. 1973,
Appendix F).
DS ca™ Mgt Na© gt c1” 50," ALK
Upstream
Concentration - 433 74 25 26 3.1 29 49 279
mg/l (+ 1 8.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) D) (+2.1) (+14) (+20) (+82)
Percent change -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
) *
t-statistic 1.9% 1.8" 0.5 4.8 2.3% 2s 0.6 1.1
(d.f.) (14 (13) (13) (12) (12) (13) {12) (14)

*Significant at oo = 0.05

Table 5.2. Comparison of ion:chloride ratios of samples taken several hours apart at Alex-
ander, ldaho, and at the Oneida Narrtows Reservoir tailrace (data from Hill et al.
1973, Appendix F).
Ratio
ca™/c1T mgTtielT wat/cl” kt/c1” $0,7/C1”  ALK/CL TDS/C1”
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
%
t-statistic (d.£.) 0.47 (12) 0.62 (12) -0.46 (10) ~-0.87 (11) 0.14 (10) -1.17 (12) 3.6 (11"

7':Sign:i.f.’:i.cam‘: at o = 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-
stream 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 Oneidsg Nar-
rows, several kilometers below the reservoir,
was undertaken on July 26, 1980, Concentra-
tions of the various constituents are de-
picted in Figure 5.1. The complete data are
tabulated 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
samples (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 mg/l 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). 1t 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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Figure 5.1.

Concentrations of wvarious chemical con-
stituents in Bear River on June 26,
1980 (mg/l except for alkalinity which is
in mg/1l as CaCO3). Station 8 includes
9a and 9b, station 1l includes 10, and
station 14 includes 15 in Table A.3
(Appendix A).

Figure 5.2.

Specific conductance

and

temperature

the Bear kiver on March 10, 1981.
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both 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 bridge at Cleveland
(station 7). Whether the reduction is
caused by biogeochemical processes 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-
atures 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 with relatively fresh water ot
biogeochemical processes simultaneously
removing calcium carbonate and sodium chlo-
ride, which seems unlikely.

The next change in river chemistry
results from the inmput of hot, saline water
from Maple Grove hot springs between stations
12 and 13. There is little 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, Ca/Cl ratios and TDS/C1
ratios tend to decrease slightly between
stations 1 and 3, to increase between 3 and
7, to decrease again near the hot springs,
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 he
discussed below.

A commonly used statistical method of
analyzing patterns in diverse, multivariable
data bases iIs 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
University 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 (1, 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 Regervoir synoptic study.
Samples were collected from six sites above,
within, and below the Oneida Narrows Reser-
voir on July 16, 1979, to look for sgpatial
patterns of ion concentrations 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 Z, 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.

Subgequent regservoir 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 12, a period
during which biogenic precipitation of
calcite could be expected to be at its
maximum. Selected results of these surveys
are presented in Figures 3.5, 5.6, and 5.7.
A complete tabulation of the data can be
found in Appendix A, Tables A.4, A.5, and
A.6.
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at stations shown in Figure 5.1 for the variables Catt,

Cl~, and silica.

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 springs. The TDS concentration 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 Ca/Cl and TDS/Cl 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 minimizing the potential
for hypolimnetic salinity storage, as in
Lake Powell. Unfortunately, biogenically

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 sampled with respect
to varjious solid phases. As discussed in
Chapter 111, 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 supersaturation 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-
tinued 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 wvan'T Hoff equation (Krauskopf
1978, p. 168-170). . After each initial
calculation of ion pairs and complexes
involving calcium, magnesium, sodium, potas-
gsium, 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
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Table 5.3. Constituent concentrations in Oneida Narrows Reservoir on July 16, 1979, Values are in mg/l except calcium
and total hardness and alkalinity, which are in mg/l as Cal03, and ion ratios which #r» dimensionless. Sta-
tion locations are shown in Figure 5,

Station Total Ca+
Location and Total Ca Hardness/ Hardness/
Depth (m) pH Hardness Hardness Alkalinity Chloride Sulfate Alkalinity Alkalinity
Up 8.00 337 233 286 L 61 1.18 0.81
DOWN 8.08 333 234 287 4s4 63 1.16 0.82
2-8 8.04 338 192 288 45 66 1.21 0.67
2-1 8.06 334 198 286 L6 65 1.17 0.69
2-2 8.05 339 192 288 44y 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
4-8 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 4t 64 1.15 0.67
5-5 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 i 337 196 294 4L 64 1.15 0.67
5-10 8.09 339 199 290 A 64 1.17 0.69
5-14 8.08 330 205 286 42 62 1.15 0.72
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The error in the charge balance
usually

available.
was generally less than 10 percent,
with anions exceeding cations.

Bear River Studv. The first analyses
were rtun 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 slightly supersatured
until July of 1972 (the asterisked data point
is of questionable veracity owing to a poor
ion balance), whereupon the saturation index,
SI (= ion activity product =+ Kgp) 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 inm the fall of 1971, a
subsequent decrease during the winter and
spring, 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 S1 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 CO2-rich "soda" spring
water, from which the reservoir derived its
name.

Bear River symoptic study. Supersatura-
tion ratios calculated using the data col-
lected on the July 16, 1980, synoptic study
(Figure 5.1) suggest that the undersaturation
typical 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 SI
values (>2.2) were observed elsewhere down-
stream and in the reservoir.
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Reservoir synoptic studies. Saturation
indices were also 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 largely to
decreasing pH. This may result from COp
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 sampling 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 mm light by filtered
samples 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 CaCO3
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/1 (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 111, precipita-
tion of species other than calcite in most
freshwaters is usually limited by thermo-
dynamic stability. Very little evidence
exists for authigenic precipitation of clay
minerals (3Jones 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-
tion ratios for aragonite were also calcu~
lated by the computer program described in
the previous section. The Kg, for aragonite,
displayed in Figures 5.8 ané>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¥+/Catt 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 (MiUller et al. 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 1381).

Other Salinity Removal Mechanisms

Incongruent precipitation. An alterna-
tive to nomogeneous precipitation of clay
minerals is incongruent precipitation, as
described in Chapter III. Although reports
of water column clay diagenesis are rare,
Roche (1975) found that magnesium concentra-
tions in Lake Chad, Africa, 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, larger (i.e., nonfilterable)
particles. Such size fractionation was
carried out on two sets of field samples
using 0.22 um Nucleopore polycarbonate
membrane filters, 0.45 um Millipore nmembrane
filters, and Whatman GFC (~0.7-1.0 um) 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 um
and 0.45 um membrane filters, or between
0.45 uym membrane filters and ~1 um GFC
filters. Indeed, the filtrates from the
smaller pore size filters frequently showed
higher TDS concentrations. The somewhat
higher values for the 0.45 um filtrate at two
of the three stations may represent dissolu-
tion or desorption from clay minerals during

Table 5.4. gaturation indices for calcite in Oneida VNatrows Reservoir on three sampling
ates.
Station S.T. Station
Figure 5.4) July 15, 1979 August 1, 1980 August 7, 1980 (Figure 5.5)
Up 1.21 - 1.94 1
DOWN 1.48 6.06 2.73 16
2-8 1.11 - 2.73 14-8
2-1m 1.20 1.00 2.20 14-6m
2-2m 1.13
3-8 1.51 1.62 2.73 8-5
3-2.5m 1.48 1.43 2.10 8-6
3-3.5m 1.32 1.00 2.32 8-12
4~-3 1.27 1.36 2.56 5-8m
4-5m - 1.11 2.47 5-6m
4-11m «1.28 0.95 - 5-12m
5-8 1.55 1.28 2.36 11-8
5-2m - - -
5-6m 1.39 1.15 2.33 11-6m
5~10m 1.29 - -
5~14m 1.71 0.96 2.12 11-12m
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Table 5.5. Comparison of TDS determined on filtrates of Bear River samples using filters with
different pore sizes (GFC = 2 um, millipore = 0.45 um, and nucleopore = 0.22 ym).
Date Filter .1
Filtered Pore Stagion
Diameter Grace (4) Thatcher (6) (Cleveland ()
2-19-80 2 um 304, 484 435
(8%) (3%) (2%)
0.45 um 290 480 438
(6%) (6%) (3%)
2-20-80 0.45 um 365 475 474
(3% (2%) (1%
0.22 ym 343 485 445
(&%) (&%) (2%)

%Figure 5.1
Coefficient of variation of 3 replicates

a result suggested by laboratory

storage,
in the next chapter.

experiments described

The second set of samples were col-
lected on the Bear River on June 26, 1980.
Total dissolved solids were analyzed on 0.22
um 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 for the GFC and
membrane filters, 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) bhad
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 enviromnment would be unlikely to be
be uniform.

Bigassimilation. The two principal
mechanisms by which biocassimilation 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. Gomphonema) that
exhibit a sessile habit an§ were prob-

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 Reservoir
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 ioms. Synoptic studies indicated
that virtually the entire reach below the

- sampling stationm at Alexander was super-
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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 bomeostatic 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 tiver 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 11I. 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 in situ studies.

The five experiments described below
studied congruent and incongruent precipita-
tion and coagulation processes only. Bio-
assimilation caonot be meaningfully studied
directly in -the laboratory because of the
difficulty in maintaining a realistic,
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 probably come as close 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-
tion of changes in chemical species 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 precipita-
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 1. 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 15°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 Catt 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-
tions persisted throughout the experiment.

There was virtually no difference in the
TDS concentration measured by filtration
through GFC (~1 um pore size) versus membrane
(0.2 u) filters, indicating little potential
for coagulation, at least in the >0.1 um
particle size range. Analysis of the various
ions shown in Figure 6.1 in the 0.2 um
membrane filtrates showed virtually identical
concentrations to those in the GFC filtrates,
futher indicating the absence of coagulation
in the 0.2-1 um size range. Inasmuch as
the Bear River water was quite turbid at the
time of collection (day 0 suspended solids
= 88 mg/l), the absence of a secular trend in
Nat, K*, or Mg*t 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
photosynthesis on Oneida Narrows Reservoir
water and to test the utility of three-phase
microcosms in general. Details of the



a3
. Ja2
”f,,,«,,,/-u_nbﬁﬁh_wﬁ_ T
181 a
B e el e ) [8e
g sk
g
[y SN o 1 ok i 1 25
—NOQ -+
Kt ’é
- mg
e e o Pemetee]
.
W B )
= T e e ¢ e e .
5 E L i Il 4 L 75

400 55
3 . ~== 022 NUCLEOPORE FUTER
~ o GFC FILTER
8 350
e
300 L

2 3 4 ) &
TIME FROM BEGINNING OF EXPERIMENT (DAYS)

Figure 6.1. Changes in concentrations of
chemical species resulting in a
mixture of Bear River waters at
15°C for 6 days. All values are
for GFC filtrates except where
noted, for TDS, and pH, which is
for bulk water. All values are
in mg/l except pH. Bars in
bottom frame represent range of
triplicate values.

experimental methodology have been presented
in Chapter 1V, but we shall recapitugate 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 imput 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
bicactive (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. 1975). 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. Reynoldes 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
bicassay (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, gemnerally 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/l)
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 S0D, 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
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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



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
incubations. Five of the six light micro-
cosms followed one pattern and the sixth
a distinctly different one. The light
microcosms were thus grouped into Group I
(five similar light microcosms), Group II
(one unusual light microcosm) and Group III
(three dark microcosms). Unless otherwise
noted, there were no significant differences
between the nitrogen-amended and unamended
light microcosms in Group I.

Lalcium concentrations in all the micro-
cosme ranged from 75 to 83 mg/l on day -l&
af the preincubation and diverged somewhat
t 65-96 mg/1l) by the beginning of the experi-
ment (Ta%le A.6), although high and low
values were randomly distributed among the
three groups. Groups I and I1 showed a
secular decline in calcium concentrations
during the experiment (Figure 6.3), with
Group II showing a much smaller decline
than Group 1. The dark microcosms showed
only a slight decrease in calcium concentra-
tion.

Magnesium. Magnesium concentrations
exhibited changes similar to those for
catcium ion (Figure 6.3). Secular decreases
occurred in Groups 1 and 11, with Group 11
showing a much smaller change than Group I.
Proportional changes were much smaller than
in the case of calcium. There was virtually
no change in the Group 11l microcosms.

Alkalinity. In Group I, alkalinity
exhibited a slow decrease during preincuba-
tion (Table A.6), followed by a more precip-
1tous decline during the experiment (Figure
6.3). The microcosms in Group Il and Group
111 exhibited virtually no change.

Specific conductance.
conductance patterns (Figure 6.4) are com-
plex. In Group I, EC drops and then in-
creases during preincubation (Table A.6), and
then drops significantly during the experi-
ment. Group II is similar, except that there
s no secular trend during the experiment,
while Group 111 shows a significant increase
in EC throughout the experiment, despite the
aerobic sediment water interface.

The specific

Silica. Changes in silica concentra-
tions 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 decreagsed almost linearly until the
experiment started (Figure 6.5). 1In 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 mg/l
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 o = 0.05) increase. Total
dissolved solids, although also not moni-
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 1 light
microcosms showed a significant decrease in
TDS below the replacement water.

Biological changes. The observation
that the Aufwuchs community far outstripped
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 green 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 telatively larger (although still small
in absolute terms, i.e. <100/wl) 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/1l, except for microcosm 8, which
had 930/1. It 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 composition and dry weight. The un-
amended microcosms were codominated by
Phormidium and Lyngbya, two species of
FTilamentous bluegreen algae. The amended
microcosms were dominated by Lyngbya and
Chroococcus, a colonial bluegreen alga.

e as ree 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 1.5 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 a was similar
in both groups, averaging less than 3 yug/l.
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cubation of Oneida Narrows
Reservoir water in light (Groups
I and I1) and dark (Group I1I)
3-phase semicontinuous micro-

cosms.

Mass 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 water, principally by
the mechanism of calcium carbonate precipita-
tion. In the absence of photosynthesis,
salinity maey 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 (1l 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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Figure 6.5. Changes in silica concentration
in Oneida Narrows Reservoir
water incubated in light and
dark semicontinucus, 3-phase

microcosms.

and end of the experiment, with the greatest
changes occurring in the lighted Group I
microcosms (Table 6.1). The greatest changes
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,
which 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 geak (51 = 22.8) on
day 9 before returning te 5.9 on day 13. The
Group 11 microcosm increased gradually to an



Table ».1. Jhanges in concentrations, adjusted for dilution of selected constituents over
the course of incubation under light {(Groups I and II) or dark (Group II11) condi-
tions for 11 days. Asterisked values are significant at o = 0.01 level.

Constituent 4 Concentration Percent Change Group
Conductivity -153 -18%b T
{umhos/cm) +1 0* II

+54 +7 III
pH® +0.77 +9 (-83)F I
+0.84 +10 (-86) 11
-0.18 -2 (+52) III
Alkalinitv -98 -35% I
(mg/1l as CaC03) -7 -3 I1
-5 -2 I1I
Silica -9 -88: 1
(meg/1) -10 -92 IT
-1 -7 11T
Calcium -56 gg: T
(mg/1) -22 - IT
-13 -16% IIT
Magnesium -7 -14% I
(mg/1) -4 -8 II
-1 -2 111
Calcite SaturationP -0.7 -13 I
Index +8.8 +244 11
(IAPKKsp) -2.1 -66 III

8yalues in parameters calculated as A(H+)

bExcluding #10 which had an unusually high index on day 11; inclusion would result in +0.9

(+18%)

SI of 12.3, where it remained. The Group I11I
microcosms fell to and remained near satura-
tion 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 (o = 0.05,
Ho:by.,1 = b1.0) than the expected stoichio-
metric ratio of 1:1. Superimposed on this
alkalinity~-related removal is a loss of
0.65 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
U.12 meq (r2 = 0.78, b = 0 at o= 0.01).
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 (r?) 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 bicassimilation 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*t by ion ex-
change would entail the inmput to the medium
of 15 mg/l of Nat or 25 mg of K%, or would
decrease the pH by 5 units (or some combina-
tion of the above). The possibilities of a
Mat 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
B* 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

Relationship between calcium and alkalinity removal in
i (days 0 and
Changes are corrected for dilution with replacement water.

" rtemoval rtates and concentrations

field data collected by Megard (1968). The

mean loss of caleium in the light microcosms
(216 mg Cat*) 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 Catt/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 a&ll of the hardness derives from
carbonate minerals:
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individual microcosms
and end days (11 and 13) of incubation.
Groups I and 111 are

G

0.5cat +0.6 Mg +2.2 HCOZ + H,0 »

1.1 CHZO + 0, + 0.5 CaCO3 + 0.6 Mg + 0.6 CO3

2

+ HéO (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. NaHCO3, sodalite) and
the possibility that some of the precipitated
calcium may be colloidial (e.g. Kelts and Hsl
1978) and thus be analyzed with the dissolved
ions.

Kinetic analyses. Analysis of the data
for kinetic relationships between constituent
failed to
yield statistically useful models. Plots of
calcium, magnesium, and alkalinity removal
against calcium, magnesium, and carbonate
concentrations, the calcite supersaturation
index or (C8++) (Cog) - KSP calcites indicated
that bhigh 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 precipitation and crystal
growth and aging proceeds. Nonetheless,
plots of both calcium and carbonate re-
moval versus (Ca*+)(C03) -Kg fit linear
models much better than power functions for
all but two of the light microcosms, indi-
cating the unlikelihood of kinetic imhibition
(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 photosynthesis. The
slight precipitation in the dark microcosms,
if real, may be the result of establishment
of chemical equilibrium in a (relatively)
closed, nonbiclogical system. Failure of
microcosm 9 (Group 1I) 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 counclusive evidence of removal
of cations by processes other than carbonate
precipitation.

Experiment III. Mixing of Upstream Water

As discussed in Chapter II1I, 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
uneida Narrows Reservoir om calcite precipi-
tation. The experiment began by reestab-
lishing 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 similar for use in
the experiment. One group, A (1, 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.

51

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.8 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 pattern 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 precipitation was thermodynam-
ically possible. Although the fraction
of calcium removed in this experiment was
smaller than that in Experiment 11, the
duration of the present experiment was only 4
days, relative to 13 for Experiment IJl. 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 1V. 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 III. 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 11
Constituent Bear River Reservoir
mg/1 % mg/1 %
¥
DS -32 11t -2 -10
*
ca™ -10 -20 -5 14
Mgt -1 -4 -2 10
Nat -1 -4 0 0
sit 0.5  -32 -0.7 -42
“Significant at o = 0.05, d.f. = 4.



from Maple Grove hot springs (e.c. = 3.1
mmho/em) to the Oneida Narrows Reservoir
provided an opportunity to test such a
hypothesis, which may also pertain to reser-
voir rteaches along the Colorade 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-
tion, as the experiment progressed. The
rtesults of size fractionation using the
Coulter Electronmics Nannosizer, however,
indicated that the submicrometer particle
concentration im 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 rTunoff without
further studies.

Despite the failure of the Namnnosizer 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 incubations except Number 1
(Cleveland Bridge), showed sharp decreases in
calcium during the first day of incubation,
but alkalinity geoerally 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 + 65 mg/l as CaCO3, assuming the two
high alkalinity values on day (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 + 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 & 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 + 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
agproximately 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/1l change in TDS in the unmixed samples
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Figure 6.8. total dissolved
solids during incubation of
Oneida Narrows Reservoir water
under ambient laboratory con-
ditions in the absence of a
sediment phase. Sampling
gt?tions correspond to Figure

Changes in

(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 some 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
suggest the operation of analytical or
sampling error on a particular date. Re-
placement 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 a
1:7 mixture of Maple Grove hot
springs water with Cneida
Narrows 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 model 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/l 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 tbhe
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 (i.e. SPSS

Option 4). The dependent variable was the
average difference in TIDS 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/l Ca*t hardness) was adjusted upward
from 487 to 515 mg/l to put it on a TDS/Catt
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 bighly significant interaction
(@ = 0.001) between initial calcium concen-
tration and the ultimate TDS concentration
was the only statistically significant
relationsbip in the analysis. There were no
significant interactions between the indepen-
dent factors, and the entire model accounted
for 71 percent (r?) of the variation in TIDS
{of which 67 percent, ETAZ, was accounted
for by the calcium concentration). As
pointed out above, there were no statis-
tically significant effects of either sedi-
ment type or initial sediment concentration
on net TDS accumulation or release.

Counterintuitively, 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
6.11). 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/l control, which showed an analytical
concentration of only 282 mg/l. Because the
TbS/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

) 150 mg /1
200 mg/ |

y Ca AS CaCO4
B 250 mgn
& 300mg/|

1501 a
\ :
o ]
£ -
a 100: =
o -
= ]
z =
Q -
o ]
v 501 —
S =
z -
p- -
= -
<
<
L
n
o
|,_

SAND SILT CLAY SEDIMENT

Figure 6.10. Change in TDS 48 hours after
addition of various Bear River
watershed soils to synthetic
Oneida Reservoir water contain-
ing different concentrations of
Catt (expressed as mg/l CaC03),
Both 0.5 and 1.0 g additions
bave been combined.

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

I1f 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. Nat = 23 m&{meq, k¥ = 39
mg/meq versus 20 mg/megq 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*t/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/100 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
incubation. The only remaining possibility
that appears likely 1is that increasing the
ionic strength alone increases the solubility
of some unmeasured constituent (e.g. alumi-
num, silica, organic matter, etec.) 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 bhardness
concentrations in experimental
flasks containing various
amounts and types of soil and
in soil-free control flasks
incubated with various imitial
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 significant 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 Cat*t 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 CaCO
( 100 mg/l as Catt, which is typical o%
late summer values), a contribution of
7 percent is indicated. Clearly the results
of such a process, if controlled by water
bardness alone, are not highly significant in
the Upper Bear River, and would be more
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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 interaction terms
between amounts of sediment in the flask and
initial calcium concentrations were statis-
tically significant at the o = 0.05 level.
The differences in pH between soil types was
also highly significant. 1In 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,
altbough 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 with the actual
biogeochemistry. Very careful experimental
design, sampling, and analytical quality
control will likely be necessary to truly
unravel such apparently complex chemical
behavior.

Summar

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 Reservoir, 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
Autftwuchs communities, and in these the actual
assimilation of bardness-causing ions could
only account for a small fraction of the
amount removed from the water column.

In general, the extent of salinity
removal, relative to the original concentra-
tiong 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®
DS
by Conc Calcium Hardness
Amt Amount of Soil
Type Soil Type
Mean Signif of
Source of Variation DF Square F
Main effects 7 15529.281 10.089 0.001
Conc 3 34073.281 22.137 0.000
Amt 1 318.781 0.207 0.660
Type 3 2055.448 1.335 0.323
2-Way Interactions 15 2021.098 1.313 0.348
Conc Amt 3 765.531 0.497 0.693
Conc Type 2 2217.142 1.440 0.298
Amt Type 3 2688.531 1.747 0.227
Explained 22 6319.156 4.106 0.017
Residual 9 1539.170
Total 31 4931.418

*3PSS ANOVA routine, Option 4 (Nie et al.

Multiple r2

1975).
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= 0.711



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. ZExploitation
of mnaturally occurring sealinity removal
processes have been suggested in developing
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 ldaho, 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 Llikely
range of gross salinity removal is between 0O
and 10 percent of the annual ioput 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
unclear calculations, 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
(Flaming 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 reactions which
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replace lighter counter ions with heavier
ones; coagulation, including biocoagulation;
and biocassimilation 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.

O0f the remaining processes, less 1is
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 trapping effect of bacterial fibrillar
colloids, has not been thoroughly investi-

ated in fresh waters. Bioassimilation may

e 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 thermodynamic supersaturation, almost
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,
relative to upstream stations indicated the
possibility of calcite precipitation in situ.
1t 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
potential 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 possibilities 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 rtelieved 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 operation 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 statigtically 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 rteceiving 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
homeostatic 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 that some natural
salinity removal occurs in western reservoirs
as a result of calcium carbonate precipita-
tion. 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 11, 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 amalysis of economic impacts of
galinity 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 scaling
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
softening, sodium, chloride, and sulfate
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 irrigation 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

«//r&mq/l catt + Mg++
2

should not exceed & in the range of salinity
resulting in an electrical conductivity of
750 umho/cm. Reynolds and Johnson (1974)
report values of approximately 4 meq/l for
sodium and calcium, and 2 meq/l for magnesium
in Lake Powell in summer. If half of the

(7.1
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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 (cf. Kleinman and
Brown 1980, p. 18-19). ©HNonetheless, 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 equilibrium 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 carbomate 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
pbotosynthesis, 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
bluegreen algae (Shapiro 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 in situ 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 evaluating the re-
maining variables.
Calcite
Saturation
Parameter Value Index¥
Temperature 0C 1.32
5 1.65
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
g5 5.07
Calcium 59 mg Ca/l 2.67
84 3.22
109 3.63
Alkalinity 176 mg/l as CaCO3 2.28
252 3.22
378 4.14
Magnesium 6.6 mg/l 3.63
16.6 3.22
76.6 2.90
Sulfate 16 mg/l 3.25
40 3.22
B4 3.19
Chloride 10.2 mg/l 3.23
25.6 3.22
64 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 altermatively treating
or diluting it during periods critical to
calcite precipitation, would have
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.
into a dark, CO7 rich, undersaturated hypo-
limnion may tedissolve to some extent and

to be ’

Calcite crystals settling
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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 1is
exacerbated in cold, saline, anoxic waters,
which favor slow settling rates and carbonate
dissolution, Kelts and Hsi (1978) found that
only 10 percent of the calcite typically
dissolves during settling through the 120 m
hypolimnion of Lake Zurich in Switzerland.

A potentially very valuable tool for
assessment of enbhancement (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
sinking, 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 laboratory
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 inm bank

storage waters.

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

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

3. 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



II.

I1I.

longitudinally and vertically
through river/reservoir systems.

Laboratory studies:

1.

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

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).

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. It should include the
following components:

A, Hydraulic model (driven by
density and momentum).

B. E%uilibrium/kinetic
(driven by
activities).

C. Phytoplankton model {(driven
by isolation, extinction

model -
constituent -
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coefficient, and a limiting

nutrient).

D. Heterogeneous equilibrium/
minetic model (driven by
solid-solution concentration
gradients 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 $5 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 eonvirobments, such demonstrations
may be possible during short duration labora-
tory or in situ studies. We feel that the
time is at hand for such careful work.
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APPENDIX A. DATA

Table A.l1. Chemical concentrations in Bear River below Soda Point Reservoir (at Alexander)
from Hill et al. (1973).

Date Ca Mg Na K HCO3 SO4 cl pH Temp (C)
July 8, 1971 60 56.6 14.6 3.7 332 52 37 7.5 -
Aug. 4 62 41 29.2 3.9 312 72 23 7.4 23
Sept. 9 58 60 21.2 3.9 333 60 39 7.4 17
Oct. 7 106 3.7 32 2.6 330 - 32.5 7.9 9.5
Nov. 12 99 15.3 33 3.0 304 - 33 7.9 3.5
Dec. 10 112 0 30 2.5 152 50 35 8.0 0.5
Jan. 15, 1972 112 20.5 37 3.5 320 52 34 8.0 1.2

i Feb. 9 89.6 21.5 32 3.5 256 44 37 7.9 1.9
Mar. 9 144.8 2.0 28 4.4 286 44 5 8.3 2.5
April 17 100 23.9 23 3.0 278 46 3.5 8.0 7.2
May 15 32 18.5 11 1.5 92 30 15.5 8.7 11.2
June 14 96.8 0 8 1.0 376 26 22 8.2 17
July 18 62.4 35.2 34 3.0 256 48 27.9 8.2 19.1
‘Aug. 14 48.8 42 36 3.6 275 45 34.3 8.0 20
Sept. 9 64 34.8 - - 297 66 30.9 8.2 14

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

Date Ca Mg Na K HCO3 804 Cl pH Temp (C)
July 8, 1971 63 38.7 15 5.9 220 75 52 8.3 21.3
Aug. 4 59 39.0 36 6.1 350 84 61 8.0 24.4
Sept. 9 60 36.1 33 8.9 322 S0 48 8.3 19.5
- Oct. 7 100 1.5 38 - 4.0 320 - 43 8.5 9.7
Nov. 12 95 12.3 37, 3.5 284 - 37 8.4 3.3
Dec. 10 94 13.4 35 3.6 244 56 39.5 8.4 1.1
Jan. 15, 1972 102.4 19.0 37 3.5 300 45 40 8.4 0.0
- Feb. 9 91.2 22.4 37 4. 4 268 40 41.5 8.0 0.9
- Mar. 9 109.6 18.5 33 4.4 270 44 20 8.4 3.0
April 17 44.8 39.0 - - 228 27 - 8.5 6.8
i May 15 42.4 10.3 15 2.0 104 37 17.5 8.5 12.8
June 14 68 19.0 20 3.0 214 32 10 8.4 18.9
July 18 65.2 32.1 34 0.4 242 44 28,6 8.4 12.4
Aug. 14 59.2 38.2 38 4.4 281 42 34.3 8.1 20.8
Sept. 9 67.2 33 - - 291 62 36.7 8.6 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.

b et P R AG WD OO W RN
1

Field
Condue-~ Rard- Alka-
TDS TDS tivity ness at Dissolved Dissolved 1linity Silica
Station~Depth (GFC) (0.22 p) mho/em Temp mg/l Ca Na X mg/l as Chloride S5i04 Sulfate pH
(8 = surface) mg/l mg/l (259) °c CaC0, mg/l mg/1 mg/1 CaCoq mg/1 mg/l mg/l
-8 350 34.8 570 18.5 280 90.3 20 3 250 23.8 4,31 36 7.73
-8 334 33.3 544 19.3 269 81.9 19 3 236 24,2 5.43 29 8.18
-8 347 36.4 591 18.0 284 84.0 27 3 250 27.0 7.21 39 8.54
-8 462 - 45.3 749 19.4 373  107.1 33 6 344 32.4 7.62 - 7.33
-8 349 35.3 574 19.9 301 85.1 25 4 262 25.6 8.03 34 8.12
-S 356 33.4 560 19.6 284 86.1 24 3 264 24.7 6.46 46 8.22.
8 348 32.8 554 20.1 292 88.2 22 4 254 24.3 7.83 31 8.15
-5 335 32.6 - - 286 84.0 24 4 244 26.1 2.73 31 8.37
-8 332 34.1 615 19.7 284 87.2 25 4 246 27.0 3.02 31 8.23
-6 m 341 34.8 571 19.7 280 92.4 26 4 248 27.4 3.89 38 8.20
0-8 323 33.8 588 20.5 282 .84.0 28 4 252 25.6 2.32 40 8.30
1-8 351 32.5 583 20.5 282 83.0 27 4 248 27.4 5.43 33 8.14
2-8 344 34.1 565 20.0 288 86.1 28 4 254 28.3 6.50 33 8.18
3-8 346 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
14-8 (center) 337 32.7 - - 286 87.2 26 4 242 26.1 5.34 31 8.12
72 400 620 24.8 230 7.65

Hot Spring 1806 1780 3077 520C 350 124 525
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Table A.4. Data collected on Oneida Narrows Reservoir synoptic study om July 15, 1980. Stations shown in Figure 5.5.

Station - Depth Log # DS Congtl;ifl:gvity Temperature  Total Hardness ca™ Hardness Na K Chloride
S = Surface mg/ 1 (umho/cm @ 259C) og¢ mg/l as CatCO3 mg/l Catt mg/l mg/l mg/l
1 -8 1 380 633 21.6 288 78.5 31 3 26.5
2 -8 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
5-13m 5 390 629 21.1 292 73.6 29 4 29.0
5~ 6m 6 379 629 21.1 284 73.6 33 4 29.9
5~8 7 378 632 22.5 288 81.8 33 4 29.9
8 8 403 661 20.4 284 76.9 32 4 29.0
8 9 388 649 21.2 284 72.8 31 4 29.9
8 -8 10 386 638 22.0 280 72.8 31 &4 28.2
11 11 381 659 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
14 14 385 630 ) 21.8 284 70.3 32 4 29.9

14 - 8 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 - 8 17 368 641 21.8 282 70.3 30 4. 30.7

18 18 390 626 21.4 284 71.1 32 4 29.9




Table A.5. Data collected on Oneida Narrows Reservoir synoptic study on August 1, 1980.
Sampling stations are shown in Figure 5.6.

Station - Depth TDS Conditi%gity Temperature Chloride
§ = Surface Log # mg/l (ymho/cm @ 25°C) °¢ pH Alkalinity mg/l CI
1l -5 1 432 667 20.0 8.04 296 31.6
2 - 8 2 471 726 19.8 7.64 298 35.9
Hot Springs 3 1859 3088 50.0 7.50 420 55.9
4 - § 4 539 893 24.9 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
5-5 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 -8 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 - 8§ 13 435 616 22.5 7.88 295 34.2
14 - 14 426 704 2490 7.90 295 34.2
14 - 8 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.

Station - Depth Congtitgvity Temperature Alkalinity

S = Surface Log # umho/em @ 25°C oC pH mg/l as CaCO3
1 -5 1 725 13.8 8.22 294
2 -8 2 760 14.0 8.24 294
5-12m 3 725 17.0 8.34 296
5-6m 4 761 17.0 8.33 291
5 -8 5 764 17.5 8.28 293
8 - 12 m 6 730 17.8 8.29 291
8 - 6m 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 - 8 11 785 18.0 8.29 296

14 - 6 m 12 764 17.5 8.40 288

14 - 8 13 794 17.5 8.29 294

16 - 8 14 712 17.8 8.38 262
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Table A. 7. Concentrations of various constituents in Experiment 1I1. All data are in mg/l
except conductivity {(umhos/cm), alkalinity (mg/l as CaCO3), Fe and Chlorophyll a
(ug/l), and temperature (°C).

COsSH DISS  CONDUC- TOTAL
NO DAY OXYGEN TIVITY PH ALK 51 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 6 1z2.0 750. 8.35 257. 5.4 38.5 9.0 65. 55. 42 8. 81. 18.0
7 ¢ 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 2.9 83. 54. 46 9. 15. 19.5
9 g 11.0 825. 8.55  257. 3.1 42.6 12.0 8l. 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 71. 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. 534. 38 8. 12, 18.0
1 4 2.6 940. 8.06 274. 10.7 46.2 14,0 72. 56. 46 7. 151. Z21.0
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 3%9.6 13.0 6L. 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 ) 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. 11. 22.0
8 6 7.5 760. 9.02 233. .3 42.6 17.0 26. 52. 34 9. 11. 23.0
g 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 2lé. 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 g 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 5. 11. 20.0
12 9 0.0 650. 9.00 186. 1.2 42.6 16.0  34. 47. 30 6. 11. 22.0
1 11 2.5 920. 8.06 288. 12.9 45.6 18.0 70. S51. 44 5. 11. 20.5
3 11 6.1 675. 9.39 169. .6 4417 17.0 21, 42. 37 8. 22, 23.0
6 11 3.0 870. 7.83 268, 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. 11. 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. 11. 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. 1%.0
3 13 6.1 645. 3.62 162, 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 42.1 323, 27. 41 4, 11. 21.0
8 13 5.5 665. 9.20 175. L2 4201 8 26. 44. 45 6. 11. 21.0
g 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, 21.90
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Table A.8. Concentration of chemical constituents in microcosms during upstream/downstream experiment.
Total
Conductivity ++ + + Alkalinity Hardness
TDS (umho/cm pH Ca Na K (mg/l as Silica  Turbidity  Sulfate (mg/1
(mg/1) @ 259C) (mg/l)  (@mg/l) (mg/1) €aCos4) (mg/l)  (NTU) (mg/1)  as CaC0y)
7-2-80
Microcosm
1 545
3 486
) 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
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 during Experiment IT11.

Total
-+ -+ + Alkalinity Hardness
TDS B Ca Na K (mg/l as Silica Turbidity Sulfate (mg/1)
(mg/1) (mg/1)  (mg/l)  (mg/1) CaCo,) (mg/1) (NTU) (mg/1) as CaC0,)
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 L4 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 5 175 .56 11.5 179
11 231 39 22 4 174 1.24 9.0 179
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 40 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 -+ =+ + Alkalinity Hardness
TDS (umho/cm pH Ca Na K {mg/l as Silica  Turbidity  Sulfate (mg/1
(mg/1) @ 259¢C) @g/1) (mg/l)  (mg/l) CaCo,) (mg/1) (NTU) (mg/1)  as CaC0,)
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 1.66 12.5 186
9 26 428 8.72 34 24 5 A 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 1.38 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
9 23 455 37 24 5 175 .56 11.5 179
11 24 462 39 22 4 174 1.24 9.0 179
7-23-80
Microcosm
1 25 467 8.74 39 25 4 151 1.63 183
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 1.09 187
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 1.52 26 240
Downstreamn 35 610 71 26 4 277 .98 49 270




Table A.10. Chemical data for coagulation experiment. All values in mg/1 except alkalinity
(mg/l as CaC03) and pH. Sam;ile numbers correspond to the stations (a = 6 m
depth, b = surface), ¢ is a 7:1 dilution of sample 2 with water from Maple Grove
hot springs (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
5a - 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
5a 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
b4a 422 32 43 39 5 275 11.0 8.07
4b 417 33 42 39 5 290 10.8 8§.11
5a 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
5a 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.11l. Final concentrations of constituents in control and experimental flasks following
incubration with soil samples (Experiment V).

Treatment pH D8 Ca'H MgH Na+ K+
150 mg/1 as CaCO4 - 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 mg/l as CaCO3 - control 8.03 552 200 36 23 5
0.5 g sand 8.14 568 212 37 28 5
0.5 g silt 8.07 578 222 36 23 5
0.5 g clay 8.15 500 197 37 22 5

0.5 g sediment 8.30 477 201 36 22 6

1 g sand 8.05 533 209 37 20 5

1l g silt 8.08 554 239 36 22 5

1 g clay 8.25 534 255 37 32 6

1 g sediment 8.15 517 220 36 22 5

250 mg/l as CaCO3 - control 8.08 593 261 35 23 5
0.5 g sand 8.18 612 277 35 23 5
0.5 g 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 §.13 583 257 35 24 6

1 g clay §.13 709 266 35 23 6

1 g sediment 8.26 675 255 35 23 6

300 mg/l as CaCO3 - 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 §.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 or 1.0 g/l 70 ml/beaker for TDS, 103°C over-
night, 3 reps/TDS.
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APPENDIX B. CHEMICAL EQUILIBRIUM PROGRAM USED TO CALCULATE SUPERSATURATION OF CARBONATE SOLID

on

PHASES GIVEN ANALYTICAL CONCENTRATIONS OF CONSTITUENT IONS AND TEMPERATURE. SEE
CHAPTER V FOR DETAILS OF CONSTRUCTION AND SOURCES OF THERMODYNAMIC DATA.

CALCULATE ACTIVITY COEFFICIENTS USING DAVIES APPROXIMATION OF THE
DEBYE-HUCKEL FORMULA. ION PAIRS MAVE A VALUE OF 1.
DIMENSION FNAM(3)
THIS VERSION USED IN THE REPORT
REAL KD, KDZ, KDIZ, KD, KIS, KD6s KD7, KBS, KD9, KDNLO, KDL 1 KO 2, TAP, KW: K
#*, KDO13. KD14
EGUIVALENCE (ACT1, ACHCO3, ACNA, ACK, ACNS04, ACHS04, ACKS04, ACCHCI, 10
+ACCL, ACCAOH: ACMGOH, ACMHO3, ACNCOZ) , (ACTZ, ACCA, ACMG, ACS04, ACCOI),
+{ACT 7, ACCSA0, ACMC30, ACCE30,
+ACMSAD) .,
+{ACT4, ACST)
SETS PARTIAL PRESSURE QF CARBON DIOXIDE
PCOZ=. 000276
TNASO4=0.
THS04=0.
THCO3=0.
TCO3=(s,
TCAOH=0,
TMGOH=0,
TMHCO3=0,
TNACO3=0.
THCO3N=0.
TNASQS=(,
THSO4=(0,
TCHCO3=Q,
TCADH=O0,
TMGOH=0,
TMHCO3=0,
TNACO3=0.
WRITE(3, 134)
124 FORMAT(’ READY B WITH DATA, THEN TYPE 11 CHAR FILE NAME’/
LA AR
READ(1, 135)FNAN
S FORMAT (ZAS)
3 FORMAT{1X, 3A4)
WRITE (3, J)FNAM
INPUT DATA & CHECK DATA
WRITE{R, 125)
125 FORMAT(1X: ‘WILL CARBONATES BE', /7, 1. -GIVEN?
LN Z. ~CALCULATED? '}
READ{1, 138)J
136 FORMAT(AZ)
WRITE(3, 137)
137 FORMAT(1X, ‘WILL ION RATIOS AND SAR BE COMPUTED?’, /.
* 1. =YESY 'y /4’ Z. NG’
READI{1, 138N
138 FORMAT(IZ)
WRITE(R, 173)
175 FORMAT{‘ DO YOU WISH TO PRINT CHLORIDE AND SULFATE RATIOS?'/
L 1. =YES' /'’ 2. =N0O")
READ(1, 136)RATIC
WRITE(3, 176)
176 FORMAT(’ DO YOU WISH TO CALCULATE EC A8 A FUNCTION OF ION
# CONCENTRATIONS?‘/’ 1. =YES' /' 2. aNO’)
READ( 1. 134)8PEC
WRITE(3, 177)
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177 FORMAT(’ 0CG YOU WISH HARD COPY OF INTERMEDIATE VALUES DURING
# ITERATIONG?’ /7’ 1. =YES’ /’ Z.=N07)
READI( 1, 136)WL
WRITE{&, 13%)

137 FORMAT(1X, ‘WHAT ACTION IS TO BE TAKEN ON THE INPUT LATA?’

*sr /s’ 1. ~CONVERSION OF CA & MG HARDNESE (AS CACOR) TO
*MG/L OF CA OR MG?*./: 7 2. -CONVERSION OF MG/L TO MMOL/L?/
#y /s 3. ~CONVERSION OF mMOL/L TO MEG/L? . /,

# 4. ~-CONVERSION OF MEG/L TO EG/L?’)

READCY, 1238)M
WRITE(Z, 132)M, 4N
1327 FORMAT{1X, 12, 1%, 12, 1X, 1)
CALL OPEN(4&y FNAM, 2)
1 REAL{ &, 128, ENDI=60)DNC, DAY, [IOX, EC, PH, TALK, TSI, TCL, TCHL, TCA,
#TMG, TNA, TK: TFE, TC
TS04=3Q,
128 FORMAT(ZFZ. O, 13F4. O)
WRITE(Z, 181)
181 FORMAT(1X, ‘RAW INPUT DATA (CA, MG, NA, K, CL. S04, 51, TALK,
#PH, TEMP) ) ’
WRITE(Z, 120) TCA. TMG, TNA, TK, TCL, T804, TSI, TALK, PH, TC
120 FORMAT(7(EY. 3, 2X)» /5 4(EF. 3, 2X) ) -
M=INFUT FORMAT: J=CALCULATE V5. GIVEN CARBONATES {1=GIVEN)?f
N=IC0N RATIOS AND SAR (1=COMFUTE)
THESE DATA REPRESENT DISSGCIATION AND SCLURILITY PRODUCT
CONSTANTE CORRECTED FOR TEMPERATURE USING VANT HOFF’S
LAW OR EMPIRICAL RELATIONSHIPS (SEE TABLE 2. 1), AND THE
‘EFSILON’ AND "A’ TERMS FOR THE DEBYE-HUCKEL EGUATICON.
TKL=TC+273, 15
RL={1. 787E~03) #2Z, 303
TTRM={(TKL-298. )}/ (TKL#298. )
WRITE(Z, 140)TKL: RL, TTRM
140 FORMAT (1X, 2(E9. %, 3X) )}
KO1=10, #%(-2Z, 31+( 1, 6T5/RLY#TTRM)
KDZ=10, 48 (~2Z, Z238+(4, 22Z/RLI#TTRM)
KO3=10, #3#{~, QZZ6+ (2. 229/RLI*TTRM)
KD&=10, ## (5. 3505~ 018331 2#TKL~587, 2441 /TKL)
KLS=10, #%{ -3, 106+673, 6/TKL)
KDA=10, ##{—3, 15+(3Z, 123/RL)Y*TTRM)
KI7=10. ## (-1, 1Z27+{ 6. 33/RL) #TTRM)
KDg=10, ##(~1, 303+(1. 19/RL)*TTRM)
KIg=10, #% (-2, 543+( 2. 14/RL) #TTRM)
KD10=10, #% (-3, Z4+{, 058/RLI*TTRM)
KO11=10, ##(~1, 071+(1Q, 37/RL) ¥TTRM)
KO1Z=10. #3#(~1, Z684+ (8. 711 /RLI®TTRM)
KD 3=10, #+{14, 8453~, 032786#TKL~3404, 71/TEL>
KD14=10. ## {4, 498~, O2R772TKL-290Z. 39/TKL)
KW=10, ##{—-13. 793~ (13. 345/RL ) #TTRM)
EPS=87, 74~, 4008#TC+7, IXAIBE-O4#TC##2~1, 410E-Ob#TCH43.
ATRM=1. IZ4BZE+OLH(EPS#TEL )Y ##(~-1. 5)
SP1JL=10, ##(13. 87-0. 040358 TKL -3059. /TKL)
SPZ=10, ¥ (-4, 54+(. 34/RL) #TTRM}
SP3=10, #8(~18, 5Z-(7. Z8/RL)#TTRM)
SP4=10, ¥%{(~R. 1'7~{Z, 24/RL)I*®TTRM)
SP1SW=10, ##(-8, 42 (2, 94/RLIYSTTRM)
WRITE(Z, 182)
187 FORMAT(1X, ‘BISSOCIATION CONSTANTS, SOLUBILITY PRODUCT CONSTANTS,
# AND ANALYTICAL CONCENTRATION (MOL/L)Y )
WRITE{Z, 154)KD1, KD2, KD3, K14, KIS, KB&, K7, KDB, KIV9, K010,
#KD1 1, KD Z, KIN R, KD1 §; SP15W. SP1JL, SP2, 8P3; 5P4
154 FORMAT(IX, ‘KIM=‘,E9. 3/ KI2Z=',E£9. 3, * KO3=', EB, I * KD4=’,EH. 3/
# KOS=’,E& 3, 7 KD6=’',E& 3/, KD7=’,E8. 3, KIE=’,E& &)
#/KO9=', E8. 3,/ KDNMO=',E8. 3’ Klii=‘,EB. 3, ' KINZ="EB. 3, /, ' KDI13=",
#EQ. 3 7 KD14=',ER. 3, 7 SP1GW=",ER. 3, SP1JL=’,E8. 3, GFI=’',ER 3,
#/’ GPE=‘,E8. 3,7 SP4=',ER. 3//)
THIS ROUTINE ALLOWS FLEXIBILITY IN INPUT DATA., IF
M=1 s CONVERSION OF CA & MG HARDNESS (AS CACO3) TO MG/L OF CA OR MG
M=2 $CONVERSION OF MG/L TO MMOL/L
M=32 {CONVERSION OF MMOL/L. TO MEG/L
M=4 ;CONVERSION OF MEQ/L TO EQ/L
GO TO (27, 28,29, 30),M
27 TCA=TCA#OQ. 4
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THG=TMG*. 24

TCA=TCA/ 40,

TMG=THG/24. 4

TS04=TS04/ T4,

TSI=TSI/60.

TNA=TNA/ 73,

TK=TK/3%. 1

TCL=TCL /2%, 5

IF {N.NE. 1)GO TO 30

TCA=TCA%Z.

THMG=THG# 2.

TRO4=TS04 %2,

TCOS=TCOG*2.

TSI=TSI+4,

CALCULATION OF NONCONSERVATIVE/CONSERVATIVE 10N RATIOS AND
SONIUM ARSORPTION RATIC (SAR) PRINT STMTS
CLCAR=TCA/TCL

CLMGR=TMG/ TCL.

CLNAR=TNA/TCL

CLKR=TK/TCL.

CLSIR=TSI/TCL

SFCAR=TCA/ THD4

SFMOR=TMG/ TS(4

SFNAR=TNA/TE04

SFKR=TK/ T304

SFSIR=TSI/TS04

SAR=TNA/SERT ( (TCA+TMG) /Z.)

TCA=TCA/Z.

TMG=TMG/Z.

T504=TS04 /2,

TCO3=TCO3/ 2.

TS1=TS1/4.

CONT INUE

TCA=TCA/ 1000,

TMG=TMG/ 1 000,

TNA=TNA/ 1000,

TK=TK/ 1000,

TCL=TCL/ 1000,

T504=T508/ 1000,

TI=TSI/1000.

CALCULATES INITIAL RICARBONATE SYSTEM PARMMETERS
AH=1. /{10, #£(PH))

ACH=KW/AH

IF {4 NE. 1)GOG TG 20

THIS ALGORITHM CALCULATES THE CONCENTRATIONS, HCOZ, AND CO3 AS
A FUNCTION OF ALKALINITY AND PH

THCO@=( { TALK /0000, ) +AH=(KW/AH) ) / ( 1+( 2. #KD14/AH))
TCOI=(, 54 { TALK/S0000. )+AH-(KW/AH) ) ) £ (1+(AH/ (Z, 5KD14)))
CONT INUE :

PRINT NEW ION CONCENTRATIONS

TCAN=TCA

TMGN=TMG

TNAN=TNA

TKN=TK

TCLN=TCL

TSO4N=TSO4

TSIN=TS]

THCO3N=THCOS

TCOEN=TLLS

WRITE (2, 150) TCAN, TMGN, TNAN, TKN, TCLN, TS04N, TSIN, THCO3N, TCO3N

150 FORMAT(1X, ‘TCAN=',E%. 4, TMON=',E9. 4, ’ TNAN=',E?. 4, ' TKN=',E9, 4/

#’ TCLN=’,E9. 4,/ * TSOAN=',E?. 4y’ TSIN=',E9. 4, ' THCO3N=’, EY, 4,
#7 TCOSN=',E7.4/)

LOOFP CALCULATES NEW IONIC STRENGTHS, COMPARES THEM WITH OLD ICONIC
STRENGTHS, AND ITERATES UNTIL THE DIFFERENCE IS NEGLIGIELE
TOLD=TCAN+TMON+TNAN+TKN+TCLN+TSO4N+THOOIN+TCOBN+TSIN

oG 40 Is=1,10

U= (TCANSTMGN+TSOAN+TCO3N) #4. )

#4+ ( TNAN+TKN+ TCLN+THCOSN+TNASO4 -+ THSO4+ TCHC OB+
#TCAGH+TMGOH+THMHCO3+TNACOR)

#+{(TSI®i4, 3072,

WRITE(Z, 1S2)TOLD, U

81



0

152

153

183

101

102
166G

117
161

133

103

104

162

105

163

FORMAT(1X, "TOLEL % U =, Z(E9. 4, 2X))
UTRM=(SART W ) 7 (1+SERT (U ) —(, 3xll)

WRITE(Z, 1SR)IUTRM: ATRM

FORMAT(1X: "UTRM= *, E9 4 ' ATRM='; E9. 4)
ACT1=10, ®={~ATRM*UTRM)

ACTZ=10, #&{-ATRM=4, #UTRM)

ACTZ=10, ##(—ATRM#9, +UTRM)

ACTA=10, ##{-ATRM#*1&. #UTRM)

ACTT7=1.

ACA=ACCA*TCAN

AMG=ACMG#THGN

ANA=ACNAX*TNAN

AK=ACK#TKN

WRITE{Z, 153

FORMAT(1X,  ITERATIONS )

WRITE(Z, 101)TOLD, U, ACTL, ACTZ, ACTA
FORMAT(1 X, *TOLD=',ERQ. 2,/ U=',EB. 2, ACTi=’',ER 2, * ACTZ=",
+ER, Z, ' ACT4=’,ER. 2) :
IF (WL, NE. 1)G0O TO 1460

WRITE (2, 102)ACA, AMG, ANA, AK

FORMAT(1X, ' ACA=’',E& Z, ' AMG=",ER. 2,/ ANA=',
+ER. 2, ' AK=';ER, Z;)

ACL=ACCL #TCLN

ASOA=ACI0O4#TSO4AN

ASI=ACSI*TSIN

IF (Wl.NE. 13GG TO 161

WRITE(Z, 119)ACL, AT04, AS]

FORMAT¢L X, “ACL=’EB. 2. ' ASO4=’,E& 2, * ASI=’,E3. 27

IF (&4 .E& 1) GG TO 7

IFCLLGT, 160 TG 7

THIS ALGORITHM CALCULATES THE ACTIVITES OF HZCO3, HCO3:. AND CO3
AS A FUNCTION OF KELVIN TEMP(SEE TABLE 3. 1)

AHZEO3=10, ##(ALOG{PCOZ)~14, 018440, O1526#TRL+2365. 73/TKL~
1U#¢0. 843440, 004471 #TKL+Q, 0000C0LL6ETKLETKL) )

WRITE(Z, 133)KIN R, KD14

FORMATO(LX, ‘KINZ=',E9 4, ' KD14=',E%. 4}

THCOEN=KD1 3+AHZCO3/AH

TCOIN=K11 4#THCO3N/ AH

THCO3=THCO3N

TCOR=TCA3N .

WRITE{Z, 103) THCO3N, TCO3N, AHZCOR

FORMAT (1%, ‘ THCO3N=', E&. 2, * TCO3N=',E&. 2, / AHZCO3=’, E&, 3)
CONTINUE

AHCO3=ACHCO3# THCO3N

ACOR=ACCOI*TCOIN

IF (Wh.NE. 1)GO TO 8

WRITE{Z, 130)AHCO3, ACOX

FORMAT (1 X, “AHCOZ2="', E8. 2y * ACOR=',ER. 2)

CONT INUE

ACASA0={ ACA#ASO4) /KDL

AMGSA40=( AMG#ASO4) 7KD12

ANASCA=( ANAXASC4) /K3

IF {WlL.NE. 1)G0 TO 1462

WRITE (2, 104)AHCOSR, ACOS, ACAS04, AMGSO4, ANASOS

FOURMAT(1X, ‘AHCO3=", EB. 2, © ACLR=’,ER. Z, © ACASO4=’,EB, 2, ° AMGE04=',
+EE. Z: ¢ ANASCA=', EQ, 2)
AHS04=(AH#ASO3) /KD4
AKGOA= (AK*AS04) /KD
ACCOZ0={ ACAXACOI) /KDé
ACHC2={ACAXAHCOR) 7/KD7
ACAGH= (ACA*ATH) /KDB

IF (WL.NE. 1)G0 TO 163
WRITE(Z, 105)AHE04, AKS04, ACCO30, ACHCS, ACADH
FORMAT(1 X, 'AHSCA=", EQ. 2, ' AKSD4=’,ER, 2, 4 ACCO30=’,ER. 2»
’ ACHC3=', E®. Z, * ACOH='’, E8. 2)
AMGOH= (AMGHACOH) /KDY
AMCOR0= ( AMGEACO3) /KD10
AMHCO2= { AMGHAHCOR) /KDL
ANACOZ= ( ANAXACOR) /KDL 2
MASS BALANCE ON INITIAL ION CONCENTRATIONS
TSOAN=TG04/ (1. 0+ (ACA%ACTO4) / (KDL #ACCSA0) )+ ( { AMORACSOA ) /
+{KOZHACMSE0) ) +( (ANASACEO4) /7 (AUNSOA#KN3) )+ ( (AHXACS04) / {KD4*ACHS04) )

+
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++ {AK¥ACS04) / (KOS ®ACKS04) ) B30
IF (WL.NE. 1)GQO TQ 144
WRITE(Z, 104)AMGOH, AMCO20, AMHCOZR, ANACCS, TSO4N
106 FORMAT(1X, ' AMGUH=’, E&. 2, Y AMCOR0=',ER. 2, ° AMCHOZ=',ER. Z, /' ANACO3="
+,E8. &,/ TSO4N=’, E8. Z)
164 TCAN=TCA/{1. O+{ASO4#ACCA) / (ACCSA0#KD1 ) + (ACOIHACCA) / (ACCCRO#KDE ) +
+{AHCO2EACCA) / { ACCHCRXKD7 ) + {ACK#ACCA) / { ACCAOH#KDX) ) a5
TMGN=TMG/ (1. O+ ({ {ASO4+ACMG) / (ACMSA0#KDIZ ) + (ACH#ACMG) / ( ACMGOH#KDY)
++ {ACOE#ACMG) / (ACMCI0RKDN O) + { AHCOR#ACMG ) / (ACMHOI®KTN 1) ) )
THCO3IN=THCG3/ { 1. 0+{ACA#*ACHCOR) / (ACCHC2#KD7 ) + (AMG#ACHCOZR) /
# (ACMBOZ3#KD11))
TCOIN=TCOI/ (1. O+ (ACAXACCOR) / {ACCCI0#KD6) + L AMGH*ACCOR) /
# ( ACMCIO#KIN 0) + { ANAXACCOI) / (ACNCOZ#KDN Z) )
TCLN=ACL/ACCL
TNAN=TNA/ (1. 0+ (ASO4#ACNA) / { ACNSO4 #KDR) + { ACNAXACOI) / {ACNCOZR#KD12Z) )
TEKN=TK/ (1. O+{ ASO4#ACK) / { ACKZO4 #KDT) )
IF (WL.NE, 1)GO TO 165
WRITE{Z, 107)TCAN; TMGN, TCLN, TNAN, THCO3IN, TCOZN
107 FORMAT(1X, TCAN=',ER. 2, ’ TMGN=',E8. 2, ’ TCLN=',E& Z,* TNAN=',
+E®. Z, / TCHO3N=',ER. Z,’ TCO3N=',E& Z)

1465 THIO4=AHSO4 /ACHSO4 H40
TCHCOI=ACHCR/ACCHC3 &40
TCACGH=ACAIH/ACCACH A7C
TMGOH=AMGOH/ ACMGQH &80
TMHCOI=AMHCCZ2/ACMHOZ £L-90
TKSO4=AKS04 /ACK S04 &50
TNASO4=ANAS(4 /ACNSC4 Fo5cie]
TNACGI=ANACOZ/ACNCO3 700

TNEW=TCAN+TMGN+TNAN+TKN+TCLN+TSQ4N+THCOIN+TCO3N+TEIN
FLMT=0. 00Z#TOLD
IF (WL.NE. 1)GO TGO 166
WRITE(Z, 108) TKN, TCHCOS, TCACGH, TCO3N, TNEW
108 FORMAT(1X, 'TKN="',E®. Z,  TCHCOR=', E8. 2, TCAOH=',ER. Z, ' TCU3N=',
+E8. 2, TNEW=',E&. 2/)
166 IF(ARS(TNEW-TOLID.LT. FLMT) GG TQ SO
TOLD=TNEW
ERRP=TNAN+TKN+AH+TCHCO3+TCAOH+TMGOH+TMHCOZ+{Z. # (TCAN+TMGN) )
ERR={ERRF—{ TCLN+THSC04+TKSO4+TNASO4+TNACQI+ACH+ (2, #TSO4N) +
#THCOSN+ (4. #TSIN)) ) /ERRP
WRITE(Z, 167)ERR
1647 FORMAT(1X, ERROR=‘,EB. Z/)
40 CONTINUE
PRINT OUT TOTAL CONCENTRATICONS, ACTIVITY PROIUCTS, AND SATURATION INDICES
50 CONTINLE

TMGS40=AMGS40/ACMSA0 750
THMCORO=AMCO30/ ACMCIO 760
TCCQIO=ACCOI0/ACCCRU 770

TCAS40=ACASA40/ACCE40
IAP=ACA#ACCZ
SATINI=(ACA#ACO3I) /SP1SW
SATINZ={ACA#ASCY) /SPZ
SATINZ=(ACA+AMGH*ACOIHACOR) / SF3
SATIN4=(ACA+ACQR) /SP4
SATINS=(ACAXACOI) /3P0
IF (RATICO. NE. 1.)GQ TO 109
WRITE{(Z, 170)CLCAR, CLMGR, CLNAR:, CLER, CLSIR
170 FORMAT(1X, ‘CA/CL=',E8. 2, ’ MG/CL=',E&% Z, ' NA/CL=',EQ, 2,
# K/0L=',ER. Z,’ 31/CL=",E&.2/)
WRITE(Z, 171)SFCAR, SFMGR, SFNAR, SFKR, SFSIR
171 FORMAT(1X, ‘CA/S04=",ER. 2, ' MG/S04=',ER. Z, ' NA/SO4=’,ER. Z,
#’ K/504=',E&. 2, ' S1/804=",E8.2/)
107 WRITE(Z, 120)
180 FORMAT(1X, ‘FINAL ION CONCENTRATION, IONIC STRENGTH, AND ACTIVITY
# COEFFICIENTS’)
WRITE(Z, 110)TCAN, TMGN, TNAN, TKN; TCLN, AH, AOH
110 FORMAT(1X, ‘CA=",E8. 2, ’ MG=’,ER.Z,’ NA=',E&. 2,3H K=,E8. %, ' CL=',
#ER. 25 =’,E&. 2,/ OH=',E8. Z)
WRITE(2Z, 111)TE04N, THCOIN, TCOIN, TSIN, TNAS04
111 FORMAT(1X,'504="',E8. 2, HCO3=',ER. Z, ' CO3=',ER. 2,’ SI=',E8. 2,
+’ NASQ4=’,ER. Z)
WRITE(2Z, 112)THS04, TKS04, TCHCOZ, TCAOH, TMGOH
112 FORMAT(1X, ‘H504=',ER. Z, ' KSQ4=',ER, Z, ' CAHCO3=',ER. 2, ' CACH=',
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+E8. 2,/ MGOH=‘, E&. 2)
WRITE(Z, 113) TMCO3G, TCOOG0, TMHOOR
113 FORMAT(LX, ‘MGCO3=', EB. 2y ' CACO3=',E8. 2,
+7 MGHCOR=’, ER, 2)
WRITE{(Z, 114)TNACOR, TCAS40, TMGSAG: U, ACTL, ACTZ
114 FORMAT(1X, ‘NACQ3="', E&. 2’ CAS040=’,E& 2, ' MGS040=',E8. &, /
#7 TONIC STRENGTH=',E&. 2, ACTi=’,E&. Z, ' ACTZ=',E& 2)
WRITE(Z, 113)ACT3, ACTS, 1
115 FORMAT(LX, ‘ACTE=',EB. Zy * ACT4=',EB. Z, ' ITERATIONS=', 15/}
WRITE(Z, 1146) IAP, SATINL, SATINS, SATINA, SATINZ, SATINZ, TC, SAR
116 FORMAT(1X, *1AP CALCITE=',E9, I, ' SAT INDEX CALCITE {(sW)=’,EY9. 3./
+/ SAT INDEX CALCITE (M)=',E% 3,
+7 SAT INDEX ARAGONITE=’.E9.3:/, SAT INDEX GYPSUM=’,
#£9. 3,/ 5AT INDEX DOLOMITE=’,E?. 3, /, ° TEMP-C=',E8.3, * SAR=',E9.3//)
IF (SPEC.NE, 1. )G0 TO &5
CALCULATE EC AS AN EMPIRICAL FUNCTION OF ION CONCENTRATIONS
THRA=TNA®1 000,
THCO3=THCO3I#31000,
TK=TK*1000,
TCOR=TCOA#Z000.
TSOA=TS4 #2000,
TCA=TCARZ00O0,
THG=TMG%2000,
TSI=TSIN#4000.
- TCL=TCL*1000,
WRITE(Z, 155) TNA, THCOE, TK, TCOS, TE04, TCA, TMG: TSI, TCL
155 FORMAT{1X, B{EY. 4, ZX)» /4 4{ET. 4, 2X))
CALL ECIII{TCA, THMG, TNA, TK, TCO3Z, THCOZ, TCL, TS04, EC)
WRITE(Z, 117) TCA, THG, TNA. TK, TCOZ
117 FORMAT{LX, 'CA=",E8. 2, * MO=',ER Z,* NA=',E8.2,3H K=,E8, X’ CQ3=',
#EQ. 3)
WRITE{(Z, 118)THCO3, TCL, TS04, EC
118 FORMATOLX, "HOO3=’,ER. 2, ClL=’,ER. &, 4 504=",ER.2, ' EC=’,E%. 3//7/)
65 GO TG 1
60 CONTINUE
END
SUBROUTINE ECIIXY(TCA, TMG, TNA,» TK, TCO3, THCOR, TCL, TE04, EC)
REAL MG
CA=TCAH
MG=THMG
S04=TS04
IF (504 .GT. CAY GO TO 10
CARE04=204
CA=CA~E04
sQ4=0, O
GO TO 30
10 CASCG4=CA
804=504~CA
IF (504, GT.MG) GO TO 20
CASG4=CASOA+504
MG=NG~-S04
804=0, O
GO TQ 20
20 CASGA=CASOA+MG
B804=504~MG
MG=0. 0
R0 WRITE(3, 156)
156 FORMAT(LX, ECITII-21")
EC=, 085641 8CA%%, 9202+, OS0998MGH#, Y102+, 0474G#NAK*, Y495+
2, Q7263 TK#E#, 7706+, 0678804 %4, BI73+, OTIZRTCOH#E, Q717+
3 041430 THCOB# %, 9501+, 072068 TCL##, 9671+, 1 133#CAG0A# %, 8463
WRITE(3, 157)EC
157 FORMAT(1X, ‘EC=',E9. 4)
RETURN
END
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