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ABSTRACT

Various reports concerning the toxicity of metals to
aquatic life, livestock, agricultural, and human populatiohs
show large variabilities in their reported toxic limits. |
The variability is largely dependent upon the metal compound
used in the toxicity test, the chemical characteristics of
the water used in the toxicitv test, and the type of aquatic,
animal, or plant species exposed to the metal,

A quantitative characterization of the stable aqueous
metal species in a given natural stream environment would be
of benefit in evaluating the effect of metals on the ecology
of a stream or river. Such an analysis would facilitate accurate
description of the chemical quality of natural waters and the
subsequent implementation of water quality standards for trace
metal concentrations.

The Red River in northern New Mexico, in the vicinity of
Molybdenum Corporation of_America;s open plt molybdenum mine
was selected for this study because the stream is perennial,
has recreational and domestic uses, and may be receiving metal’
contaminant innuts from other than natural weathering nrocesses.’

After analyzing the metal and ligand components, a computer
program was utilized to accomplish distribution of metals
among various aagueous species at two locations in the Red River
near Questa, llew lMexico. The concentration of the stable metal
species was then compared to available foxicity data to see

if toxic limits were being exceeded. The stable agqueous metal



species concentrations did not exceed toxic levels. However,
the concentration of calcium at one of the sampling locations
was found to exceed the recommended limit of concentration

for domestic use.
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I. INTRODUCTION

A. Statement of Problem

Toxicologists and gﬁverment agencies concerned with
estéblishing water quality criteria have, in the past, studied
the effects of metal contamination in natural water on the
basis of total metal comcentration. Data'concening the toxicities
of metals (McKee and Wolf, 1971) indicates that a certain metal
may have an extremely varied toxic effect depending upon:

(1) which metal compouhd wés uged in the toxicity test (ie. as

a chloride, sulfate, nitrate, etc.), (2) the tvpe of water

used for the test (ie. highly‘alkaline watér, distilled water,
acidic water, etec.), and . (3) the aquatic animal or plant species
exposed to the metal. Evaluafion of these extremely varied
reports on toxic levels of metals in order to establish water
quaiity.standards in terms of trace metal concentrations is
tenuwous. In order to illustrate this wvariabilitv in reported
toxic limits, a compilation of toxic limits for a variety of

metals (McKee and Wolf, op cit) is presented in Table 1.

B. dbjective

. The purpose of this thesis is to characterize the
equilibrium distribution of aqueous Na, K, Ca, Mg, Fe, Mn, Al,
Cu, Ni, Sn, Mo, Si02, 0H, COS’ HCOB, SOA and Cl in a natural
_stream envimenment which may be receiving metal contaminant
inputs from other than natural weathering vrocesses. VWhen the

distributionof aqueous metal snecies are quantitatively evaluated,

their concentration will be compared with the toxic limits
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shown in Table 1, in order to determine whether or not toxic

limits are being exceeded.

C. Studv Loecation

The Red River in northern New Mexico, in the vieinity of
Molybdenum Corporation of America's (hereafter reffered to
as MCA in the text) oven pit molybdenum mine was selected for
this study because the stream is perennial, hés recreational
and domestic uses, and may be recéiving metal contaminant inputs
frém other than natural weathering processes. Presented in
Figure 1 is the sampling area that was studied on the Red River,
with the location of sampling sites, molybdenum mine, and the

molybdenun mine tailings pond.
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Table 1. .

Toxicity Values for Various
Metal Compounds

Susceptible
Metal Toxicity! " Effect species
Al 1.0 - 5,0 | injury to ) corn
reots, reduced
growth
AlCl3 6.7 immobilization Daphnia magna
AlClS 0.5 lethal stickleback
A1,(S0,) 4 25.0 reduced oats
) growth
A1,(S0,) 4 250.0 lethal bass, minnow, goldfish
Ca 30.0 recommended limit for domestic use
CaCl2 10,000, loss of cows
appetite
. Ca012 10 3 000 . 1ethal fish
ﬁa(OH)2 100.0 lethal bass, carp, trout
CaSOA non~toxic at saturation levels for fish and cattle
. }
Cu 1.0 U.S.P.H.S., 1limit for domestic use
Cu 0.17 - 0.20|1lethal barley, sugar beet
Cu reciprocally anatagonistic with Mo
Cu 0.02 threshold for beneficial growth of.
aquatic life
CuCl2 0.00¢ lethal goldfish
CuCl, 1.25 96 hr. TLm sunfish

' all concentrations reported as ppm.
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Susceptible
Metal Toxicity Effect species
Cu0 56,000. 96 hr. TLm sunfish
Cu804 0.14 harmful trout
FeClq 1.0 - 100. | lethal goldfish
Fe2(304)3 0.72 lethal ‘ carp
FeCl, 40.0 immobilization Daphnia magna
FeO 10,000, 96 hr., TLm mosquito fish
FeSO4 152. immobilization Daphnia magna
MgClz 2,000, inhibited beans
growth
MgCl, 500. lethal minnows
MgS0, 1,000, purgative human
¥n 1.0 - 10.0 | harmful legumes
Mn 5.0 - 10.0 | harmful _ tomatoes
Mn 150. - 500. | harmful oats .
M’nCl2 12.0 letal minnows
MnSO4 150, -~ 200, |chlorosis oats
Mn‘SO4 1,000, lethal fish
N:I.Cl2 1.0 - 10.0 |lethal fish
N:‘LSO4 2,5 - 5.0 |reduced growth oats
NiSO 16.0 tolerance eels
b : level
KHCO3 2,000. lethal minnows
KZSO4 1,000, lethal bluegills
NaZSO4 3,600, 100 hr. TLm | Davohnia magna
Na2003 524, 100 hr. TLm Danhnia magna




Susceptible

Metal Toxicity Effect species
SnCl4 146. lethal Daphnia magna
SnCl, 25, lethal Daphnia magna

MoOZ 40. injurous sugar beets
Mo 5.0 (forage) molvbdenosis - eattle
(scour)
Mo Cu/Mo < 2 molybdenosis cattle
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1II. SAMPLING AND EXPERIMENTAL CONSTIDERATIONS

A, Sampling Schedule

Shown in Figure 1 is the area on the Red River that was
studied. Water samples were collected from two positions
along the river: location A is one-half mile upstream from
the MCA mill, location B is located one-half mile downstream
from the MCA tailings pond discharge point and immediately
unstream from the Red River Fish Hatchery.

At 8:00 A.M. on June 4, 1974, sampling commenced at sample
site A, TFive samples were collected at evenly spaced locations
laterally across the stream. Five samples were coilected at
these locations within a ten minute interval every three hours
for twenty-four hours. The same sampling schedule was utilized

at sample site B commencing at 8:00 A.14. on June 6, 1974.

B, Sampnling Procedure

Each sample was collected in a cne liter polyethylene .
bottle. Previously the ﬂottles had been rinsed with dilute
nitric acid followed by three rinsings with distilled and .
deionized water. This washing procedure-was repeated three
 times for each bottle. Prior to sample collection, the bottle
was rinsed several times with stream %ater. Samples were then
collected by submerging the bottle to approximately half of
the stream depth and allowing the water to f£ill the bottle.

‘Imediately after sample collection, an aliquot of the

gsample was removed to determine the bicarbonate concentration
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by acid titration, using a field test kit, The remainder of
the sample was then placed in a PVC and lucite positive pressure
filtration apnaratus, which utilizes a 9.45 micron filter to
remove all suspended matter from the sample. After placing
the sample in the filtfﬁtion appartus, the sample bottle was
placed beneath the device to collect the sample, Filter
residues and filters were placed in small polyethylene bags
and sealed. Tollowing filtfation, the water sammles were
acidified using three to four milliliters of concentrated
nitric acid. Sample numbers indicate location, time, and
position as follows: sample number A-11AM-3 indicates that the
sample was collected at sample site'A, during the 11 A.M.
sampling sequence, and was collected in the third or middle
stream position.

During each three hour sampling secuence, the stream
Eydrogen ioﬁ activity (ol) and electrode potential (Eh) were
measured using‘a nortable Orion »H meter. At both sampling
locations, streaﬁ width and denth profiles were recorded. At
both locations, a stream velocity meésurement was made by timing
floating objects through a measured sectioh of the stream in

order to obtain an approximation of the stream discharge rate.

C. Analvtical Technidques

The analytical techniques used for the different chemical
components that were analyzed in this study are listed in

Table 2.

As can be seen from Table 2, standard wet chemical
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Table 2

Analytical Techniques

Chemical Component

Technique

-

A

HCO4

804
Cl
Na
K
Ca
Mg
Fe
Mn
Al
Cu
Ni
Sn
Mo

8102

A.A.
A.A.
A.A.,
A.A.
A.A.
A.A.

acid titration
gravimetric

mercuric nitrate titration

"A.A. spectroscopy (flame)

A.A, spectroscony (flame)
EDTA titration
A.A. spectroscopy (flame)
sﬁectroscopy {graphite furnace)
spectroscopy (graphite furnace)
spectroscopy (graﬁhite furnace)
spectroscopy (graﬁhite furnace)
spectroscopy (graphite furnace)
spectroscopy (graphite furnace)

thiocyanate comnlexation
(colorimetric)

molybdate complexation
(colorimetric)
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techniques were used for the analysis of anionic or ligand
components, and atomic absorption spectrophotometry was
utilized for the majority of the metals., Appendices A an& B
describe the instrumental parameters utilized for the atomic
absorption spectrophotometer in determining metal concentrations
in the water samnles.

Prior to doing work on the atomic absorption spectronhotometer,
filter residues were treated By a procedure déscribed by the
Environmental Protection Agency (E.P.A., 1971), Residues
remaining after filtration through.a 0.45 micron filter are
digested in warm concentrated nitric acid, and then diluted
with distilled water to 100. milliliters. These samples were
then analyzed by atomic absorption spectrophotometry. The
E.P.A. has defined such metal concentrations as 'suspended
me§§ls" (E.P.A., op cit). The procedure does not dissolve any
of the solids, but rather dissélves adsorbed metal phases from
the surface of the solids and puts them in soluti9n. By
quantitatively diluting the acid residue solution and determining
the metal concentrations in it, the a@prppriate stream or river
concentration may be determined by knowing the original sample
- volume.

For all chemical components that were determined by
snectrophotometry or colorimetry, standards ih the apnronriate
concentration range héd to be determined, The appropriate
concéntration range of the standards fof each metal were

determined bv measuring absorbance values for various metal
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concentrations. That portion of a plot of concentration

versus absorbance yielding a straight line is the anpropriate
concentration range for the standards. Standards in such a
concentration range are said to‘be obeying the Beer-Lambert
Law (Fischer, 1968). 6nce absorbance values were determined
for the metal standards, a least squares linear regression
computer program was utilized to find the best line or equation
to describe absorbance in the concentration range of the
standards, This equation was then utilized to convert absorbance
values of the samples to concentration values. Listed in
Appendices A and B, along with the instrumental paﬁameters

for each metal, are the equations uéed to describe the standard
curves, the multinle correlation coefficient, and the standard
error of the estimate. A value of unity for the multiple
correlation coéfficien; indicates that the regressed equation
is a perfect fit for the datd used. Lower walues of the
multiple correiation coefficient indicates that there is more
scatter in the data used to make the standard curve. The
standard error of the estimate is the parameter that describes
how much error one may attribute‘to the concentration

values derived from the standard curve equation.

Because of the large number of samlples that +rere analyzed,
standards were run three to four times in the course of
analvzing all the samples for each metal. Each of these sets
of standards was used to recalibrate the absorbance curve which

was then applied to that set of standards; ie. a mnew equation
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was determined for each new set of standards and samnles.

For the samples that were run on the graphite furnace, a chart
recorder was utilized that amplifies the signal from the
photomultiplier, and records a peak that is promortional to
absorbance. It was peak heights instead of absorbance values
that were recorded for these metals in order to determine

standard curves and sample concentrations.

D. Equilibrium Model

The use of the term "equilibrium' as it is used in this
study requires certain assumptions. Equilibrium does not
imply that the aquatic system studied is static or at steady
state within a closed system. Instead, the concept of homogeneous
aqueous equilibrium as applied in this studj assumes that the
reaction rates of the aqueous species involved are sufficiently
rapid to warrant their characterization by strictly thermodynamic
equilibrium relations. Also, the quantitative characterization
of the stable aqueous species assumes equilibrium in discrete
units of time and space; ie. the eauilibrium distribution anplies
only to when and where the samples were collected. In addition,
the assumption was made that the equilibrium distribution could
be made at 25 C instead of the true temperature of the Red River,
vwhich ranged between 8 and 15 € when the samples were collected,
Without having significant effect upon the wesults of the
equilibrium distribution of the various aqueous metal species.

After determining the total analvtical concentration of
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metals and ligands, a computer program was utilized to
determine the equilibrium distribution of metals among various
aqueous species. The system essentially consists of an eleven
metal-six ligand matrix, each one added at a fixed total 1
analytical concentration, Within the eleven metal-six ligand
matrix, approximately 120 mass action eauations and seventeen
mass balance equations have to be solved simultaneously.

The unknowns in each of these equations are the activities

of free ions and aqueous species. The independent variables
consist of the total analytical concentrations of metals and
ligands, equilibrium constants describing the activity product
of free ions and aqueous snecies, the hydrogen ion activity
(pH), and electron activity (pE).

The literature describing the comnutation of chemical
equilibria is extensive. A list of references deseribing the
various techniques is provided by Morel and MMoxrgan (1972) and
Stumm and Morgan (1970).  The technique of using the so-called
equilibrium constant approach is described in great detail
by Morel and !organ (op cit); however, a description of the
methodology employed in this studv using the equilibriun
constant apnroach will be discussed.

The equilibrium constants used in this study were almost

entirely those reported by Sillen (1964), at 25 C, one-atmosphere

pressure, and zero ionic strength (and shown-in Appendix C).
Some of the aqueous species that were originallv considered

in this study had equilibrium constants reported at high ioniec
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strengths. After reviewing the literature from which Sillen
reportgd the equilibrium constants, it could not be substantiated
whether the reported values were true equilibrium constants,
representing activity products of free ions and aqueous species;
or that the values were molar ratios requiring extranolation
to zero ionic strength. The aqueous species for which this
doubt exists were not of significant concentration in the
equilibrium distribution relative to the other species that
were involved. Tor these reasons, the equilibrium distribution
among the various metal aqueous species does not include the
aqueous species that. have questionable equilibrium constants.
Some of the chemical reactions of interest in the
equilibrium model have equilibrium constants derived from free
enexgies of formation of the specieé of interest and the free
ions. For example: Feoz (aq.) has a free energy of formation
(AG%) of -128.0 kcal. (Parker, et al, 1971). VNow, writing the
reaction with tﬁe ferrous ion, water, and hydroger ion:

Felt + 20,0 T FeO, + tut .

The Gibbs free energy of reaction at 25 C may be calculated
from the free enecrgies of formation of the reactants and products

according to the following relation:
AG. = JAGg products - JAG. reactants .
Thus,

AG., = AG



15,

where: AG} + = 0.0 keal.

H
AG; = -20.3 keal,
AG} = -56.7 keal. (Parker, ét;al, op ecit).
H20
Thus,
AGL = (-128.0) + (0.0) - (-20.3) - 2(-56.7)

= 5,7 keal.

Using the free energy of reaction, the equilibrium constant,
which is defined in terms of ion activities, may be calculated

for 25 C according to the following relation:

-7

1.364

log K =

For the reaction just considered, at 25 C

~4.2

-

Figure 2 is a flow chart representation of the methodology
employéd in the computer based eaquilibrium calculations.
After reading in the total concentrations of metals and ligands,
the appropriate equilibrium constants, hydrogen ion activity
(plf), and electrode notential (Eh), which were measured in the
field; the total metal and iigand concentrations are set equal
to the concentration of the predominant species of that metal

or ligand. A first approximation of the ionic strength is then
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made according to the following equation:
- 2
1= O.SECiZi
where: * I = ionic strength

C; = true molélity of the il charged species

Z, = the charge on the s Eh charged species

After calculating the ionic strength, the individual ion
activity coefficients are calculated using the extended

Bebye~Huckel equation:

~4/T 22

log v; = ——=
Y1+ BayIT

where: 0.5085 for water at 25 C

W
i

0.3é8x108 for water at 25 C

9,
I

ion size parameter dependent upon charge and
and size of ion

Z, = charge on the S charged species

Butler (1964) lists the various ion size parameters fof free

ion and some aqueous metal species. The ion size parameters
used in this study are presented in Table 3. For those specieé
not listed by Butler, the ion size parameter was estimated on
"the basis of charge and structural similaritv to the species
for.which data are available. The error introduced by selecting
the wrong ion size parameter (for example 3x10"8 instead of
4x10f8) at the ionic strength used in this model would be

negligible.in the calculation of -activity coefficients.
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Table 3

Ton Size Parameters Used in This Study
for the Various Charged Ions and Complexes

Ion a (XlO"B) | Ion a?(xlO"g)
co3 5.0 tgOH T 4.0
'HCO3 4.0 | MgHCO 4.0
c1” 3.0 CugerT 4.0
s07 4.0 caou™ 4.0
MoOy, 5.0 | CaliCO 4.0
Ha© 4.0 MnOH 4.0
K 3.0 M (OH) 3 4.0
ca™t 6.0 ¥mJICO} 4.0
ugtt 8.0 nC1’ 4.0
Fe't 6.0 MnCl} 4.0
ret3 9.0 el 5.0
v 6.0 | moj; 5.0
3 9.0 Oy, 3.0
a3 9.0 reon™ 4.0
cu” 3.0 Fe (OH) ; 3.0
cu™ 6.0 reoH 4.0
nitt 6.0 Te (OH) 5 4.0
sut T 6.0 Fe, (OH) b 5.0
snt4 11,0 FeSO, 4.0
Hacoa 4.0 _Fe($o4)§ 3.0
XS0}, 0 recl” 4.0
HSOj 4.0 rect™ 5.0
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Ion a° (xlO“g) - Ion & (xlO_B)
FeCl’; 3.0 Snq (OH) Zz 4,0
FeCl; 4.0 Sncl™ 4.0
nion™ 4.0 SnCl; 3.0

Ni(0H)3 3.0 SnClZ 5.0
Niclt 4.0 SnCly 4.0
cuon™ 4.0 HMoO;, 3.0

Cu(OH); 4.0 MoO 3.0

Cu (0H) 3 3.0 Mot 9.0
Cucl; 4.0 FeMoOZ 3.0
cucl; 5.0 Fe(Moo4)§3 4.0
cuc1” 4.0 $10 (0H) 3 3.0
Cu01§ 3.0 SiOz(OH); &.0
CuCly, 4.0 81,0, (OH)™ 4.0

Cu201+3 4.0 NaSO;, 4.0
AloH™ 5.0 Cuo, 4.0

Al(OH); 3.0 HCuO,, /3.0

Al (OH); 3.0 FeOE 4.0

A12(0H)"2’4 5.0 HFeO; 3.0
INE) 4.0 Fe (OH) 4.0
- AL(S0,); 3.0 sn0 (on) + 3.0
snon™ 4.0 SnSOZ+ 5.0
- Sn(0H); 3.0 A10; 4.0
Sn, (0H) 32 5.0 cLo” 3.0
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For uﬁcharged speciles, the activity coefficients were
assigned values of unity. For non-symmetrical species the
activity coefficients are greater than unity at high ionic
strengths, because of dipole-dipole interaction. However,
the departure of the activity coefficients from unity for the
neutral species is not significant at low ionie strengths.
According to Garrels and Christ (L9965, ?.102):

"Information on the activity coéff1c19nts of
neutral ion pairs such as CaSO4, MgSO,, CaCO3

MgCO,, and HNaHCO, is not available. It does not
seem~likelv that~ these species will behave in
aqueous electrolyte solution in the wav that
dissolved gases do, for example, so that no analogy
readily presents itself. At present it seems best
to assume activity coefficients of unity for these
specmes

After the activities of the free ions and predominant
species are calculated, the activities of the various associated
species'are calculated using the appropriate equilibrium
constants. The activities of the free metal ions of different
oxidation states are calculated using equilibrium constants
describing the reductioﬁ of the oxidized metal ion with a
single electron to the reduced oxidation state. The electron -
activity used in the mass action equation is obtained (Sillen,
.gg cit) by dividing the electrode potential (Eh) by -0.059
(valid only for 25 C) to obtain the nepgative base ten logarithim
of the electron activity (pE), which is analogous to the
hydrogen ion or nroton activity (pH). The molalities are then
calculated by dividing the activities by the activity coefficients

of the different species. After making the initial calculation
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of the concentrations of all species, a new estimate of the
predominant species concentration is made by subtracting the
concentration of all other species of that particular metal
or ligand from the total analytical concentration of that
metal or ligand. The iéeration saqﬁence then begins again
by calculating a new ionic strength and new activity coefficients.
The equilibrium calculation. generally requires about thirty
to forty iteration cycles before the concentration of the
various species ceases to change from the previous sten, and

the true equilibrium concentrations are represented.
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Figure 2

Flow Chart of Computer Program to
Calculate Equilibrium Distributions
(Stumm and lMorgan, 1970)

( Start )
¥

Read in name of snecies, ecuilibrium
constant, ion size narameter, and charse,

yd Read in Fh and nil.

t

‘ “ead in total ligand _///i
and metal coacentratimns.

Set total concentrations equal
to the concentration of the
free ion or nredominant snecies.

1

Calculate an jonic strength. Then

caleculate activity coefficients for all snecies.

!

Calculate activities of all snecies
using free ion activities and the
annronriate equilibrium constant.

|

Calculate molalities of all snecies bv dividing
activities by the anprooriats activitv coefficient,

Y

Recalculatz the concentration of
the oredominant snecies or firee ion
by subtracting the concentration of

all less nredominant sneties from
the total ligand or metal concentration.

iias concentration
of all species
ceased to change?

NO——

Write out equilibrium
concentration of all snecies

¥
( Stop D
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III. RESULTS

The chemical analyses for samples are shown in Tables
4 and 5, wvhich list concentration averages of the five samples
that were collected every three hours at sample points A and
B respectively., The values éppearing just under the concentration
values are the values of standard deviation of the fivé sample
concentrations averaged. The wvalues shown in the average columm
are the twentyv-four hour concentration values; again, with
the standard deviation shovmn just below the concentration value.

An illustration of the differences in the twentv-four
hour concentration ave%ages between the twﬁ sample locations
is showm in Table 6. The twenty-four hour concentration
averages were used as the total analytical concentrations of
metals and ligands used in the equilibrium caleculations.

The distributed or equilibrium concentrations for metals
from sample site A are shown in Table 7. Those for sample
site B are shown in Table 8. Samples taken during the 5 P.M,
sampling-sequence, below the tailings pond, have anomalously
high Fe and Cu concentrations. A statistical t-test (Volk,
1958} was performed on this data, and indicates that the
5 P.™M. concentrations of these two metals is significantly
higher (ie. not of the sanme p0pﬁlation at the 90% confidence
level) concentration than the concentration values for these
metals obtained during the other sammling sequences at sample
site B, These high Fe and Cu concentrations were not included

in the twenty-four hour concentration values or the B-series
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distribution. Instead, the metal and ligand concentrations
for the 5 P.M. sequence, helow the tailings pond, were treated
seperately, and the equilibrium distribution for the 5 P.M.

sequence is shown in Table 9.
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Table &

Lateral Concentration Averages (vpm.) of the Five
Samples Collected Everv Three Mours for 24 Fours

At Sample Site A, and Their Standard Deviation

Showmn Just Below the Concentration Values

L=

SAM [11AM | 2PM 5P SPM 11rM ZAM_ SAM |avg.
HCO, | 67. | 73. 173. [71. |7s. 75. | 67. |66. | 71.
b, 0. | O. 4. 2. 2. ] 2. 2. 4.
80, |31. | 29.(37. [37. |37. 36. |37. [37. | 35.
2. 4, | &4, 2, 3. 2. | 1. 1. 3.
cl 1.6 | 1.7 /2.0 (2.3 |2.4 2.4 12,1 |1.9 | 2.0
1 0] .1 3. .2 A 1 .3
Na 2.8 |2.71]2.8 |2.9 |2.9 3.0 (2.9 |2.9 | 2.9
.1 2] .2 .0 .0 20 .0 .0 .1
K .33 1 .29 | .32 | .38 | .42 b | 48| 44 | U39
10 02 | .04 | .07 | .01 .02 |.04 | .02 | .07
Ca 26. | 27. {27. |28. |28. 28. |28. |28. | 27.
1. 1 1. 1. 1. 0. | 0. 0. 1.
e bt | 4445 |4.8 | 4.6 4.9 14,2 |5.0 | 4.6
.2 2 | .1 1 .9 .8 | .8 .3 .3
Fe .29 39 | .44 | .51 | .55 55 | .42 | .43 | 45
.05 02 | .08 | .04 |.05 .06 | .03 {.02 | .09
Mn .079| .087{.082 | .088 | .093 | .095|.0% | .094 | .089
008 | .011] .002 | .003 | .006 | .006|..006 | .002 | .006
Al J144 | 135,150 | 152 | L167 | .154|.167 | .141| .148
.023( .010{ .014 | .010 | .012 | .006|.007 | .004& | .010
Cu .095] .005| .005 | ,003 | .003 | .004|.003 |.002| .004
002{ .003|.002 | .000 | .001 | .002|.001 {.001| .00L
REd .008| .009| .009 | .011 | .008 { .00%2|.008 |.008| .009
00L| .002 .001 | .003 | .001 | .001|.602 {.001| .001
Sn .030| .028] .026 | .N26 | .019 | .014{.019 |.016 | .022
003 | .005| .002 | .006 | .009 | .002|.005 | .006 | .006
Mo 011 - Lt - -1 V.01 | L0121 L007
- - - - - - - | .003
Si0, | 8.7 | 7.0 {8.0 | 8.3 |8.3 7.8 17.8 |7.3 | 7.9
.5 1.5 .2 2 - - - .5

- 1Below detection

limits of 0.005 opm.
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Table 5

Lateral Concentration Averages (pmm.) of the Five

Samnles Collected Every Three Uours for 24 Hours

At Sample Site B, and Their Standard Deviation
Concentration Value

Shown Just Below the

8.’-\}‘[ 11aM 2PM 5Pv arM | 117 2AM 5AM1 |avg.
HGO4 | 93. [ 90. |92, | 91. |93, |100. | 98. |98, |98,
2. 0. 2. | "2, | 2. | 2. 2. 0. | &.
80, | 165.| 152. | 139.{ 127. | 115.]109. | 107. | 101.|127.
&, 3, 1. 2. 3. 2. 1. 1.| 23.
cL | 2.2 | 2.2 [2.5] 2.5 |2.9(3.3 | 2.8 [2.6 |2.6
.0 .0 .2 1 1| .4 102 | s
Ma |12.5|10.9|11.5| 11.7]12.0/11.0 | 10.1 9.9 [11.2
.5 A1 31 .3 4 5| .6 .8
K 13.2 | 2.8 |2.5] 3.1 |2.4]1.7 | 1.6 1.6 |2.3
‘ .1 1] .2 0| .8 .1 1] .0 .6
ca | 75. | 70. |64. | 60. |57. |54. | 57. |58. |60.
1. 1. 1. 1. 1. | 1. 1. 1. | 9.
Mg 7.8 7.7 |8.6 | 6.5 |6.716.6 | 6.3 |6.6 7.0
1.1 | .2 |1.5 .7 |10 .7 2 1.7 | .8
Fe. | .30 | .25 | .22 | 1.38| .24 | .27 .30 | .31 |.27
06 | .07 | .03 | 1.411} .03 .03 .03 | .04 |.03
Ma | .111| .085| .078] .084 | .085| .069 | .080 | .074|.083
.011| .018 | .013| .008 | .010| .006 | .005 |.007|.012
Al | .052] .062| .082] .079 | .088|.088 | .080 | .084].077
003 | .010 | .019| .010 | .01l .003 | .007 |.005(.013
Cu | .002| .002]| .005| .318 | .003|.001 | .001 |.001].002!
.001| .001 | .002| .233|.091.009 | .091 |.001|.002
Wi 029 | 024 | 024 .022 | .026 .023 | .024 | .021|.0%4
002 { 001 | .001| .002 | .004| .001 | .005 |.003|.003
Sn | .047 | .040 | .042] .033 | .034| .025 | .020 |.020].033
.006 | .003 { .010| .005 | .003|.003 | .003 |.00&|.010
Mo 155 | .164 | .130| .128 | .100|.100 | .103 |.115|.124
- - - .ot | -1 - - - |.024
si0, |8.5 |10.9 [8.7 | 11.4 {11.119.6 | 10.7 |8.7 9.9
: I 0.7 | <] - - - 1.2

ldoes not include 5P wvalue
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Table 6

Belots
HMetal Abone 111 Tailines Pond
Na 2.9 11.2
.1 .8
X .39 2.3
;07 .6
“Ca 27. 60.
1. 9,
Mg 4.6 7.0
.3 .8
Fe 45 271
.06 .03
Mn .089 .083
.Q06 012
Al 148 . 077
010 013
Cu . 004 0021
001 . 002
Ni .009 024
.001 .003
Sn .022 .033
.006 010
o .007 124
.003 D24
SJ'_O2 7.9 9.9
0.5 1.2
pl 7.62 7.92
.09 .16
Eh 405 . .385
(volts) .043 -.032
temp. 11.5 12.4
( O 3.0 3.8

ldoes not include 5 P.!1. value
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Table 7

Equilibrium Distribution of Aqueous Species
From Samples Collected At Sample Site A
All Values as negative base ten logarithims of molality

(concentration(moles/liter) = lO"table value). umbers in
the metal-ligand matrix indicate the concentration of all

metal-ligand complexes for that ligand.

Jletal _ Lizand -
- = - - - - Free
o OH CO3 ‘HCOB SOA Cl , HOO& Matral
Total | 6.38 5.50 2.93 3.44 4,23 ' 7.36
Ha|3.97 11.09 8.33 7.28 6.89 - - 3.97
% |5.00 - - - 7.62 - - 5.00
Cal3.17 | 8.63 5.79 4.97  4.65 11.67 14.24] 3.19
Mg|3.72 | 7.62 6.13 5.62 5.29 6.41 - 3.74
Fe II|5.09 | 5.09 - - 32.84 - - 31.38
Fe IIL|24.69 | 24.69 - - 37.24 40.28 - 37.36
I II[5.78 | 5.78 - 37.62 37.80 40.71 - 36.34
A1 111]5.26 | 5.26 - - 13.05 24.87 - 12.87
Cu I[14.23 | - - - - 17.27 - | 14.23
Cu I1[7.20 | 7.75 7.46 - 9.33 12.29 - 7.97
mi I1[6.81 | 5.93 - - §.90 16,55 - 7.44
Sn I1[30.02 | 30.02 - - - 41.29 - 38.42
sn 1v|6.73 | 6.73 - - 36,11 47.00 - 29.53
Si02 3.76 - - - . - - - 3.76
Tree

Licand 6.38 5.51 2.94 3,47 4.23 7.36
o LH - - 4,20  9.30 12.94 9.09
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Table

8

Equilibrium Distribution of Aqueous Svecies

From Samnles Collected At Sample Site B
All values as negative base ten logarithims of molalitv-

10-table value)

. Xumhers in

the metal-ligand matrix indicate the concentration of all

metal-ligand comnlexes for that ligand.

Hetal Linand
- i - - - _ Free
OH 803 HCO" SOA Cl HOOZ Metal
Total | 6.08  5.03  2.8L 2.88 4.13  6.23
Na 3.38 | 10.21 7.34 6.61 5.82 - - 3,38
W4.23 | - - - 6.37 - - 4.23
Cal 2.82 | 7.79 5.12 4,59 3.90 11.25 12.90| 2.87
Mg/ 3.54 | 7.19  5.62 5.39 4.70 6.21 - 3.53
Fe II{5.27 | 5.27 - - 33.79 - - 32.76
Fe 'IT1I| 25.69| 25.69 - - 38,522 41192° - 39.03
‘MA IT{5.84 | 5.84 - 38.47 38.28 41.59 - 37.25
AL III|5.54 | 5.54 - - 13.99 26.07 - 13.07
Cu I|14.52| - - - - 17.40 - 14.52
Cu II/7.50 | 8.07 7.70 -  9.48 . 12.84 - 8.55
Ni II|6.47 | 6.51 - - 8.58 16.57 - 7.55
Sn II|29.52| 29.52 - - - 41.30 - 38.47
Sn IV|6,60 6.60 - - 36.35 47.48 - 30.14
§10,(3.66 | - - - - - - 3.66
Free
Ligand 5.08 5.05 2.82 2.93 4.14 6.24
| - - 4.93 9,11 13.16 8.30

LH




From Samples Collected At 5 P.M. At Sample Site B
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Takle

9

Equilibrium Distribution of Aqusous Species

All values as negative base ten’ logarithims of molality
O-table value)

(concentration(moles/liter) = 1

. FMumbers in

the metal-ligand matrix indicate the concentration of all

metal-ligand complexes for that ligand.

“etal Ligand
- = - = - _ Free
oM™ CO HCO; SO  CLT 100} | 'fetal
Total| 5.92  4.89 2.81  2.88 4.15° 6.10
Na|3.36 | 10.04 7.17 6.60 5.80 - - | 3.36
"ogle23 | - - - 6.37 - - 4.23
Ca|2.82 | 7.63 4.97 4.60 3.90 11.28 12.77| 2.87
Mg|3.57 | 7.07 5.51 5.44 4.74 6.26 - | 3.62
Te II|4.61 | 4.61 - - 3377 - - | 32.74
Fe II1[25.36| 25.36 - - 38.51 41.93 - | 39.03
v TI|5.78 | 5.78 - 38.91 38.71 42.03 - | 37.68
AL TII|5.48 | 5.48 - - 14.55 '26.69 - | 14.26
Cu1|12.44| - - - - 15.35 - | 12.44
Cu TI[5.30 |5.85 .5.49 - 7.42  10.79 - 6.49
Ni IT|6.47 | 6.49 - - 8.88 16.84 - 7.85
Sn II|29.65| 29.65 - -~ - 4176 - | 38.91
Sn 1V|6.60 | 6.60 - - 36.82 48.02 - | 30.62
510,(3.67 | - - - - - | 3.7
Tree ]
Ligand 5.92  4.91 2.83 2.93 4.15  6.10
L - - 4.57 9.26 13.34 8.33
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IV, DISCUSSION

A, Analvtical Work

Because the study was conducted in the viecinity of a
molybdenum mine, the molvbdenum‘concentratidns in the Red River
were of great interest. As noted on Table 2, molybdenum was
not determined by atomié absorntion Spectroscopy; Analytical
techniques for determining molybdenum by A.A. methods jndicate
that molybdenum is subject to chemical and ionization interferences
by a variety of other metals (Ramalrishna, 1969). TFurthermore,
the detection of molybdenum utilizing the graphite furnace is
hampered by the fact that molybdenum forms refractorv carbides
in the gravhite tube, with the result that concentrations are
not ?eproducible (*leglin, 1973). TFor these reasons, a
colorimetric procedure was utilized for the determination of
. molybdenum that, while slower and more tédious than A;A.
techniques, gave reproducible results with good sensitivity.

Originally, it was intended to determine zinc concentrations
in the samples; ﬂowever, two problems were encounter=ad. First,
the detection limit for zinc by convential flame spectroscopy
is anwproximately 0.1 vopm., and all samnles contained zinc
concentrations at aﬁpreciably lower concentrations, which
necessitated determination in the graphite furnace. A second
problen was encountered when trving to premare a standard
curve for zinc in the graphite'furnace. Because of the extreme
sensitivity of zinc in the graphite furnace, standards had to

be prepared in the concentration range below parts per billion.
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The doubly distilled and deionized water that was used for

\
standard preparation had zinc concentrations that were higher
than those required for the standards. TFor these reasons, the

determination of zinc was abandoned for this study.

B. Analvsis of Error

As can be seen from Tables. 4 and 5, the majority of
chemical components showed very little deviation at intermediate
times over the twentv-four hour period from the twenﬁy—four
hour concentration averages. For the metals determined
spectrophotometrically, a comparison of the standard deviation
of the five samnle concentrations that were averaged to the
standard error of the estimate reveals that either there is
significant variation'among the five samnles, or that the variation
is due only to experimental error. For those standard deviation
ﬁaiues which are greater than the standard error of the estimate,
some variance other than experimental is responsible for the
within-sample variance. -Examining the réported standard
deviations in Tables 4 and 5, one may determine whether or not
there is significant variation of the eight individual concentrations
of an element from the renorted twentv-four hour concentration
average. £ the standard deviation of the twentv-four hour
concentration average is less than or egual to the standard
deviations of the eight wvalues of standard deviation shoim to
the left, then there is no‘significant'difference hetween the

twenty-four hour concentration average and the concentration

values showm to the left. TFor example, from Annmendix B, the
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standard error of the estimate for nickel analyses for the
sample numbers A-8AM through A-5PM is i2.7x10-3 ppm. The
standard deviation for the eight-three hour concentation
averages are all less than or equal to the standard error of
-the estimate. Therefofe, there is no significant wvariation
within the five sample concentrations that were averaged to-
obtain the three hour average, (i.e. there is more variance in
analyses than can be attributed to natural variance Within the
five sample concentrations). MNow, commaring the standard
deviation of the twenty-four hour concentration average to the
standard deviations of the eight-three hour concentration

.averages, it can be seen that the deviation from the twenty-four

hour average is less than or equal to the standard deviations of
the three hour averages. Therefore, there is no significant
difference between thé'twenty-four hour concentration average
fovthe three hour averages sﬁown to the left, (i.e. the within~
sample variance ig just as significant as the among-sample |
variance).

C. Anomalous Te and Cu Concentrations

The samples that were collected below the tailings nond
during the 5 P.M. sampling sequence show anomalously high
concentrations of Fe and Cu. Both of these metals show similar
lateral concentration profiles within the stream, as can be
seen in Figure 3., Uhen these anomalously high concentrations
were first noted it was thought that some type of overflow or

discharge had occurred in the tailings pond upstream, which
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Figure 3.

Lateral Concentration Profile for
Fe, Cu, and Mo During the B-5P¥ Sampling Sequence
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may possibly be indicated by anomalously high Mo concentrations
in the same sample sequence. However, as can be seen from

Figure 3, there is no concomltant increase in Mo concentratlons
in the same sequence, and the data is insufficient to speculate

on the source of the anomalously high Te and Cu concentrations.

D, Trace Metal Concentrations

As can be seen from Table 6, the concentrations of Na,
K, Ca, Mg, Sn and o were significantly higher at the sarple
location below the tailings nond than the location upstrean.
The increased levels of Ma, K and Ca may possibly be
attributed to the milling operations of ‘olybdenum
Corporation of America, hecause use of lime (Fuersteneau,
1962) and I‘Tckes'I reagent (Sutulov, 1974) in the floatation of
molybdenum ore is commonly practiced. The increased pH levals
redulting from the addition of lime may also be responsible
for the decreased conceﬁtrations of Fe and Al at the sampling
location below the téiliﬁgs pond as a result of the precipitation
of Te and Al hvdroxides. Dilution hy tributary or groundwater
discharge may also be responsible for the decreased levels of

Fe and Al.
Other vossibilities for the 1ncreased concentrations of

the above mentioned metals mav be one or. a combination of the

following: (1) weathering of minerals associated with the

'Reagent obtained by the reaction of notassium pentasulfide
with sodiun :drOhlde, and used for the denression of copper
and iron sulfides in molvbdenite floatation.
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geology of the Red River drainage area, (2) leaching of waste
naterials associated with the mining activities in the Red
River drainage area, (3) discharge from MCA's tailings pond,
and (4) discharge from domestic activities activities in the

1

Red River drainage area.

E., Other Vork in the Red River Area

The metals investicated and analvsed in this study were
selected on the basis of a report compiled by the Environmental
Protection Agency (¥err, 1971). 1In this particular report,
the analyses of metal concentrations in the water being discharged
by the MCA tailings pond for wvarious metals are listed. The
metals Fe, ™, Sn, Ni, Mo, and Cu were highest in concentration
in the decant water, according to the above.mentioned report.

This same report also lists the results of analyses for
cl, 804} Ca, and g in wvarious locations on the Red River.
Showvn in Figure &4 are the comnarisons of the twenty-four hour
concentratién averages and standard deviations found in this
study to the results of the E.P.A.'s analyses for the above
nentioned components in the two locations that were closest to
samnle sites A and B, The results of the E.P.A.'s analyvses
show good agreemént with the resulté of this study. The
concentration of Ca and 50, below the Eailings pond is
significantly higher than the Ca and!S0j; concentrations
reported by the E.P.A. This may be the result of the fact
that the E.P.A. sampling station number 3 is located unstream

from the point where the MCA tailings pond discharges into
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Figure ¢4,

Comnarison of Concentrations Reported bv Environmental
Protection Agency to Those Values Determined in this Study

(Kerr, 1971)

Chemical Sample | Station 7 |{|Sample | Station 3
component site A (E.P.A.) site B (E.P.AL)
cl 2.0? 0.42 2.6 1.5

0.3 0.5 0.4 2.0

50, 35. 41, 127. 69.

3. 3. 23, 9.

Ca 27. 34. 690, 36.

1, 1. 9. 2.

Mg 4.6 5.1 7.0 7.1

.3 .9 .8 1.4

lall concentrations reported as ppm. .

?E.P.A. concentrations are six day averases

of samples collected 11/70

-
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the Red River, or because of different sampling times of this

studv and the L.P.A.'s study.

¥. Eguilibrium Distribution

The distributed snecies concentrations for sample site
A are shovm in Table 7, for sample site B in Table 8, and for
the B-5PM sequence in Table 9. Because the molalities are
expressed as negative base ten logarithims, the smallest or
least negative value represents the predominant species of a
particular metal or ligand.

A1l three distributions (A-series, B-series and B-5TI]

sequence) have the same predominant species, differing only
in the concentration of the predominant svecies. The
classification éf:predomihanp speciés“falls‘intgﬁgategories
for the metals. For the major cations, Na, K, Ca and g the
free ion is the predominant form. TFor the metals Fe, Mn, Cu,
Mi, Sn and Al the hydroxide compmlex is the predominant species.
There i1s no distinction ﬁade in Tables 7, 8 and 9 as to how
many OH radicals are preseat on the predominant species, only
that the hydroxide form is stable.

For the ligand components CO4, HCOg, S04, Cl and o0,

the uncomplexed ion is the predominant form. Vith the exception
of the carbonate ion, all protonated ligand components are of

lower concentration than the unprotonated forms.

G. Cormarison of Eauilibrium Concentrations to Toxicitwy Data

As mentioned above, Table 1 is a compilation of toxic
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" limits for a variety of metal commounds, It is difficult to
speculate on the stable metal species of the various metals
used in the toxicity tests without more specific information
on the chemical characteristics (pH, alkalinity ete.) of the
water used in the toxicitv tests. However, Figure 2 does
serve as a good index of the toxie limits of the various
metals studied in this thesis work.

A cémparison of Tables 7, 8 and 9 to Table 1 indicates
that the concentration of étable metal species at the two
saroling points do not exceed the toxic limits for these
metals. At sample site B, however, the concentration of

calcium does exceed the recommended limit for domestic use.
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V. CONCLUSIOHNS

A. Trace MMetal Concentrations

The increased concentrations of Na, K and Ca in the
samples collected dovmstream from the point where Molybdenum
Corporation of America discharges water from their tailings
vond, compared to sammles collected upstream from their mill,
may be the result of the addition of llokes reagent and lime for
the floatation of molybdenum ore. The addition of lime to the
process or waste waters may cause precipitation of the metals
Fe and Al as insoluble hydroxides, This may account for the
fact that Fe and Al concentrations were lower at the sampling
location below the tailings pond, compared to the sampling
location unstream.

The metals g, Sn, Ni and o showed higher concentrations
in samples collected below the tailings pond, compared to those
collected upstream. The increésed coricentrations may be the
result of one or a combination of the following: (1) weathering
of minerals associated with the natural geology of the Red River
drainage area, (2) leaching of waste materials and tailings
associated with the mining activity in the Red Niver drainage
area, (3) discharge from ¥MCA's tailings pond and (4) discharge
associated with domestic activities in the Red River drainage

area.

B, Eaquilibrium Concentration of Aqueous lletal Snecies

Although there were higher total concentrations of some
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metal and ligand components in samples collected dovnstream
from the tailings nond, compared with qoncehtrations in samples
collected upstream, at both locations the nredominant acqueous
metalsﬁecies were the same. for the metals Ma, K, Ca and Mg
the unassociated free ion is the predominant aqueous species.
For the metals Fe, Mn, Al, Cu, Ni and Sn .the hydroxide aqueous
species is the pnredominant form. With the exception of the
carbonate. ion, for all ligand components the unprotonated ion
is the predominant form,

Calcium was the only cation that had significant sulfate
complexing. Divalent metal-sulfate ion pairs have approximately
the same equilibrium constants; therefore, had other divalent
metal cations been on the order of the concentration of calcium
their eouilibrium concentrations of sulfate-metal lon pairs
woﬁld have heen higher.
| Because of the somewhat alkaline conditions of the Red
River, the hydroxide forms of Fe, "m, Al, Cu, Ni and Sn were
the predominant aqueous species for those metals, Had lower
pE wvalues been encountered; the metal hydroxides would have
been of lower concentration with consequent increases in free
ion concentration.

Although the concentration of calcium exceeds the
pronosed limit of concentration for domestic use at the sample
location below the tailings nond, it does not exceed toxic
levels. The concentration of the other predominant aqueous

metal species Ma©, ®', gt FG(OH)i—XT Al(OH)i-X, ﬁn(OH)imx.

. 2-x% : b-x . .
2 ’) - T =] - » -~
Cu (O1) x NLi(OH) " and Sn(OH) 7, vhere x is an integer > 0
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do not exceed the toxic levels for these metals in samples

collected in this study.

C. Sammling Considerations

Noting the concentration fluctuations at both sampling
locations, it is apnarent that there is more significant variation
in concentration levels between sampling locations than there
is at one location over a twenty-four hour interval. Although
this conclusion may. be disputed hecause of the anomalous Fe and
Al concentrations found in some samples collected below the =
tailings pond, it would be advantageous, while planning a
sampling program, to collect fewer samples at a single location
and collect more samples along the 1ength.of a stream or river
to be sampled. This fact becomes.apparent when one considers
the fact that locating contaminant sources and sinks would be
easier if,samples were collected over the entire reach of a .
stream over a shorter time interval, rather than collecting
samples at two wildely -senerated locations. This conclusion
is contingent upon the fact that it be shown that there is
insignificant variation in concentration at a single locatiom
over the entire sampling time interval. This may be accomplished
by continuously sampling one location, while having samples
collected elsewhere on the stream at the same time. It is
possible that concentrations could vary significantly at a
single location, as it did in this study, because of such
things as storm runoff and/or sudden or accidental discharges

-

from point sources on the river or stream.



42.

D. Utilitv of This Study

As mentioned previously, the extremely wvaried feports
concerning the toxicities of various metals to aquatic,
livestock, and human populations make it difficult to establish
realistic or justifiable water quality standards in terms of
trace metal concentrations, However, if more effort is made by
toxicologists to define the specific chemical parameters
(hydrogen ion activity, electron activity, and total cationic
and anionic conceﬁtrationsj under which the'toxicity tests are
conducted, then it might be possible to describe accurately
and quickly the stable aqﬁeous,metal that is causing the apparent
toxic effect.

In addition to the above mentioned application,
environmentalists, State and Federal agenciés, and concerned

T

individuals and cormmunities which are responsible for establisning
environmental impact statements or baseline studies on aquatic
svsterns will find the descrintion of stable agueous metal

specles advantageous. Once the existing or baseline conditions
are estéhlished, in termns of stable aqueous metal species, one

mav predict accuratelv vwhat effect new or added sources of

chemical inputs will have on the aquatic system being studied.
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APPENDIX A
Instrumental Parameters for Atomic Absorntion
Spectronhotometer (Flame) and
Standard Curve Equations
Element: Na
Wavelength: 589. nm.
S1lit band width: 1.4 nn.

Flame: air-acetvlene (oxidizing)

Standard Curve r? 53 Sample numbers
g = 9.56x - 0.29' | 0.988 |0.175 | A-8AM - A-2P
vy = 9.,59x - 0.32 0.988 | 0.126 A-5PM -~ A-11PM
= 9.35x - 0.33 0.991 | 0.111 | A-2AY - A-5AM
v = 8,56x - 0.45 0.988 | 0.177 B-8AM ~ B-2PM
C¥y = 9.74x ~ 0.49 0.993 [ 0.135 | B-5P7i1 - D-11PM
y = 8.89% - 0,52 0.988 | 0.177 | B-241 - B-5AH
- Element: K
Wavelength: 766.5 nn.
S1lit band width: 2.0 nm.
Flame: éir—acetylene (oxidizing)
Standard Curve L3 s Satmle numbers
v = 25.59x - 0.27 0.995 |0.166 A-BAM ~ A-2P1
v = 24,40 - 0.24 0.995 10.173 A-5P - A-11PH

Yhere: v = concentration in ppm. and x = absorbance
*multiple correlation coefficient

3standard error of the estimate
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v = 24 . 47x - 0,28 0.994 | 0.195 A-2A¥ - B-8AM
= 25.19% - 0.47 | 0.996 | 0.161 | B-11AM - B-2PM
y = 26.68x ~ 0.36 0.995 0.180 B-5PM - B-5AM
Element: g
Wavelength: 285.2 nm,
Slit band widtﬁ: 0.7 nm.
Flame: air-acetylene (oxidizing)
Standard Curve r s Sample numbers
v = 4.87x - 0.07 Q.999 0.039 A-8AM - A-2PM
y = 5.68x - 0.13 0.998 0.076 A-5PM - A-11PM
y = 5,16x - 0.12 0.999 0.059 A~2AM - B-8AM
y = 5.62x - 0.20 0.999 | 0.059 | B-11AM - B-5PM
v =7.9%x% - 0.17 0,996 0.098 B-8PM - B-5AM
curves.for residue samples not.included)

. (standard

Flement: Fe (residue samples)

Wavelength: 248.3 nm,

Slit band width:

0.2 nm.

Flame: air acetvlene (oxidizing)

Standard Curve r S. Samﬁle numbers
vy = 72.1x - 1.2\ 0.996 0.60 A-8AM - A-11PM
y = 61.8x - 1.2 0.998 . | 0.36 A~2AM - B-5PM
y = 63.6% ~ 0.7 0.998 | 0.42 | B-8PM - B-5AM

39.




47.

APPENDIX B
Instrumental Parameters for Atomic Absorption'
Spectrophotometer (Franhite Furnace)
and Standard Curve Lquations
Element: ¥Fe (filtered samples)
Wavelength: 248.3 nmn.
Sl%; band width: 0.2 nm.

Atomizing temp.: 2500 C

Standard Curve! r? g3 Sarmle numbers

= 7.3x107%z - 3.1x1073 | 0.998 ] 7.8x10"

R
|

A-8AM - A-11PM
Y = 7.4x107%% -11.3x1073 | 0.993 | 1.5x10"3 | a-2411 - B-5P1

Y = 6.7x107%% - 1.6x1073 | 0.986| 1,8x1073 | B-8P - B-5AI

Element: Mn (filtered samples)

Wavelength: 279.5 nm.

8lit baﬁd width: 0.2 nmn.

Atomi;ing temn.: 2400 C

Standard Curve r S Samnle numbers

Y= 1.2x107% - 5.2x107% | 0.998 | 2.4x107% | A-gmM - A-5PH
¥ = 1.2x107% - 4.2x107% | 0.998 | 2.5%107% | A-gP - A-5AM
¥ = 1.3x107%¢ - 4.2x107% | 0.997 | 2.9x107% | B-8aM - B-8P:
Y =1.2x10"% - 5.8x107%| 0.097 3.1x107% | B-11P1 - B-5AY

(residue samples not included)
'Where: ¥ = concentration in mom. and X = peak height
*multiple correlation coefficient

3standard error of the estimate
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Element: Al (filtered samples)
Wavelength: 309.2 nm.
Siit band width: 0.7 nm,

Atomizing temp.: 2600°C -

Standard Curve r s Sample numbers
Y = 3.5%1073% - 1.7x1073|0.995|3.8x1073 A-8AM - A-11PM
Y = 3.3x1077% - 2.5x1073|0.998|4.3x1073 A-2AM -B-5P1f
Y = 3.0x1073% - 3.1x1073|0.999|3.4x1073 B-8PM - B-5AM

(residue samples not included)

Element: Cu
Wavelength: 324.7 nm,
S1lit band width: 0.7 nm.

Atomizing temp.: 2500°C

Standard Curve r s " Sample numbers
Y = 3.3x107%% - 7.7x107%|0.969(9.0x10™% A-8AM - A-5PM
Y = 3.3x107%% - 7.0x10"%|0.974|8.2x10"% A-8PM - B-11AY
Y = 2.9x107%x - 3.2x10"%]0.952|1.1x1073 B-2PM - B-5AM

(no Cu detected on résidue samples)
Element: Ni (filtered samples)
Wavelength: 232.0 nm.

.81it band width;: 0.2 nm.

Atomizing temp.: 2500 C
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Standard Curve r s Sample numbers
Y = 9,1x107%x + 6.3x107%|0.998{2.7x10"3 A-8AM - A-5PM
Y = 1,0x1073% - 1.2x10730.997{3.1x1073 A-8PM - A-5AM
Y = 9.0x107%x + 3.1x1073]0.994|4.5x1073 B-8AM - B-5PM
Y = 9.4x107%% + 8.0x107%0.999|1.6x10"3 B-8P' - B-5AM
(residue samples not included) -
Element: Sn
Wavelepgth: 286.3 nm.
Slit band width: 0.2 nm.
Atomizing temp.: 2500°C
Standard Curve r s Samnle numbers
Y = 2.2x1073% + 3.7x1073]0.999|1.0x1073 A-8AM - A-5PM
Y = 3.021073% - 1.2x10"%]0.999|2.0x1073 A-8PM - A-5AM
Y = 2.4x1073% - 7.6x107%]0.998[2.2x10"3 B-8AM - B-5PM
Y = 2.4x1073% - 7.9x107%{0.999|1.6x1073 B-8PM - B-5AM

(no Sn detected in residue samples)
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APPENDIX C

Chemical Reactions and Theirx

Log K@ 25 C

(from Sillen, except where noted)

Reaction
H + 0H” ¥ B0
K"+ coy % nHCOZ
HY + HCO; ¥ H,00,
Na© + OH™ % NaoH
Na© + HCO] ¥ WaHCO,
Nat + €07 % NaCo3
Na© + 507 ¥ Wasoj
K"+ 50; ¥ ®sO}
5o+ so; ¥ mso;
26" + 807 T K80,
vt 4 H,0 % MgOH' 4+ H'
Mg T+ HCO; ¥ %-1g}100§
Mg+ 007 T ugco, |
Mgt + 50, T sgso,
et 4 et 2 mgert
catt + H 0 2 caow’ + "
ca*™ + HCO] ¥ CamCO,
ca’t + CO3 % CaCo,
Ca't + 50, % GCaso,
Ca’ + M0y % Ca¥oO,
o™+ 1,0 T tmont + HY

b

Log K @ 25 C

14.0
10.3
6.4
-0.7
-0.3
1.3
0.7
1.0
1.9
-8.3
-11.4
1.2
3.4
2.2
1.7
~12.7
1.3
3.2
2.3
~3.4
-10.6
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" Fe
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Reaction

' 4 3M,0 T im(om); + 3E
'+ HCO] T MmHCOG
't + 507 T MmSO,
Mottt + 617 2 mmctt
Mo+ 3617 T mclj
T 4 em 2ot
Mt 4+ 017 T el
M+ 4H,0 T N0 + 8H' + 4e”
M+ 4E,0 T Wm0, +8HT + Se”
ret + 1,0 2 Teorwt + wh
Fe' + 2H,0 T Fe(0H), + 2H'
Fe' * 3H0 T TFe(omyj + 3H'
Fe't + 4H0 T Fe(OH)] + 4HT

4507 2 Teso,
Fe't 4+ 20,0 T re0, + 4HT
re't + om0 2 HFeO) + 3H"
?e+++ +e” T Fett

A+

Fe + H?O 2z

}

Te + 2H20 z
2

I

+ 31
e

Fe 0

_ 2
2F
FeltH 4+ soz 4

LA 2502 b

lderived from free energy of formation (Parker, et al, 19871)

reo™ + wh
Feom)™ + am"

Fe(OH) 5 + 3gT

+ 20,0 2 Fez(OH)Z4 + out

+
FeSOA
Fe(804)2

Log XK@ 25 C

7.8
1.8
2.3
0.0
-0.4
25,2
0.5
~117.3
~127.0
-8.3
-18.8

1
~31.§

1
-38.0
2.3

1
)

) 1
-31.8
13.0
-2.2
-20.9
-9.9
-2.9
4.9
5.3
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Peaction Log K@ 25 C

re™t 41 T recttt / 1.5
Fe' " + 2017 % TeCly 2.2
Fe''" 43017 % FeCl, 1.2
Fe™ " + 4017 T FeCl] ~0.7
Fe Tt 4 4c1T o+ BT 2 HFeCl, -2.7
w40 T oneont + H -10.6
nr™ 4 2,0 2 wi(om), + 2n” -14.6
BT 4 3,0 ¢ wiom)g + 3 -32.8
RiC 4+ s0; % iS50, 2.3
ittt + e 2 owicr? 0.4
cutt +e” T gut 0.7

im0 2 cuort + w* 7.3
cu™ + 2m,0 T cutomy, + 26" ~13.3
cut™ + 3,0 T Cu(oH)j + 3gt -26.8
cu™ + 41,0 T cu(omyy + 4HT -39.8
cu'™ + 210 T cuoj + 4uT -39.51
cu™ + 21,0 T mcwo) + 3u -26.41
cu'™ + co3 ¥ cuco, 6.3
cu™ + 507 2 cuso, 2.4
cut 4+t 2 cuca” 0.05
cu'™ + 2017 * cucl, -0.5
cu™ + 3017 % cucl; -1.9
cutt 4+ 4017 2 Cuclz 4,2
2cu’t + ¢c1” T cu,c2ttt 0.5
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Reaction
+ - - -
Cu -+ 2¢€1 Z CuCl2
cut + 3¢1” 2 CuCl?
At ey o oatorth e gt

+ 20,0 2 Al(OP)z 95T
+ 4H,0 T AL(OM); + Aie
AL 4+ 2H,0 T ALO; + st

2207 4 om0 2 Alz(or)“”* + out
a7 4 507 = also)

a1 4 2507 2 AL(S0,);
2817+ 350; T AL,(50,),

csnT 4 H,0 % snoa™ + g

sn’t + 2,0 2 Sn(OH), + 2T

sn™ 4+ SH,0 % Sn(OH); + 3T

2507 + 2H,0 T on2 @+ 4n’
sn’t + c1” 2z snc1”

sa'" + 2017 ¥ sacl,

sn'" + 317 T sncl;

sn'" 4 4617 T snClj

snt4 4 26”2 sntt

Csat* s 28,0 = sno(om)™ + 31"

sat® 4 sc1” 2 SnCly

snt¥ + 507 T sago}’

gt o+ Mo0; ¥ Hio0)

+ =+ .
4 HAn
2" + Mo0, ¥ H,Mo0,

Log K@ 25 C

5.5
4.2
-4.8
-8.6
-27.7
-23.2
-7.5
3.2
5.1

2.0
1.5
5.2
0.4
0.8
-2.6
6.0
2.2



Reaction

4t + 100 + &7 ¥ 100% + 2H,0
-5
-+

LT+ 00, + CL7 + e~
S1(0H) ,
SL(0H),

510 (0H) 5 + rh

44

510, (OH) 5 + ou™

481(0H), ¥ 51,0,(0M), + 2 4 41,0

201" % Cl, + 2e”
+

1™ + 1,0 * 1C10 + H' + 2e”
CL™ + H,0 2 Clo” + 2HT + 2e”
wt o+ c1” T omel

tio0CL + ZHZO

Log K @ ZSMC

2.9
0.4
9.7

-22.0
-12.6
4l 8
-49.3
-57.6
-1.05
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