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Two studies were conducted involving rare earth elements. In the
first study, the use of rare earth diethylenetriaminepentaacetic acid
(DTPA) complexes as stable actiable tracers, a method of stable-isotope
tracing with post-sampling neutron activation analysis, was explored.
The persistence of rare earth DTPA complexes in estuarine waters was
measured in simulated laboratory studies and in two field studies con-
ducted in the South Shore Marina in Newport, Oregon. The ability to use
more than one rare earth DTPA tracer simultaneously in a multitracing
experiment was also tested in one field experiment.

In the second study, theoretical calculations, laboratory experi-
ments, and field experiments were used to study the solubility of the
rare earth elements in river water. The field experiments consisted of
measuring the soluble rare earth elemental concentrations for seven
Pacific Northwest rivers (Columbia, Fraser, Klamath, Mary's, Rougue,

Sacramento, and w111amette).using radiochemical neutron activation



analyses. The laboratory experiments consisted of measuring the soluble
rare earth elemental concentrations in a mixture (sediments and water)
from the Columbia or Willamette River as the pH was changed from 6 to

8. Also, the absorption of Tm on Willamette River sediments was studied.
The theoretical calculations of the solubility of the lanthanum and
europium in river water were based upon the solubility of the rare earth
phosphate and the speciation of the rare earth elements in rivers.
Results of these calculations, using measured field data, were compared
to the measured lanthanum and europium concentrations in the river Aare.
The results of these studies are consistent with the interpretation that
the soluble rare earth elemental concentrations in river water are con-
trolled by the solubility of the rare earth phosphate and the speciation
of the rare earth elements with most of the soluble rare earth elements

associated with humic substances.
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Two Studies Concerning Rare Earth Elements I. Rare Earth DTPA
Complexes as Estuarine Hydrological Tracer II. Rare Earth Ele-
mental Concentrations In Some Pacific Northwest Rivers

Rare Earth DTPA Complexes As Estuarine Hydrological Tracers

I. Introduction

The pollution of estuaries is of increasing concern to those
involved in public health, water pollution control, and water con-
servation. Most major estuaries in the United States are Tocated
near metropolitan areas and receive waste discharges from munici-
palities, industries, and individuals. Activities of man that
alter the hydrologic regimen, such as reduction or regulation of
fresh water outflow and extensive paving and storm water collect-
ion systems, also influence estuarine water quality.

The development of an optimum water pollution control plan
for an estuary must be based on hydraulic, sanitary engineering,
and engineering economic factors as well as aesthetic value
judgments. Quantitative or semi-quantitative values often are
obtained for the first three parameters while the last parameter
is a social decision that is best arrived at by the political
process.

The amount of dilution in an estuary must be estimated to

assess the polluting effects of waste discharges. For existing



estuarine hydrological conditions and waste discharge, the dilut-
ing effect of estuarine waters can be estimated by analyzing the
estuarine water using a desirable detection characteristic of the
waste and comparing this estuarine concentration to the fnitia]
waste concentration. Tracers detectable at much lower concentra-
tions than the waste can be added to the discharge if a lower
detection limit is needed. Dilution estimates for existing or
potential hydrological conditions can be made with numerical or
physical models, although verification of model accuracy may re-
quire field tracer studies. It may be necessary to use tracers
to estimate waste dilutions in several million acre feet of
estuarine water and, fn such large bodies, tracer costs and quan-
tities become significant.

This’research was concerned with the development of stable
activable tracers for the estuarine environment. A stable, activ-
able tracer is defined as an element whose concentration is
measured by neutron activation analysis, and whose chemical/physi-
cal form is such that all the basic criteria for a tracer are
satisfied. For a hydrological tracer (a tracer which mimics the
flow and dispersion of water), the basic criteria for an "ideal"
hydrological tracer are:

1. The tracer should possess a low limit of detection (the
smallest concentration or mass which can be detected with a speci-
fied degree of confidence) by the particular mode of ana]ysis.]’2

2. The tracer should possess a high sensitivity (the change



in output per change in input) by the particular model of analy-
s1's.]’2

3. The tracer should be reasonable in cost in terms of both
analysis time and materials.

4. The tracer should have a Tow natural concentration. in the
water mass into which it will be introduced.

5. The tracer should not be hazardous at the concentrations
or total amount necessary for its use.

6. The tracer should remain in solution, resisting precipi-
tation, adsorption, absorption, etc.

Numerous types of tracers are available and employed in
various hydrologic studies, but generally the "classical" tracers
fall into three main categories 1) chemical tracers, for example,
NaC1, KHSO4, K2C03, etc., 2) radioactive tracers, for example,
86Rp, 3H, 32p, 1317 82y etc., 3) dyes, for example, fluorescein,
rhodamine B, rhodamine WT, etc.

Chemical tracers3’4 have been used successfully on several
occasions but usually such tracers have to be added in high con-
centrations in order to remain detectable after subsequent dilu-
tion. When tracers of such high concentrations are used, the
density of the tagged materials will exceed that of the natural
water and they are no longer hydrologically equivalent.

Radioactive nuc]ides3’4’5’6’7’8’9

have been commonly used as
tracers in studying various hydrologic phenomena. Unfortunately,

there are situations where the use of radioisotopes is inadvisable



because of safety or public health considerations. The use of
long-lived radio-nuclides is usually avoided because their long
residence time could cause a long term health hazard. If short-
lived nuclides are used, then a rigid time table must be followed.
The use of radioactive tracers in many environments is becoming
politically infeasible. Typical lead times to do radioactive
experiments in open rivers, lakes, estuaries, etc. are fast be-
coming a year or more due to regulatory problems.

10,11,12 such as rhodamine WT,

Numerous fluorescent dyes,
rhodamine B, fluorescein, etc., are frequently encountered in water
resources research. However, there are several factors which
affect their usefulness. Some of these factors are temperature,
pH, salinity, suspended sediment, background fluorescence, photo-
chemical decay, chemical decay, and biodegradation. Also, when
one uses fluorescent dyes one will have an aesthetical problem in
that the dye will color the tagged water which will cause sohe
type of public outcry. 1In this researcher's work with rhodamine
WT and B, some of the comments heard when receiving permission to
do the field experiment in the South Shore Marina were: "the dye
will color the boats red," "the dye will color the piers red," and
"thé dye will color the fish red" and when the field experiment

was in progress, some of the remarks that were heard were "red
tide is in" and "someone has killed a whale." In general, the
aforementioned comments are a fairly typical community reaction

to a large fluorescent tracer experiment.



In brief, the aforementioned classical tracers all have some
problems connected with their use and because of these problems
and a real need for a good hydrological tracer, a different type
of hydrological tracer, a stable activable tracer, was studied.
Along with the criteria for a good hydrological tracer, the stable
activable tracer nuclide should possess the following nuclear
properties:

1. A high thermal neutron capture cross section for the
nuclide used.

2. The radioactive nuclide produced by the (n,y) reaction
involving the tracer nucleus should have a suitable half-life
(i.e., the half-Tife should be long enough so that the activity
of the radioactive nuclide can be measured).

3. The activation product should emit an easily measurable
gamma ray.

Stable activable tracers have been used for a variety of

13

tracer work. Gatz et al. “iused indium as a particulate

14

atmospheric tracer in Oklahoma. Shum ° used dyprosium,

saéarium, lanthanum, and cerium as tracers to monitor stack ef-
fluents of a paper manufacturing company, a metallurgical pro-

cessing company, and a plywood company in Oregon, while STinn
15
1.

et used dysprosium and indium as tracers to study

the wet and dry deposition rate of aerosol particles near Eugene,

Oregon.

16

Channell used stable activable tracers (lanthanum,



and europium) as hydrological tracers in his study of pollutant
dispersion in San Francisco Bay. He demonstrated the general
feasibility of this technique. Channell did not attempt to
measure the stability of the europium and Tanthanum tracers in
the San Francisco Bay field study. However, in his laboratory
study, europium was removed from solution at an alarming rate
with approximately 50% of the europium being removed in one hour
by the sediments from a "seawater" solution. Considering that

17 about 50% of the soluble lanthanum

in a study by Martin et al.
from the Dordogne and Garonne Rivers was removed from the estua-
rine waters of the Gironde estuary, Channell's results are not

surprising. Channell and Kruger]8’]9’20

proposed that the tracer
-should be injected at a very low pH to keep the tagged waters
below pH 4 thus keeping adsorption losses very low. However,
keeping the pH below 4 is not a realistic idea for both ecological
and hydrological reasons. A low pH is harmful to many types of
organisms and thus the tracer will be harmful to the environment.
When the pH is far below the natural pH of the environment, the
tracer will no longer be hydrologically equivalent.

HansonZ]

did a laboratory study on the stability of
indium, scandium, europium, terbium, cesium, cobalt, antimony,

and chromium, both complexed and uncomplexed with EDTA (ethylene-
diaminetetraacetic acid) and DTPA (diethylenetriaminepentaacetic
acid). He concluded that the uncomplexed elements were relatively

unstable and that the complexed elements were stable with the



DTPA complexed elements more stable than the EDTA compiexed ele-
ments. VIn a field test, Hanson, through a series of experiments
in a small stream (0.5 mile) in Washington, showed that EuDTPA
TbDTPA and InDTPA were all more stable in the stream than
Rhodamine B.

Various other uses of stable activable tracers are seen in

22,23,24,25,26,27,28 with Chick'526

the literature study on the
use of stable activable tracers for freshwater tracing being of
singular importance. In his study, Chick showed that InDTPA
and DyDTPA are stable in a freshwater system (i.e. rivers and
lakes).

After the research described in this thesis was compieted,
a laboratory study on the stability of activable tracers in sea-
water and freshwater was published. The dafa described in this
study by Drabaek will be discussed in Section III along with my

results.



II. Theoretical Considerations

In reviewing the possible elements that would make good
stable activable tracers, attention was restricted to the rare
earth elements. The reasons for this Timitation were that most
of the rare earth elements meet the criteria of low natural con-
centrations in the environment, have low detection limits, and
high sensitivities for detection by neutron activation analysis.
Since these elements also have very similar chemical behavior,
one can devise a single procedure for the analysis of all the
rare earth elements. This will give one the potential of having
thirteen different elements to be used as stable activable tracers
for a given procedure.

In picking the best element(s) for the stable activable
“tracer one must consider the cost to achieve a certain detection
sensitivity (sample radioactivity). One can examine the proper-
ties of the various rare earth elements to see which elements
produce the greatest amount of activity per dollar of tracer cost
(Table 1). One concludes that europium and dysprosium are the
best candidates on a cost per activity basis. Furthermore, all
rare earth elements have ve}y Tow natural concentrations in the
- environment (Table II).

Another important aspect to picking a good hydrological
tracer is to determine its stability in the environment. Whether

the tracer remains in solution and is considered a conservative



Table I. Propertieé of Some Rare Earth Activation Products

Element  Cost ($/kq)®  Activation Product® “pd Ey(kev) cps/a®  cost ($)/cps
La 23 La-140 40.22 h 487 3.7x108 6.0x107°
Ce 23 Ce-143 33 b 293 7.8x10% 3.01x1077
Pr 129 Pr-142 19.2 b 1575 1.5x105 8.67x1077
Nd 70 Nd-148 1.8 h N4 2.3x107 3.00x107°
Sm 128 Sm-153 46.8 h 103 5.5x107 2.33x1079
Eu 2,200 Eu-152 9.3 h 122 1.5x10'0  1.40x107}0
6d 127 6d-159 18.0 h 363 1.7x10% 7.26x1078
b 1,209 Tb-160 72.1 h 299 4.2x10° 2.89x1076
oy 115 - Dy-165 139.2 h 95 2.6x108 4.37x10°10
Ho . 659 Ho-166 ' 26.9 h 81 1.9x107 3.55x10°8
Er 183 Ee-IN 7.52 h na 4.8x10° 3.82x107¢
Tm 3,426 Tm-170 . 134 b 84 2.0x10° 1.75x1072
Yb 228 Yb-169 318 h 198 5.3x108 4.28x1078
Lu 5,458 Lu-176 3.69 h 88 4.1x107 1.32x1078

a. Research Chemicals, Nucor Corp., Phoenix, Arizona, Jan. 1980
b. C.M. Lederer, J.M. Hollander, I. Perlman, Table of Isotopes, 6th Edition (Wiley, N.Y., 1967)
€. Assume 20 min. irradiation at a flux of 4x10'? neutrons/cm?/sec. Oelay of 160 min. with the

sample being counted one cm away from a 40 cn? Ge(Li) detector.
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TABLE II: Rare Earth Elemental Concentrations in Natural Waters
River Water]7 Seawaterzg’30
Dissolved Dissolved
Material Suspended Material Suspended
Element (ng/2)  Solids(ppm) (ng/2) Solids (ppm)
La 47.5 44 3.4 15
Ce 79.0 93 1.2 35
Pr 7.3 8.2 0.64 -
Nd 37.9 35.8 2.8 -
Sm 7.8 6.2 0.45 1.5
Eu 1.48 1.08 0.13 0.6
Gd 8.5 6.1 0.70 -
Tb 1.24 0.90 0.14 -
Dy - - 0.91 -
Ho 1.44 0.90 0.22 -
Er 4.2 2.4 0.87 -
Tm - 0.61 0.44 0.17 -
Yb 3.64 2.8 0.82 -
Lu 0.64 0.42 0.15 0.5
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tracer will ultimately decide its suitability as a hydrological
tracer. The usual causes for non-conservative behavior are that
the element has been either precipitated out of solution, and/or
has been sorbed by the suspended particles (sediments). In look-
ing at the general adsorption problem, the fo]]owing trends can
be noted:31

1. The amount of adsorption increases as the grain size of
the adsorbant decreases, and, hence, its surface area increases.

2. Adsorption is favored if the adsorbate forms a compound
of Tow solubility with the adsorbant (an example is the adsorption
of phosphate ions by ferric hydroxide).

3. The amount of adsorption increases as the charge of the
ion increases.

In the case of the rare earth elements, the hydroxide solu-
bility products are very small (Appendix A). Tﬁis‘will cause
precipitation to occur when the e]emehts are at a concentration
of mg/¢. According to the statement (2) above, having a 16w
solubility product should cause the rare earth e]ements to be
readily adsorbed by the sediments. From the statement (3) above,!
it can be seen that the rare earth elements are again predicted }
to be readily adsorbed since they usually have a +3 charge while
the sediments have a negative charge.32’33’34’35

One way to reduce the adsorption problem is to increase the

solubility of the rare earth elements and at the same time reduce

the +3 charge of the rare earth ion. This can be done by complex-
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ing the rare earth elements with an organic ligand which gener-
ally will cause the solubility of the rare earth elements to in-
crease and the charge of the ion to decrease.36’37’38’39
Therefore, to overcome possible problems of rare earth ad-
sorption, the rare earth elements were complexed with a strong

complexing agent (DTPA). DTPA reacts with the rare earth ele-

ments in the following manner to form an anionic complex.

3

Ree3* + HXL(X‘s) 2= 4t

~ REE-DTPA™ + xH

where,

REE = rare earth element

L = DTPA
As discussed previously, anionic tracers are generally more con-
servative than neutral or cationic tracers.

The stability constants (Table III) are derived from the
following equation,

(o [

(< 30Y°7]

where M is the metal ion and Y is DTPA. Since in aqueous solution
DTPA dissociates as an acid to give five ionic species, the com-
position of a solution of the compound is thus dependent upon pH.
A convenient way of showing this relationship is by means of plots

of a-values for the various species as a function of pH where,

. Hi5mY
n CT



Table III: Stability Constants for Various Metals with EDTA,
DTPA, CDTA, and NTA%0»41

EDTA DTPA CDTA NTA
Metal log KS log KS Tog KS log KS
Ba (II) 7.8 8.6 8.6 6.41
Sr (II) 8.6 9.7 10.0 ---
Mg (II) 8.7 9.0 10.3 7.00
Ca (II) 10.7 10.7 12.08 8.17
Sc (III) 23.1 -- -—- -—-
Ti (III) 21.3 -- - ---
v (II) 12.7 15.1 -—- -—
vV (III) 25.9 -- 19.40 -—-
Cr (III) 24.0 -- -—- -—-
Mn (II) 14.0 15.1 16.78 7.44
Fe (II) 14.3 16.5 -—- 3.84
Fe (III) 25.1 28.6 --- 15.87
Co (II) 16.3 18.4 18.92 10.6
Co (III) 36 -- -—- ---
Ni (II) 18.6 19.6 19.4 11.26
Cu (II) 18.8 21.1 21.30 12.68
In (II) 16.5 18.3 18.67 10.45
cd (II) 16.5 18.9 - 19.23 ---
Hg (II) 21.8 26.7 24.4 -
Al (III) 16.1 -- 17.6 -—-
Ga (III) 20.3 -- 22.91 ---
In (III) 25.0 -- --- -—-
Sn (II) 13.5 -- —-- ---
Pb (II) 18.0 18.8 19.68 11.80
Y (III) 13.0 22.4 19.15 11.43
La (III) 15.5 19.9 16.26 10.36
Ce (III) 15.9 20.4 16.76 10.43
Pr (III) 16.4 21.8 17.31 10.30
Nd (III) 16.6 22.2 17.68 10.49
Sm (III) 17.1 22.8 18.38 11.13
Eu (III) 17.3 22.9 18.62 10.79
Gd (III) 17.3 23.0 18.77 11.17
Tb (III) 17.9 23.2 19.50 11.31
Dy (III) 18.3 23.4 19.69 11.74
Er (III) 18.8 23.1 20.68 11.90
Tm (III) 19.3 22.9 -—- 11.79
Yb (III) 19.5 23.0 21.12 11.98
Lu (III) 19.8 22.4 --- 12.10
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and

Cp = [HgY] + [HY71 + [HY2TT + [HY*7T + [Y* ] + [¥°7)

The o-value equation can be rearranged to the following equations;

[H]°
0 +5 +-4 +-3 +.2 +
[H'] +K][H ] +K]K2[H ] +K]K2K3[H ] +K]K2K3K4[H ]+K]K2K3K4K5
K [H*1*
a:
] +.5 +-4 +.3 +.2 +
[H ] +K][H ] +K]K2[H ] +K]K2K3[H ] +K]K2K3K4[H ]+K]K2K3K4K5
. K]K2K3K4K5
5 +45 +.4 +43 +42 +
[H] +K][H ] +K]K2[H ] +K]K2K3[H ] +K]K2K3K4[H ]+K]K2K3K4K5

Where the acid-dissociation constants of DTPA are defined by the

following equations;40

-+ _ -2

HgY > Hy¥™ + H Ky = 1.6 x 10
i, o . 4+ _ -3

HY™ > HY2™ + K, = 2.8 x 10
2- 3- . .+ ) -5

HyYe™ > HY3™ + Ky = 4.7 x 10
H2Y3‘ T ST Ky = 2.5 x 1072
wy* > v+t Ks = 2.6 x 10”1

A graph of the a-values vs pH can be seen in Figure I. One can
see from this information that the rare earth-DTPA complex is very
strong. In fact even at very low concentrations, 1 ng/%, the

rare earth elements will be completely complexed (less than 0.04%
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of the rare earth elements being uncomplexed) in estuarine waters.
Along with being a very strong complex, the rare earth-DTPA

complex does not break-up very rapidly. In fact, from the follow-

ing mechanism for the break-up of the rare earth-DTPA comp]ex,42’

43,44,45 one can estimate the rate of removal for a rare earth-

DTPA tracer from estuarine waters.

2- , gt K

REE(DTPA)®™ + H REE H(DTPA)~ (1)
REE H(DTPA)™ + H+ El‘** REE H, (DTPA) (2)
) siow 2 '
REE H,(DTPA) + (x-2) H' fast peed* + HXDTPA(X'S) (3)
k
20ee3* + Tree (oTPA)2™ —2.2ReE(DTPA) + 'ReeSY (4)
where
]REE = a rare earth element
2REE = a second rare earth element

From this mechanism, one can conclude that the rate of dissocia-
tion for a rare earth-DTPA complex can be defined by the following

equation;

Rate = k,['REE(DTPA)Z7IH"1? + K, [2REEFILTREE(DTPA)ZT]  (5)

where,
k] = k]k
Equation 5 can be rearranged to equation 6 which gives one

the rate of the rare earth-DTPA break-up in terms of the fraction
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of the total rare earth-DTPA concentration in solution.

] Rate — = k][H+]2 + kz[zREE3+] (6)
['REE(DTPA)“"]

In seawater, the break-up of the Ce-DTPA complex can be

estimated since the concentration of both Pr, 4.5 x 10']2

Ce, 8.6 x 10']2M, are known. If one assumes that the value for

k, at 20°C is 1.3 1mo1 " 'min™! for Pr and 0.31 Tmo] ‘min~' for

M, and

Ce (See Table IV), then the fraction of the break-up of the Ce-
DTPA complex due to Ce and Pr ions in seawater is approximately

9 day'] and 8.4 x 107° day'] respectively. If one

3.8 x 107
assumes that the break-up of a rare-earth-DTPA complex due to
rare earth ijons in seawater is approximately the same for any
given combinations of rare earth elements, then the fraction of
the break-up of a rare earth-DTPA complex due to all the rare
" earth ions in seawater would be approximately equal to 1 x 10'7
day']. For river water, the rare earth elemental concentrations
are much more variable then in seawater. However, the highest
rare earth elemental concentrations that‘one would expect |to see
in river water would be approximately 100-500 times the rare earth
elemental concéntration_in seawater, with the average rare earth
elemental concentration in river water approximately 15-20 times
the rare earth elemental concentration in seawater. Th{s would

mean that the fraction of the break-up of a rare earth-DTPA com-

plex in river water due to rare earth ions in river water should
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TABLE IV: Rate Constants for the Break-up of a Rare Earth-DTPA

Comp]ex42’43’44’45
Rare Rare k] k2
Earth Earth Temper- 8 2 “2 - 1. -1
Element#1 Element#2 ature(°C) (1072“mol "“min” ') (&mol: 'min ')
Ce Ce 0 o 0.82
15 2.22 1.07
20 6.20 1.13
25 3.68 2.13
35 7.44 4.18
45 12.8 9.42
Pr Ce 20 1.67 0.31
Nd Nd 25 1.1 0.35

Y Y : 25 0.105 0.24
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never be greater than 5 x 107° day'].

O0f course there are many
other elements in both seawater and river water which would cause
a break-up of a rare earth-DTPA complex by a reaction similar to
equation 4. One can crudely estimate the fraction of bkeak-up of
a rare earth-DTPA complex due to a non-rare earth ion by comparing
the various elemental-DTPA stability constants to the DTPA stability
constants and k2 values for Ce and Pr and py knowing the elemental
free jon concentration in both river and seawater. Doing this,
one estimates that the fraction of break-up of a

" rare earth-DTPA complex due to all of the elemental free ions
(based upon a reaction similar to equation 4) should be Tess than
1 x 1073 day']. This would mean that the fraction of break-up of

a rare earth-DTPA complex, FREE-DTPA’ can be estimated from the

following equation;

ot 3 -]
Freg-prpa = Ky [HT1T # 1 x 1077 day (7)

If one assumes that the break-up of the rare earth-DTPA
complex is the rate determining step in the removal of the rare
earth-DTPA tracer from estuarine waters, then Figure II would
show the estimated rate of removal of the rare earth-DTPA tracer
in estuarine water as a function of pH. However, for-the follow-
ing reasons, equation 7 does not accurately calculate the stabil-
ity of a rare earth-DTPA tracer. First, there is always the |
probability that once the rare earth-DTPA complex is broken that

the rare earth ion and the DTPA ion would recombine. Since this
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reaction does occur, this would mean that equation 7 would pre-
dict a slightly higher rate of break-up then one would expect to
see in estuarine waters. Second, the assumption that the rate of
break-up of the rare earth-DTPA complex is the rate detérmining
step is not entirely correct for the low pH values. (:hanneH]6
experimentally proved in his thesis that an uncomplexed rare
earth element will remain in solution when the estuarine water
is kept below a pH value of 4.0. Since the removal of the un-
complexed rare earth element is much slower at low pH values, the
stability of the rare earth-DTPA should not mimic the sharp in-
crease in the rate of break-up of a rare earth-DTPA complex seen
in Figure II. Finally, fhe assumption that equations 1-4 show the
only mechanisms for the break-up of the rare earth-DTPA complex
is not correct. At high pH values, the rare earth element will
react with tﬁe hydroxide‘ibns to form a rare earth hydroxide pre-
cipitate. However, this reaction is not prominent until the pH
of the estuarine water is greater than 9.0. Since the pH value
of most estuaries falls between 7.0 - 8.2, one would predict
from the previous arguments that a rare earth-DTPA complex would
be stable with a predicted rate of removal (from Figure II) of
less then 0.5% per day.

The economical viability of the stable activable tracer
technique can be compared to the other types of tracer in Table V,
and in the following examples. If one wants to perform a tracer

experiment in the South Beach Marina (2.3 x 102 acre-feet) with
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Table V¥: Relative Cost of Hydrological Tracers

Fluorescent Dye Tracer

Rhodamine B Tracer Concentration
Cost of Tagging
Cost of Analysis

Radioactive Tracer

Tritium Tracer Concentration
Cost of Tagging

Cost of ‘Analysis

Stable Activable Tracer

Eu-DTPA Tracer Concentration
Cost of Tagging
Dy-DTPA Tracer Concentration
Cost of Tagging
La-DTPA Tracer Concentration
Cost of Tagging
Cost of Analysis
first element

each additional element

5 ug/1
$431.72/103 acre-ft
$1.00/sample

1.6 nCi/1
$108.55/103 acre-ft
$75.00/sample

400 ng of Eu/1
$117.00/103 acre-ft
400 ng of Dy/1
$135.70/103 acre-ft
1.00 ug/1
$258.71/103 acre-ft

$30.00/sample
$5.00/sample
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approximately 100 samples, it would cost (to tag the waters and to
analyze the samples) approximately $200 using a rhodamine dye, $775
using tritium, and $327 using a stable activable tracer. However,
if one wants to perform a tracer experiment in Yaquina Bay (~2 x
10" acre-feet) with approximately 200 samples, it would cost (to
tag the water and to analyze the samples) $10,100 using a rhodamine
dye, $17,500 using tritium, and only $8,700 using a stable acti-
vable tracer. Also, if one wanted to do the tracer experiment
utilizing two source locations, one could perform both tracing
experiments at the same time using the stable activable tracers
with the additional cost only being $4,100. Obviously, the larger
the size of the system being studied and the more sites to be
studied, the more economically viable the stable activable tracer
technique becomes.

The final theoretical consideration that will be reviewed is
the tracer toxicity. Even if the tracer meets all the criteria
for a good tracer, but if it is harmful to the environment, the
tracer will never be used. The rare earth elements are considered
as having a low acute toxicity ratfng (Table VI). Rhodamine B
(a commonly used tracer) has a toxicity approximately ten times
higher than the rare earth elements. The major toxicity problem
of the stable activable tracers comes from the complexing agent
DTPA. Its' aquatic toxicity, TLm 96 (the concentration that will
kill 50% of the exposed organisms within 96 hours), is between

100-1000 ppm of DTPA. However, DTPA toxicity effects are reduced
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Table VI: Oral Toxicity of Rare Earth Elements and Some

Other Tracer Related Compounds46

Compound Subject Toxicity Dose

LaC]3 rat LD50 4200 mg/kg
La(NO5), rat LD50 4200 mg/kg
CeC]3 rat LD50 2111 mg/kg
CeC]3 mouse LD50 5277 mg/kg
Ce(NO,), rat LD50 4200 mg/kg
PrC]3 mouse LD50 4500 mg/kg
Pr(NO;),-6H,0 rat LD50 3500 mg/kg
NdC1, mouse | LD50 3693 mg/kg
Nd(N03)3°6H20 rat LD50 2750 mg/kg
Sm(NO3)3°6H20 rat LD50 2900 mg/kg
EuC]3 mouse LD50 5000 mg/kg
Eu(NO;) 5-6H,0 rat LD50 5002 mg/kg
»Gd(N03)3 rat LD50 3805 mg/kg
TbC]3 mouse LD50 3631 mg/kg
TbC]3°6H20 mouse ; LD50 5100 mg/kg
DyCl, mouse LD50 5443 mg/kg
Dy(N03)3oFH20 rat LD50 3100 mg/kg
H0C13 mouse LD50 5165 mg/kg
Ho(NO3) 5~ 6,0 rat LD50 3000 mg/kg
ErC13 ‘ mouse LD50 4417 mg/kg

TmC]3 mouse LD50 4294 mg/kg
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Table VI: (Cont)

Compound Subject Toxicity Dose
LuC]3 mouse LD50 7074 mg/kg
In(SO4)3 rat LDLO 1200 mg/kg
In(SO4)3 rabbit LDLO 1300 mg/kg
DTPA(Na) fish TLm96 100-1000 ppm

Rhodamine B rat LD50 500 mg/kg

LDLO - Lethal Dose Low- the lowest dose of a substance introduced over any
given period of time in one or more divided portions and reported to
have caused death in animals.

LD50 - Lethal Dose Fifty - A calculated dose of a substance which is expected
to cause the death of 50% of an entire defined experimental animal
population.

TLm96 - Aquatic Toxicity Rating - The concentration that will kill 50% of
the exposed organisms within 96 hours.

DOSE - A1l doses are given in mg of compound per kilogram of animal weight
except for the aquatic toxicity rating which is given in ppm of com-
pound in solution.
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47,48,49,50,51,52 Since the

when the DTPA is tightly complexed.
rare earth elements form some of the stablest DTPA complexes, one
would estimate that the DTPA toxicity effect in stable activable
tracer(s) would be greatly reduced. In general, from the rare
earth and DTPA toxicities plus the low tracer concentrations

(>10 ug/L) that are used, no health effects from using rare earth
elements DTPA complexes are expected, and in fact the rare earth-
DTPA tracer is predicted to be at least ten times less toxic than
rhodamine dye.

In brief, the advantages of the stable activable tracer tech-
nique when compared to fluorescent dyes or radiotracers are:

1. The traéers are nontoxic at concentrations encountered
in environmental studies in contrast to the real or imagined pro-
blems with radionuclide release in the environment. Also there
aré no aesthetically objectionable modifications of water color
during tracing as with the use of dyes.

2. The sensitivity and the 1imit of detection of these
tracers are very good. For example, for dysprosium one can ideally
detect amounts as low as 10712 grams. This allows pollutant
tracing over long distances and times not usually possible with
fluorescent dyes or radioactive tracers.

3. The tracers can be boﬁnd as EDTA or DTPA complexes and
thus nof suffer appreciable adsorption by sediments, as sometimes
plagues the use of various dyes.

4. The detection of these tracers is not affected by the

presence of water color or the photochemical decay of the tracer.
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5. Their cost effectiveness is extremely competitive.
6. More than one stable activable tracer can be used simul-

taneously to perform multitracing experiments.
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III. Experimental

The overall plan for the research involved the laboratory
development and testing of stable activable tracer(s) for use
as hydrological tracers in the estuarine environment followed by

detailed field studies.

A. Laboratory Studies

Prior to the field studies, several preliminary laboratory
experiments were performed to verify the stability of the stable
activable tracers in estuarine waters, and to develop a fast and

easy way to measure the rare earth content of estuarine water.

1. Tracer Preparation

In the laboratory studies to test the persistence of rare
earth element and rare earth diethylentriaminepentaacetic acid
(DTPA) complexes in seawater, radiotracers 1L“*Ce(tli = 284 days),

17°Tm(t% = 128 days) and 169Yb(t1/2 = 31.8 days) were used instead
of stable rare earth elements. By using the radiotracers, one
could simultaneously study the problem of the persistence of the
rare earth elements and rare earth DTPA complexes in seawater
and work on the development of the analytical procedure to measure
the concentration of the rare earth DTPA complexes in estuarine
waters. To form the rare earth DTPA complex, the radioactive
rare earth element solution (nitrate form) was placed in a 100-ml

Nalgene container along with DTPA solution where both the DTPA
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and the rare earth element concentration were higher than 0.1
mg/mi. This solution was mixed and allowed to sit for over

24 hours (to allow the rare earth element DTPA complex to form)
before the solution was diluted to the desired activity/ml. If
the rare earth element and DTPA solution were mixed at a much
Tower concentration and not allowed sufficient time to react,
all of the rare earth element(s) would not be chelated with the

DTPA.

2. Stability of the Tracer Under Simulated Estuarine Conditions

An important criterion of a good hydrological tracer is that
it should remain in solution and resist losses due to precipita-
tion, adsorption, etc. Prior to the commencement of field studies,
preliminary laboratory experiments were performed to investigate
the behavior and stability of the chelate tracer under estuarine
conditions. Since the salinity, pH, etc. of an estuary change
so rapidly with position and time, the stability of the tracer(s)
was tested under two widely different conditions, simulated river>
water conditions and simulated seawater conditions. The experi-

ments involving river water conditions were done by Chick26,

HansonZ], and Drabaek28. These researchers placed a known quan-

tity of a rare earth element (both complexed and uncomplexed with
DTPA) in Erlenmeyer flasks which were agitated continuously for a

k26 21 and one

period of one hour to eight days for Chic and Hanson
to 35 days for Drabaek28 with various combinations of river water

and river sediments. The results and discussion of these experi-
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ments can be seen in section IV-A.

Laboratory tests of the stability of chelated and unchelated
rare earth elements in simulated seawater conditions were carried
out. The test protocols are summarized in Table VII. In each
test the rare earth radiotracer was added to a 125-ml Erlenmeyer
flask containing the seawater and Pacific Ocean beach sediment
collected at Newport, Oregon. The filtered seawater
refers to seawater that had been filtered through a 0.45 um Milli-
pore filter paper to remove suspended particulate matter. The
flasks containing the tracer-seawater-sediment mixtures were agi-
tated continuously in a thermostatically controlled shaker bath
at a temperature of 10°C for periods up to 21 days. Samples were
withdrawn from the flasks for analysis at periodic intervals.
(During sampling the shaker was stopped for 2-4 hours, allowing
the sediments to settle before an 0.5 ml sample of the solution
was withdkawn.) The sample taken for aha]ysis was placed in a
2/5-dram polyvial and its radioactivity was assayed using y-ray
spectroscopy to determine the percentage of the original tracer
in solution at the sampling time. The results and‘discussion of

these experiments can be seen in Section IV-A, and Appendix B.

3. Development of an Analytical Procedure for the Analysis of

Stable Actijvable Tracer(s) in Estuarine Waters

In this work, neutron activation analysis was used to deter-
mine the abundances of the stable activable tracer(s) in estuarine

waters. Because of vast quantities of dissolved elements in sea-
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Table VII: Simulated Seawater Conditions Used to Test the Stability

of the Rare Earth Element Tracers

Amount of
Test Tracer Tracer Seawater Sediments
1 183%yp 0.1-1 ug 100 ml unfiltered seawater 159
2 1LmCe 1-4 ug 100 m1 unfiltered seawater 159
3 lque 1-4 ug 100 m1 filtered seawater 0
4 ll+l+Ce-DTPA 1-4 ug 100 m1 unfiltered seawater 159
5 ll+l+Ce-DTPA 1-4 g 100 m1 filtered seawater 0

170

6 Tm-DTPA 0.4-0.5 ug 100 ml unfiltered seawater 15¢g
170

7 Tm-DTPA  0.4-0.5 ug 100 m1 filtered seawater 0
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water and river water (Table VIII) and the need to concentrate the
tracer, pre-irradiation and post-irradiation chemistry was perform-
ed. The objectives of the pre-irradiation and post-irradiation
chemistry are (1) the removal of the tracer(s) from all elements
that interfere with their analysis and (2) to concentrate the
tracer for easier analysis. Also, the procedure should conform
to the following guidelines:

1. The procedure is inexpensive.

2. The procedure is fast. (< 1 hour/sample)

3. ‘Contamination (procedure blank) should be kept as Tow as

possible.

4. An inexperienced analyst can perform the procedure.

5. Radiation exposure doses should be kept as low as possible.
The two procedures commonly used to measure rare earth ele- .
ments in natural waters are (a) an iron. hydroxide precipitation
which scavenges the rare earth elements, followed by a series of
jon exchange separations and pr'ecipitations,]6 and (b) a simple
filtration of the water through a filter paper with ion-exchange
material incorporated in it.26
For analysis of the rare earth elements, the first technique
is good in that the procedure is very accurate with a low contam-
“ination blank. This technique does have some problems in that:
1. It is very time consuming (3-6 man-hours per sample).

2. The analysis cost is higher than one might want to pay

(greater than $100 per sample).
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Major Elemental Composition of River Water and
53,54,55,56,57,58,59

Seawater

River Water Seawater
m (ppm)
Median Concentration Median Concentration
Element Concentration Range Concentration Range

Al 0.34 0.01-2.5 0.002 0.001-0.008
B 0.054 0.009-0.15 4.80 4.44-5.28
Ba 0.010 0.003-0.15 0.02 0.005-0.093
Br 0.021 0.005-140 69.46 68.78-70.18
Ca 15 4-20 425.2 423.0-426.8
Cd 0.08 -—- 0.000M -—-
C1 .8 5-35 1.935x107 -—-
Cu 0.01 0.006-0.4 0.00025 -—-
F 0.10 0.05-2.7 1.34 1.28-1.80
Fe 0.67 0.01-1.4 0.002 -—-
I 0.002 0.0005-0.007 0.063 0.048-0.080
K 2.3 1.4-10 412 406.0-413.0
Mg 4.1 1.5-5 1,340 1,330-1,340
Na 6.3 3-25 11,100 11,070-11,140
Se 0.02 -—- 0.0002 -—-
Si 7.0 0.50-12 2.0 0.00-4.90
Sr 0.03 0.003-0.8 3.0 7.6-8.2
Zn 0.01 0.0002-1 0.0123 0.0039-0.0484
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3. The procedure measure uncomplexed rare earth elements

and may not be able to measure rare earth elements com-

plexed with DTPA.
The second procedure meets all the aforementioned criteria except
that the procedure does not work in high salinities. This can be
seen in Table IX, where a 163Yb-DTPA seawater solution (approximate-
1y 1.3 ug Yb/2) was filtered through two Nuclepore anion-exchange
papers (SB-6407). The filtrate and the anion-exchange paper were
analyzed for the activity of the radiotracer and the pickup ef-

ficiency % was determined by the equation below:

A
pickup efficiency % = Ai’ape‘” T X 100
: paper sol

where

= 169 . o . -
Apaper Yb ac§1v1ty of thg anion-exchange papers

Aso] = total 169Yb activity of the filtrate

The pH of the solution was changed by adding ammonium hydroxide
and/or acetic acid.

Because of the above problems, a new separation procedure
involving a pre-irradiation precipitation of the rare earth ele-
ment-DTPA complex with potassium hydroxide followed by a post-
irradiation HAP (hydrated antimony pentoxide) batch extraction of
the remaining sodium, was developed in this study to measure the
stable activable tracer(s) in estuarine waters. This procedure
is quick (45-60 man-minutes per sample), cheap, an easy procedure

to perform, and leads to a low radiation dose for the analyst
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Table IX: Variation of Pickup Efficiency of 16°2Yb-DTPA on Anionic

Filters with pH

Percent Percent
pH Pick-up in Distilled Water pH Pick-up in Seawater
4.89 97.9 4.78 2.09
4.93 97.2 4.96 3.53
6.95 97.6 5.00 1.69
7.93 99.2 6.69 2.28
8.49 97.1 ' 6.78 2.00
8.57 99.2 6.92 0.94
8.69 99.3 7.06 1.66
8.71 98.7 8.44 7.90

8.45 5.54
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(total hand dose of less than 0.25 mrem per sample). The analytical
procedure used to measure the concentration of the rare earth
DTPA tracer is described in detail in Section III-B-7.

28 also decided to use

It is of interest to note that Drabaek
a co-precipitation method in his analysis of the concentration of
the rare earth DTPA tracer. In his analytical procedure, he used
a series of acidification and precipjtation steps (using Bi{OH);
as the co-precipitation agent) to preconcentrate the tracer and to
remove all interfering elements from the sample. His procedure
to analyze the concentration of the rare earth-DTPA tracer is
comparable to the analytical procedure used in this research in
both analysis time and estimated expense. His method is an apparent
improvement over the analytical procedure used in this report in
the fact that it greatly reduces the amount of radiation exposure
for the analyst, and the procedure also has a very low procedural
background. His method does have serious problems in determining
the tracer yield. He found that the estimated tracer yield must
be determined for each element for each given composition of water.
For example, the analytical procedure yield for lanthanum in de-
mineralized water, salinity of 9.5%, and a salinity of 18.9% is
0.92, 0.77, and 0.84 respectively. Since the composition of the
water varies widely in an estuary, Drabeck's analytical procedure
would not be very useful in an estuarine experiment. Also, he
reported that the precision of the yield is between 4.2 to 19.7%

which is a larger yield uncertainty then one would normally like
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to have for an analytical procedure to measure the rare earth DTPA
tracer concentration. In conclusion, it is interesting that Drabaek
used the same general approach (co-precipitation) to measure the con-

centration of the rare earth DTPA tracer as the one used in this thesis.

a. Development of a Pre-Irradiation Chemistry

In the pre-irradiation chemical procedure, one would 1ike to con-
centrate the tracer as much as possible and also remove as much as
possible all interfering elements without increasing the blank
contamination of the procedure. The way:this researcher accom-
plished this goal was by a hydroxide precipitation of the rare
earth elements with potassium hydroxide. For the precipitation
to occur the pH must be high enough to break the metal-DTPA bond.
At a pH greater than 12, the cerium-DTPA complex is completely
jonized and a rare earth hydroxide forms (Figures III and IV).

This was determined in two laboratory experiments using
l4tCe radiotracer which was complexed with DTPA. In the first
experiment (Figure III), a 6M sodium hydéoxide solution was added
to a Ce-DTPA riyer water solution (approximately 9-10 ugCe/s) and
the resulting sé]ution was filtered through two Nuclepore filter
papers (0.2 um pore size). The filtrate and the precipitate were
analyzed for the activity of the cerium radiotracer, and the
fraction of the cerium radiotracer in the precipitate was calcul-
ated using fhe following equation:

A

Fraction of Ce in Precipitate = et
A + A
ppt sol
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where

Aopt

Aso]

l44Ce activity in the precipitate

l44Ce activity in the filtrate

It was determined (Figure III) that a pH of greater than 12, es-

sentially all (greater than 98%) the cerium radiotracer was in
the precipitate.

In the second experiment, the same procedure was followed
with the exceptions that seawater was used instead of river water
and the cerium radiotracer activity of the original solution was
determined. The fraction of the cerium radiotracer in the precip-

itate was calculated by the previous equation and by the following

equation:
A t
Fraction of Ce in Precipitate = KER___
added -
where
Appt = l4%Ce activity in the precipitate

= luy - . . .
Aadded Ce activity in the original solution

It was again determined (Figure IV) that at a high pH (greater than
12), essentially all (greater than 98%) the cerium radiotracer was

in the precipitate. It was also determined by comparing the amount
of the cerium radiotracer added to the original solution to the amount

found in the precipitate (Appt/Aadded)’ approximately 30% of the
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radiotracer did not go into the precipitate. Because of this loss
of radiotracer (from adsorption of cerium on the glass walls), a
0.5 mg carrier of praseodymium was added to the solution to reduce
losses of the radiotracer.

When I repeated the previous procedure with a praseodymium
carrier (Table X), it was determined that the fraction of the

cerium radiotracer (A /Aadded) did not change as a function of

ppt
concentration. Also, the precipitate yield ratio of greater than
1.0 is not surprising due to the combination of matrix and geo-
metry effects. The major matrix and geometry effect which was
seen in this analysis was the attenuation of the gamma ray as it
travels through the sample. In the determination of Appt’ the
precipitate (0.2-0.5 grams) was placed in a 2-dram polyvial and
counted. One would predict that there would be almost no atten-
uation effect since the gamma ray travels through a very thin
section of the solid sample and thus should not be attenuated.

In the determination of Aadded’ one ml of the original solution
was placed in a 2.5-dram polyvial and one would predict that
‘there will be some attenuation of the gamma ray as it travels
through the solution. The reason for this attenuation effect

is that the gamma ray had to travel through as much as 1.4 cm of
solution. The ratio of 1.19 does indicate that most if not all
the cerium radiotracer was found in the precipitate and that the

praseodymium carrier does prevent adsorption of the rare earth

elements on the glass walls of the beaker.
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Table X: Precipitate Yield Ratio of Ce-DTPA at Various Concentra-

tions Using a Praseodymium Carrier

Concentration Activity of Precipitate/
of Ce-DTPA pH Activity Added to Sample
80 ng/L 13.6-13.7 1.187 + .034
104 ng/L 13.0-13.7 1.189 + .066

4000 ng/L 13.6-13.7 1.187

1+

.037
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In conclusion, the pre-irradiation chemistry has the quali-
ties of being fast, inexpensive, and easy. Most of the interfer-
ring elements have been removed except for sodium, and a concentra-
tion factor of the rare earth elements of about 200-400 is achieved.
Approximéte]y 10-20 mg of sodium remained in the precipitate and

because of this quantity, a post-irradiation procedure was developed.

b. Development of a Post-Irradiation Chemistry

The post—irradiatiqn chemical procedure was developed to remove
the remaining solution from the samples. The remaining amount of sod-
ium in the samples had to be removed before the samples were analyzed

by gamma spectroscopy since after neutron activation analysis, the
activity of the activated sodium would mask the activity from the
activated rare earth elements. The post-irradiation procedure has
essentially the same constraints as the pre-irradiation chemistry
except for the blank contamination problem. Since this procedure
is to be done after irradiation, the concentration of rare earth
elements in common reagents will not affect thefprocedure blank.
The major restriction nn doing post-irradiation chemistry is that
the chemistry must be fast in both man-hours per sample and total
elapsed time per sample. A procedure similar to the pre-irradia-
tion chemistry could be done, but the man-hours per sample and

the total elapsed time per sample would be higher than one would
like. With this in mind, a HAP (hydrated antimony pentoxide)
batch extraction was developed. This procedure only takes approx-

imately 5-7 man-minutes per sample with a total elapsed time per
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sample of only 15-20 minutes.

HAP has the capacity to retain approximately 30 mg of sodium
per g of HAP, with a decontamination factor as high as 10!0 in
columns with less than 5% retention of the rare earth e]éments in

6 molar or higher hydrochloric acid.60’61

In batch equilibrium,
the decontamination factor is only 103.60’61 However, unlike the
column method, the batch method can be done in five minutes while
the column method takes 1-2 hours.

With this in mind, the activated precipitate (1-3 grams) was
dissolved in excess amounts of concentrated hydrochloric acid
(15 m1) and 2-4 grams of HAP were added'to the solutian. It was
ascertained that after five minutes of heating (70-90°C) and stir-
ring, essentially all the sodium was removed from the sample with
no loss of the rare earth element(s). Without either heating

and/or stirring, the decontamination factor was drastically re-

duced and some sodium activity remained in the solution.

c. Measuring the Tracer Concentration

The gamma ray emitted by the activated tracer nuclide was
detected using a Ge(Li) detector connected to a multichannel
analyzer. The Ge(Li) detectors which were used in this research
were two 40cm Nuclear Diodes closed-end coaxial Ge(Li) detectors.
The characteristics and shape of the Ge(Li) detectors can be seen
in Appendix C. The multichannel analyzers which were used in this
research were a Nuclear Data 4420 and a Nuclear Data 2200. Prior

to all sample analysis, the gamma ray spectrometer was calibrated
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using point source standards of 137Cs(661.661 keV) and 6Co

(1173.238 and 1332.513 kev).%2

A1l samples were counted 10.5 cm
from the germanium crystal in detector A and 4.5 cm from the ger-
manium crystal in detector B.

From Table XI, one can see the predominant gamma rays which
were detected by the gamma ray spectrometer in a typical tracer
sample. Because of the activity from radioactive nuclides in the
tracer sample (“2K, 38C1, °®Mn, 3°Br, etc.), the ideal detector
would have the following characteristics:

1. a relatively high efficiency for low energy gamma rays
(<300 keV) with a relatively low efficiency for high
energy gamma rays (>1 MeV)

2. good resolution (a full width half maximum of <2 keV for
a 1332 keV gamma ray) |

3. high peak to Compton ratio (>50/1 for a 1332 keV gamma
ray)

With these characteristics (plus a cadmium sﬁeet around the detec-
tor to protect the detector from Pb X-rays), one could easily
measdre the low energy gamma rays from 165Dy(95 keV) and 152My
(122 keV). If one compares the characteristics of the two detec-
tors used in this experiment with the characteristics of the ideal
detector, one would notice that the two detectors used in this
research do not meet all the criteria for an ideal detector.
However, the detectors were adequate for detecting and measuring

the low energy gamma rays of 165Dy and !52™Eu.
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Table XI: Typical Gamma Ray Peaks of the Major Radionuclides

Detected by the Gamma Ray Spectrometer

Compton
Radionuclide Background*(counts) Peak Area(counts) Energy (keV)
165Dy 18,328 5,807 94.5
Positron
Annihilation 7,341 3,017 511
80Br 11,075 2,246 619.1
56Mn 6,353 13,972 846.7
2K 1,987 1,230 1524.7
142pyp 2,477 2,619 1575.6
38C1 3,159 19,749 1642.7
38C1 939 19,826 2167.6

*The sum of the background below the gamma ray peak



the basic equation of quantitative activation analysis is:

where
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Since neutron activation was used as the mode of analysis,

t
M
N

63,64,65

AM

0

Tt
0f®N0{1-e

}

weight of the element in the sample

induced activity of the particular isotope of the ele-
ment concerned at E.0.B. (End of Bombardment)

neutron flux in neutrons/cm?/sec

thermal neutron capture coss-section in cm?
fractional abundance of the particular isotope of the
element concerned

decay constant of the induced radionuclide
irradiation time

atomic weight of the element

Avogardo's number (6.022 x 1023 atoms/mole)

In this experiment where all the samples and standards were

irradiated under the same conditions, the aforementioned equation

simplifies so that the stable activable tracer concentration(s)

can be determined by the following equation:

C

where
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C
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TG IC

sample unk

= concentration of the stable activable tracer



48

=
1

std - weight of the element in the standard

Aunk = sample's activity of the tracer nuclide at E.0.B.

Astd = standard activity of the tracer nuclide at E.Q.B.

AI

unk praseodymium (carrier) activity of the sample at E.0.B.

A‘std praseodymium (carrier) activity of the standard at
E.O.B.

) = volume of the sample

sample
fg = geometry correction (mostly due to the difference in the
amount of attenuation of the gamma rays in the standards

vs the samples)

Since the activated sample and elemental standards have
different volumes (15 and 1 ml, respectively), a correction for
differing counting géometries was made. To obtain the geometry
correction, a known amount of dysprosium and europium-DTPA was
added to 500 ml1 of filtered (through a 0.45 um Millipore filter
paper) seawater and river water. This solution was analyzed by
the pre- and post-irradiation procedures and compared to the
known standards. The geometry correction, fg, was determined
for this data by taking the rare earth element yield and dividing

it by the praseodymium carrier yield. For detector A, the geo-
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metry correction is 0.8380 = 0.0085 for dysprosium and 0.8551 *
0.0077 for europium, and for detector B the geometry correction
is 0.8640 + 0.0055 for dysprosium and 0.8834 + 0.0094 for euro-
pium. As can be seen in the following equation, the fraction of
gamma rays which are attenuated is a function of the attenuation

coefficient {constant for a given medium) and the path length.

%6 = o UX
where
Io = initial intensity of a beam of gamma rays
[ = intensity of a beam of gamma rays after passing through
an absorbing medium
u = attenuation coefficient
x = path length of gamma ray as it travels through the

absorbing medium
Since the attenuation coefficient for water is approximately
0.18 cm;l for dysprosium (95 keV gamma ray), and 0.15 cm'l for
~europium (134 keV gamma ray), and 0.028 cm'l for praseodymium

(1575 keV gamma ray),66

the geometry correction calculated in the
aforementioned experiment does qualitatively agree with the
theory that most of the geometry correction comes froh the
attenuation of the gamma ray as it travels through the solution
in that the Tower energy gamma rays seem to be attenuated more

than the higher energy gamma rays.
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B. Field Study

This phase of the research involves field studies to test
the conservative nature of the stable activable tracer(s) in
estuaries. One can test the conservative nature of the tracer(s)
by the following methods:

1. A comparison of the tracer(s) dispersion pattern to a
hydrological model of the estuary.

2. A comparison of the tracer(s) dispersion pattern to that
of a recognized conservative element.

3. A comparison of the tracer(s) behavior to that of another
tracer whose characteristics are known.

Given very precise and accurate physical data inputs, hydro-
logical models yield fairly accurate prediction as to the disper-
sion of elements in the whole estuary, but their predictions are
generally inaccurate in localized and/or small regions of an
estuary. The only estuary near Corvallis, Oregon that is suffi-
ciently well characterized (tide height measurements, wind velo-
city, etc.) to allow hydrological modeling is Yaquina Bay, Oregon.

At the present time, there is no good hydrological model for
Yaquina Bay. However, there is a model for a marina (South Beach

67,68 The model calculations are based

Marina) in Yaquina Bay.
upon the assumption that the tracers are uniformly mixed through-
out the marina and thus the mass of the marina decreases only when
the tide goes out and the concentration of the tracer decreases

when the tide comes in. It follows that one can calcuTlate the
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concentration of the tracer at high tide from the concentration of

the tracer from the previous low tide by the following equation:

O
>
|

= ¢y (v /V,)

where

O
]

h concentration of the tracer at high tide

(@]
]

1 concentration of the tracer at the previous low tide

<
1}

h volume of the marina at high tide

<< .
]

1 volume of the marina at low tide

Because of the existence of this model which has

proven fairly reliable in predicting the flushing rate qf
tracers in the marina, I compared the stable
activable tracer flushing rate with the flushing rate predicted
by the model. From this comparison, the persistence of the
stable activable tracer was estimated. However, this comparison
between the experimental flushing rate and the model predicted
flushing rate should be taken as only an approximation, since
it has been experimentally determined that the model will occa-
sionally underestimate the amount of tracer which has been removed.
from the marina by as much as 30%.

The second method is a very good and precise way to test the
tracer's conservative nature. Estuaries contain a readily usable
internal tracer (Ch]orine) which is conservative, whose content
is easily measured, and which has a broad natural concentration

range (less than 0.01%c - 34%0). The major problem with using
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chlorine as a tracer is one will have to tag with the stable
activable tracer(s) all freshwater inputs to the estuary and
allow the whole estuary to equilibrate before taking samples.
This will cause two problems; (a) a large quantity of tracer is
needed (50-100 kg of dysprosium and 50-100 kg of DTPA) and (b)
the measurement will only show the conservative nature of the
tracer(s) for the mean residence time of the estuary. For these
reasons, chlorine was not used to test the conservative nature
of the tracer.

For various reasons, the procedure which compares the
stable activable tracer hydrological behavior to that of another
tracer whose hydrological characteristics are known was used to
test the conservative nature of the stable activable tracer(s).
By mixing a'tracer whose hydrological characteristics are known
(rhodamine B or WT) with the stable activable tracer(s), the
necessity of waiting for complete equilibrium in the estuary is
eliminated. By measuring the ratio of the concentrations of the
two types of tracers, the time dependence of the stability of the
stable activable tracer can be determined. Rhodamine B or WT was
used as the known tracer (rhodamine B and WT can be considered
conservative under the experimental conditions encountered in the
field studies) since these dyes are cheap, well tested, and per-

mission to use them is attainable.

1. Location

The ideal location for the testing of the conservative nature
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of the tracer in the field, would have the following characteri-

stics:

1.

Proximity to Corvallis, Oregon (lab Tocation of experi-
menter).

Small exchange of untagged water with tagged water (a
low flushing rate).

Small volume of water to be tagged.

The physical characteristics (salinity, pH, etc.) cover

the normal estuarine range.

Since the tidal effect is the major factor in the mixing and

flushing of estuaries, points 2 and 3 are in conflict. Normally

in an estuary, if only a small amount of flushing occurs, the

volume of the estuary is usually large. Therefore, one must

balance the need for point 2 against the need for point 3. The

South Beach Marina at Yaquina Bay, Oregon'was picked és the site

for the field experiments for the following reasons:

1.
2.

5.

Close to Corvallis, Oregon (50 miles)

The marina is approximately one tenth the volume of
Yaquina Bay.

Its flushing rate is approximately that of Yaquina Bay.
Its salinity range is almost that of the whole estuary
(approximately 15-34%o).

A hydrological study of the marina was done recently.67’68

From Figure V, one can see the size and shape of the marina

and its

location in Yaquina Bay. Some of the general information
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about the South Beach Marina is that the entrance of the marina
is 1.5 nautical miles (2.8 km) upstream of the end of the north
jetty at Newport, Oregon. The approximate marina dimensions are
length = 1,574 ft (480 m), width = 623 ft (190 m), depth at mean
tide level = 13.4 ft (4.1 m). The mean tide range is equal to
6.0 ft (1.83 m) and the entrance/exit width is 157 ft (48 m).

The marina is designed to hold 600 boats.

2. Sample Containers and Cleaning of the Containers

In choosing a container to store the estuarine water samples,
one must pick a container which is easily transported and stored,
and which does not affect the integrity of the sample. One usually
worries about metals being leached from the container walls or the
metals in solution being sorbed on the container walls. Since
Nalgene containers are considered one of the best containers to
prevent those problems, Nalgene containers were used in this field
study.

The cleaning of the Nalgene containers prior to use has two
purposes, to remove all leachable metals from the containers, and
to remove all activated adsorption sites on the containers.  There
are various methods in use for the.cleaning of these jars.69’70’7]
A1l methods recommend a soaking in nitric acid (to leach all the
metals from the containers) followed by a meticulous job of
washing the containers with distilled water (to "remove" the

activated adsorption sites). Since the nitric acid creates

activated adsorption sites in the containers, the concentration
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and length of time of soaking the containers in nitric acid
varies within the different procedures. A 12-24 hour soaking
of the containers in 0.5 M nitric acid bath followed by two

washings with distilled-deionized water was used in this study.

3. Tracer Preparation

The stable activable tracers chosen for this work included
the rare earth elements dysprosium and europium. Oxides of the
elements were dissolved in a minimum amount of hot concentrated
nitric acid and a solution of diethylenetriamine pentaacetic
acid (DTPA) was added to form a 1:1 complex of the rare eérth
- element(s) and DTPA. The pH of the metal chelate solution was
adjusted to approximately the natural pH of 7.0-8.0 of the est-
uarine water and the rhodamine B or WT was added to the solution
and mixed. If necessary, the voiume of the tracer solution was
adjusted with distilled water.

For the first field study, the tracer solution consisted of
2.2 kg of DTPA, 0.902 kg of dyprosium, and 2.053 kg of rhédamine
B in approximately 38 liters. F?r the second field study, the
tracer solution consisted of 3.3fkg of DTPA, 0.874 kg of dyspro-
» sium, 0.1448 kg of europium, and 3.26 kg of rhodamine WT in

approximately 38 Tliters.

4. Tracer Injection into the South Beach Marina

Since the major idea behind the testing of the stable acti-
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vable tracer is to test its conservative nature as a function of
time, the tracer was placed in the South Beach Marina in a way to
keep the tracer inside the marina as long as feasible. To achieve
this goal, the tracer was dumped as a slug in the southeast

67,68 the water

corner of the marina. From previous field work,
in the southeast corner is recognized as having the longest resid-
ence time in the marina (i.e., this spot has the s1oWest diffu-
sion rate in the marina). Also the southeast corner is the
farthest distance from the entrance/exit of the marina and there-

fore any material added to this spot will be hydrologically removed

from the marina slower than any other spot.

5. Sampling Procedure

The samples were taken at the times when it was either high
or low tide. The marina was sampled at eight different sites
which were uniformly distributed so that a total picture of
tracer dispersal was obtained. With the anticipation of fjnding
a partial stratified hydrological environment in the marina,
three depths were sampled, which are surface, middle, and one
foot above the bottom. At the surface, the sample was taken by
rinsing the Nalgene container with the surface estuarine water
followed by the taking of a grab sample with the container at the
surface of the estuarine water. For both the middle and bottom

samples, the procedure involved the use of a commercial messenger-
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72 ps with

operated Nansen type trace metal water sampling bottle.
the surface sample, a portion of the water collected in the Nansen
sampler was used to rinse the Nalgene container before the remain-

ing water was poured into the container.

6. Sample Storage

It may be worthwhile to point out that there is no technique
of preservation that can maintain complete stability for every
constituent after the sample is removed from the parent source.73
Traditionally, the acidification of water samples is considered
by many as the way of preserving metallic ions in so]ut1’on.69’70’74
However, acidification of the water samples will not be indicative
of the true metal content of the water samples at its source,
since most inorganic constituents will have been desorbed from
the suspepded particles during acid storage. However, it is also
important to consider the adsorption and leaching of soluble
materials upon and from the walls of the sample containers, which

75 this

can be prevented by acidifying the water prior to storage.
may seem paradoxical (since one must acidify and yet cannot). The
obvious so]ufion is to filter the water to remove suspended part-
iculates and then acidify or otherwise prevent container surface
adsorption. In addition, it is most unfortunate that a wide
variety of solvents, reagents, and other materials encountered

in trace analysis contain extremely high levels of various ele-
mental 1‘mpur‘1‘t1‘es.76

In our case, we elected to freeze the samples (at -20°C)
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as soon as possible after sampling to eliminate the adsorption
and leaching of soluble materials upon and from the walls of the
containers as well as desorption of inorganic constituents from
the suspended particles. Indeed, it has been demonstrated by
the Battelle Pacific Northwest Laboratories and National Bureau
of Standards that rapid freezing of the sample provide a better

77,78

alternative to chemical preservation. This procedure has

also been shown to be a reliable method for storage of stable

activable tracer(s) in Nalgene containers.26

7. Sample Analysis

The samples were removed from cold storage (-20°C) and allow-
ed to melt in the Nalgene containers. After all the samples were
melted, 500 m1 of the estuarine water was removed and filtered
through a 0.45 um poresize Mi]]ipore filter paper (to remove all
suspended particulates). The filtrate was poured into a one-liter
beaker with 0.5 mg of praseodymium being added and thoroughly
mixed. Twenty ml of a 45 weight % solution of potassium hydroxide
was added to the solution, and the solution was then heated until
boiling followed by a gentle cooling period (digestion of the pre-
cipitate).79 When the solution reached room temperature, all but
100-200 m1 of the supernatant was decanted and filtered through two
0.8 um Nuclepore filter papers. The remaining solution was trans-
ferred to a 250 m1 centrifuge tube and centrifuged for ten minutes
at a force of 9 G's. After centrifuging, the remaining supernatant

was decanted and filtered through the same previously mentioned
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0.8 um filter papers. Using 50 ml of a 1.6 N ammonium hydroxide
solution, the precipitate was transferred to the filtering appar-
atus and filtered through the two 0.8 um filter papers. The
filter paper and the precipitate was allowed to air dry before
being placed inside a 2-dram polyvial.

The samples were placed in the rotating rack of a TRIGA
Mark II reactor and were irradiated for 20 minutes in a neutron
flux of 1.2 x 1012 neutron/cm?/sec. The samples were allowed to
decay (for 100 minutes) before they were dissolved in 15 ml of
concentrated hydrochloric acid (the solution was gently heated
to aid in dissolving the precipitate). When all the precipitate
was dissolved, 2-4 grams of HAP (hydrated antimony pentoxide) were
added to the solution. After five minutes of gently heating and
stirring, the slurry was transferred to a 25-ml centrifuge tube
;and centrifuged for three minutes. At this point, the supernatant
was decanted into 7-dram polyvial which was then sealed with a
soldering iron. The activated samples were then analyzed by y-ray
spectroscopy.

The rhodamine B or WT samples were analyzed with a Turner
Model 10-005R fluorometer at Newport, Oregon. The equipment
set-up was as follows, 10-046 clear quartz lamp (excitation lamp),
10-056 color specification (green) 546 filter (excitation filter),
10-053 color specification (yellow) 16 filter (reference filter),
10-057 color specification (reddish-orange) 23A filter (emission

filter), and a 10-052 color specification (1ight blue) 3-66
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(emission filter). With this equipment arrangement, it was deter-
mined that the calibration curve is a straight line until approxi-
mately 23 ppb. Therefore, the following equation was used to cal-

culate the concentration of the dye in the samples.

Concentration of Sample _ Sample's Fluorescent Signal
Concentration of Standard Standard's Fluorescent Signal

The temporal stability of the stable activable tracer(s)
(Dy-DTPA and Eu-DTPA) compared to a fluorescent dye (rhodamine B
or WT) in the South Beach Marina experiments was determined by
comparing the experimentally determined marina averages for the
two stable activable tracer concentration to the experimentally
determined marina average fluorescent dye concentration as a
function of time. The experimentally determined marina average
tracer concentrations were determined by summing the tracer con-
centrations over all the sampling sites for a given time and
dividing this number by the number of sampling sites. Since
each sample represents a certain fraction of the marina volume
with each sample designed to represent an equal volume of the
marina, this procedure of comparing the marina average concentra-
tion of the individual tracers to each other is essentially equal
to comparing the mass of the individual tracers in the marina to
each other. This argument can be shown to be true from the -

following relationships.
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where
Mt = mass of tracer in the marina at time t
te
i = tracer concentration in sample i at time t
Vi = marina volume which sample i represents
Mt
SAT = mass of stable activable tracer in the marina at time t
Mt
F = mass of fluorescent dye in the marina at time t
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t

C = stable activable tracer concentration in sample i at

SAT

i
time t

Ci = fluorescent dye concentration in sample i at time t

t = the difference in time between when the tracers were added
to the marina and when the samples were taken

n = number of sampling sites
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IV. Results and Discussion

A11 tracers suffer losses in the natural environment due to
various mechanisms. Some of the mechanisms which could cause
the stable activable tracer to be removed from an estuary are as
follows:
1. Biodegradation of the complexing agent (DTPA).
2. Adsorption reaction with solid phases including sediments,
organisms, and/or sample containers.
3. Breakup of the rare earth element(s) - DTPA complex.

4. Biological-uptake of the stable activable tracer(s).

A. Laboratory Studies

Biodegradation of the chelate (DTPA) is expected to have no
effect on the_rare'earth element(s) - DTPA stability. In labora-

80

tory studies,” DTPA, in the presence of settled sewage and yeast

extract, lost no chelating ability for up to three weeks. Also
from this study on compounds with similar chemical structures,80
one would predict that DTPA would not lose any chelating ability
for a much longer time than the three weeks in which it was tested.
Since the DTPA chelating ability is reduced as DTPA biodegrades,
this would mean that DTPA would not biodegrade to any appreciable
degree for over 3 weeks. With such a Tow biodegradability poten-
tial, one can assume that biodegradation of the chelate (DTPA) will

have no effect on the rare earth element(s) - DTPA stability during

a typical (less than one month) hydrological tracing experiment.
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The potential sorption reactions involving the Nalgene sample
container walls have been discussed previously (Section III-B-2).
H was concluded that such a reaction will have almost no effect on
the stability of the rare earth element DTPA complex in an estua-
rine environment.26’77’78

In the laboratory stability tests (see Figures VI and VII),
it was demonstrated that the rare earth DTPA complex is not read-
ily sorbed by the suspended particulates and sediments while the
uncomplexed rare earth elements are readily sorbed by the suspend-
ed particulates and sediments. These results have recently been
confirmed to hold true at high tracer concentrations (100-600 ug/%2)
in river water (Figure VI-b) and in seawater where the mean %
tracer recovery was 100.9, 99.4, and 105.2 for samarium, dysprosium

28 The fact that the laboratory tests

and lanthanum respectively.
showed only a small loss of rare earth DTPA tracer over time,
approximately 3-5% per week, which is in good agreement with the
theoretical rare éarth DTPA rate of break-up calculated in Section
II, approximately 0.7% per week, one can infer that the rare earth
DTPA complex is not readily broken by the competition from other
estuarine elements for the chelates, DTPA. One can also infer
from the laboratory results that the rare earth-DTPA complex
should essentially remain in solution for the lifetime of most
hydrological experiments with only negligible losses due to sorp-

tion reactions.

Biological-uptake will usually have only a small effect on
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the stability of the rare earth-DTPA complex since the mass of most
tagged waters is usually many orders of magnitude higher than the
mass of the biological material in most hydrological studies.
However, estuaries are known to have areas of extremely high bio-
logical activity and in these zones, biological-uptake can have

a pronounced effect on the transport of dissolved species. For
example, in the Newport Bay estuary, Beaufort, North Carolina,

it is estimated that bio-uptake accounts for 10% of the total zinc

81,82 Also,

transport through the estuary. one type of fish (men-

haden) which represents approximately 17% of the total fish bio-
mass.in the estuary, ingests daily both particulate and dissolved
form, about 0.3% of the zinc, 0.7% of the iron and 0.06% of the

83

manganese in the water. As for plant life, it was found that

marine plankton can remove iron at a rate of 1-8% per hour and
zinc at a rate of 1-5% per hour.84

Unfortunately, nobody has looked at the effects that biolog-
jcal-uptake has on the transportation of the rare earth elements

through estuaries. However, Turekian et 1.85

has proposed that
rare earth elements are removed from the estuaries by planktonic
adsorption. An approximation of the rate of removal of rare earth
elements in estuaries can be estimated from the relative bioconcen-
tration of some rare earth elements to iron. Some of the biocon-
centration factors are 8,300 for lanthanum which compares to

17,000 for iron in brown algae in seawater, and 7,100 for cerium

which compares to 4,935 for iron in 19 plant species in freshwater.86
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From this limited data, one could conclude that the rare earth
element(s) are removed from solution by biological processes at
approximately the same rate as iron. However, since the rare
earth element(s) are complexed with DTPA for the hydrological
tracer, one would like to have some comparison between the complex-
ed and uncomplexed rare earth elements. One comparison that is
known is for red alder roots, in which nonchelated dysprosium is
accumulated eight times faster than the dysprosium-DTPA comp]ex.87
From all the bioconcentration for the rare earth elements and
iron plus the measured rate of removal of iron by bio-uptake in
Newport Bay, one can estimate that the removal rate for the rare

earth element(s)-DTPA complexes in estuarine waters should be less

than 0.02% per hour.

B. South Shore Marina Experiments

To check the validity of the laboratory tests on the persis-
tence of stable activable tracer in estuarine waters, two field
studies were conducted in the South Beach Marina in Yaquina Bay,
Newport, Oregon. In the first field study, Dy-DTPA and rhodamine
B were mixed together and dumped into the marina. Samples were
taken at low and high tides (tidal data can be seen in Table XII),
and analyzed for their tracer concentrations (see Appendix D for
the measured tracer concentrations). By comparing the marina
average concentration of Dy-DTPA to the marina average concentra-

tion of rhodamine B as a function of time (Table XIII and Figure
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Table XII: Tide Height Measurements for Yaquina Bay during the first

South Beach Marina Experiment

Time Tide Change in Elapsed Time
Date (PST) Height Height in Experiment
August 14, 1980 2130 1.7 ft 0.00 hr
August 15, 1980 0330 6.8 ft 5.1 ft 6.00 hr
1000 0.7 ft 6.1 ft 13.50 hr
1615 7.0 ft 6.3 ft 19.75 hr
2215 1.6 ft 5.4 ft 24.75 hr
August 16, 1980 0415 6.0 ft 4.4 ft 30.75 hr
1030 1.0 ft 5.0 ft 37.00 hr

1700 6.9 ft 5.9 ft 43.50 hr



Table XIII: Temporal Stability of Dy-DTPA Relative to Rhodamine B in the first South Beach

Marina Experiment (Aug. 14-16, 1980)

Elapsed Time

Dysprosium-DTPA

in Experiment Marina Average Dysprosium - Marina Average Rhodamine
(hrs) DTPA Concentration (ngDy/%) B Concentration (ng/%)

19.75 hours 453 + 13 878 + 73

24.75 hours 547 + 8 1,176 + 55

37.00 hours 494 + 7 1,002 + 41

43.50 hours 359 + 7 734 + 31

Concentration*

Rhodamine B

Concentration
1.227 + 0.109
1.057 + 0.051
1,121 + 0.049
1.113 £ 0.051

*A Dy-DTPA/rhodamine B ratio of 1.0 is equal to the ratio of the amounts of tracer added to the

marina.

el
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VIII), one would conclude that Dy-DTPA is just as conservative as
rhodamine B since the tracer ratio was constant (within experiment-
al uncertainties) over the sampling time. In fact, using a weight-
ed Tinear regression techm’que88 in which the weighting factor is
based on the uncertainty of the experimental data, one would de-
rive that the equation which fits the experimental data is the
following:

[Dy-DTPA]/[rhodamine B] = 1.0825 + 0.00070 (t)
+0.1164 +0.00332

where
[Dy-DTPA] = Dy-DTPA marina average concentration at time t
[rhodamine B] = rhodamine B marina average concentration at
time t
t = the difference in time between when the tracer was added
to the marina and when the samples were taken (hours)
This equation states that the initial [Dy-DTPA]/[rhodamine
B] ratio is equal to 1.0825 + 0.1164 with a slope of 0.00070 +
0.00332. As can be seen, the slope can be taken as approximately
zero since the uncertainty of the slope is much larger than the
calculated slope value. The [Dy-DTPA]/[rhodamine B] ratio in
the slug initially added to the marina (calculated by dividing
the mass of Dy-DTPA added to the original tracer solution by the
mass of rhodamine B added to the original tracer solution) was
normalized to 1.00. The fact that subsequent measurements of

this ratio exceed 1.00 is not thought to be significant because
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of difficulties in assessing the initial stable activable tracer/
dye ratio. However, the calculated value (based upon the weighted
linear regression) of the initial [Dy-DTPA]/[rhodamine B] ratio
(1.083 + 0.116) does agree within the uncertainty of the calcul-
ation with the [Dy-DTPA]/[rhodamine B] ratio in the slug intially
added to the marina.

In the second field study, Dy-DTPA, Fu-DTPA, and rhodamine
WT were placed in the marina to demonstrate the feasibility of
using stable activable tracer(s) in a multitracing experiment,
and to demonstrate that the stable activable tracers do persist
in estuarine waters when compared to the persistence of rhodamine
WT. Samples were taken at low and high tides (tidal data can be
seen in Table XIV), and analyzed for their tracer concentration
(see Appendices D-4, 5, and 6 for the measured tracer concentra-
tions). The general feasibi]ity'of performing a multitracing
experiment was shown in the second experiment (Table XV and Figure
IX) in that one is able to simultaneously determine the concen-
tration of both the stable activable tracers (Dy-DTPA and Eu-DTPA)
in the study. Also from Figure IX,~oﬁe can estimate the general
hydrological behavior of the two stable activable tracers relative
to each other. One would ideally want all the stable activable
tracers to mimic the hydraulic behavior of one another in a multi-
tracing experiment. As one can see from Figure IX and Tab]é XV,
the [Eu-DTPA]/[Dy-DTPA] ratio does decrease during the time span

of the experiment. In fact, using a weighted linear regression87
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Table XIV: Tide Height Measurements for Yaguina Bay during the

Second South Beach Marina Experiment (Jan 16-18, 1981)

Time Tide Change in Elapsed Time
Date (PST) Height Height in Experiment
January 16, 1981 0200 3.4 ft 0.00 hr
0830 9.8 ft 6.4 ft 6.50 hr
1515 0.1 ft 9.7 ft 13.25 hr
2200 7.3 ft 7.2 ft 20.00 hr
January 17, 1981 0305 3.8 ft 3.5 ft 25.08 hr
0930 10.2 ft 6.4 ft 31.50 hr
1615 -0.1 ft 10.3 ft 38.25 hr
2300 8.0 ft 8.1 ft 45.00 hr
January 18, 1981 0430 4.0 ft 4.0 ft 50.50 hr
1030 10.3 ft 6.3 ft 56.50 hr



Tahle XV: Temporal Stability of Dy-DTPA and Eu-DTPA Relative to Rhodamine WT in the Second South Beach

Marina Experiment (Jan 16-18, 1981)

Elapsed Time Marina Average Dysprosium - Marina Average Europium - Marina Average Rhodamine WT

in Experiment DTPA Concentration (ngDy/1) DTPA Concentration (ngEu/1) Concentration (ng/1)

13.25 hours 832.0 + 8.3 132.2 + 1.7 3,758 + 33

20.00 hours 414.1 + 6.0 62.9 + 1.3 1,620 + 12

31.50 hours 280.5 + 5.7 o 56.2 + 1.5 1,138 + 9

38.25 hours 311.3 + 6.5 ‘ 40.8 + 1.4 970 + 8

45.00 hours 70.4 + 4.6 9.2 + 0.9 389 + 4

56.50 hours 44.9 + 4.9 5.7 + 1.1 267 + 3
Elapsed Time Dysprosium-DTPA Concentration* Dysprosium-DTPA Concentration* Europium-DTPA Concentration*
in Experiment Europium-DTPA Concentration Rhodamine WT Concentration Rhodamine WT Concentration
13.25 hours 0.959 + 0.015 0.826 + 0.011 0.793 + 0.012

20.00 hours 0.917 + 0.024 0.954 + 0.015 0.874 + 0.020

31.50 hours 1.209 + 0.041 0.920 + 0.020 1.113 + 0.031

38.25 hours 0.791 + 0.032 1.198 + 0.027 0.947 + 0.034

45.00 hours 0.787 + 0.093 0.674 + 0.045 0.531 + 0.053

56.50 hours 0.769 + 0.170 0.628 + 0.069 0.483 + 0.093

*Normalized to where a ratio of 1.0 is equal to the ratio of the amounts of tracers added to the marina

LL
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technique in which the weighting factor is based on the uncertainty
of the experimental data, one would derive that the equation which

fits the experimental data is the following:

[Eu-DTPA]/[Dy-DTPA] = 1.035 - 0.0038 (t)
+0.038 +0.0015

where

[Eu-DTPA] = Eu-DTPA marina average concentration at time t

[Dy-DTPA]

Dy-DTPA marina average concentration at time t
t = the difference in time between when the tracers were
added to the marina and when the samples were taken
(hours)

This equation states that the initial [Eu-DTPA]/[Dy-DTPA]
ratio is equal to 1.035 = 0.038 with a slope of -0.0038 + 0.0015.
Since the [Eu-DTPA]/[Dy-DTPA] ratio in the slug initially added
to the marina (calculated by dividing the mass of the Eu-DTPA
added to the tracer solution by the mass of the Dy-DTPA added to
the tracer solution) was normalized to 1.00, the calculated ini-
tial [Eu-DTPA]/[Dy-DTPA](based on the weighted linear regression)
is in good agreement with the initial [Eu-DTPA]/[Dy-DTPA] ratio
in the original tracer solution. From the slope of the line, it
wou]d indicate that Eu-DTPA was being removed 0.38% per hour fas-
ter than Dy-DTPA. This would mean that Dy-DTPA and Eu-DTPA do
not have the same hydraulic behavior. However, this difference
in the hydraulic behavior can be considered small when one remem-

bers that only about 5% of the mass of the original tracer still



80

remained in the marina at the end of the experiments (56.50 hours).
Also for the last two sampling times, the tracer concentrations
were fairly close to the tracer background level, 33.8 + 7.5 ngDy/%
and 4.2 + 1.0 ngEu/% (determined from samples taken in the marina
before the tracer solution was added to the marina), and thus the
uncertainty in the background level could easily cause the trend
seen in Figure IX. In conclusion, Eu-DTPA and Dy-DTPA tracers do
have similar hydraulic behavior, and thus they can be used together
in a multitracing experiment.

When one compares the persistence of the stable activable
tracer (Dy-DTPA and Eu-DTPA) to the persistence of the rhodamine
WT dye (Figures X and XI), the picture is not as clear as was seen
in the first field experiment. If one uses the weighted linear
regression techm’que87 on this data, one would derive that the

linear equations which fit this experimental data are the follow-

ing:
[Dy-DTPA]/[rhodamine WT] = 0.806 + 0.0043 (t)
+0.018 +0.0008
! [Eu-DTPA]/[rhodamine WT] = 0.783 + 0.0026 (t)
) +0.021 0.0010
where
[Dy-DTPA] = Dy-DTPA marina average concentration at time t
[Eu-DTPA] = Eu-DTPA marina average concentration at time t

[rhodamine WT] = rhodamine WT marina average concentration
at time t

t = the difference in time between when the tracers were
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added to the marina and when the samples were taken
(hours)

These equations state that the initial [Dy-DTPA]/[rhodamine
WT] ratio is 0.806 + 0.018 and that the initial [Eu-DTPA]/[rhoda-
mine WT] ratio is 0.788 + 0.021. The [Dy-DTPA]/[rhodamine WT] and
[Eu-DTPA]/[rhodamine WT] ratio in the slug initially added to the
marine (calculated by dividing the mass of the Dy-DTPA or Eu-DTPA
added to the tracer solution by the mass of the rhodamine WT added
to the tracer solution) was normalized to 1.00. The fact that the
weighted linear regression technique says that the initial [Dy-
DTPA]/[rhodamine WT] or [Eu-DTPA]/[rhodamine WT] ratio is closer
to 0.80 is not thought to be significant because of the difficul-
ties in assessing the initial stable activable tracer/rhodamine
ratio. It seems of interest that the linear regression technique
indicates that the Dy-DTPA and Eu-DTPA tracers are more stable
than rhodamine WT. However, this equation does not fit the data
points very well, especially the last two sampling times. 1In
fact, the [Dy-DTPA]/[rhodamine WT] and [Eu-DTPA]/[rhodamine WT]
ratios with the tracer ratios generally increasing for the first
38 hours of the experiment and then drastically decreasing for
the next 18 hours. Part of the spread of the tracer ratio can
Be attributed to the problem of estimating the dye background
(mostly due to turbidity) during the experiment. The problem
was more acute in the second experiment since in the second

experiment a much lower dye tracer concentration was used compared
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to the first experiment and the marina was open to boat traffic.
With the boating activity in the marina during the second field
experiment, one would expect the turbidity should widely fluct-
uate due to local turbulence caused by the boat propellers. This
would cause the dye background to also fluctuate. In the case

of this marina, as the turbidity increases the measured dye
background will also increase due to the 1ight scattering pro-
perty of the white suspended particulates of the marina and the
technique used to measure the dye concentrations. This would
cause a large inaccuracy in measuring the dye concentrations and
could conceivably cause part of the fluctuation seen in Figures

X and XI. Another reason for the fluctuation is that the stable
activable tracers seem to have dispersed slightly differently

than the rhodamine WT dye tracer in the second experiment. A good
example of this difference in dispersion can be seen in Figure
XII, where the tracer ratio for each sampling site is plotted

for a given sampling time (38 hours). In this Figure, the [Dy-
DTPA]/[rhodamine WT] and [Eu-DTPA]/[rhodamine WT] ratio is nor-
malized to make the measured marina average tracer ratio for that
sampling time be unity. As can be seen in Figure XII, the tracer
ratios do vary widely from one sampling to another. One can see

a plausible reason why the drastic drop'in the rare earth-DTPA/
dye ratio was seen at the 45.00 and 56.50 hour sampling time. One
can see that there is a disproportionate amount of rare earth-DTPA

tracer near the exit/entrance of the marina when compared to the
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rhodamine WT tracer. Since the tide is going out after this
sampling time, this would mean that a disproportionate amount of
the rare earth-DTPA tracers would be removed from the marina.
This would cause the rare earth-DTPA/rhodamine WT ratio to de-
crease in the subsequent sampling times, which can be seen from
Figures X and XI. The most Tikely reason behind the different
dispersion pattern of the tracers can be attributed to the mixing
of the original solution. It is very likely that the rare earth-
DTPA/dye solutions were not adequately mixed in the containers
used in the experiment before the tracers were dumped into the
marina. This would affect where the different tracers were placed
in the marina and thus the subsequent dispersion of the different
tracers in the marina.

67,68 resulting

Since this marina had been studied previously
in a mathematical model of this marina, one would like to see how
the measured flushing rate of the tracers in these field experi-
ments compared to the calculations of the marina model. The model
calculation is based upon the assumption that the tracers are uni-
formly mixed throughout the marina<and thus the mas# of the tracers
in the mqrina decreases when the tide goes out and éhe concentra-
tion of the tracers decreases when the tide comes in. Unfortun-
ately, in the first experiment the tracers were no; adequately
mixed throughout the marina to justify the use of the model. How-

ever in the second experiment, by the first low tide (13.25 hours)

after the tracers were dumped into the marina, the tracers were
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evenly distributed throughout the marina such that one could use
the model to predict the tracer concentrations for the subsequent
sample times. For example, using the tidal data (Table XIV) for
this experiment and the marina model, one can calculate the pre-
dicted tracer concentrations for the various remaining sampling
times (Figure XIII). As one can see from Figure XIII where the
experimental and predicted tracer concentrations are compared,
the model did predict fairly closely the average measure tracers
concentrations. The difference between the measured and predicted
values is not surprising since in all three dye experiments per-
formed by Calloway to check the model for this marina,68 he found
that the model routinely underestimated the tracer removal by as
much as 30-40%. Therefore, to the first approximation, the model
for the marina does predict that the stable activable tracers are

conservative in estuarine waters.
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V. Conclusion

The use of stable activable tracer(s) as hydrological tra-
cer(s) in an estuarine environment shows much promise and ver-
satility. It has been shown that stable activable tracers are
non-toxic at tracer concentrations (less than 100 ug/:), are
economically viable, and are conservative in laboratory
studies for up to three weeks. In the field studies which were
performed, the feasibility of performing multi-tracing experi-
ments was demonstrated. The field work also indicated that the
stable activable tracers are fairly conservative in estuarine
waters. In conclusion, stable activable tracer(s) are a viable
form of hydrological tracer which can be used in an estuarine

environment.
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I. Introduction

Chemical oceanography has dealt mostly with the study of
dissolved and particulate matter in the open ocean; the import-
ant interactions, i.e., ocean-atmosphere, sediment-water, as well
as river-ocean, have only been recognized recently. Thére are
but a few studies on the river-ocean interface, especially the
river inputs to the ocean, which are by far the most important
type of continent-ocean interaction. The geochemical cycle of
many ejements is poorly known, i.e., the total elemental input
to the ocean as well as elemental speciation and subsequent
oceanic reactivity.

In the case of the rare earth elements, their geochemical
behavior in natural waters is essentially unknown. In order to
have a better estimate of the global geochemical cycle of rare
earth elements, it is of interest to determine their soluble
input into the ocean and to compare this input with the output
of rare earths from the ocean by authigenic and biogenic material
in ocean sediments. Owing to the large uncertainty associated
with most of the data used to calculate the rare earth input/
output rate from the oceans, this kind of balance must be taken
as a first approximation. As an example, we should consider
lanthanum. Taking into account the occurrence of calcium car-
bonate, polymetallic nodu]es; fish bones, montmorillonite, phil-
lipsite, and barite on the sea floor, one can estimate that the

total lanthanum output from the oceans is 2.26 x 10 °gcm 2y !,
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as shown in Table XVI. From a study on the Gironde estuary,]7

one can estimate the rate of input of lanthanum into the oceans
as 0.25 x 107%gcm 2y"1. If both the estimated input and output
rates are accurate predictors of the true input/output rate for
lanthanum in the oceans, then one would conclude that lanthanum
is being removed from the oceans nine times faster than it is
entering into the oceans. If this global imbalance is true, then
one would expect to see a steady decline in the concentrations

of rare earth elements in the oceans. However, there is no

100 Therefore, one would

evidence that this trend is occurring.
conclude that either the calculated output rate is wrong or that
the calculated input rate is in error.

The calculated global lanthanum output rate from the oceans
(Table XVI) is considered fairly accurate. However, the calcul-
ated global lanthanum input rate into the oceans is not consider-
ed very accurate. The reason for its questionab]e'accurécy is

100 of soluble lanthanum concentration

that only one measurement
of two rivers (Dordogne and Garonne) from the same estuary (Gir-
onde) was used to estimate the average global river concentration
of lanthanum. Also, the average global lanthanum behavior in
.estuaries was estimated from only one study from the aforemen-

tioned estuar'y.]7

In that study, they concluded that approxi-
mately 50% of the lanthanum supply in the rivers was removed in
the estuaries before it reaches the oceans, and thus only one-

half of the rare earth supply from the rivers can be considered
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Table XVI: Lanthanum Output from the Ocean]7
Accumulation Lanthanum85’96’97’98 Lanthanum
Method of _ Rate __ Concentration Accumulation Rate
Removal (1076gcm 2yr 1) {ppm) (107 %gcm ™ 2yr 1)
Caco,? 60 1 0.06
Po]ymetg]]ic 0.2 250 0.05
nodules
Fish bones® 0.15 2000 0.30
Montmoril- 15 100 1.60
Tonited
| Barite® 1 -- -
Phillipsite’ 1.5 150 0.25
Total Output 2.26

a: CaCO; equals 40% of the pelagic sediment89 which is deposited
at a rate of 2 x 10'3mmyr'1,90 j.e., 150 x 10 6gyr lassuming

a sediment concentration of 0.7 g/cm3.

b:: Polymetallic nodules accretion rate is 10'chm'2yr'1.9]’92

They cover 20% of the sea f]oor.93

c: Fish bones equal 0.1% of the total sediment.

d: Montmorillonite equals 30% of the clay materials, half of

which is assumed to be authigem’c.94

e: Barite equals 1% of the sediment on a carbonate free basis.95

f: Phillipsite equals 1% of the total sediment.85
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to ever reach the oceans. The removal of the soluble rare earth
elements in estuaries has recently been confirmed in a laboratory
experiment performed by Hoyle and E]derfie]d.]O] In their study,
they found that between 50-80% of the soluble rare earth elements
are removed over a salinity range of 0-10% during estuarine mix-
ing.

The va]idity'of using only two measurements of soluble lan-
thanum concentration to estimate the global average soluble lan-
thanum concentration in rivers is, of course, questionable. How-
ever in this case, it was necessary for Piper98 and Martin et al.
17 to use thesé measurements in their estimation of the lanthanum
input rate into the oceans, since most of the other measurements
of lanthanum in rivers are of questionable accuracy. For example,

102a,b 1o janthanum concentra-

in one study of the Columbia River,
tion was measured by neutron activation analysis without removing
the uranium from the samples. Thus part of the measured lanthanum
concentration was due to uranium which had fissioned during the
neutron activation. The greatest common error in previous studies
involved acidifying the water samples before removing the suspend-
ed particu]ates.]03’]04’]05 This procedure could cause leaching
of the REE from the particulates leading to artificially elevated
REE levels. To illustrate the possible implication of this pro-

913105. In that

cedure, one can look at the study by Kolesov et
study, they demonstrated that the total rare earth concentration

is correlated to the amount of suspended material in the river
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water. It is possible that this correlation does occur, but it
is more 1ikely that part of the correlation comes from the rare
earth elements being leached from the suspended material as part
of the analytical procedure used in the aforementioned studies.
103,104,105

Because of the lack of good experimental data on the concen-
trations of soluble rare earth elements in rivers, this researcher
decided to measure the rare earth elemental concentrations in
seven Pacific Northwest rivers (Columbia, Fraser, Klamath, Marys,
Rogue, Sacramento, and Willamette). Some laboratory experiments
were also concurrently conducted in an attempt to identify any
rare earth elemental adsorption behavior in the rivers and to
identify any correlation between soluble rare earth elemental
concentrations and pH. Also, some theoretical calculations
based upon the solubility of tanthanum and europium complexes
were done in an attempt to correlate this information to the
measured soluble rare earth elemental concentrations in river
water. Using all this information, the geochemistry of the rare
earth elements will be conceptually explained, and also the

lanthanum input/output rate in the oceans will be discussed.
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II. Experimental

A. Field Experiments

The rivers studied in this work (see Table XVII for a des-
cription) represent a typical cross section of major rivers in the
Pacific Northwest region of the United States. They range in
annual flow rate from 457-193,500 cfs. Four of the rivers
(Columbia, Mary, Sacramento, and Willamette) are used extensively
for irrigation while two of them (Klamath and Rogue) drain more

remote, heavily wooded areas.

1. Sampling Procedure

In the first set of experiments (April 25-May 2, 1981), three
10 1iter samples were collected from the surface of each river
with clean Nalgene containers (see Tables XVII and XVIII for a
description of the sampling location and conditions). These sam--
ples were rushed to a laboratory near the collection site where
the samples were filtered within 2-14 hours after sampling through
a 0.45 uym Millipore filter paper to remove the suspended particul-
ates. After filtration, the filtrate was acidified using hydrogen
chloride gas and transpdrted to Corvallis, Oregon.

In the second set of experiments (Sept. 1-Sept. 24, 1982),
two 10 Titer samples were collected from the surface of each
river with clean Nalgene containers (see Tables XVII and XVIII for
a description of the sampling location and conditions). These

samples were rushed to the Corvallis laboratory where one 10 liter



Table XVII: Information about the Pacific Northwest Rivers Studied in this Report
Annual Flow Drainage
River Rate (cfs) Area (sq. miles) Comments

Columbia 193,500 259,000 Used very heavily for irrigation upstream
of sample site

Fraser 103,120 91,000 Glacier-fed river with some irrigation
near sample site

Klamath 8,121 15,640 Drains area with dense timber

Marys 457 329 Used very heavily for irrigation

Rogue | 3,486 5,160 Drains wooded area

Sacramento 11,440 26,000 Used very heavily for irrigation

Willamette 37,830 12,045 Used very heavily for irrigation

L6



Table XVIII: Sampling Location and Conditions

Total Inorganict

Filterable Filterable Flow Rate

Temperature Dissolved Material Material at Sampling

River Location* Date (°c) pH 0, (ppm) (mg/2) (mg/2) Time (cfs)
Columbia Vancouver, WA 5/2/81 18.0+.5 7.85+,02 209,800
" " 9/1/82 25.5+.5 6.88+,02 7.9 2.3 82,000
" " 9/8/82 23.8+.5 6.90+,02 8.5 1.9 1.1 113,000
Portland, OR 9/15/82 21.0+.5 6.81+.02 9.0 4.6 2.9 107,000
: " " 9/22/82 23.0+.5 7.75+.02 8.7 2.2 1.6 217,000
Fraser Agassiz, B.C. 5/1/81 15.0+.5 7.15+.02 111,240
Klamath Orleans, CA 4/27/81] 19.0+.5 7.48+.02 5,930
Marys Corvallis, OR 9/10/82 19.0+.5 6.66+.02 9,2 6.5 4.1 19
" " 9/17/82 20.0+.5 7.45+.02 9.3 5.7 2.7 18
Rogue Grants Pass,0R 4/27/81 18.0+.5 7.27+.02 2,280
Sacramento Colusa, CA 4/25/81 19.0+.5 7.55+.02 8,900
Willamette Corvallis, OR 9/3/82 19.5+.5 6.18+.02 8.8 0.9 6,050
" " 9/13/82 19.0:+.5 6.24+.02 9.4 1.3 7,360
" " 9/20/82 18.8+.5 7.12+.02 9,2 1.3 1.3 7,610
" " 9/24/82 20.0+.5 7.21+.02 9,1 1.6 1.6 8,520

*Nearest town to location where sample was taken

tBased upon the weight of the filterable material after ashing at 600°C

86
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sample was filtered through a 0.2 um Nucleopore filter paper, and
the other 10 1iter sample was filtered through a 0.45 um Millipore
filter paper to remove the suspended particulates. After filtra-

tion, the filtrate was acifified using hydrogen chloride gas.

2. Determination of the Soluble Rare Earth Elemental Concentration

a. Pre-Irradiation Chemistry

The analytical procedure used to measure the soluble rare
earth elements concentration in river water was a modified ver-
sion of the Goldberg g;_gl.zg procedure. The procedure consists
of adding 1**Ce (0.0033 uCi) and !79Tm (0.024 uCi)radiotracers
along with 75 mg iron carrier to the water samples immediately
after arrival in Corvallis. The radioactive tracers and iron
carrier were allowed to equilibrate with the river water for a
minimum of one week before the iron was precipitated. The pre-
cipitation was done with ammonia gas which was bubbled through
the river water until the pH was between 8.6 and 9.4. A pH of
8.6 or greater was needed to precipitate the iron carrier from
the solution and also to efficiently scavenge the rare earth |
elements. The pH was kept below 9.4 to ensure that no other ?
elements (i.e. magﬁesium and‘calcium) would also precipitate out
of solution. The precipitate was allowed to settle with occas-
~ jonal decanting of some of the supernatant. When only 1-2 liters
remained of the solution, the solution was centrifuged and the

final supernatant was decanted.

The precipitate was dissolved in a minimum amount of Baker
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ultrapure concentrated hydrochloric acid or concentrated hydro-
chloric acid made by bubbling hydrogen chloride gas through doub-
led deionized water (4 ml), and the resulting solution was poured
into an anion exchange column (1 1/2 diameter x 15 cm, waex
1 x 8, 100-200 mesh). This column was prepared by conditioning
the column with 100 m1 of 0.05 N hydrochloric acid and 50 ml of
10 N hydrochloric acid. The samples were eluted with approximate-
ly 45 m1 of 10 N hydrochloric acid. This procedure allows the
REE to pass through the column while retaining on the column
iron and uranium. Three mg of iron was added to the eluate and
the rare earth elements were re-precipitated by bubbling ammonia
gas through the solution. After centrifuging the samples, the
supernatant was removed and the precipitate was washed several
times with double-distilled deionized water. The samples were
air dried and placed in 2/5 dram polyvials for irradiation.

b. Irradiation

The first set of samples (1981) were irradiated in the ro-
tating rack of the OSU TRIGA research reactor for 6.5 hours in a
neutron flux of 3 x 1012 neutrons/cm?/sec. Due to instrumental
failure, I was not able to analyze the samples until many days
later, and since there are many short-lived rare earth products
which one wants to use to analyze for the rare earth elemental
concentration, the samples were re-irradiated 14 days later for
7.0 hours at the same neutron flux. The samples were allowed

to decay overnight before post-irradiation chemistry was per-
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formed. The second set of river.samples (1982) were irradiated
for 7.0 hours at a neutron flux of 3 x 1012 neutrons/cm2/sec.

c. Post-Irradiation Chemistry

The activated samples were dissolved in concentrated hydro-
chloric acid and to the resulting solution 3 ml of rare earth
elemental carrier (Appendix E-1), 5 ml of iron (3 mg/ml), and 1
ml of sodium hydrogen sulfite (1M) were added. .Ammonia gas was
used to precipitate the iron carrier which scavenged the rare
earth elements. The samples were centrifuged and the supernatant
decanted from the precipitate.

The following procedure was repeated 3-4 times to remove
all the scandium, iron, etc. from the samples. It consisted of
dissolving the precipitate from the previous steps in a minimum
amount of concentrated hydrochloric acid and transferring the
solution to polycarbonate centrifuge tubes. Precipitation of the
rare earth fluorides was accomplished by the addition of 1 ml of
concentrated hydrofluoric acid and 2 ml of saturated ammonium
bifluoride. The supernatant was discarded after centrifuging.
Two ml of saturated boric acid and 0.5 ml of concentrated nitric
acid were added to the precipitate and the resulting solution was
heated for 15 minutes to dissolve the rare earth fluoride precip-
itate. The rare earths were re-precipitated with ammonia gas, and
the supernatant was again discarded after centrifuging. After
this procedure was repeated 3-4 times, the precipitate was

washed twice with double-distilled deionized water, and was dis-



102

solved in minimum amount of nitric acid. One ml of the resulting
solution was placed in a 2/5 dram polyvial, and was analyzed by
gamma ray spectroscopy approximately 1 day, 3-6 days, 7-16 days,
and 26-37 days after activation. The equipment used consisted of
a multichannel ané]yzer (2048 or 4096 channels) coupled with a
Ge(Li) detector. The gamma rays and half-lives used in the deter-
mination of the soluble rare earth elemental concentrations can |
be seen in Appendix F-1.

d. Yield Determination

The chemical yield for this procedure was determined by cal-
culating the yield for the 1*“Ce and 17°Tm radioactive tracers
with the determination of the post-irradiation yield of the rare
earth carrier (determined by reactivating the samples several
months Tlater). Although in this study the chemical yield for all
the REE could have been determined using only the !““Ce tracer
yield, the 170Tm and post-irradiation yields were determined to
ensure no fractionation or anomalies occurred during the experi-

mental procedure.

3. Determination of the Elemental Concentrations in the Filter-

able Material

a. Pre-Irradiation Procedure

The elemental concentrations in the filterable material from
the river water samples were determined by filtering a known

amount of river water through a tared 0.45 um Millipore filter
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paper. The filtered solid sample was allowed to air dry over
several days before the filter was reweighed to determine the
concentration of the suspended particulates in the river water
sample. The filter paper was then ashed at 600°C overnight in a
porcelain crucible to determine the percent of inorganic parti-
culates in the filterable material. The ashed sample was then
prepared for irradiation by placing the sample in a 2/5 dram
polyvial.

b. Irradiation and Analysis

Because of the wide rahge of half-lives of the radionuclides
used to determine the elemental concentration in the filterable
material (see Appendix F-2), two analysis procedures were used.
In the first analysis procedure, the samples were irradiated in
the pneumatic tube of the OSU TRIGA research reactor for one
minute in a neutron flux of 1 x 10%3 neutrons/cm?/sec. These
samples were analyzed by gamma ray spectroscopy approximately
5-10 minutes, 1-2 hours, 4-8 hours, and 3 days after irradiation.
Six days after the first irradiation, the samples were re-irra-
diated in the rotating rack of the 0SU TRIGA research reactor for
6.0 hours in a neutron flux of 3 x 1012 neutrons/cm?/sec. These
samples were analyzed by gamma ray spectroscopy approximately
2-3 days and 4-6 weeks after irradiation. Roughly, the first
analysis procedure was used to determine the elemental concentra-
tion of elements whose product radionuclide have a half-life of

less than 2 days, while the second analysis procedure was used
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to determine the elemental concentration of elements whose product
radionuclide have a half-life of greater than 12 hours. The

gamma rays and half-lives used in the determination of the ele-
mental concentrations in the filterable material can be seen in

Appendix E-2.

B. Laboratory Experiments

1. Rare Earth Elemental Concentration at Different pH Values

In this study, the pH of the river water in contact with
river sediments was varied in the attempt to see if pH has any
effect on the solubility of the rare earth elemental concentra-
tions in river water.

The procedure which was used consisted of taking 3 kg of
river sediment and 10 liters of river water and placing them
into a Nalgene container. The pH of the solution was adjusted
to a given pH value by bubbling either hydrogen chloride or
ammonia gas through the solution. The mixture was periodically
agitated and the pH of the solution was measured over time. When
the pH of the solution remained constant (a pH change of less
then 0.05) for at least two days, the solution was then analyzed
for its soluble rare earth elemental concentrations. The pro-
cedure which was used for the analysis of the soluble rare earth
elemental concentrations consisted of the same procedure as in
the field work with the exception that only a 0.45 um Millipore

filter paper was used to filter out the filterable material and
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no post-irradiation chemistry was performed on these samples.

2. Adsorption Studies

Adéorption studies were conducted with a 179Tm radiotracer
in order to tell whether or not adsorption phenomenon has any-
thing to do with controlling the soluble rare earth elemental
concentration in river water.

The procedure which was used consisted of taking 10 grams
of Willamette River sediment (sieved through a 297 micron sieve)
and 100 ml of the Willamette River water and placing them into a
125 m1 erlenmeyer flask. The pH of the solution was adjusted to
a given pH value by adding drops of either sodium hydroxide or
nitric acid solution. The mixture was periodically agitated and
the pH of the solution was measured over time. When the pH of
the solution remafned fairly constant (a pH change of less than
0.10) for at least two days, a 170Tm radiotracer (4.4 nug of Tm)
was added to the solution and the pH of the solution was readjust-
ed to the same pH value as occurred before addition of the 70Tm
radiotracer. A one ml sample of the solution was taken and anal-
yzed in a Nal well-type detector for the 170Tm radiotracer acti-
vity. After a specified period of time (1 or 2 days), another
one ml sample was removed from the solution and analyzed for the
170Tm radiotracer activity. The pH of the solution was measured
again after the adsorption studies were completed, and any sample

in which the change of pH of the solution was greater than 0.25,
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the sample was thrown out of the data set. From kinetic experi-
ments reported in Section IV-A of the stable activable tracer
part of this thesis, one would estimate that after one day the
170Tm radiotracer concentration should reach 70-80% of its equil-
ibrium value while after two days the 170Tm radiotracer concentra-

tion should reach 85-95% of its equilibrium value.
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III. Results and Discussion

In the literature, one finds many plausible mechanisms for
the controlling factor in the soluble rare earth elemental concen-
trations in river water. In fact, the number of proposed mechan-
isms is so large that one has the feeling that the number is
limited only by the author's imagination. In reviewing the liter-
ature, this author feels that there are only two viable control-
ing reactions for the soluble rare earth elemental concentrations
in river water. These reactions are:

1. an adsorption reaction with the suspended particulates.

2. the solubility of the rare earth phosphate.

The following discussion will talk about each mechanism in light
of the research presented in this thesis and the results done by
others. Also, a brief discussion concerning the lanthanum input/
output rate in the oceans will be presented at the end of this

section.

A. Adsorption

Particulates present in rivers, estuaries, and oceans are
comprised of a diverse mixture of component "phases" ranging
from clays to metal oxides to organic detritus.]06’107’]08 A
mixture of such materials would be expected to have a wide range
of surface chemical properties and, by inference, a wide kange of

trace-metal adsorption characteristics. This complex situation

might be simplified if most particulate surfaces were coated with
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a limited array of materials, thereby occluding the underlying
bulk material matrix and decreasing the degree of surface chem-
jcal heterogeneity. Substantial evidence exists suggesting that
natural organic compounds (e.g., humics) and the hydrous oxides
of iron and manganese are important surface phases in environ-
ments ranging from seawater to so1'ls.]09’”0’]”’”2’”3
Hydrous metal oxide and organic coatings, together with
the underlying bulk material matrix, may be combined conceptually
to create a model particulate phase with a given metal adsorption
behavior. Overall adsorption characteristics of a natural mater-
jal for a particular trace metal would be expected to vary as
the relative proportioning of surface sites among the component
metal adsorbing phases changes. This conceptual approach suggests
that information concerning the metal adsorption béhavior of a
single adsorbant phase system might be used to understand the
behavior of more complex natural materials. Adsorption studies
of single component systems hAVe been accomplished for a range
of model solids, and the observed experimental behavior has been
shown to be consistent with fundamentally based conceptual

mode]s.”9

Pertinent studies have investigated the adsorption/
complexation characteristics of humic and hydrous oxide coating
materials and have defined their intensity and capacity factors
for binding with a number of trace metals. Specifically,

natural organic isolates such as humic and fulvic acid compounds

have been characterized as to their complexation of Cu, Cd, Pb,



109

and other metals.'1>»116:117

The adsorption of Cd, Cu, Pb, Zn
onto amorphous Fe,03:H,0 and other hydrous oxides has been studied
over a wide range of adsorbate-to-metal concentrations as a func-

114,118

tion of variable pH. These studies suggest general charac-

teristics 1ikely to be observed in multicomponent natural solid

systems. The results for cation adsorption by hydrous oxide]]8’

19 can be summarized as 1’o1lows:]20

1. Fractional trace-metal adsorption as a function of pH
typically increases sharply over a narrow range of 1 to 2 pH
units (the "pH adsorption edge").

2. The fraction of metal adsorbed increases with increasing
solid concentration at fixed total metal concentration and con-
stant pH. This behavior is directly analogous to the titration
of a metal cation with a dissolved complexing 11’gand.n9

3. At a fixed solid concentration and very low adsorption
site occupancies (e.g., less than 1%), fractional metal adsorp-
tion increases as the total metal concentration decreases at con-
stant pH. This behavior is attributed to variations in site-
metal binding energies due to differences in the nature of sur-
face sites pr'esent.ng’n9

4. For the same adsorbant and pH the fraction of metal
adsorbed varies with differing metal cations (at equivalent
total metal - adsorbant concentrations ratios). This is attri-
buted to differences in the site bonding energies for different

trace meta]s.n9
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By comparing these expected results for cation adsorption to
field and laboratory rare earth elemental resu]ts, one should be
able to accurately postulate whether or not adsorption is the
controlling factor for the soluble rare earth elemental concen-
trations in natural water. For example, according to the second
statement, the rare earth elemental concentrations should decrease
as the suspended particulate concentration increases if adsorp-
tion is the dominant mechanism. However, there have been two
rare earth elemental studies in which the opposite correlation

105, the

has been noticed. In the first study by Kolesov et al.
correlation was very questionable due to the analytical procedure
that was used to analyze the soluble rare earth elemental concen-
trations in river water. The particular problems with this cor-
relation has already been discussed in detail in the Introduction

121,122 4he soluble Tanthanum

section. In the second study,
concentration in seawater has roughly the same profile as the
suspended particulate concentration in seawater. Since the rare
earth elemental concentration exhibits the opposite correlation
with the suspended particulate concentration which one would
expect to see for an adsorption mechanism, one concludes that
this study is a good indication that adsorption does not control
the soluble rare earth elemental concentratioh in natural water.
Unfortunately, this study is not conclusive since many parameters

were not measured in the study. For example, the concentration

of sulphate, humic substances, carbonate and hydronium ions, could
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effect the adsorption process. Because of the problems associated
with the first study and the paucity of data in the second study,
one should consider these studies as good but not conclusive evi-
dence that the rare earth elemental concentrations in natural
waters are not controlled by adsorption.

A more convincing argument that the soluble rare earth ele-
mental concentrations in river water are not controlled by the
adsorption of the rare earth elements on the suspended particul-
ates is based upon the first general characteristics of cation
adsorption which is that the fractional trace-metal adsorption
as a function of pH typically increases sharply over a narrow
range of one to two pH units. This characteristic is called the
adsorption edge and has been observed in metal oxide surfaces

120,123,124,125,126,127,128,129

and for soil systems. A theoreti-

cal explanation of this observed phenomenon is that the hydronium
jon is competing with the metal cation for the adsorbing s1’tes.]30
Other important factors which could cause this observable pheno-
menon is the change in the metal speciation and the adsorption

sites (i.e. effective bonding energies) as a function of pH.]zo’

124 toom the 170Tm adsorption experiment, one can see, Figure
XIV or Appendix G, that there is no evidence for an adsorption
edge. This observation is very convincing but not necessarily
conclusive evidence that the soluble rare earth elemental con-

centrations are not controlled by the adsorption of rare earth

elements on the suspended particulates. In conclusion, from
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all the circumstantial evidence mentioned in this section, one
concludes that adsorption is not the controlling mechanism for the

soluble rare earth elemental concentrations in river water.

B. Theoretical Speciation Calculation

At the present time, there seems to be no good theoretical
calculation of the equilibrium speciation of the rare earth ele-
ments. In fact, this researcher has found only one paper by Tur-

ner 93_91313]

which even addresses the question of the speciation
of the rare earth elements in river water. In this paper, Turner
et al. were forced to use many extrapolated and questionable
values for the stability constants 6f many rare earth complexes.
Also, Turner et al. were more interested in calculating the
major speciation pattern of 58 elements in natural waters then
the specific speciation of a given element or group of elements.
Thus, they did not take into account many rare earth complexes
which could effect the calculation of the speciation of the

rare earth elements in river water. Because of the aforemention-
ed reasons, their calculation on the speciation of the rare earth
elements should be considered as a first approximation. Since
this paper, new values of the stability constants of many rare

132 This allows one to

earth complexes have been published.
extrapolate from this new data base a more accurate value for
the unmeasured stability constant of some rare earth complexes,
and in many cases this new data base has a measured stability

constant for some of the previously unmeasured rare earth com-
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plexes. Using this extended data base, this researcher calcul-
ated the speciation of lanthanum and europium in river water by
the following mathematical procedure.

The general equations used for speciation calculations are
well known and are only briefly summarized here. Consider a
system consisting of free (uncomplexed) species Me and complexes

MeL. The formation reaction for MelL can be written

Me + L. = MelL.
i i
where
[MeL.] ueL 1.
K = —_—
[Me (L] MefL.

where f f. ,and f

MeLi’ Me is the activity coefficient of the free

L
metal species, the ligand (Li)’ and the metal complex respective-
ly. The total concentration of the metal, both free and complex-

ed, can be defined as
[Me]T = [Me] + z[MeLi]

where the fraction of any species can be defined as -
a = [MeLi]/[Me]T

Using the lanthanum and europium stability constants in
Appendices H-2 and H-3, one can calculate the variation of a
as a function of pH for all the major species of lanthanum and

europium. The assumed values for the concentration of the
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various ions used in this calculation can be seen in Appendix
H-7. This researcher realized that the concentration of some of
these ions (Ca2+ and Mgz+) do drastically change as a function

of pH. However, this researcher felt that the changes do not
effect the o value enough to warrant the extra work involved to
incorporate the change of the concentration of these jons as a
function of pH in the o calculations. Also in many cases, the
variation of these ion concentrations varies less as a function
of pH then the observed change seen in the ion concentration from
river to river. Because of the aforementioned reasons, the free
ion concentration for calcium, chloride, fluoride, magnesium,

and sulfate were assumed to remain constant as the pH of the
model solution varies from 5 to 9. In the case of the H,P0,” and
C032' jons, one must calculate the variation of the concentration
of these ions as a function of pH since their concentrations
drastically change as a function of pH. For the C032' ion, this
researcher calculated its concentration as a function of pH

based upon the stability constants in Appendix F-5 and assuming
that the river water was in equilibrium with the atmosphere. For
the H,P0,” ion, I calculated its concentration as a function of
pH based upon the stability constants in Appendix F-4, with the
assumption that the total phosphate concentration is constant,

20 ug of phosphorus per liter, and that the Fe3+ ion concentra-
tion is controlled by the solubility of iron hydroxide.

The individual ion activity coefficient was calculated using
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the extended Debye-Huckel equation.

log f = _AZ¢
1 +Ba/' T

where,
f = activity coefficient
A = 0.5085 for water at 25°C
z = charge of the ion
I = jonic strength of the solution
B = 0.3281 for water at 25°C

a = adjustable parameter (A) corresponding to the size of

the hydrated ion

The parameter a values used in the ion activity coefficient
calculation can be found in Appendix H-6. The results of these
calculations can be seen in Figures XV and XVI, where one can
see that the predicted major lanthanum and europium species in
river water are the free rare earth Hon and the rare earth car-

bonate ion.

C. Theoretical Solubility of Lanthanum and EUropium in River

Water
As mentioned before, one possible mechanism for controlling
the soluble rare earth concentrations in river water is based
upon the solubility of the rare earth’phosphate. In this section,
the expected soluble concentration of lanthanum and europium in

river water will be calculated based upon the solubility of lan-
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thanum or europium phosphate as the controlling phase.

The first thing one wants to do, is to calculate the concen-
tration of the P043' ion as a function of pH. From the data in
Appendix H-4, one can see that there are many possible control-
ling reactions. However, if one calculates the respective P043'
ion concentrations for each reaction, one can see that aluminum
phosphate seems to control the P043' ion concentration at low
pH values and hydroxylapatite seems to control the P043' ion
concentration at high pH values. The Ca2+ and A]3+ ion concen-
trations were calculated as a function of pH assuming that the
solubility of calcite and gibbsite, respectively, were the con-
trolling reactions.

The results of these calculations can be seen in Figure
XVII, where one can see that the calculated total phosphate
concentration in river water varies from 4 x 1072 to 1 x 1079 M,
However, the observed range of values for the total concentration
of pﬁoSphate in river water is from 1 x 1075 to 3 x 1078 M.>°
The difference between the observed and calculated values seem
to indicate that these solids do not control the total phosphate
concentration, but one should not jump to this obvious conclusion.
For example, if one uses the solubility constant of freshly
precipitated aluminum hydroxide, log K = 33, instead of the solu-
bility constant of aged aluminum hydroxide (gibsite), log K =
36.3,35’]33 the calculated total phosphate concentration will be

reduced by a factor of two thousand. This correction alone is
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almost enough to place the calculated phosphate concentration in
the range of observed concentration values of phosphate in river
water. Another consideration that one must consider, is that the
ions may not be in equilibrium with the solubility of the respect-
ive solid, which could cause a shift in the calculated phosphate
jon concentration in river water. Also, one must consider
photosynthesis and respiration reaction in controlling the total
concentration of phosphate in river water. Although it is
believed that photosynthesis and respiration are not a factor
in controlling the phosphate concentration in river watEr,35 it
has been noted that in lakes and in the oceans, the total phos-
phate concentration is correlated to photosynthesis and respir-

ation. 134,135,136,137

Finally, one must consider the possibility
of a sorption reaction in controlling the total phosphate concen-
tration in river water. It has been noted that phosphate anions

138 an

are taken up from water by kaolinites, montmorillonites, d

35 The

by freshly precipitated ferric and aluminum hydroxide.
upshot of the above statements is that an accurate theoretical
calculation of the P0g3- ion concentration as a function of pH
in river water is beyond the scope of this research. In conclu-
sion, the theoretically calculated solubility of lanthanum and
europium (Figures XViII and XIX) are based upon the Tow and high
observed values for the total phosphate concentrations measured

in river water, the solubility of lanthanum or europium phosphate

(Appendices H-2 and H-3), and the speciation calculations in the
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Theoretical europium concentration in river water as a function of pH.
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previous section.

D. Observed Rare Earth Elemental Concentrations in River Water

The soluble rare earth elemental concentrations were measured
for seven Pacific Northwest rivers (Columbia, Fraser, Klamath,
Marys, Rogue, Sacramento, and Willamette). The river water con-
dition and the experimental procedure used to analyze for the
rare earth elemental concentrations are reported in detail in
the experimental section. The measured rare earth elemental
concentration for any given sampling time are reported in Appendix
I-1, while the run-off weighted average rare earth elemental
concentration for the river samples can be found in Table XIX.
From Table XIX, one can see that the measured soluble lanthanum
concentration (as defined by filtration through a 0.45 pm pore-
size filter paper) in river water is quite variable, 5.5-97 ng/%.
For the seven Pacific Northwest rivers sampled in this thesis,
the soluble lanthanum concentration (as defined by filtration
through a 0.45 um poresize filter paper) ranges from 8.1 to
97 ng/% with a run-off weighted average of 42.3 ng/&. This run-
off weighted average is comparable to the measured soluble lan-
thanum concentration for the Dordogne (48.3 ng/%) and Gargonne
(47.1 ng/2) Rivers in Flr'ance]00 but is not comparable to the
measured soluble lanthanum concentration for the Aare River
(5.5 to 11 ng/2) in Switzerland.

From this data, one will notice two important trends. First,



Table XIX: Concentrations* of Rare Earth Elements in Some Rivers and Seawater (ng/¢)

River** La Ce Pr Nd Sin Eu Gd Tb Dy Ho Er Tm Yb Lu
Aare (at Bern)]39 7.8 0.3

sat Geneva) 9.3 18

at Hagneck) 7.8 1.1

(at Merringen) 1 0.5

(at BBun) 5.5 : 0.08
Dordogne] 48.3 76.5 10.5 37.4 7.3 1.3 8.1 1.3 - 1.2 4.3 0.60 3.7 0.69
Gargonnel00 a7 81.0 5.2 38.4 8.2 1.6 8.8 1.2 -- 1.6 4.1 0.62 3.6 0.60
Columbia 21.3+.3t 47«2 742+ 2242 4,5¢,1 1.22:¢.04 15:2 0.76:.05 -- - -- -- 2.8+.3 0.43:.02
Columbia-8 15.1+.8t 3712 -- 8:2+ 3.44:+.09 0.74:.05 12:3t 0.38:.05 -- -- -- - 2.0+.,2 0.34:.02
Fraser 9711 16513 28:2 88+4 25.3:+.4 7.19:.09 53:3 4.34:.09 -- 6.90:.04 14:2 -- 15.7:.6 2.13:.07
Klamath 15.1+.2 2611 5.1+,7 9+2 3.2+.2  1.25+.03 4+1 0.54+.03 -- 0,72+.05 5:1 -- 3.1+.4 0.28:.03
Marys 32.4+.8 8213 - -- 37+3t 9.4+.3 2.41:+.08 25:6t 1.54+.08 -- -- -- -- 4.6+.2 0.67:.04
Marys-8 17.6.5 3313 -- 62t 6.7+.2 1.20:+.07 14:2t 0.5:.1 -- -- -- -- 2.2+.3 0.31:.03
Rogue 25.0:.3 4711 1941 23:2 8.3+.2 2.94:+.04 8+1 1.20+.08 -- 1.92:.09 -- -- 6.3+.7 0.79:.03
Sacramento 8.1+.1 11.4:.8 7.2+.9 112 2.5:.2 0.98+.02 5:1 0.53+.03 -- 0.38:.06 ~-- - 2.5¢.3 0.32:.03
Willamette 18.8+.4 41.3:.4 -- 19+2 6.7+.6 1.5+.3 6+1+ 0.75:.05 -- -- -- -- 2.8+.4 0.47:+.04
Willamette-8 20.1+.7 2.8+.4 0.8+.1 -- 0.9+.4 -- -- -- -- 1.0+.3t+ 0.38:.071

4145 - 1243t
Runoff Weighted :
Average of the
PNW Rivers (A) 42.3 75.9 13.9 39.7 10.5 3.0 24 1.8 -- -- - - 6.5 0.92
Seawater30 3.4 1.2 0.64 2.8 0.45 0.45 0.13 0.14 0.14 0.22 0.87 0.17 0.8 0.15

*The uncertainties in the concentrations only reflect counting statistics and not systematic errors. I would estimate the systematic
error due to sampling, chemical manipulations, etc. to be approximately 10-20% of the reported values.

**¥?$ 8 designates samples were filtered through a 0.20 um filter paper, while the other river samples were filtered through a 0.45 um
ter paper. -

+0n rivers with multiple sampling times, a extrapolated value was used for the rare earth elemental concentration for a given
sampling time if it was missing from the data set.

62l



126

the measured values for the soluble rare earth elemental concentra-
tions are generally higher in value than the highest possible

value theoretically calculated in the previous section. This is
exemplified in Table XX, where the run-off weighted average soluble
lanthanum and europium concentrations are compared to the corre-
sponding theoretically calculated Tanthanum and europium concen-
trations in the seven Pacific Northwest river samples. The actual
phosphate ion concentration for each river water sample was not
measured for various reasons. The major reasons why the phosphate
ion concentration was not measured are because of the enormous
difficulties in accurately measuring the phosphate ion concentra-
tion in river water and that the only data which this researcher
knew about when the field experiments were in progress102 predict-
ed that the solubility of the rare earth phosphate was not the
controlling phase. Because of these reasons and other reasons,
this researcher felt that his time could be spent more wisely on
other studies. Secondly, the soluble rare earth elemental concen-
trations as defined by filtration through a 0.20 pm poresize filter
paper are generally less than the rare earth elemental concentra-
tions as defined by filtration through a 0.45 um poresize filter
paper. The difference between these two measurements is quite
variable from sample to sample but for the riVer water samples

that were filtered through a 0.20 um poresize filter paper, the
lanthanum concentration is on the average approximately the same

for the Willamette River, 30% less for the Columbia River, and



Table XX: Measured and Theoretical Lanthanum and Europium Concentration in the Seven Pacific

Northwest Rivers

Theoretically : Theoretically
Measured Lanthanum Calculated Measured Europium Calculated
Concentration La Concentration Concentration Europium Concentration
River (ng/2) (ng/2) (ng/2) (ng/2)
Columbia 21.3+.3 3.0-0.0096 .22+.04 0.94-.0030
Columbia-B 15.1+.8 3.0-0.0096 .74+.05 0.94-.0030
Fraser 9711 1.7-0.0053 .19+,09 0.69-.0022
Klamath 15.1+.2 2.5-.0078 .25+,03 0.48-.0015
Marys 32.4+.8 2.6-.0083 .41+.08 1.72-.0054
Marys B 17.6+.5 2.6-.0083 .20+.07 1.72-.0054
Rogue 25.0+.3 1.8-.0058 .94+.04 0.56-.0018
Sacramento 8.1+.1 2.6-.0084 .98+.02 0.48-.0015
Willamette 18.8+.4 6.3-.020 1.5+.3 8.7-.028
Willamette-B 20.1+.7 6.3-.020 0.8+.1 8.7 .028

L2l
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50% less for the Marys River when compared to the lanthanum con-
centration of the river water samples that were filtered through
a 0.45 um poresize filter paper. The implication of these two
trends will be discussed in detail after the presentation of the
theoretical and measured lanthanum and europium concentrations in
the Aare River (Switzerland).

In a study conducted at four locations (Hagneck, Bern, Thun,

and Merringen) on the Aare River, Bart and von Gunten]40

measured
the soluble lanthanum and europium concentrations (as defined by
filtration through a 0.45 um poresize filter paper) in the Aare
River. At the same time, they measured the pH, temperature, and
conductivity of the river water along with the respective concen-
tration of nitrate, sulphate, phosphate, chloride, calcium and
magnesium. Using these measured values, which are reported in
Appendix J-1, one can calculate the theoretical lanthanum and
europium concentration using the calculations seen in the previous
section. The C032' jon concentration was calculated from the
assumption that the river water was in equilibrium with the atmos-
phere with the atmospheric pressure for each given location being
assumed to be the average atmospheric pressure seen at that alti-
tude as reported in the CRC Handbook of Chemistry and Physics.

The ionic strength of the river water was calculated using the
following equation which is based upon the observed correlation
141

between ionic strength and conductivity in river water.

Tonic Strength = (1.65 x 1075)(Conductivity in u5/cm)
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The measured and theoretical lanthanum and europium concen-
trations in the Aare River can be seen in Table XXI, while the
calculated fraction (-log a) of each lanthanum and europium
species can be found in Appendices J-2 and J-3. One canbsee
from Table XXI, that the observed ratio of measured lanthanum
or europium concentration to the theoretical lanthanum or euro-
pium concentration is quite variable. However, the ratio is
generally greater than one, which would mean that the river water
is oversaturated with respect to the rare earth elements, but one
should not make this conclusion at this time for several reasons.

First of all, the temperature of the water samples from the
Aare River is between 3.4 to 18.6°C while the theoretical calcul-
ated lanthanum and europium concentrations were calculated at
25°C. One would ideally like to recalculate the theoretical
concentrations and take into account this temperature difference,
but unfortunately the theoretical data is not there tb accurately
calculate the lanthanum and europium concentrations at any other
temperature. However, one can approximately estimate the effect
the difference in temperature will make on the calculated theor-
etical concentration value using the basic principles of thermo-
dynamics. For the Aare River samples, one only has to look at
the effect of temperature on two rare earth reactions, which are

for lanthanum,

3+ 3.
LaPOQ(S) = la + PO;+



Table XXI: Measured and Theoretical Lanthanum and Europium Concentration in the Aare River(ng/%)

Theoretical La Ratio Theoretical Eu Ratio
Measured La La Measured/ Measured Eu Eu Measured/
River Date Concentration Concentration Theoretical Concentration Concentration Theoretical

Hagneck 7/8/74 6415 0.223 290+20

9/3/174 11010 0.392 250+30 -

12/11/74 - 5.0+.8 0.238 213 0.38+.08 0.040 9+2

2/11/75 17+2 0.283 6116 0.16+.05 0.057 2.8+.9

4/11/175 10+2 0.202 50+10

5/29/75 4.7+.7 0.292 1643 4+2 0.030 140+60

6/26/75 5.8+.9 0.379 1542 0.18+.05 0.024 7+2

8/11/75 4.2+.7 0.253 1743 0.33+.04 0.038 9+]
Bern 7/8/174 33+3 0.291 110£10

9/3/174 18+2 0.556 32+3

12/11/74 4.0+.7 0.631 6+1 0.40+.05 0.082 4.9+.6

4/11/75 5.5+.7 1.82 3.0+.4 0.24+.04 0.273 0.9+,2

5/29/75 4.7+.7 0.672 7+1

6/26/75 3.6+.7 1.64 2.2+.4 0.60+.05 0.21 2.9+.2

8/11/75 111 0.339 33+3 0.09+.05 0.044 2+1
Thun 7/8/174 1141 4.19 2.6+.2

4/11/75 4.0+.5 1.90 2.1+.3

8/11/175 6.6+.9 16.1 0.41+.06
Merringen 7/8/74 850+70 0.099 8,600+700

9/3/74 8+1 0.341 23+3

4/11/75 19+4 0.639 30+6

8/11/75 1.2+.9 0.872 11 0.60+.05 0.12 4.8+.4

o€l
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and
3 2
La * + C03 = LaC03+

At constant P043' and C032' ion concentrations, one would
expect, due to entropy effects, the solubility constant for lan-
thanum phosphate to decrease as the temperature decreases while
the stability constant for the formation of LaC03+ should increase
as the temperature decreases. The net effect should be close to
zero which translates that there should only be a small to no
change in the calculated theoretical value for the lanthanum and
europium concentrations as the temperature decrease if the P043'
and C032' ion concentration remains constant. However, one would
expect that both the P043' and C032' ion concentration to change
as the temperature decreases. For a given total phosphate concen-
tration, one would expect to see a decrease in the P043' ion con-
centration as the temperature decreases due to the decrease in the
acid dissociation constants for phosphoric acid. While for the
C032' ion concentration, one should see the same trend except that
one will not expect to see as large as a decrease in the C032' ion
concentration as one will expect to see for the P043' ion concen-
tration since carbon dioxide becomes more soluble in river water
as the temperature decreases. In fact, ohe can calculate that the
C032' ion concentration in river water will be 18% lower at 10°C
then at 25°C due to the differences in the stability constants for

35

the carbonate species at 10°C and 25°C. The final conclusion to
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these arguments is that the calculated speciation for lanthanum
and europium in the Aare River water samples should be affected
as the temperature decreases, but that the total concentration
for lanthanum and europium should either remain constant or in-
crease slightly as the temperature decreases if all the reactions
are in equilibrium.

Another problem in the calculations for the theoretical
lanthanum and europium concentration in river water is that sever-
al rare earth species were not considered. For example, there
are many phosphorus compounds found in natural river water which
reacts with rare earth elements to form some very stable species.
Some of these phosphorus compounds are pyrophosphate, tripolyphos-
phate, trimetaphosphate, organic orthophosphates, organic conden-
sed phosphates, and phosphorus-contafning pesticides. Many of
the species form very stable species which can be illustrated by

the high stability constants of the follewing reactions between

lanthanum and pylr'Ophosphate.nz’]42
3+ b -
La + P,0,, = LaP,0- log K = 16.72
3+ L 5.
La + 2P,0, - = La(P,0,) log K = 18.57
34 b_ o 24
2la  + P,0; = LayP,0, log K = 20.27

These phosphorus compounds enter the river water from a
wide variety of sources. For example, condensed inorganic phos-

phates (pyrophosphate, tripolyphosphate, and trimetaphosphate) are
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not found to occur naturally in minerals but they are found in

all plants and animals where they are synthesized enzymatically
and constitute a part of the polyphosphate pool. Another source
of condensed inorganic phosphates is from man-made sources where
it is produced by dehydration and condensation of orthophosphates.
Some of these condensed inorganic phosphates are used as substan-
tial components of synthetic detergents, while some other com-
pounds are used in water conditioning operations for scale pre-
vention and corrosion control. The organic phosphorus compounds
in river water are products of biological growth. Although there
is no available information to identify the specific compounds

or group of compounds which may make up the dissolved organic
phosphorus fraction in river water, the dissolved organic phos-
phorus amount to as much as 25-30% of the total phosphorus in some

river water'.]43’]44

From all this information, one conc]udes'that'
the soluble rare earth elemental concentration could greatly
depend on the concentration of these phosphorus compounds.

Another interaction which was not considered in the theoret-
ical calculation of lanthanum and europium concentration in river
water was the rare earth elements reacting with humic substances.
Humic substances are generally divided into three groups based
upon their respective solubility in dilute acid (pH = 1) and
dilute base. These groups are:

1. Fulvic acids - soluble in both dilute acid and dilute

base
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2. Humic acids - soluble in dilute base and insoluble in
dilute acid

3. Humin - insoluble in both dilute acid and dilute base

The interaction between the rare earth elements and humic
substances in river water are dependent on three reactions. From
the first reaction, we can see that the concentration of the
fulvic/humic anion available to react with the rare earth element
is dependent on the concentration of fulvic/humic acid, the pH
of the river water, and the acid-dissociation constant as defined

by the following reaction,
HA = HY + A

where

HA = fulvic acid or humic acid

H = hydronium ion

A~ = fulvic anion or humic anion
Secondly, the fraction of rare earth elements which are complexed
with the fulvic/humic anion are dependent on the concentration of
the fulvic/humic anion and the stability constant of the following

reactions,

3+ .
M~ = uncomplexed rare earth element ion

MA ~ or MA2+ = complexed rare earth element
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Although the major functional groups in both fulvic acid and humic
acid are fairly well defined, the stability constant for the acid-
dissociation of fulvic acid and humic acid is not well defined.
This is in part because of the complexity of the functional groups
~in fulvic acid and humic acid and also because the relative amount
of each functional group in fulvic acid or humic acid changes as
the location changes. Because of these problems, conditional
stability constants will be used in the discussion on forming a
rare earth-humic substance complex. The conditional stability
constant (measured at a pH of 4.50) for the reaction of uncomplex-
ed europium ions with fulvic acid is 8 x 106 for the formation
of a 1:1 complex and 9 x 1010 for the formation of a 1:2 complex,
while the conditional stability constant for the reaction of un-
complexed europium ions with humic acid is 6 x 105 and 5 x 1010

145,146 From these

for the 1:1 and 1:2 complex respectively.
arguments, one would expect that the concentration of fulvic acid
and humic acid would play a very active role in determining the
concentration of 1énthanum and‘europium in river water. In fact,
a laboratory study recently published comes to the same conclu-

101 In the studies of Hoyle and E]derfie]d]O], they concluded

sion.
that somewhere between 50 to 80% of the soluble rare earth ele-
ments in the Water of Luce are associated with humic substances.
Finally, the possibility that one is actually measuring the
concentration of the suspended particulates which passes through

the 0.45 um poresize filter paper than the actual soluble rare
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earth elemental concentrations in river water has to be considered.
As has already been mentioned, the Pacific Northwest river samples
which were filtered through a 0.20 um poresize filter paper gen-
erally show a reduction in the measured rare earth elemental con-
centrations when compared to the measured rare earth elemental
concentration of samples filtered through a 0.45 um poresize
filter paper. From this observed reduction in the measured rare
earth elemental concentration, one concludes that a certain frac-
tion of the suspended particulates are getting through the 0.45 um
poresize filter paper. It is of interest to note that the obser-
ved reduction in the measured soluble Tanthanum concentration seen
ih the Pacific Northwest river samples which were filtered througnr
a 0.20 um poresize filter paper instead of a 0.45 um poresize fil-
ter paper roughly corresponds to the observed loss in weight in
“the respected Pacific Northwest river suspended particulate sam-
ples after the samples were ashed at 600°C. From this correlation,
one would assume that the mass of the rare earth elements which
passed through the 0.45 um poresize filter paper but not the 0.20
pm~poresize filter paper is associated with the organic fr#ction,
humin, of the suspended particulates. However, due to thé paucity
of the data base this correlation may be coincidental.

In conclusion, the fact that the soluble rare earth element-
al concentrations for the Pacific Northwest rivers and for the
Aare River are higher then the theoretical calculated values is

very encouraging. From the aforementioned arguments, one would
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expect that a certain fraction of the soluble rare earth elemental
concentrations to be associated with the phosphorus compounds
already mentioned and also associated with humic acid and fulvic
acid. This would cause the measured soluble rare earth elemental
concentrations to be higher in value then the theoretically
calculated rare earth elemental concentrations. Also as was
seen in the Pacific Northwest river samples, a certain but
variable fraction of the suspended particulates do get through
the 0.45 um poresize filter paper. This would also cause the
measured soluble rare earth elemental concentrations to be higher
in value then the theoretical calculated soluble rare earth ele-
mental concentrations. This roughly translates to the conclusion
that the solubility of the rare earth phosphate could easily be
the controlling reaction for the soluble rare earth elemental
concentration, but more data is needed before this can be con-

firmed.

E. Variation of the Rare Earth Elemental Concentration as a

Function of pH

In this section, the results of the laboratory experiments
with river water and sediments from either the Columbia or Willa-
mette river will be discussed. In brief, the experiment con-
sisted of taking a mixture of river water and sediment and ad-
justing the mixture's pH to a desired new pH. The soluble rare
earth elemental concentrations of this solution was consequently

measured, and are reported in Table XXII.
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Table XXII: Soluble Rare Earth Elemental Concentrations, ng/g,
in River Water as a Function of pH (A Laboratory
Experiment Involving River Water and Sediments)

Columbia River:

pH La Pr sm Eu Lu
5.98 29+1 47+4 28+1 31+2 1.4+.
6.19 89+4 170+10 78+4 107:7 2.2+,
6.51 39+1 67+5 34.3+.9 45+2 1.1+,
6.75 9.7+.4 -- 3.0+.1 1.03+.08 --
6.95 8.7+.3 7+2 2.63+.07 1.37+.05 --
7.24 11.2+.4 11+3 3.9+.1 0.96=+.04 --
7.50 5.4+.2 -- 1.21+.06 1.45+.03 --

7.76 16.8+.5 28+2 14.4+.3 18.9+.7 --
7.91 12.2+.7 19+3 9.1+.5 11.1+.8 0.5+.

Willamette River:

6.11 34.6+.

~
—_—
N
1+

N
—_—
w
[e)}
1+

w

5.5+.2 2.2+.

6.27 31.6+.6 17+2 15.5+.3 8.3+.3 1.7+,
6.40 18.4+.4 7+2 7.6+.2 2.27+.09 1.1+,
6.55 32.7+.8  15:4  14.0+.3 5.7+.1 1.9z,
7.02 20.6x.4 6+2 7.9+.2 2.7+.1 0.9+.
7.17 18.1+.4 -- 6.8+.1 1.96+.09 1.0+.
7.57 25.9+.8 15+4 10.9+.3 4.1+.2 1.5+,
7.77 19.6+.6 -- 7.2+.2 2.3+.1 1.1¥.
7.90 17.6+.4 5+2 6.9+.2 2.1+.1 0.9+
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In reviewing the results, one can see that there is consider-
able fluctuation in the data. Although every attempt was made to
keep the characteristics of the water samples the same, it is
believed that the dispersion in the data is caused by the varia-
tion of the individual ion concentrations (i.e. phosphate, sul-
phate, humic, fulvic, etc.) in the individual samples. Because
of this fluctuation and the paucity of the data, it is very dif-
ficult to see any correlation between the soluble rare earth
elemental concentrations and pH. However, the following conclu-
sions seem to be reasonable. First, the soluble rare earth ele-
mental concentrations in river water will not fluctuate widely
(i.e. changes in order of magnitudes) as the river water pH varies
from 6.0 to 8.0. Secondly, the rare earth elemental concentra-
tions are generally higher at low pH values, less than 6.5, than
at high pH values, greater than 7.0.

It is of interest to note that if one combines the predict-
ed variation of phosphate in pond water as a function of pH]47
and the theoretical variation of the rare earth elemental con-
centrations as a function of pH, one would qualitatively get
the same correlation as was seen in the laboratory experiments.
This is in agreement with the conclusion that the solubility
of the rare earth phosphate is the controlling reaction.for the

soluble rare earth elemental concentrations in river water.

F. Rare Earth Elemental Pattern

Because of the similarity of the chemical properties of the
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rare earth elements, the rare earth elemental concentrations us-
ually form a noticeable pattern. Unfortunately, the rare earth
elemental pattern which one will get if the rare earth elemental
concentrations are plotted against the rare earth ionic radius
is a jig-saw pattern. This is caused by the fact that even
atomic number rare earth elements are higher in concentration
then the odd atomic number rare earth elements. To smooth out
this effect, most researchers normalize their rare earth element-
al concentrations to some known source (i.e. sedimentary type
rocks, chondrites, shale, etc.). If one would plot this normal-
ized rare earth values against the rare earth ionic radius, one
will usually get a very smooth pattern.

In the case of the rare earth elemental concentrations in
the suspended particulates (ashed at 600°C) of some rivers, Table
XXIII, one cén see that fheir normalized values, Table XXIV, il-
lustrate that most of the rare earth elemental concentrations in
the rivers suspended particulates have a rare earth elemental
pattern similar to the rare earth elemental pattern for the

148 Specifically, the suspended

average sedimentary rock type.
particulates of the Amazon, Columbia, Congo, Ganges, Marys,
Mekong, Sacramento, and Willamette Rivers all have a rare earth
elemental pattern, within experimental error, similar to the
rare earth elemental pattern of the average sedimentary type

rock. The suspended particulates of the Klamath and Rogue Rivers

have a rare earth elemental pattern in which the normalized values



Table XXIII: Concentration of Rare Earth Elements in Some Rivers'Suspended Particulates (ppm)

' Sample
River Date La Ce Nd Sm Eu Gd Tb Dy Yb Sc
Columbia 5/2/81 34+5 65:+2 28+6 6.9+.4 1.8+.1 13.7+.7 0.91+.05 5.8+.6 3.1+.3 231
5/2/81 37+3 82+2 34+9 7.1£.3 1.6+.1 12.6+.7 1.16+.05 6.0+.6 3.8+.2 23+1
9/1/82 42+9 60+2 21:8 7.4+.5 2.1:.3 15+1  0.94+.07 7+2  3.3+.5 18+1
9/8/82 53+7 1217 60:+20 7.8+.7 3.4+.7 25+2 2.6+.2 7¢3  3.3:+.2 -
9/15/82 43+4 54+5 -- 8.5+.6 3.1+.8 1141 3.1+.7 8+2 6.0+.5 21.8+.9
9/22/82 4416 50+7 -- 10.8+.9 2.3+.5 1141 -- 8+3 2.8+.4 2241
Fraser 5/1/81  55:7 4714 104 5.9+.4 1.4+.2 10.3x.6 2.1+x.3 5.0+.5 2.1+.1 19.9+.7
5/1/81 43+6 50:5 1445 5.9+.4 1.2+.1 10.5+.6 2.1+.3 4.0+.4 2.0+.1 20.3t.7
Klamath 4/27/81 21+2 43+1 2545 4.7+.2 1.5+.1 6.8+.4 0.71+.04 4.7+.8 2.7+.1 27+1
Marys 9/10/82 43+5 73+3 -- 8.7+.6 2.2+.2 10.0+.7 1.31+.08 5¢3 4.1+.4 3812
. 9/17/82 4215 --  41+£15 8.2+.5 1.8:.4 -- 1.8+.6 8+3 -- 9.1+.4
Rogue 4/27/81 19+2 42+1 1915 4.9+.2 1.3+.2 6.1+.3 0.73+.03 5.7+.9 2.6=.1 26+1
Sacramento 4/25/81 25+3 4712 1546 6.0+.3 1.7+.1 8.8+.6 0.84+.06 -- -- 2912
: 4/25/81 25+2 69+7 -- 4.8:.4 -- 4,.8+,7 -- 4+1  3.3+.5 2311
Willamette 9/3/82 61+9 86x7 20+10 5.7+.9 1.5+.2 4.8+.8 0.79+.09 6x4 6.5+.7 2212
9/13/82 36+5 25+5 -- 6.5+.6 1.3+.1 4+ -- 6+4 3.5+.7 27+2
9/20/82 43+6 25+6 -- 6.6+.7 1.7+.2 : - -- 743 - --
17 9/24/82 45+6 132+8 60+20 5.9+.5 1.9+.,2 5.8:.8 -- -- 3.8+.4 22+2
Amazon 48 112 -- 9.7 1.8 -- - -- 3.7 -
Congol7 47 104 -- -- 1.5 -- 1.6 -- 2.4 --
Ganges1’ 42 98 48 9.7 1.2 -- 0.7 -- 3.2 --
Mekongl? 48 93 47 5.4 1.5 5.3 0.9 -- 3.6 --
Garrone!? 44 92 35 6.1 1.04 5.9 0.86 -- 2.8 --
Dordogne -- 96 39 6.6 1.26 7.0 1.05 -- 3.0 --

Ll



Table XXIV: Rare Earth Elemental Concentrations in Some River Suspended Particulates Normalized
to Sedimentary Type Rock]06
Sample :
River Rock La Ce Nd Sm Eu Gd Tb Dy Yb
Columbia 5/2/81 1.2+.2 1.14x.04 1.1+.2 1.15+.07 1.50+.08 2.5+.1 1.30+.07 1.5%.2 1.4+.1
5/2/81 1.3+.1 1.44+.04 1.3:t.3 1.19+.05 1.33x.08 2.3+.1 1.59+.07 1.5+.2 1.73+.09
9/1/82 1.5+.3 1.05+.04 0.8+.3 1.23+.08 1.75:x.25 2.8%.2 1.3£.1 1.7+.5 1.,50+.09
9/8/82 1.8+.2 2.1£.1 2.3+.8 1.3t.1 2.8+.6 4.6x.4 3.7+.3 1.8+.8 2.7+.2
9/15/82 1.5+.1 0.95+.09 -- 1.4+.1 2.6+.7 2.0+.2 4z 2.0£.5 1.3£.2
9/22/82 1.5+.2 0.9+.1 -- 1.8+.2 1.9+.4 2.0%.2 -- 2.0+.8 --
Fraser 6/1/81 1.9:+.2 0.82+.07 0.4+.2 0.98:+.07 1.2+.2 1.9+.1 3.0t.4 1.3+.1 0.95+.05
5/1/81 1.5+.2 0.88+.09 0.5+.2 0.98:.07 1.0:+.1 1.9+.1 3.0t.4  1.0+£.1 0.91%.05
Klamath 4/27/81 0.72+.07 0.75+.02 0.9+.2 0.78+.03 1.25+.08 1.26+.07 1.01+.06 1.2+.2 1.23+.05
Marys 9/10/82 1.5+.2 1.28+.05 -~ 1.5+.1 1.8£.2 1.9+.1 1.9¢£.1 1.3+.8 1.9+£.2
9/17/82 1.5+.2 -- 1.5¢.6 1.37+.08 1.5%.3 -- 2.6x.9 2.0+.8 --
Rogue 4/27/81 0.66+.07 0.74+.02 0.7+.2 0.82+.03 1.1+.2 1.13+.06 1.04:x.04 1.4+.2 1.18+.05
Sacramento 4/25/81 0.9+.1 0.82+.04 0.6t+.2 1.00:.05 1.42+.08 1.6+.1 1.20+.09 -- --
4/25/81 0.86+.07 1.2+.1 -- 0.80+.07 -- 0.9+.1 -- 1.0+.3 1.5¢.2
Willamette 9/3/82 2.1+.3 1.6¢,1 0.8+.4 0.9+.2 1.3+.2 0.9+.2 1.1£.1 1.5£1.0 2.9+.3
9/13/82 1.2+.2 0.4+.1 -- 1.1£.1  1.08£.08 0.7%.2 -- 1.5¢1.0 1.6%.3
9/20/82 1.5+.2 0.4x.1 -- 1.1+.1 1.4+.2 -- -- 1.7+.8 --
9/24/82 1.5+.2 2.3t.1 2.3t.8 0.98+.08 1.6+.2 1.1+.2 -- -- 1.7+.2
Amazon 1.66 1.96 -- 1.6 1.50 -- -- -- 1.68
Congo 1.62 1.82 -- -- 1.25 -- 2.29 -- 1.09
Ganges 1.45 1.72 1.82 1.62 1.00 -- 1.00 -- 1.45
Mekong 1.66 1.63 1.78 0.90 1.25 0.98 1.29 -- 1.64
Garrone 1.52 1.61 1.33 1.02 0.87 1.09 1.23 -- 1.27
Dordogne -- 1.68 1.48 1.10 1.05 1.30 1.50 -- 1.36

vl
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increase from lanthanum to lutetium, while the suspended particul-
ates of the Dordogne and Garrone Rivers have a rare earth element-
al pattern in which the normalized values decrease from lanthanum
to Tutetium. This observed fluctuation in the rare earth element-
al pattern in the suspended particulates is not surprising since
the specific mixture of shales, sandstones, limestones, etc. which
makes up the composition of the sedimentary type rock should vary
from river to river, and thus the rare earth elemental pattern

for the suspended particulates should also vary from river to
river.

In the case of the rare earth elemental pattern for the sol-
uble rare earth elemental concentrations in river water, there are
three theoretical patterns possible. In the first possibility,
one assumes that an adsorption or leaching process would control
the soluble rare earth elemental pattern in river water. If this
is the case, one would expect to see the same correlation between
the rare earth elemental concgntration in the suspended particul-
ates and the rare earth elemental concentrations in the various
rive%s. In the second possibility, one assumes that the relative
ratié of the stability constants for the rare earth elements
would control the rare earth elemental pattern. If this is the
case, one would expect to see the same correlation between the
rare earth elemental concentrations in the various rivers, and
the rare earth elemental concentrations in the average sediment-

ary type rock. In the last possibility, one assumes that the ionic
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strength, pH, and various ion concentrations would effect the rare
earth elemental pattern in the various rivers. If this is the
case, one would expect to see the correlation between the soluble
rare earth elemental concentrations and the rare earth elemental
concentrations in either the suspended particulates or the average
sedimentary type rock to change as the composition of the river
water changes.

In reviewing the soluble rare earth elemental concentrations
normalized to the rare earth elemental concentrations in the re-
spective suspended particulates, Table XXV, or to the rare earth
elemental concentrations in the average sedimentary type rock,
Table XXVI, one can see that the rare earth e]emenfa] pattern for
each river sample is generally smooth, and that the pattern is not
the same for every river water sample. From this one can ejther
postulate that the enormous difficulties in accuratéiy measuring
the rare earth elemental concentrations in natural waters are re-
sponsible for the observed fluctuations in the rare earth pattern,
or that this data is in fact accurate and one is actually seeing
evidence that the third possibility for controlling the rare earth
elemental pattern is the correct scenario. This researcher feels
that this data is qualitatively good and that it is good evidence
that ionic strength, pH, and various ion concentrations do effect
the soluble rare earth elemental pattern in river water. However,
this researcher also realizes that some of the fluctuation seen

in the observed rare earth elemental pattern is caused by the



Table XXV:

Soluble Rare Earth Elemental Concentrations in Some Rivers Normalized to the Rare
Earth Elemental Concentration in the Rivers" Suspended Particulates and Lanthanum
equal to 1.0.
Sample
River Date La Ce Nd Sm Eu Gd Tb Yb
Columbia 1A 5/2/81 1.00+.05 0.9:+.1 0.9+.1 -- 1.10+.08 1.4+,2 1.5+.3
3A 9/8/82 1.0+.2 0.9+.1 -- 1.6+.3 0.5+,1 1.7+.3 0.33t.06 1.7+.2
48 9/15/82 1.0+.2 0.7+.1 -- 0.28+.04 0.17+.05 -- 0.10+.04 0.29+.05
5A 9/22/82 1.0t.2 2.8+.6 - 1.0¢.2 1.4+.4 6+1 -- 2.5+.6
58 9/22/82 1.0t.2 3.8+.8 - 1.2+.2 1.4+.4 -- -- 4,2+.9
Fraser A 5/1/81 1.0+.2 1.6+.2 3.7+.8 2.2+.3 2.8+.4 2.6t.4 1.0+.2 3.9+.5
Garrone A 1.0 0.82 1.0 1.3 1.4 1.4 1.3 1.2
Klamath A 4/27/81 1.0+.1 0.84+.09 0.5+.2 0.9+.1 1.2t.1 0.8+.2 1.1+.1 1.6+.3
Marys 1A 9/10/82 1.0+.2 1.6+.2 -- 1.5¢.2 1.6+.2 -- 1.6+.2 1.6+.3
18 9/10/82 1.0+.2 0.8+.1 -- 1.1+.2 0.9+.1 4+] 0.5+.3 1.1+.2
2A 9/17/82 1.0+.2 -- 1.1+.4 1.5%,2 1.7+.4 -- 1.1+.4 --
2B 9/17/82 1.0+.2 -- 0.6+.3 4.1+.6 2.9+.7 -- 1.2+.5 --
Rogue A 4/27/81 1.0+.1 0.68:+.08 0.9+.3 1.3z.1 1.7¢.3  1.0+.2 1.2t.1 1.8+.3
Sacramento A 4/25/81 1.0+.1 0.6+.1 21 1.4+.2 1.8t.2 2.3:.8 -- 2.3+.5
Willamette 1A 9/3/82 1.0+.2 0.7+.1 211 1.8+.4 1.7+.4 -- 2.4+.6 1.5+.4
~ 18 9/3/82 1.0+.2 0.8+.1 0.9+.5 0.6t.1 0.6%.1 -- 0.6+.3 0.3t.1
2A 9/13/82 1.0+.2 3+2 -- 1.2+.3 1.1t.6 -- -- --
2B 9/13/82 1.0+.2 544 -- 1.8t.5 2.8+.8 -- -- --
3A 9/20/82 1.0+.2 41] -- 1.6+.3 1.7+.3 -- - --
38 9/20/82 1.0+.3 1315 -- 41 611 -- -- --
4A 9/24/82 1.0+.2 1.0¢.1 0.9+.3 3.0+.5 0.7+.1  2.1+.6 -- 1.3+.3
48 9/24/82 1.0+.2 1.4+.6 -- 1.1+.3 1.0+.3 -- -- --

Gvl



Table XXVI: Soluble Rare Earth Elemental Concentrations in Some Rivers Normalized to Sedimentary

Type Rock and Lanthanum equal to 1.0

Sample
Samplet Date La Ce Pr Nd Sm Eu
Columbia 1A 5/2/81 1.00:+.01 0.98+.02 1.3:+.3 0.84+.07 -- 1.28+.03
3A 9/8/82 1.00:+.02 1.05:+.03 -- -- 1.16+.02 0.85+.04
48 9/15/82 1.00+.08 0.45:.04 -- 0.21+.01 0.27+.02 0.29+.03
5A 9/22/82 1.00+.05 1.6t.1 -- 2.1£.1  1.16x.06 1.8+.1
6B 9/22/82 1.0+.1 2.2+.3 -- 1.5+.4 1.4+.2 1.8t.3
Dordogne A 1.00 0.83 0.86 0.87 0.75 0.6
Fraser A 5/1/81 1.00+.01 0.81+.02 1.12+.08 1.00:+.05 1.26+.02 1.79+.02
Garrone A 1.00 0.87 0.43 0.90 0.84 0.8
Klamath A 4/27/81 1.00+.03 0.88+.04 1.3+.2 0.7+.1 1.02+.07 2.00:.07
Marys 1A 9/10/82 1.00+.03 1.36+.06 -- -- 1.43+.08 1.83+.07
1B 9/10/82 1.00+.05 0.68+.09 -- -- 1.08+.06 1.13+.08
2A 9/17/82 1.00:+.03 1.22:+.05 -- 1.19+.09 1.37:.03 1.76+.08
2B 9/17/82 1.00:+.06 1.7+.1 -- 0.7+.2 3.8£.2 3.0:.2
Rogue A 4/27/81 1.00:+.02 0.96+.02 2.9+.2 1.01+.09 1.60+.04 2.84:+.06
Sacramento A 4/25/81 1.00:.05 0.72+.06 3.4+.5 1.5+.3 1.5+.1 2.9+.1
Willamette 1A 9/3/82 1.0:.1 0.50+.08 -- 0.8:.2 0.8+.1 1.0+.2
1B 9/3/82 1.00+.01 0.54:.04 -- 0.32+.04 0.27+.01 0.35+.02
2R 9/13/82 1.0+.5 1.0:.6 -- -- 1.1+£.3 1.0+.5
2B 9/13/82 1.0%.1 211 -- -- 1.6+.3 2.4+.7
3A 9/20/82 1.00+.03 1.13+,05 -- 1.10£.09 1.19+.03 1.64+.07
3B 9/20/82 1.0+.1 3.9+.6 -- -- 3.3t.4 5.3:.6
4A 9/24/82 1.00:+.02 1.43+.06 -- 1.3+.1  1.89+.04 2.23:.07
4B 9/24/82 1.0+.2 2.1+.9 - -- 0.7+.2 1.0+.3
+The A designates samples were filtered through a 0.45 um poresize filter paper, while the B

designates samples were filtered through a 0.20 um poresize filter paper.
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Table XXVI: (Continued)
Sample Gd Tb Ho Er Yb Lu
Columbia 1A 1.2+.1 1.69+.06 1.00+.08 -- 2.0+.3 1.6+.1
3A  4.4+.5 0.68+.05 -- -- 1.37£.04 1.31%.07
48 -- 0.31+.08 - -- 0.54+.05 0.52+.05
5A 9+1 1.4+,2 -- - 2.1+£.3 1.6+.1
58 -- 1.9+.3 -- -- 3.5+.5 3.1+.4
Dordogne A 0.92 1.1 0.82 0.95 1.0 1.1
Fraser A 2.9+.2 1.85+.04 2.29+.02 1.5+.2 2.13+.08 1.59+.05
Garrone A 1.0 1.1 1.1 0.90 1.0 1.1
Klamath A 1.4:x.4 1.48+.09 1.5+.1 1.3+.3 2.7+.4 1.3+.1
Marys 1A -- 2.0+.1 -- -- 2.0+.1 1.6+.1
1B 5+1 -0-7+.3 - - 1.3+.2 _1.0x.1
2A 2.0+.3 1.9+.1 -- -- 1.82+.05 1.39+.08
2B - 2.2t.4 -- -- 2.5+.3 2.0+.2
Rogue A 1.7+£.2  1.99+.07 2.5+.1 -- 3.3+.4 2.29+.09
Sacramento A  3.3t.7 2.7+.2 1.5+.2 -- 4.1+.5 2.9%.3
Willamette 1A -- 1.3+.2 -- -- 2.1x.5 1.9+.3
1B -- 0.3t.1 -- -- 0.36+.13 0.44+.08
2A -- -- -- -- - --
2B -- -- -- -- -- --
A 1.3x.2  1.39+.09 - -- 2.4+.3 2.2+,2
3B -- 7+2 -- -- 1.9+.4 --
4A  1.5+.3 2.2+.1 -- -- 1.5+.1 1.24+.05
4B -- 5+3 -- -- -- --

vl
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difficulties in measuring the rare earth elemental concentrations
due to sampling, chemical manipulations, etc. (which were pre-

viously estimated to be 10-20%).

G. Material Balance in the Oceans

As has already been discussed in detail, in the Intro-
duction, the lanthanum rate of removal from the oceans has been
calculated to be approximately nine times faster than the lan-
thanum rate of input into the-oceans from the rivers. It was
also mentioned that no sign of this calculated imbalance has
been seen in the oceans. One possible reason for this calcul-
ated imbalance is that the lanthanum concentration, 47.5 ng/%,
used for the average lanthanum concentration in river water
was based upon only two river water measurements. In this
thesis, seven Pacific Northwest rivers were measured for their
soluble rare earth elemental concentrations, Table XIX. From
this data, one can see that the measured soluble lanthanum con-
centration for these Pacific Northwest rivers range from 8 to 97
ng/% with a run-off-weighted average lanthanum concentration of
42 ng/%. This data is fairly good evidence that the lanthanum
concentration used in the calculation of the river water lan-
thanum input rate into the oceans is qualitatively cofrect.
From this data, one either concludes that there is a lanthanum
material imbalance in the oceans or that there is another major

source of lanthanum input into the oceans.
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Recently there has been a study which seems to solve this

dilemma. In this study,]Z]

149,150
151

Elderfield and Greaves used neody-
mium isotope ratios, the rare earth elemental concentra-
tions in marine aerosols, and the rare earth elemental con-
centrations as a function of depth to speculate on the possibil-
ity that the major lanthanum input into the oceans is from the
atmosphere. Frqm their data, they concluded that indeed the
major source of lanthanum in the oceans appears to be atmospheric.
They also concluded that the rare earth elements are leached

from the aeolian particles without significant fractionation

at the surface, and then are scavenged from the surface waters
with preferential removal of the light rare earth elements. At
first glance, this scenario seems unlikely since the rare earth
elements must be leached fair]y quickly from the aerosol parti-
culates at the surface, and then they are subsequently removed
from the surface water at the next instant. However, there is

a theory which predicts that this phenomenon could ihdeed happen.
The theory is inferred from the rare earth elemental experiments
done in this_thesis, which simply states that the solubility of
the rare earth phosphate seems to control the soluble rare

earth elemental concentrations in river water. If this is the
case, one would expect that the soluble rare earth elemental
concentrations in the oceans are also qualitatively controlled

by the phosphate concentration. Since the ocean surface waters

are known to be depleted of phosphates at the ocean surface due
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to photosynthesis 1r‘eact1'ons,35’]2]’]33

one would expect to see
larger rare earth elemental concentrations at the surface than
at Tower ocean depths since the photosynthesis reaction only
occurs near the surface of the oceans. This expected results

121 hich

is indeed observed in the Elderfield and Greaves study,
seems to prove that the rare earth elements are indeed leached
from the marine particulates. However, there is an alternative
explanation to the aforementioned rare earth elemental data. The
observed increase in the rare earth elemental concentrations seen
near the ocean surface could be caused by the amount of suspended
particulates passing through the 0.45 um poresize filter paper.
This observed change in the soluble rare earth elemental concen-
trations as a function of depth could then be related to the
absolute amount of suspended particulates passing through the
0.45 um poresize filter paper. If this is the case, then the
absolute amount of suspended particulates passing through the
filter paper as a function of depth could reflect the time it
takes for the individual particles to flocculate in the Tow
suspended particulate concentration seen in the oceans. How-
ever this researcher feels that the increase of the lanthanum
concentration observed at the ocean surface is mostly due to

the decrease in the phosphate concentration at the oceans sur-
face than in the amount of suspended particulates passing

through the 0.45 um poresize filter paper. In conclusion, the

research reported in this thesis support the conclusion that
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most of the soluble lanthanum supply into the oceans is derived
from atmospheric sources, and that the rare earths are indeed

leached from the marine particulates.
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IV. Conclusion

Since the total water discharge of the rivers investigated
in this work represents only a small fraction of the world river
discharge to the oceans and since the number of reliable data
on dissolved rare earth elements coﬁtent in rivers is very limit-
ed, it is hardly possible to accurately establish a model for the
soluble rare earth elements content of natural waters. However,
the following conclusions appear reasonable even though the anal-
yses have been limited.

1. The soluble rare earth elemental concentrations in
river water is dependent on the solubility of the rare earth
phosphate.

2. A variable but noticeable fraction of the suspended
particulates passes through'the 0.45 um poresize filter paper
and thus increases the measured soluble rare earth elemental
concentration (as defined by filtration through a 0.45 um pore-
size filter paper) in river water.

3. A large fraction of the soluble rare earth elements
in river water are associated with fulvic acid, humic acid, and
an assorted number of phosphorus compounds.

4. The world wide average lanthanum concentration in river
water is approximately 45 ng/1 which is in good agreement With
the predicted world wide average lanthanum concentration, 47.5 ng/1,

of Martin et-a].17
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Appendix A: Solubility of some rare earth hydr‘oxides]sz’]53’]54’]55



Element
La
Ce
Pr
Nd
Sm
Eu
Gd
Er
m
Yb

Solubility Product Constant
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1.0 x 10719

1

.5 x 10720

> 00 W N

X

10”20
10721
]0'22
10722
]0‘22
10723
10724

]0‘24
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Appendix B: Time dependence of tracer stability under simulated
seawater conditions as determined by radiotracers. Complete de-
tails of the experimental procedure used in the determination of
the tracer stability can be seen in Section III-A, while the

discussion of these results is in Section IV-A.
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APPENDIX B-1: Time Dependence of Tracer (Yb) Stability in Simulated

Seawater Condition (Test 1: Unfiltered Seawater and

Sediments)
Time of Sampling
(days) Percent of Yb Tracer Remaining in Solution
1 . 16.5 + 1.0
2 10.6 = 1.0
3 7.4 3.5
4 3.4 + 1.8
5 6.7 £ 0.2

6 : 4.8

I+

0.2



APPENDIX B-2:

Time Dependence of Tracer (Ce) Stability in

Simulated Seawater Conditions

% of Ce Tracer Remaining in Solutijon

170

Unfiltered
Time of Sampling Water and Filtered Estimated*
(days) Sediments(Test 2) Water (Test 3) Tracer Stability
1 6.52 £ .31 94.7 + 5.2 6.88 + .50
2 2.03 = .08 92.6 + 5.7 2.19 + .16
3 1.94 + .28 87.9 £ 9.6 2.21 = .40
4 1.86 £ .09 82.9 + 13.2 2.24 + .37
5 1.38 £ .27 86.9 + 12.7 1.59 = .39
6 1.36 £ .07 1.60 + .40%*
*Calculated by dividing the percent of tracer remaining in solution
in Test 2 by the fraction of tracer remaining in solution in Test 3

**Estimated by extrapolating existing data
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APPENDIX B-3: Time Dependence of Tracer (Ce-DTPA) in Simulated

Seawater Conditions

Unfiltered
Time of Sampling Water and Filtered Estimated*

(days) Sediments (Test 4) Water (Test 5) Tracer Stability

1 89.6 + .4 99.7 + 2.6 90.1 + 2.4

2 93.2 + 3.8 96.0 + 3.5 97.1 £ 5.3

3 93.9 £ 7.0 97.9 + 4.9 95.9 + 8.6

4 90.0 + 5.1 97:5 + 3.1 92.3 £ 6.0

5 88.9 + 4.4 95.8 + 2.8 92.8 + 5.3

6 88.8 + 2.2 98.0 + 2.6 90.6 + 3.3

7 88.4 + 4.2 99.1 + 1.8 89.2 + 2.7

8 87.2 + 3.7 99.2 + 1.9 87.9 + 4.1

9 83.8 + 8.6 95.0 + 2.7 88.2 + 9.4

10 83.9 £ 6.3 92.3 + 3.3 90.9 + 7.5

11 82.9 £+ 4.5 92.7 + 3.0 89.4 + 5.7

12 82.7 + 5.0 92.3 £ 5.3 89.6 + 7.5

13 82.7 + 2.7 91.9 + 8.5 -90.0 + 8.8

14 82.0 £ 4.6 87.9 + 7.8 93.3 + 7.0

15 84.4 + 6.0 88.5 + 7.8 95.4 + 10.8
16 85.4 £+ 5.4 91.3 + 3.7 93.5 £+ 7.0

17 81.2 + 3.4 86.1 + 13.0 94.3 + 14.8
18 80.2 + 6.2 82.7 + 11.9 97.0 + 15.8
19 74.9 + 2.5 - - 91.8 + 14.2%*
20 - - 80.5 + 12.7 90.8 + 14, 9*%*
21 71.3 £ 2.5 78.5 + 10.1 90.8 *+ 12.9

* Calculated by dividing the percent of tracer remaining in Test 4
by the fraction of tracer remaining in Test 5.

** Estimated by interpolating existing data.
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Appendix B-4: Stability of Tm-DTPA Under Simulated Seawater

Conditions
Unfiltered Water Filtered Water Estimated Tracer

Day and Sediments (Test 6) (Test 7) Stability

1 101.1 + 3.3 100.0 = 2.6 101.1 + 4.2

2 102.6 + 4.6 99.3 + 2.6 103.3 + 5.4

3 99.5 + 2.0 97.0 =+ 0.8 102.6 = 2.2
4 97.0 + 1.7 96.6 + 3.6 100.4 + 4.1

5 95.7 + 2.4 97.8 + 2.5 97.9 £ 3.5

6 95.1 + 0.4 99.6 + 2.8 95.5 =+ 2.7

7 94.6 + 1.3 100.5 £ 1.2 94.1 + 1.7
8 90.1 + 1.3 98.7 + 4.2 91.3 + 4.1

9 90.7 + 3.5 102.8 = 1.9 88.2 + 3.8
10 94.2 + 4.3 99.8 + 4.2 94.4 + 5.9
11 90.7 + 2.3 101.3 + 3.8 89.5 + 4.1
12 89.1 + 2.2 99.9 + 2.0 89.2 + 2.8
13 97.9 + 2.2 89.8 + 3.7*
14 86.7 £ 3.2 99.0 + 2.2 87.6 + 3.8
15 86.1 + 2.8 96.1 + 2.4 89.6 + 3.7
16 85.9 + 3.1 89.3 £ 4.3*
17 86.6 £ 5.6 96.3 + 3.0 89.9 + 6.5
18 83.3 + 4.4 94.6 + 1.8 88.1 + 4.9
19 82.7 + 3.2 86.9 = 0. 95.2 + 3.8
20 81.7 + 2.8 86.3 + 1.3 94.7 £ 3.5
21 81.4 + 4.6 86.9 + 2.6 93.7 £ 6.0
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Appendix C: Characteristics of the two Ge(Li) detectors used in
the analysis of the stable activable tracer concentration. Dis-
cussion concerning the characteristics of these detectors can be

seen in Section III-A-6.
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Characteristics of the
detector relative to the
60Co 1332 keV gamma ray

peak efficiency relative 5.65%
" to a 3 x 3" Nal detector

full width half maximum 1.90 keV

peak to compton ratio 32.5/1

peak efficiency relative 6.1
to a 3" x 3" Nal detector

full width half maximum 2.90 keV

peak to compton ratio 21.5/1
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Appendix D: Measured tracer concentration in the field experi-
ments conducted in the South Beach Marina. The procedure used
to measure the tracer abundances is described in Section III-B-7

while the results are discussed in Section IV-B.



APPENDIX D-1:

Sampling Sites in the South Beach Marina

Scale, feet
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APPENDIX D-2: Measured Rhodamine B Concentrations (ug/1) in the first
South Beach Marina Experiment (Aug. 14-16, 1980)

Sampling* Elapsed Time in Experiment (hours)

Site 19.75 24.75 37.00 43.50

1- 2.16x0.06 1.7540.05 1.91+0.06
1- M 5.29%0.16 1.3340.04 0.75+0.02
1-B 1.02+0.03 1.01£0.03 0.89#.03 1.91+0.06
2-T 2.07+0.06 1.82%0.05 1.82+0.05 1.98+0.06
2-M ' 2.27%0.07 1.7140.05 0.350.01
2-B 1.60%x0.05 3.0140.09 0.96+0.03
3-T 0.65+0.02 1.6120.05 1.56+0.05 1.40+0.04
3-M 0.45+0.01 0.72+0.02 1.36+0.04 0.86+0.03
3-B 0.45+0.01 0.75%0.02 0.44+0.01 0.50i0.02_
4-T 1.19%£0.04 1.31:0.04 1.15+0.03
4-M 1.00£0.03 1.24+0.04 0.37£0.01
4-B 0.70%x0.02 1.68+0.05 0.21£0.01
5-T 0.9220.03 1.50+0.05 1.22+0.04
5-M 0.53+0.02 0.55+0.02 0.38+0.01
5-B 0.51x0.02 0.62x0.02 0.13x0.01
6-T 0.9520.03 1.28+0.04 1.15+0.03
6-M 1.06x0.03 0.53+£0.02 0.66+0.02
6-B 0.22+0.01 0.34:0.01 0.34£0.01
7-T 0.41+0.01 0.65£0.02 0.66+0.02 1.10+£0.03
7-M 1.06£0.03 0.49+0.01 0.47+0.01
7-B 0.41x0.01 0.73:0.02 0.32+0.01
8-T 0.81:0.02  0.82:0.02  1.09:0.03
8-M 0.43t0.01 0.41+£0.01 0.43+0.01
8-B 0.56£0.02 0.43+0.01 0.40+0.01

* The number corresponds to the sampling site in the Marina
(Append1x I), and the letter corresponds to the sampling depth
i.e., T = surface, M = middle, and B = one foot -above the bottom
of the marina)
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APPENDIX D-3: Measured Dysprosium-DTPA Concentrations (ngDy/1) in the
First South Beach Marina Experiment (Aug. 14-16, 1980)

Sampling* Elapsed Time in Experiment (hours)

Site 19.75 24.75 37.00 43.50

1-T 1,623 49 962 45 1,108 41
1-M 477 37 868 45 193 32
1-B 332 37 175 28 222 34 199 32
2-T 1,153 39 1,375 51 992 41 1,266 54
2-M 545 41 575 34 63 30
2-B 287 32 293 30 90 34
3-T 432 30 635 37 960 45 813 39
3-M 383 34 458 37 836 37 297 28
3-B 128 30 199 34 167 32 199 37
4-T 900 41 791 34 543 32
4-M 161 30 774 45 109 28
4-B 167 30 98 28 45 28
5-T 742 47 1,193 55 764 34
5-M 347 32 230 32 192 30
5-B 680 51 71.28 -2 28
6-T 663 45 1,061 51 622 34
6-M 721 34 269 30 257 34
6-B 146 38 133 28 69 28
7-T 203 28 - 462 36 359 36 537 34
7-M ' 813 34 195 30 163 28
7-B 312 30 124 26 34 26
3-T 530 41 357 30 701 39
8-M 287 30 212 36 252 34
8-B 417 41 58 32 103 28

*The number corresponds to the sampling site in the marina (Appendix I)
and the letter corresponds to the sampling depth (i.e., T = surface,

M = middie, and B = one foot above the bottom of the marina).



APPENDIX D-4: Measured Rhodamine WT Concentrations (ug/1) in the Second South Beach Marina Experiment
(Jan. 16-18, 1981)

Sampling* Elapsed Time in the Experiment (hours)
Site 13.25 20.00 31.50 38.25 45.00 56.50
1-T 5.70£0.20 2.10£0.10 2.10£0.10 1.90+0.10 0.41+0.02 0.79+0.03
1-M 2.00+0.10 1.70+0.10 1.60+0.10 0.86+0.03 0.21+0.01 0.38+0.01
1-B 0.07+0.01 0.63+0.02 2.30+0.10 0.86+0.03 1.30+0.10 0.30+0.01
2-T 6.10+£0.20 1.90+0.10 2.30+0.10 1.30+0.10 0.25+0.01
2-M 0.02+0.01 1.30+0.10 -0.08+0.03 0.54+0.02 0.19+0.01 0.52+0.02
2-B 0.05+0.01 0.75+0.02 1.30+0.10 0.81+0.03 0.69+0.02 0.16+0.01
3-T 4.30+0.10 2.10+0.10 2.10+0.10 2.50+0.10 0.32+0.01 0.43+0.02
3-M 1.30+0.10 2.30x0.10 1.30+0.10 2.80+0.10 1.60+0.10
3-B 0.06+0.01 0.78+0.02 0.91:0.03 0.49+0.02 0.09+2.01
4-T 8.10+£0.03 1.90+0.10 2.10«0.10 1.10£0.10 0.22+0.01 0.32+0.01
4-M 0.72+0.03 3.30+0.10 0.37+0.01 1.80+0.10 0.17+0.01 0.21+0.01
4-B 0.57+0.02 1.10+0.10 0.57+0.02 0.50+0.02 0.09+0.01
5-T 7.70£0.20 2.70+0.10 1.70+0.10 1.10+0.10 0.35+0.01 0.40+0.02
5-M 8.80:0.30 1.10+0.10 0.46+0.02 0.46+0.02 0.40+0.01 0.14+0.01
5-B 5.90+£0.20 0.82+0.03 0.50+0.02 0.68+0.02 0.07+0.01
6-T 9.90+0.30 2.70+0.10 1.90+0.10 0.18+0.01 0.19+0.01 0.28+0.01
6-M 5.50:£0.20 1.50+0.10 0.37+0.01 0.67+0.02 0.17£0.01 0.21+0.01
6-B 0.15+£0.01 0.48+0.02 0.26+0.01 0.52+0.02 0.04+0.01
7-T 1.30+0.10 1.50+0.10 1.50+0.10 0.26+0.01 0.43+0.02 0.40+0.02
7-M 10.0+0.30 1.20+0.10 1.50+0.10 1.60+0.01 0.31+0.01 0.21+0.01
7-B 0.23+0.01 1.10+0.10 0.23+0.01 0.37+0.01 0.17+0.01 0.05+0.01
8-T 9.10:£0.30 2.10+0.10 1.50+0.10 -0.01+0.01 0.22+0.01 0.34+0.01
8-M 2.40:0.10 2.50+0.10 0.49+0.02 1.10+0.10 0.03+0.01 0.23+0.01
8-B 0.26+0.01 0.49+0.02 0.15+0.01 0.46+0.02 0.36+0.01 0.03+0.01 Eg

* The number corresponds to the sampling site in the marina (Appendix I), and the letter corresponds

to the~samp11ng depth (i.e., T = surface, M = middle, and B = one foot above the bottom of the marina).



APPENDIX D-5: Measured Dysprosium-DTPA Concentrations (ngDy/L) in the Second South Beach Marina Experiment
(Jan. 16-18, 1981)

Sampling* Elapsed Time in the Experiment (hours)

Size 13.25 20.00 31.50 38.25 45.00 56.50

1-T 1168+39 545+35 663+41 569+29 105+24 109+19
1-M 425+25 432+35 400+24 259+37 6018 44+22
1-B 111+39 151418 544+24 306+37 168+16 24+22
2-T 389+39 43325 584143 515+48 11814

2-M 2114 293+27 194+19 246129 2129 98+30
2-B 130+34 454+19 223+30 20721 96+27 52+24
3-T 1153+43 540+23 293+23 466+25 43+24 74+23
3-M 1352458 569+27 25027 445+35 . 257+29

3-B 48+21 280+30 622+52 62+17 4+17
4-T 1309+41 644+39 57327 235+19 54+18 60+29
4-M 215+24 800+29 80+19 464128 2117 17+21
4-B 146+19 217+24 120+18 240+39 6024

5-T 1290+39 614+35 285129 513+39 100+29 14419
5-M 150243 18117 158+30 300+25 60+22 88+21
5-B 1226+35 125+17 149419 18125 - 4+23
6-T 2177+61 : 684129 499123 150+35 96123 77+23
6-M 388+22 415+32 122+27 306+30 22+13 - 4+18
6-B 35123 163+32 105+27 164118 - 5418
7-T 922+37 454+35 223+39 187126 5317 115+24
7-M 2160+78 349+27 260+18 595+35 16+16 57122
7-B 87+21 270+25 177+35 63+14 3719 47+35
8-T 2520+80 565127 41127 123423 3625 2219
8-M 569+32 402+18 10329 295+80 1+£16 26+19
8-B 120+23 225143 37+23 192+27 62125 27116

081

* The number corresponds to the sampling site in the marina (Appendix I), and the letter corresponds

to the‘sampling depth (i.e., T = surface, M = middle, and B = one foot above the bottom of the marina)



APPENDIX D-5: Measured Europium-DTPA Concentrations (ngEu/1) in the Second South Beach Marina Experiment
(Jan. 16-18, 1981)

Sampling* Elapsed Time in the Experiment (hours)
Site 13.25 20.00 31.50 38.25 45.00 56.50
1-T 181.6+10.5 79.0+ 6.9 121.0+ 9.3 88.5+ 7.3 15.7+ 3.9 15.2+ 3.6
1-M 70.0+ 5.3 78.7+ 7.9 73.1+ 7.2 31.5+ 7.4 4.3+ 3.9 4.5+ 3.3
1-B 5.0+ 6.4 21.5+ 4.0 85.2+ 4.7 28.0+ 7.0 31.8+ 6.1 4.2+ 3.6
2-T 46.2+ 6.5 74.5+ 6.3 95.8+ 8.9 82.0+ 9.6 11.5+ 6.0
2-M 6.3+ 4.7 38.1+ 5.6 29.2+ 3.9 25.6+ 4.7 1.6+ 3.3 0.7+ 5.1
2-B 0.1+ 3.1 26.0+ 4.7 44 .4+ 6.8 39.4+ 5.9 21.5+ 7.3 0.5+ 4.7
3-T 189.5+ 6.9 83.8+ 4.8 58.9+ 6.8 75.0+ 5.6 -2.9+ 3.3 8.2+ 4.0
3-M 310.6+ 8.4 89.9+ 4.3 24.3+ 5.3 72.3+£10.5 32.4+ 5.3
3-B ~11.3+ 6.4 35.5+ 6.4 40.6+ 6.8 8.4+ 3.4 7.7+ 5.7
4-T 222.4+ 8.7 105.3+ 9.7 87.8+ 6.8 38.5+ 6.9 12.7+ 3.1 .6+ 5.2
4-M 32.5+ 4.5 136.3+ 6.9 21.8+ 4.5 76.6+ 5.9 5.2+ 3.6 -1.4+ 4.8
4-B 26.9+ 4.0 35.3+ 5.4 24.1+ 4.3 23.8+ 8.7 0.9+ 1.8
5-T 220.1+ 8.7 92.6+ 7.3 64.1+ 6.5 45.8+ 8.9 12.9+ 6.2 -0.3+ 5.1
5-M 242.0+ 9.5 27.9+ 4.0 62.1+13.2 31.7+ 6.8 6.3+ 3.6 2.8+ 4.0
5-B 193.9+ 7.9 23.5+ 3.8 23.4+ 5.3 37.8+ 5.4 -0.7+ 3.1
6-T 357.8+ 9.0 132.3+ 6.5 88.0+ 6.5 23.1+ 7.0 2. 3.7 17.0+ 5.6
6-M 52.4+ 4.3 62.4+ 7.8 162.7+ 6.3 38.0+ 6.6 10.7+ 3.4 7.1+ 4.6
6-B - 1.3+ 3.4 12.9+ 4.8 26.0+ 9.2 29.2+ 4.8 6.7+ 7.6
7-T 149.3+ 6.3 76.4+ 7.8 66.8+ 6.6 3.2+ 4.8 8.8+ 1.8 15.4+ 6.1
7-M 376.0+14.0 55.8+ 5.2 48.4+ 6.3 77.2+10.3 5.0+ 3.8 2.9+ 4.5
7-B 4.4+ 4.8 32.7+ 6.1 3.3+ 8.1 14.7+ 4.9 -1.2+ 2.7 1.9+ 5.0
8-T 393.0+20.0 82.0+13.0 81.7+10.3 4.7+ 4.4 10.1+ 5.5 9.9+ 3.8
8-M 69.8+ 7.9 62.3+ 3.8 20.6+ 8.7 30.6+ 5.9 1.1+ 4.7 16.1+ 7.8 .
8-B 13.3+ 4.0 18.0+ 6.2 1.1+ 6.7 21.3+ 6.9 2.2+ 3.7 -0.1+ 4.5 o

* The number corresponds to the sampling site in the marina (Appendix I), and the letter corresponds

to the sampling depth (i.e., T = Surface, M = Middle, and B = one foot above the bottom of the marina)
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Appendix E: Elemental concentrations in the carrier used in
the procedure to measure the soluble rare earth elements in the

various Pacific Northwest river samples.



Rare Earth Element Concentration (mg/ml)*

Concentration (mg/ml

183

)'f'

La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

0.813
0.946
1.550
0.100
0.959
0.975
0.050
0.050
1.043
0.050
0.050
1.057

0.050
0.230

0.

437

0.508

o O o

o O o o o

.833
.054
.515
.524
. 027
.072
.561
.027
.027

0.568

*The carrier used in the analysis of the 1981 samples

+The carrier used in the analysis of the 1982 samples

.096
.162
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Appendix F: Properties of the radionuclides used in the procedure
to measure the elemental abundances of the suspended and the

soluble rare earth elements in the Pacific Northwest river

samples.
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Appendix F-1: Properties of Some Rare Earth Elements Activation

Products Used in the Analysis of the Rare Earth
156

Concentration in River Water

Isotope Half-Life Gamma Ray Energy (keV)
140 3 40.2h 487,1597
1klce 32.5d 146
l4bCe 284d 134
142pyp 19.2h 1576
147Nd 11.1d 91
1535m 46.8h 103

152Mgy 9.30h 842
152gy 12.7y 344
15364 242.0d 98
159G 18.0h 363
160Th 72.1d 299
166Ho 26.8h 81
171y 7.52h 308
170Tm 129.0d 84
169Yb 31.8d | 198
175Yp 4.21d 283
1771y 6.74d 208
140B3

U 12.8d 1597

140 4



Appendix F-2:
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Properties of Some Elemental Activation Products

Used in the Analysis of the Filterable Material in

River Water]56

Element Product Radionuclide Half-Life Ey Measured (keV)
Al A1-28 2.241m 1778.9
Ce Ce-141 32.50d 145
Co Co-60 5.26y 1173.2,1332.5
Cr Cr-51 27.7d 320
Cs Cs-134 2.06y 605
Dy Dy-165 2.334h 94.7
Eu Eu-152m 9.30h 842

Eu-152 12.7y 344
Fe Fe-59 44.60d 1099
Gd Gd-159 18.0h 363

6d-153 28204 99
Hf Hf-181 42.50d 482
K K-42 12.401h 1542.7
La La-140 1.675d 1596.4,487
Mg Mg-27 9.46m 1014
Mn Mn-56 2.58h 846.6,1810
Na Na-24 15.00h 1368.5
Nd Nd-147 11.1d 91
Sc Sc-46 83.80d 889
Sm Sm-153 1.933d 103.2
Ta Ta-182 115.00d 1221
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Appendix F-2 (continued)

Element Product Radionuclide Half-Life Ey Measured (keV)

Tb Tb-160 72.1d 299
Th Pa-233 27.00d 311.9
Ti Ti-51 5.80m 319.8
v V-52 3.77m 1434
Yb Yb-175 4.21d 283
Yb-169 31.8d 198

In In-65 244.00d 1115.5
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Appendix G: Adsorption of Tm-170 on Willamette River sediments

as a function of pH. Details of the experimental procedure used
in the determination of the Tm-170 adsorption behavior can be seen
in Section II-B-2 while the results are discussed in Section III-A
of the rare earth elemental concentration in river water section

of this thesis.



pH

o o0

.14
.70
.28
.76
.30
.90
.48
.57
.72
.25
.45
.47
.74
.26
.80
.12

% Adsorbed (Day 1)
52.4 + .4
57.4 + .5
70.8 + .4
69.5 + .3
70.2 £ .3
66.0 £ .3
63.1 = .3
56.7 + .3
53.7 £ .4
53.7 = .4
55.1 + .3
51.3 = .4
46.3 = .4
46.2 + .4
43.4 + .4
43.1 = .4

% Adsorbed (Day 2)
70.3 £ .3
75.0 = .4
77.7 = .2
76.5 £ .2
74.8 + .2
63.4 = .3
58.7 + .3
57.8 + .3
52.7 + .3

189
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Appendix H: Data used in the theoretical calculation of the
speciation of lanthanum and europium in river water. Discussion
of the mathematical procedure used in the theoretical calculation

can be seen in Section III-B of the river water study.
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Appendix H-1: Compilation of the Stability Constant Data Base

General Approach

The most difficult problem encountered in the preparation of
any speciation model is undoubtedly the selection of stability
constants (K;) to describe the interactions involved. Owing to
the complexity of natural systems it is necessary to adapt stab-
ility constants determined in simple ionic media (K;) for use in
the speciation model. The most rigorous procedure would undoubt-
edly be to correct the stability constant (K;) values measured
in simple media to infinite dilution (K°) using a particular ionic
interaction theory. This same theoretical approach could then be
used to adjust the K° value to provide a corrected stability con-
stant appropriate to the natural medium (K;) taking into account
all of the "interactions not specifically included in the speciation
model. Unfortunately there are very few systems for which the
necessary ionic interaction parameters are available and oh]y a
small minority of the measured K* values are presented in suffi-
cient detail for the initial extrapolations to be made. An alter-
native approach is to make some simplifying assumptions concerning
the interactions in the jonic medium and in the natural system
that enable the measured K; values to be used for speciation
calculations with the minimum of manipulation. In applying such
a procedure it is customary to make the following assumptions:

1. That any strong specific interaction between the medium

jons and the trace element ion or ligand have been taken into ac-
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count in the interpretation of the original measurement of K; .

2. That the activity coefficients of the free metal ion,
free ligand and complex are unaffected by changes in the medium
composition at constant ionic strength.

3. That K; can be reliably corrected for the difference in
ionic strength between the medium in which the original measure-
ment was carried out and the system which is being modelled.

Since this researcher is interested in elucidating the lan-
thanum and europium speciation patterns, the latter course was
chosen. The most rigorous course of refitting the primary data
is not only unacceptably time consuming with such a body of data
but, as have been indicated, the interaction parameters are not
generally available for these rare earth compounds.

Clearly the assumptions listed above will become more accept-
able the more closely the ionic medium corresponds to the natural
system but most experimental measurements are made in perchlorate
or nitrate media. In the introduction to their critical compi]a-'

132,142 state that

tion of stability constants, Smith and Martell
the constants listed have not been corrected for the interaction
of trace components with medium ions since, in the majority of
cases, insufficient data are available to make such corrections.

I have consequently taken the measured values compiled by Smith -
and Martell and fitted them directly to a function of the ionic

*
strength. The original compilation of Km values is necessarily

a rather heterogenous collection of data gathered by numerous
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authors using different experimental techniques in a variety of
media and the fitting parameters obtained are best considered as
providing a summary of the available data. Hopefully as the
experimental data base expands and theoretical procedures improve,
a more rigorous approach may be adopted and some of the incon-
sistencies of this simple approach may be removed. In the mean-
time it will be useful to extract as much information as is fea-

sible from the data we have.

Primary Data Base

With a few exceptions, data for the complexation reactions
were obtained fromvthe critical compilation of Smith and Mar-
te]].]32’]42 Since our aim was to summarize the available data
in a convenient form the critically selected constants listed

at fonic strengths different from zero were corrected to ijonic

strength equal to zero using the Davies equation,35
log f = Az%( /T 0.21)
1+/ T

' where,

f = activity coefficient

A = 0.5085 for water at 25°C
Z = charge of ion

I = jonic strength of the solution

Extension of Primary Data Base

In a few cases the stability constant for some europium and
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lanthanum complexes were not available, and in these cases the
stability constant was extrapolated from the stability constant
of other rare earth complexes. In the extrapolation procedure
which was used, one plotted the log of the stability cohstant
for a given complex versus the ionic radii of the respected rare
earth element. One then drew the best line through these data
points and subsequently read the stability constant for the
europium or lanthanum complex from the graph. This extrapolation
procedure was based upon the fact that approximately one-half of
the Tigands that have been studied in complexes with all of the
rare earth elements can be explained by a simple electrostatic
or acid-base concepts of size and charge (a more or less uniform
increase in stability accompanying the decrease in ionic radii).
157,158

Clearly the extrapolation procedure outlined above will be
more acceptable if the 1igand does obey the simple electrostatic
or acid-base concepts of size and charge than if the ligand forms
a complex which shows discrepencies from this simple picture.
However even if the ligand forms a complex with the rare earth
elements that does not obey the aforementioned theory, there
still should be some correlation between the stability constant
for the complex and the rare earth ionic radii. So this procedure

should still predict a fairly accurate stability constant.
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Appendix H-2: Stability Constants for Some Lanthanum Compounds

(at 25°C and Ionic Strength = 0.0)]32’]42

Reaction log K
La™ + p0,” & LaPO, g 25.26
La* + H,p0,”~ > LaH,pP0,** 2.57
La® +50, > Laso,” 3.64
ta™ + 250,°” > La(s0,),” 5.29
La® + OH™ » LaOW®* 5.5
La™ + 2047 > La(oH),” 9.6
La™* + 40H™ > La(OH)," 17.9
Lt + o Lt 3.6
La’t + 2F & LaF,” 7.3
Laz: + 3F: N LaFaan) 10.9
La "+ 4F - LaF, 13.8
Lt + B 5 Lagrt 0.7
Lat + 28r" > LaBr, 1.1
Lat+c - Lact’t 0.8
La®* + 2c17 > Lac1,’ 0.9
La™ + N0,” » LaNO,*" 1.02
La® + 2N0," » La(No,)," 0.26
La™* + 005" » Laco,t 8.21
La’ + 2¢0,% + La(C0,)," 1.7

3+ Lo -
La* +P,0."" » LaP,0, 16.72
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Appendix H-3: Stability Constants for Some Europium Compounds

(at 25°C and Ionic Strength = 0.0)]32’]42
Reaction log K

3+ 3_

Eu ~ + PO, - EuPOH(S) 25 11
34 - 24

Eu " + HyP0,~ ~ EuH,PO, 249
3+ 2. +

Eu " +S0, ~ EuSO, 3.67
3+ 2. _

Eu = + 2S0, > Eu(S0,), 5 41
3 - 2

Eu™ + OH™ > EuOH " 6.7
3 -

Eut + 200 > Eu(OH)," 10.3
3 - -
3 - 2

B 4 F e B 4.3
3 -

fu’" + 367 o EuF 1.4
u3 ” . v 3(aQ) .

B+ 4FT > EuR 14.3
3 - 2

Eu¥ +Br~ > EuBr ' 0.7
3 -

Eu * + 2Br > EuBr2+ 1.1
3 - 2

Eu "+ 017 > EuClT 0.76
3

Eut+2017 - EuCl,’ 0.8
3 - 2

Eu "+ NO; > EuNO3 ¥ 1.23
3 -

Eut + 2N0," - Eu(NOs)," 0.47
3 2_

Eu ¥ + C03 > EUC03+ 7.11
3+ 2. _ _

Eu + 2C03 - EU(C03)2 10.6

‘+- -
Eu ™+ P07 > EuPS0y 20.27
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Appendix H-4: Stability Constants for Some Phosphate Compounds

(at 25°C and Ionic Strength =

Reaction

HyPO, - H,PO,” + H'

- 2_ +
H,P0,~ + HPO, ™ + H

2_ 3_ +
HPOq -> POq + H

24 3_ -
Ca + POy -~ CaP0,

24 2_
Ca + HPO, - CaHPOq(aq)
24

Ca ™ + H,P0,” ~+ CaH,P0,"
24 3. -

Mg = + PO, -+~ MgPO0,
24 2.

Mg + HPOq > MgHPOH(aq)
24 - +

Mg = + H,P0, - MgH,PO,

3 2_
Fe¥ + HPO, ™ + FeHPO,”

3 - 2
Fe * + H2P04 -> FEH2P04 *

2 3.
CasOH(PO,)5(g) ~ 5Ca * +3p0,”" + OH

CasoH(P04)3(S) + 3H20 ->

2[Ca PO, (0H) 1. face

B-Ca3(P04)2(S)

[CaZHPO“(OH)Z]surface

24 2_ -
2ca’t + HPO, ™ + 20H

3+ 3-
FePOH(S) -~ Fe + POq

3+ 3.
A]POH(S) -> A] + POq

24 3.
~ 3Ca *+ 2P0,

2 2_
+Ca "+ HPO,

0)35,132,133,142

log K
-2.148
-7.199

-12.35

.91

N

.99
.96

H O O

.30
-55.6

-24.0

=27
-21.9
-21.0



Appendix H-5:

C02(q)
H,CO3

HCO, ™

24
Ca +

24
Ca +

24
Ca  +

2
Mg T

2
Mg * +

2
Mg * +

3+
Fe +

3
AT +

24
Ca +

2
Mg T

pounds (at 25°C and Ionic Strength = 0.0)

133,142

Reaction

+ Hy,0 - H2C03(aq)

> HCO3~ + H'

- 00, T+ HF
OH™ > ca(oH)"
0, " CaC0s 50
HCO3™ > CaHCO5™
OH™ -+ Mg(OH)"
05" - MICO3 4
HCO3™ » MgHCOs"

30H- -> FE(OH)3(S)

00 > A1(0H) 5,
2_

C03 -> CaC03(S)

2_
C03 - MgC03(S)

198

Stability Constants of Some Miscellaneous Com-

35,132,
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Appendix H-6: The Effective Diameter of the Hydrated Ion]59
Used in the Extended Debye-Huckel Activity

Coefficient Calculation

Inorganic Ion Ion Size (a)
c1~, Br~, 1", NO3~ 3

F~ 3.5
soqz', HPoqz‘, Poq3‘ 4
H,PO,~, HCO5™ 4.4
€05~ . 4.5

ca 6

Mg2+ 8

3 3 3 3
act Rt Lt But 9
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Appendix H-7: Concentrations for the Major Components Used in

the Speciation Calculation of Lanthanum and

Europium
Component , Concentration
_3
Ionic Strength 4 x 10
- N
Cl 2.19 x 10 M
- _6
F 4.9 x 10 M
2_ b
S0, 1.2 x10 M
2+ b
Ca 3.8 x10 M
24 4
Mg 3.4 x 10 M
7
P 6.46 x 100 M

4
co, 3.3x 100 atm
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Appendix I: Elemental abundances of the suspended particulates
and the soluble rare earth elements in seven Pacific Northwest
rivers. The procedure used in the analysis can be seen in

Sections II-B and II-C.



Appendix I-1: Concentrations* of Rare Earth Elements in Some Pacific Northwest Rivers (ng/%)

Sample
Samplef _ Date La Ce Pr Nd Sm Eu
Columbia 1A 5/2/81 30.1+.3 58+1 102 23+2 -- 1.59+.03
2A 9/1/82 -- 48+1 -- 161 4.4+.2 1.52+.05
2B 9/1/82 -- 412 -- -- 6.2+.2 1.17+.05
3A 9/8/82 23.3+.3 4612 - -- 5.60x.06 0.82+.04
3B 9/8/82 -- 56+2 -- -- 5.90+.07 1.24:.06
4A 9/15/82 -- -- - -- 6.6+.1 1.37+.07
4B 9/15/82 32+2 2812 -- 6.1+.2 1.79+.08 0.39:.03
5A 9/22/82 11.8%. 372 -- 23+1 2.84+.09 0.89+.04
58 9/22/82 6.7+.2 29+1 -- 9+2 1.92+.06 0.49+.05
Fraser A 5/1/81 97+] 155+3 28+2 88+4 25.3+.4 7.19+.09
Klamath A 4/27/81 15.1+.2 26+1 5.1+.7 912 3.2+.2 1.25+.03
Marys 1A 9/10/82 28.1:.6 75+3 -- -~ 8.3+.4 2.13+.07
: 18 9/10/82 24.7+.8 33+4 -- -- 5.5+.2 1.16+.07
2A 9/17/82 371 89:+3 -- 40:3 10.5+.1 2.7+.1
2B 9/17/82 10.1%.2 332 - 6+2 8.0+.2 1.24+,07
Rogue A 4/27/81 25.0+.3 47+1 191 2312 8.3+.2 2.94+.04
Sacramento A 4/25/81 8.1+.1 11.4+.8 7.2+.9 112 2.5+.2 0.98+.02
Willamette 1A 9/3/82 13.3+.8 13+1 -- 10+2 2.20+.08 0.57+.04
18 9/3/82 62.2+.6 6615 -- 18+2 3.54+.05 0.90:.06
2A 9/13/82 50+20 100+50 -- -- 112 2+1
2B 9/13/82 11.9+.6 40+30 -- -- 3.9+.7 1.2+.3
3A 9/20/82 23.9:.4 53+2 -- 2412 5.9+.1 1.62+.06
3B 9/20/82 3.5+.5 27+4 -- -- 2.4+, 1 0.77+.08
4A 9/24/82 18.1:.2 51+2 -- 2112 7.07+.08 1.67+.04
4B 9/24/82 1241 50+20 -- -- 1.7+.3 0.49+.09

*The uncertainties in the concentrations only reflect counting statistics and not systematic
errors. We would estimate the systematic error due to sampling, chemical manipulations, etc.
to be approximately 10-20% of the reported values.

1The A designates samples were filtered through a 0.45um pore size filter paper, while the B
designates samples were filtered through a 0.20um pore size filter paper.
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Appendix I-1: (continued)

Sample Gd Tb Ho Er Yb Lu
Columbia 1A 6.5+.7 1.23t.04 0.93:.07 -- 4.,5+.6 0.67+.04
2A 16+1 0.55+.03 -- 2.3+.1 0.38+.01
2B 212 0.31+.09 -- 1.9+.3 0.29+.02
3A 19+2 0.38+.03 -- 2.43+.05 0.42+.02
3B -- 0.69+,05 -- 3.0t.4 0.57+.05

4A 1612 1.16+.08 -- 2.3t.1 0.364+.008

48 -- 0.24+.06 -- 1.3%.1 0.23+.02
5A 1912 0.39+,06 -- 1.9+.3 0.26+.02
: 58 -- 0.31+,03 -- 1.8%.1 0.29+.01
Fraser A 53+3 4.34+,09 6.90+,04 14+2 15.7+.6 2.13+,07
Klamath A 411 0.54+.03 0.72+.05 5+] 3.1+.4 0.28+,03
Marys 1A -- 1.36+.08 -- 4.2+.3 0.63+.04
18 2516 0.41+.2 - 2.5+,3 0.33+,04
2A 1412 1.74+.09 -- 5.1+.1 0.71+,04
2B -- 0.53+,08 -- 1.9+,2 0.28+,02
Rogue A 8+1 1.20+.04 1.92+.09 -- 6.3+.7 0.79+.03
Sacramento A 5+1 0.53+.03 0.38%.06 -- 2.5+.3 0.32+.03
Willamette 1A -- 0.42+.05 2.1+.4 0.35+.03
1B -- 0.5+.2 1.7t.6  0.38+.07

2A -- -- -- --

28 -- - -- --
3A 6+1 0.80+.05 4,.3+,6 0.74+.08

38 -- 0.6+.2 0.5+.1 .-
4A 5+ 0.94+,04 2.0.2 0.31+.01

48 -- 1.5+.7 -- --

€02



Appendix I-2: Elemental Abundances of the Filterable Material from River Water (%)

Sample Al1,0; FeO Mg0 Na,0 K,0 Tio, MnO

Columbia ‘ |

May 2, 1981 21.9+.6 8.6+.5 3.7+.5 1.40+.01 1.6+.1 1.5¢.2° 0.247+.004

May 2, 1981 21.2+.5 8.9+.5 4,2+.4 1.41+.01 1.56+.07 1.3t.2 0.249+.003

Sep. 1, 1982 -- 7.2+.5 4+1 1.28+.03 1.9+.2 1.4+.5 0.277+.009

Sep. 8, 1982 16.2+.9 -- 5+1 1.45+.06 1.7+.2 0.9+.3 0.37+.02

Sep. 15, 1982 16.6+.4 8.7+.5 3.9+.7 1.56+.03 2.3+.2 0.9+.1 0.308+.08

Sep. 22, 1982 17.5+.7 8.2+.6 4+1 1.79+.05 1.7+.2 0.8+.2 0.39+.03
Fraser

May 1, 1981 —19:9+.3 7.6+.4 4.3+.3 1.73+.05 . 2.8+.2 0.81+.08 0.141+.002

May 1, 1981 20.3+.6 7.8+.4 4.7+.4 1.76+.01 3.4:.1 1.1+.1 0.0941+.0005
Klamath

April 27, 1981 17.3:.3 8.9+.5 2.7+.3 0.663+.005 0.620+.006 O0.7+.1 0.431+.003
Marys

Sept. 10, 1982 17+1 12.9+.8 4+1 0.57+.01 1.2+.1 2.2+.7 0.83+.02

Sept. 17, 1982 2312 4.4+.3 31 _ 0.42+.01 1.7+.1 2.1+.7 0.57+.02
Rogue

April 27, 1981 19+3 8.9+.5 3.3+.7 0.825+.007 1.01+.06 1.2+.4 0.373+.003
Sacramento

April 25, 1981 19.2+.5 11.0+.6 4.0+.6 1.68+.02 1.6+.1 0.9+.2 0.172+.003

April 25, 1981 14.8+.5 —- 8.8t.5 3.0+.7 1.12+.02 1.4+.1 0.6+.2 0.124+.003
Willamette

Sept. 3, 1982 18+1 8.3+.7 -- 1.31+.07 0.6+.2 -- 0.25+.02

Sept. 13, 1982 17.9+.9 9.7+.7 -- 1.11+.04 1.0+.1 3.0+.7 0.49+.02

Sept. 20, 1982 19+1 9.2+.8 8+2 0.90+.06 0.3+.2 1.0+.4 0.26+.02

Sept. 24, 1982 19+1 8.8+.6 -- 0.86+.07 0.9+.2 - 0.25+.02

v02



Appendix I-3:

Elemental Abundances of

the Filterable Material from River Water (ppm)

Sample Co Cr,04 Cs Hf Sc Th v In Ta

Columbia

May 2, 1981 26+1 120420 3.7+.2 5.0+.3 231 8.9+.4 170+10 370450 1.3:.1

May 2, 1981 27+1 11020 4.3t.2 5.6+.4 2311 8.7+.4 200+10 330+50 1.14+.08

Sep. 1, 1982 2211 80+30 3.3t.2 4.1+.3 1841 8.8+.5 150+20 27050 1.2+.1

Sep. 8, 1982 -- 500+100 5.3+.6 6.3t.7 -- 14+ 180+20 400+80 2.3+.4

Sep. 15, 1982 2611 30+30 2.5+.4 3.8+.5 21.8+.9 9.4+.7 160+10 140410 --

Sep. 22, 1982 2242 130450 -- 4.8+.2 2211 9.5¢+.9 160+20 16020 --
Fraser

May 1, 1981 25.7+.9 120+30 2.7+.4 2.7+.2 19.9t.7 .0£.6 16519 17+4 1.0t.2

May 1, 1981 26.3+.9 120+30 2.7+.4 2.7+.2 20.3t.7 2+.6 180+10 162+6 0.27+.07
Klamath

April 27, 1981 2941 180420 3.4+.2 3.4+.2 27+1 4.0+.2 160+10 140+20 0.59+.08
Marys

Sep. 10, 1982 4713 230150 3.5+.3 3.3t.3 38+2 7.3t.4 310450 250+40 1.0+.2

Sep. 17, 1982 10.6+.9 Ce- -- 1.5¢.3  9.1+.4 3.6t.4 430:60 150120 --
Rogue .

April 27, 1981 2611 140£20 3.4+.2 3.2+.2 26+1 4.1+.2 18040 140+20 0.355+.07
Sacramento

April 25, 1981 4412 310150 3.3+.2 3.6+.3 29+2 5.7+.3 290+20 1,800+300 0.5%.1

April 25, 1981 25+ 160460 -- 2.3t.5 23.0+.9 4.9+.6 260+20 2,010+80 --
Willamette

Sep. 3, 1982 19+2 -- 2.5+.3 3.9+.5 22+2 4.1+.4 210430 140150 --

Sep. 13, 1982 30+2 -- 1.6+.4 4.8+.8 2742 3.6t.6 250+20 - -

Sep. 20, 1982 23+3 -- 2.7+.6 2.3+.9 -- 5.2¢.9 220430 -- --

Sep. 24, 1982 18+2 330490 2.3t+.3 4.6%.5 22142 3.5¢.4 130+30 -- 0.8+.2

S0¢
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Appendix J: Calculated speciation of lanthanum and europium

in the Aare River along with the measured values used in this
theoretical calculation. Details of the procedure used in the
speciation ca1.cu1at1'on can be seen in Section III-B while the
discussion on the results of these calculations are in Section

ITI-D.



Appendix J-1: Measured Concentrations for Some Major Componengs in thg River, Aalr'e]39

T - NO3;~ SO, ~ PO, - - 2+ 2+
emperature Conductivity Cl Ca Mg
Sample pH (°c) (uS/cm) (mg/2) (mg/e) (mg/e) (mg/2) (mg/e) (mg/2)
Hagneck
July 8, 1974 7.95 15.4 251 2.3 34 0.18 3.1 176 34
Sep. 3, 1974 8.19 15.4 250 2.9 33 0.18 3.2 168 34
Dec. 11, 1974 8.08 6.6 349 5.2 38 0.31 4.7 256 44
Feb. 11, 1975 8.09 5.7 336 5.3 40 0.25 5.8 240 39
April 11, 1975 8.02 7.2 365 6.4 42 0.33 11 248 49
May 29, 1975 8.14 11.8 288 2.6 28 0.20 2.6 168 24
June 26, 1975 8.12 14.0 262 2.6 32 0.17 1.8 200 34
Aug. 11, 1975 8.07 18.4 210 2.3 40 0.18 1.4 160 24
Bern
July 8, 1974 7.97 13.4 235 1.8 32 0.13 2.4 160 29
Sep. 3, 1974 8.28 15.4 227 2.1 32 0.15 2.4 152 34
Dec. 11, 1974 8.26 6.6 282 3.7 39 0.15 2.8 176 44
April 11, 1975 8.68 7.0 288 4.1 40 0.17 8.1 200 39
May 29, 1975 8.15 11.0 244 1.9 33 0.06 3.3 168 34
June 26, 1975 8.35 14.1 218 1.9 29 0.06 1.0 168 24
Aug. 11, 1975 8.24 17.0 192 2.0 26 0.20 1.2 152 24
Thun
July 8, 1974 8.03 13.0 221 1.2 32 0.01 1.5 152 29
April 11, 1975 8.10 6. 248 1.6 40 0.03 4.3 168 39
Aug. 11, 1975 .8.57 18.6 176 1.0 25 0.01 0.6 136 19
Merringen
July 8, 1974 7.66 8.6 49 1.0 6 0.07 0.4 32 5
Sep. 3, 1974 7.85 7.6 39 0.9 5 0.03 0.6 24 5
April 11, 1975 7.62 3.4 50 1.4 7 0.01 3.9 32 5
Aug. 11, 1975 7.85 6.2 33 0.8 4 0.01 0.4 32 --

L02



Appendix J-2: Calculated Speciation of Lanthanum in the River, Aare (-log o)

3 2 2
Sample La®  Las0,t  La(S04),"  LaMPO, T LaOH " La(oW),t  La(oH),"
Hagneck
July 8, 1974 2.37  2.39 4.31 6.49 3.06 5.09 8.89
Sep. 3, 1974 2.85  2.88 4.82 7.17 3.30 5.09 8.41
Dec. 11, 1974 2.62  2.77 4.66 6.63 3.19 5.11 8.65
Feb. 11, 1975 2.64  2.76 4.63 6.75 3.20 5.10 8.62
April 11, 1975  2.50  2.62 4.47 6.44 3.14 5.12 8.78
May 29, 1975 2.75  3.00 5.01 6.99 3.25 5.10 8.52
June 26, 1975 2.71 2.89 4.84 7.00 3.23 5.09 8.55
Aug. 11, 1975 2.62  2.67 4.5 6.82 3.17 5.08 8.64
Bern
July 8, 1974 2.41 2.57 4.52 6.68 3.07 5.08 8.84
Sep. 3, 1974 3.03  3.19 5.13 7.52 3.39 5.08 8.22
Dec. 11, 1974 2.99  3.09 4.96 7.46 3.37 5.09 8.27
April 11, 1975  3.81 3.9] 5.77 8.63 3.78 5.08 7.42
May 29, 1975 2.57  2.65 4.49 7.34 3.06 4.89 8.29
June 26, 1975 3.18  3.38 5.36 8.12 3.46 5.09 8.09
Aug. 11, 1975 2.96  3.19 5.2 7.21 3.34 5.07 8.29
Thun
July 8, 1974 2.53  2.68 4.62 7.96 3.13 5.07 8.71
April 11, 1975  2.66  2.74 4.59 7.68 3.20 5.08 8.58
Aug. 11, 1975 3.66  3.89 5.92 57 3.72 5.12 7.68
Merringen
July 8, 1974 1.83  2.56 5.17 6.06 2.74 5.02 9.40
Sep. 3, 1974 2.26  3.05 5.73 6.99 2.97 5.06 9.06
April 11, 1975  1.75 2.41 4.96 6.79 2.70 5.02 9.48
Aug. 11, 1975 2.22  3.09 5.87 7.42 2.92 5.00 9.00

80¢



Appendix J-2:

(Continued)

2 2
Sample LaF ¥ LaF2+ LaF3(aq) LaF,~ LaBr T LaBr,*
Hagneck
July 8, 1974 4.25 5.97 7.74 10.15 8.42 14.71
Sep. 3, 1974 4.73 6.45 8.21 10.63 8.90 15.19
Dec. 11, 1974 4.52 6.26 8.03 10.45 8.69 15.00
Feb. 11, 1975 4.54 6.27 8.05 10.46 8.71 15.01
April 11, 1975 4.4] 6.15 7.93 10.34 8.58 14.89
May 29, 1975 4.63 6.36 8.13 10.54 8.81 15.10
June 26, 1975 4.59 6.31 . 8.08 10.49 8.76 15.05
Aug. 11, 1975 4.48 6.19 7.95 10.37 8.65 14.93
Bern
July 8, 1974 4.28 6.00 7.76 10.18 8.45 14.74
Sep. 3, 1974 4.90 6.62 8.38 10.78 9.07 15.36
Dec. 11, 1974 4.87 6.60 8.37 10.78 9.04 15.34
April 11, 1975 5.70 7.43 9.20 11.61 9.87 16.17
May 29, 1975 4.45 6.17 7.93 10.35 8.62 14.91]
June 26, 1975 5.05 6.76 8.53 10.94 9.22 15.50
Aug. 11, 1975 4.82 6.53 8.29 10.70 8.99 15.27
Thun
July 8, 1974 4.39 6.11 7.87 10.28 8.56 14.85
April 11, 1975 4.54 6.26 8.02 10.43 8.71 15.00
Aug. 11, 1975 5.51 7.22 8.97 11.38 9.68 15.96
Merringen
July 8, 1974 3.62 5.29 7.02 9.43 7.79 14.03
Seo. 3, 1974 4.04 5.70 7.43 9.84 8.21 14.44
April 11, 1975 3.54 5.21 6.94 9.36 7.71 13.95
Aug. 11, 1975 3.99 5.65 7.38 9.79 8.16 14.39
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Appendix J-2:

(Continued)

2 2
Sample Lac1™  tacl,t  LaNos Tt La(N0s),t  Lacost  La(cos),”
Hagneck
July 8, 1974 5.80 9.87 0.0094 2.15
Sep. 3, 1974 6.26 10.32 0.0081 1.67
Dec. 11, 1974 5.89 9.79 0.0083 1.87
Feb. 11, 1975 5.81 9.63 0.0081 1.85
April 11, 1975 5.41 8.95 0.016 1.53
May 29, 1975 6.26 9.4] 0.0091 1.76
June 26, 1975 6.38 10.68 0. 0086 1.81
Aug. 11, 1975 6.37 10.78 0.0076 1.92
Bern
July 8, 1974 5.94 10.12 0.0067 2.11
Sep. 3, 1974 6.56 10.74 0.013 1.50
Dec. 11, 1974 6.47 10.58 0.014 1.53
April 11, 1975 6.83 10.49 0.00075 2.88
May 29, 1975 5.97 10.01 0.015 1.56
June 26, 1975 7.09 11.64 0.020 1.37
Aug. 11, 1975 6.78 11.25 0.013 1.59
Thun
July 8, 1974 6.26 10.64 0.0055 2.24
April 11, 1975 5.94 9.87 0.0075 1.85
Aug. 11, 1975 vy 12.54 0.098 0.98
Merringen
July 8, 1974 6.06 10.96 0.0095 2.80
Sep. 3, 1974 6.30 11.02 0.0059 2.47
April 11, 1975 4.99 8.91 0.011 2.88
Aug. 11, 1975 6.43 11.32 0.0047 2.43
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Appendix J-3: Calculated Speciation of Europium in the River, Aare (-1og a)

3+

2 2 -
Sample Eu Eus0,t  Eu(S0.),  EuMPO, T EuOH ' Eu(OH),t  Eu(OH),
Hagneck
Dec. 11, 1974 1.66 1.78 3.58 5.75 1.54 3.45 7.19
Feb. 11, 1975 1.76  1.85 3.62 5.95 1.62 3.52 7.24
May 29, 1975 1.56 1.78 3.71 5.89 1.37 3.21 6.83
June 26, 1975 1.33 1.48 3.34 5.70 1.15 3.01 6.67
Aug. 11, 1975 1.60  1.62 3.38 5.89 1.46 3.36 7.12
Bern
Dec. 11, 1974 1.91 1.99 3.76 6.47 1.60 3.32 6.70
April 11, 1975  2.80  2.87 4.64 7.70 2.07 3.37 5.91
June 26, 1975 2.10  2.26 4.16 7.12 1.68 3.30 6.50
Aug. 11, 1975 1.88  2.08 4.01 6.27 1.56 3.30 6.72
Merringen
“Aug. 11, 1975 1.18  2.03 4.7 6.46 1.19 3.27 7.47
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Appendix J-3:

(Continued)

Sample EuF EuF,’  EuF, (aq)  EUFs EuBr EuBr,

Hagneck

Dec. 11, 1974 2.86 4.60 6.57 8.99 7.73 14.04
" Feb. 11, 1975 2.96 4.69 6.67 9.08 7.83 14.13

May 29, 1975 2.75 4.48 6.45 8.86 7.62 13.92

June 26, 1975 2.51 4.23 6.20 8.61 7.38 13.67

Aug. 11, 1975 2.76 4.47 6.44 8.85 7.63 13.92
Bern '

Dec. 11, 1974 3.10 4.82 6.79 9.20 7.97 14.26

April 11, 1975 3.99 5.72 8.69 10.10 8.86 15.16

June 26, 1975 3.27 4.98 6.94 9.36 8.14 14.42

Aug. 11, 1975 3.04 4.75 6.71 9.12 7.91 14.19
Merringen

Aug. 11, 1975 2.26 3.91 5.85 8.25 7.13 13.35
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Appendix J-3:

(Continued)

2 2
sample Eucl?t EuC1,t EuNOs T Eu(NO3),T EuCost  Eu(CO3):
Hagneck
Dec. 11, 1974 4.97  8.93 4.70 9.66 0.15 2.01
Feb. 11, 1975 4.97 8.84 4.78 9.74 0.23 2.07
May 29, 1975 5.11 9.33 4.89 10.14 0.074 1.68
June 26, 1975 5.03 9.40 4.65 9.90 0.27 1.53
Aug. 11, 1975 5.40 9.86 4.95 10.25 0.091 2.00
Bern
~Dec. 11, 1974 5.43 9.61 5.08 10.18 0.036 1.55
April 11, 1975 5.86 9.58 5.93 10.99 0.089 0.76
June 26, 1975 6.05 10.66 5.54 10.92 0.035 1.39
Aug. 11, 1975 5.74  10.27 5.29 10. 64 0.034 1.61
Merringen
~Aug. 11, 1975 5.44 10.39 4.91 10.60 0.071 2.49
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