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The retention of radionuchdes by interaction with mineral
phases has sigmficant consequences for the planning

of therr short- and long-term disposal to geological systems
An understanding of binding mechanisms i1s important in
determining the ultimate fate of radionuchdes following release
into natural systems and will give increased confidence
in predictive models X-ray absorption spectroscopy (XAS)
has been used to study the local environment of uranium
taken up from aqueous solution by the surfaces of goethite,
lepidocrocite, muscovite, and mackinawite On both iron
hydroxides uranium uptake occurs by surface compliexation
and ceases when the surface is saturated The muscovite
surface does not become saturated and uptake increases
hnearly suggesting formation of a uranium phase on the
surface Uranium uptake on mackinawite also suggests a
replacement or precipitation process XAS indicates

that bidentate inner-sphere surface complexes are formed
on the iron hydroxides by coordination of two surface
oxygens from an iron octahedron in the equatorial plane
of the complex Uranium uptake on muscovite may occur
through surface precipitation, the first layer of uranium
atoms binding through equatorial coordination of two adjacent
surface oxygens from a siicate tetrahedron, with the
axial oxygens of the uranyl unit ahigned across the hexagonal
“cavities” created by the nngs of tetrahedra At low
concentrations, uptake on mackinawite occurs at locally
oxidized regions on the surface via a8 sunilar mechanism to
that on wron hydroxides At the highest concentrations,
equatorial oxygen bond distances around 20—-2 1 A are
observed, inconsistent with the presence of uranyl species
The average number of axial oxygens also decreases
with increasing concentration, and these results suggest
partial reduction of uramum The nature of these different
surface reactions plays an important role in assessing
the geochemical behavior of uranium in natural systems,
particularly under reducing conditions
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Introduction

The uptake of uranmium on soll and sediment components
has been extensively studied (1—-11) Many of these studies
have been concerned with the binding mechanisms of the
uranyl 1on (UO;?*) under oxic conditions

Moms et al (7) used Raman spectroscopy to identfy
distinct binding sites on a smectite clay At low and
intermediate loadings of uramum, uptake occurs at pH-
dependent amphotenc edge sites, and, at higher loadings,
binding occurs at fixed charge (exchange) surface sites
Further studies on clay minerals have shown that as surface
coverage increases, the number of equatonal oxygens around
the uranyl unit increases, as does the U-0 bond distance
(6) This suggests that initial uptake to the most energetically
favorable sites allows a close approach of the uranyl umt and
an mnner-sphere reaction with the surface After this, uptake
1s on to less favorable sites, so that the U~O distance increases
with uptake At high surface coverage, the binding complex
appears to be similar to that 1n the aqueous phase, implying
unselective and weak binding

Uramum binding by ron oxide minerals also appears to
be by inner-sphere surface complex formation involving two
oxygens of the FeQ; octahedron (8) Surface complexation
modeling of uranyl species 1n carbonate-free solution at pH
> 5 suggests that mono-, b1-, and tndentate uranyl—hydroxy
complexes are responsible for uptake on ferric hydroxides
(2) Uramum uptake on calcite 1s a complex combination of
processes depending on pH and on CO; and U concentra-
tions, under some conditions uranium 1s weakly adsorbed
as amonolayer, while under others formation of a precipitate
on the calcite surface 1s observed (12) Sulfide minerals also
take up uramum (5, 13, 14), and reduction of trace metals
n solution by sulfide minerals has been observed (9, 15)

Uptake studies which rely on bulk measurements (sorp-
ton isotherms, distnbution coefficients) are essennal to
understand the behavior of uramum under different pH,
temperature, and concentration conditions However, to give
increased confidence, they need to be combined with direct
observation of species coordination at the mineral/water
interface X-ray absorption spectroscopy (XAS) 1s the most
effective way of analyzing the local environment of uramium
species bound to a fine parncle mineral phase and has the
ability to disunguish between vanous adsorpuon and surface
precipitation processes (16) For these reasons, this study
concentrates on the XAS analysis of uramum taken up on
several mineral phases and compares the different coordi-
nation behavior observed The current work supports and
extends previously reported experiments on iron oxides/
hydroxides under a vanety of conditions (1, 2, 8) and reports,
for companson, new studies nvolving muscovite and
mackinawite

Expenmental Section

In this work, powdered samples of the mineral phases were
reacted with solutions of the uranyl 1on (as nutrate) at
ncreasing concentrations, and the nuramum uptake meas-
ured The form in which the uranium was taken up by each
mmeral was then invesugated using X-ray absorption
spectroscopy
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Mineral Preparation Goethite and lepidocrocite were
synthesized according to Schwertmann and Cornell (17), and
the punty and homogeneity were confirmed by powder X-ray
diffraction (XRD) Goethite and lepidocrocite prepared by
this method typically have surface areas of 20 and 70—80 m?
g}, respectively A natural muscovite sample was ground
with acetone 1n a planetary ball mill The surface area (BET
1sotherm method} of the powdered matenal was 39 8 m?g!
Mackinawite (tetragonal FeS;-,) was obtained by precipita-
tion from an aqueous Fe(II) solution by addition of aqueous
Na,S$ at controlled pH, as descnbed by Lennie et al (18) and
Lennie and Vaughan (19) This procedure was carned out
using deaerated deiomzed water under an oxygen-free
nitrogen atmosphere The freeze-dnied precipitate was stored
under mtrogen The sample was amorphous when examined
by X-ray powder diffraction, however, extended absorption
fine structure spectroscopy (EXAFS) analysis of the Fe K-edge
gave coordination numbers and interatormc distances (four
S atoms at 2 20 A and four Fe atoms at 2 5-2 6 A) consistent
with mackinawite as descnibed by Lenme et al (18) and Lenme
and Vaughan (18) The matenal s prone to oxadation, making
surface area measurements difficult

Batch Experiments In the baich uptake expenments, a
sohd/solution ratio of 0 1 g/10 mL was used for the goethite
and mackinawite, while 03 g/30 mL was used for the
lepidocrocite and muscovite With the exception of mack-
nawite (see below), the samples of solid matenal were rewet
overnight 1n deionized water (10 or 30 mL as appropnate)
1n 50 mL capped polyethylene centnfuge tubes Uranyl nitrate
1n aqueous solution was added to give imitial uramum solution
concentrations of 0 025,0 05,0 1,0.2,0 5,and 1 0mM Spike
volumes did not exceed 100 L, to avoid significantly affecing
the sohd/solution ratio In all cases, three 1dentical samples
were prepared for each concentrauon The uramum solution
was kept 1n contact with the solid matenal for 24 h and
agitated Final pH values were 3 6—4 8 for lepidocrocite, 3 7
(high [U)oin) = 7 0 (low [Uean) for goethite, and 4 6 (lugh
{Ulsoin) — 8 1 (low [Ulsqp) for muscovite The imphcations of
these vanations in pH are discussed later After centnfuging
(6000 rpm, 30 min), the supernatants were removed and
filtered (045 um), and a known alquot was diluted ap-
propnately with 2% (v/v) HNO; (Anstar) for analysis by
inductively coupled plasma mass spectrometry (ICPMS) The
remaimung slurry of sohd matenal was sealed in the centnfuge
tube and frozen mn hquid mtrogen to mummize further
reaction before X-ray absorption analysis

The mackinawite samples were treated similarly, except
all mampulations were camed out 1n a glovebag under an
oxygen-free nitrogen atmosphere and using degassed deion-
1zed water Imitial solution concentrations ranged from 05
to 50 mM The remaining slurry was carefully inserted into
polyethylene tubing (ca 5 mm diameter), sealed, and frozen
mhqud nitrogen Atall concentrations of uranium in solution
the pH equihibrated between pH 6 7 and 7 0, suggesting that
addition of the uramium did not significantly affect the pH
of the system

X-ray Absorption Spectroscopy The local environment
of the uranium taken up by the sohd minerals was investigated
by both X-ray absorption near edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) spec-
troscopies The general pnnciples of XAS andits applications
to mineral systems have been comprehensively reviewed
elsewhere (20, 21)

Uramum L(111)-edge X-ray absorption spectra were col-
lected on Stanon 9 2 at the CLRC Daresbury Synchrotron
Radiation Source, operating at 2 GeV with a typical beam
current of 150 mA A double crystal S$1(220) monochromator
was used and detuned to 50% of maximum ntensity to
mmmuze high energy harmonic contanunation A frozen
slurry sample, prepared as descnbed above, was mounted
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FIGURE 1 Uptake of uranium from solution as a function of initial
uramum solution concentration (a) on lepidocrocite, (M) on
gosthite, (O} on muscovite, and (O} on mackinawite

1n an aluminum sample holder and kept at liquid nitrogen
temperature The monochromator was calibrated using a
crystalline UO; standard sample (edge position 17 169 eV)
Fluorescence spectra were collected over an energy range of
~16 900 eV to ~18 050 €V using a 13-element Ge detector
The signal from each element was collected and examined
separately before being added to the total A mumimum of
four scans per sample were collected, and the data summed
tomprove data quality An aqueous solution of uranyl nutrate
(50 mM) and sohd samples of U30s and UQ; (duuted with
boron mitnde) were also analyzed Background subtracted
spectra were analyzed in EXCURV97 (22) using full curved
wave theory, including multiple scattenng from the uranyl
group where necessary (23—25) Phase shifts were denved 1n
the programs from ab mmto calculatons using Hedin-
Lundqwist potentials and von Barth ground states (26) Founer
transforms of the EXAFS spectra were used to obtan an
approximate radial distnbution function around the central
uranmum atom (the absorber atom), the peaks of the Founer
transform can be related to “shells” of surrounding back-
scattering atoms charactenzed by atom type, number of
atoms 1n the shell, the absorber-scatterer distance, and a
Debye—Waller factor, 2¢° (a measure of both the thermal
mouon between the absorber and scatterer and of the static
dhsorder or range of absorber-scatterer distances, which may
be viewed as an index of uncertainty in an individual shell)
The data were fitted for each sample by defiming a theoretical
model and companng the calculated EXAFS spectrum with
the expenimental data. Shells of backscatterers were added
around the uraruum and by refining an energy correction E;
(the Fermu energy), the absorber-scatterer distance, and the
Debye—Waller factor for each shell, a least squares residual
{the R factor (27)) was munimuzed For each shell of scatterers
around the uranium, the number of atoms in the shell was
chosen to give the best fit but not refined Additional shells
of scatterers beyond the first were only included in the final
fit1f they made animprovement in the R-factor (at least 4%)
Muluple scattenng was included 1n the theoretical model,
where necessary, by defining the geometry of the model and
calculaing all the multple scattering pathways during
refinement, using small atom theory (28) to mumumize
computation time

Results and Discussion

Batch Experiments The uptake of uranium as a function of
mmnal solution concentration 1s shown for each of the
minerals in Figure 1, although 1t 1s difficult to interpret these
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FIGURE 2. k*-wetighted EXAFS and Founier transforms for U on (a) lepidocrocite {from 05 mM U solution), (b) goethite (from 0.2 mM U
solution), and {c) muscovite (from 0 4 mM U solution) Sold lines represent experimental data and dashed lines the best fit.

in detail due to the vanability in pH However, at the pH
condsuons employed uranyl hydroxy solution species are
dominant in all systems (1, 29) Uptake on lepidocrocite and
goethite follow very similar patterns, flattening off at higher
concentrations Uramum solution concentration has been
shown to have a significant effect on sorption energetics (6,
7, 30), and these results indicate saturanon of the available
surface sites in support of previous work (3, 31) Uptake of
uranium on muscovite and mackinawate 1s very different,
increasting linearly with concentration and exceeding 99% at
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each concentration In effect, uranium 1s quantitauvely
removed from solution at all concentrations In the case of
muscowvite, the surface loadings greatly exceed the cation
exchange capacity of 188 = 34 cmol/kg This behawior
suggests formation of a new phase at the surface (32) The
continued uptake of uranium with increasing concentration
on both muscovite and mackinawite may be due to the
formation of a new uranium-contaimng phase on the surface
Thus hypothesis 1s examined 1n more detail in the following
secuons




TABLE 1 Parameters Dhtained from EXAFS Data Fitting of U
%lll){dge Spectra for Leprdocrocite, Goethite, and
uscovite*

sample shell atom .
{mitiat solnconcn) no  type N r(A) 202(A3) R

O 20 181 0003 259
O 40 240 0015
Fe 10 345 0017

U on lepidocrocite
(0 5 mM)

O 20 18 0006 389
O 50 240 0024

1
2
3
U on goethite 1
2
3 Fe 10 347 0015
1
2
3
4

(0 2 mM)

O 20 180 0003 401
O 40 235 0028
St 10 275 oOo0m
St 20 366 0010
U 10 38 0010

® N s the coordination number (1) ris the interatomic distance
{0 02 A) 20%1sthe Debye—Waller factor and Risthe overall goodness
of fit

U on muscovite
(0 4 mM)

"

Analysis of EXAFS Spectra. For lepidocrocite, goethite,
and muscowvite all the XAS spectra were very sumilar, regardless
of uramum concentration The results for one representative
sample of each of these are therefore discussed in detail The
EXAFS specira and corresponding Founer transforms for
these samples are shown in Figure 2a—c Corresponding
parameters obtained from analysis of the spectra are sum-
manzed in Table 1

U on Fe Hydroxides For both lepidocrocite and goethite
(Figure 2a,b), the best fit was achieved with two axial uranyl
oxygens at ~1 80 A and five oxygen atoms at ~2 40 A. These
distances suggest uptake of the uranyl ion, coordinated 1in
the equatonal plane by 4—6 hgands In each case the fit1s
improved by a third shell containing at least one Fe atom at
~350 A Ths is also consistent with results of Wate et al
(8), whose study of uranylion uptake on fernhydrte surfaces
also suggested that the equatonal oxygens could be separated
into two groups, with3 O at235Aand20at 252 A. In the
present study, the resolution of the data was such that no
improvement 1n fit was found on fiting with the equatonal
oxygens as two shells Uranyl carbonato complexes have been
proposed on iron oxide surfaces from XAS analysis (33), but
attempts to fit our data with carbonate higands gave no
improvement 1n fit

Our EXAFS data suggest one environment for the equato-
nal oxygens However, as Waite etal (8) proposed there may
be more than one type of equatonal U~O environment, with
the U-O distances to the surface O atoms being longer than
those to the water hgands If this i1s the case, then for the
U-Fe distance obtained expenmentally in our work, the
distance between U and surface O would have to be ~2 50
A, close to that found by Waite et al (8) If the equatonal
oxygens atoms are at two distinct distances, then given the
expenimental average equatonal U-O distance of ~2 40 A,
the remaining three equatonal O atoms would be at 233 A
which 1s very similar to the distance observed by Wante et al
(8

U on Muscovite In common with the results for U on the
wron hydroxides, the best fit to the EXAFS data for U on
muscowvite (Figure 2¢) also shows two uranyl oxygens at 1 80
A and at least four equatorial oxygen hgands at a shorter
distance of 235 A Fitung the equatonal oxygens at two
different distances did not improve the fit, but the high
Debye-Waller factor (Table 1) may signify shght differences
in U~-O distances in the second shell An improved fit 1s
obtained when silicon atoms are fitted 1n third and fourth
shells with a best model] fit obtained wath one silicon at 2 75
A and two at 3 66 A However, a U-51 distance of 275 A 1s

®o0

®s

3 U
FIGURE 3 Proposed binding mechanism for uranyl species on
muscovite surface (distances, in A, are experimentally denved)
Solid hines depict discrete bonds between uramum and oxygen
stoms Dashed hines indicate “through-space” distances i mus
covite fetrahedral plane Dotted lines indicate “through-space” U—Si

distances Si—0 bonds in individual tetrahedra have been omitted
for clanty

short, giving a U—0-S51 angle of less than 90°, which would
suggest a significant amount of distortion of the surface on
binding Replacement of St with O at thus distance did not
improve the fit significantly and multiple backscattenng
analysis also showed no improvement n fit The peak at 3 66
A can be fitted with two Si atoms, although nclusion of
muluple backscattenng further improves the fit The feature
at 3 86 A can be fitted with four S1 atoms, although a U atom
at this distance gives a shghtly better fit A uramum atom at
thus distance could be due to formation of a uranjum-
(hydrjoxide precipitate which 1s consistent with the uptake
curve (Figure 1), although 1t may reflect the presence of a
neighbonng uranyl complex on the muscowvite surface

Andealized model for coordination of a single uranylion
on the muscovite surface 1s illustrated 1in Figure 3 Two
equatonal coordination positions are filled by two corner
oxygens of an [S104]¢4~ tetrahedron This tetrahedron forms
part of one of the hexagonal rings of silicate tetrahedra which
make up the tetrahedral layer in the muscowite structure, so
the Si atoms of two adjacent tetrahedra are observed at a
distance of 366 A In this model the axial oxygen atoms of
the uranyl unit are aligned across the hexagonal cavites at
the centers of the nngs of tetrahedra In the absence of
distoruon, the model-denved U- - -S1, distance 1s 257 A
compared with 2 75 A from expeniment, and the U- - -Sy
distance 1s 4 03 A compared to 3 66 A from expeniment The
expenmental and calculated dstances differ by up to 0 4 A,
but the calculanons assume that the geometry of the
tetrahedron remains undistorted on uramum coordina
tion to the surface, and also that the bonding and non-
bonding equatonal oxygens are all at equal distances from
the uramum center The discrepancies berween calculation
and expenment suggest that the sysiem 1s significantly
distorted

Other EXAFS studtes of uranium sorption on phyllosih
cates have been interpreted 1n terms of surface complex
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FIGURE 4 EXAFS spectra for U on mackinawite and for UD2* n
aqueous solution For mackinawite samples onginal solution
concentrations {mM) are given, with mass of U sorbed (ug) per g
of sorbent in parentheses Solid lines represent experimentai data
and dashed lines the best fit.

formation Chisholm-Brause et al (6) suggested that there
are three disunct environments for oxygen atoms 1n the
equatonal plane of the uranyl species sorbed on to the surface
of montmonlionite As surface coverage increases, there is
an increase 1n both the number of equatonal oxygen atoms
and the U-0 distance Thus implies that energetically more
favorable surface sites are filled first Thereafter, lessfavorable
sites are filled as coverage increases, resulang in longer U-O
distances but higher equatonal coordination numbers
Simularly, Dent et al (30) have also shown that the EXAFS
spectra of uranyl species sorbed onto montmonllonite at pH
5, closely resemble those of hydrolyzed species in solution,
in other words, the uranyl structure 1s largely retained on
sorption Unlike muscowite, the interlayer of montmonllomte
can expand to ~8 A, allowing a hydrated urany! complex to
enter between the layers and presenting additional sites for
uramum uptake

In the present study, the best fit is obtained with 4 + 1
oxygen atoms 1n the equatonial plane However, the com
parauvely high Debye—Waller factor for this shell may reflect
some disorder, such as would anse given a mixture of four-
and five-coordinate species First and second shell distances
1n the present study agree well with those found by other
workers (6, 30), however, third and fourth shell data for U-8
distances are not available for companson

U on Mackinawite The vanation in uranium uptake on
mackinawite with imtial concentration in solution (Figure 1)
suggests formation of a new phase on the surface (32) The
EXAFS spectra (Figure 4) and their Founer transforms (Figure
5) for four samples of increasing uranmum concentration are
displayed along with those for the uranyl 10n 1n aqueous
solution It 1s clear that there are substantial differences
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FAGURE 5 Fourier transforms for U on mackinawite and for U0
in aqueous solution For mackinawite samples onginal solution
concentrations (mM) are given, with mass of U sorbed (ug) per g
of sorbent in parentheses Solid lines represent expenmental data
and dashed lines the best fit

TABLE 2 Parameters Obtained from EXAFS Data Fitting of U
L(lif)-Edge Spectra for Mackinawrte*

wmitial U soln concn  shell atom

(concn on mineral)  no type N rld) 20214y R
02mM 1 0 2 181 0005 537
{4500 ppm) 2 0 4 240 0009
3 Fe 2 383 0013
04 mM 1 0 2 182 0006 570
(9100 ppm) 2 (o] 4 238 0011
3 Fe 2 396 0016
10mM 1 (s] 2 181 0012 460
(24 000 ppm) 2 0 2 214 0022
3 (o] 4 236 0012
4 Fe 2 397 0015
50 mM 1 0 2 183 0014 534
{113 000 ppm) 2 o] 1 207 0003
3 (o) 5 231 0020
4 Fe 2 397 0008

® N s the coordination number {+1) ris the interatomic distance
(£0 02 A} 20% 1s the Debye~Waller factor (A% and R is the overall
goodness of fit

between the Founer transforms for dufferent concentrations
The parameters (Table 2) indicate that at the two lower
concentrations, the best fit 1s given by two axial oxygen and
four equatonal oxygen atoms, with an additional Fe shell as
in the nner-sphere surface complexes proposed for the
hydrous ron oxide system At higher concentrations, the
best fits are obtained by sphtting the second shell into two
separate subshells contaiung oxygen atoms at2 07—2 14 and
231-236 A The ~21 A distances are too short for
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FIGURE 6 Uramum L{lil}-edge XANES spectra Mass of U sorbed

{(ug) per g of sorbent in parentheses

equatonally bound oxygens, so binding cannot be explained
solely 1n terms of a sumple uranyl complex at hgher
concentrations In addition, the Founer transforms (Figure
5) show that the intensities of the first and second shell peaks
vary greatly over the concentration range The amphtude of
a peak in the Founer transform 1s a function of N and the
Debye—Waller factor, so decreasing the coordinaton number
and/or increasing the Debye—Waller factor wall result 1n a
lower amplitude In addition, significant increases 1n the
Debye—Waller factor of first shell data are observed with
increased loading, which will also affect amphtude However,
larger Debye—Waller factors do suggest disorder which 1s
consistent with the presence of mixed uramum species This
suggests partial reduction of uranium, Jeading to an increased
average coordination number and a range of U—O distances
between 2 07 and 2 36 A, as found in the data fiting at hugher
concentrations (Table 2) Fitung the spectra with only one
oxygen atom 1n the first shell gave agher R-factors, suggesung
that there 1s a significant uranyl contnbution even at higher
surface concentrahons

The binding mechamisms in this systemn are obviously
more complex than those of uranium on the iron hydroxide
and sihcate surfaces Atlow surface concentrations, sorption
apparently occurs 1n a similar way to that descnbed for the
iron hydroxide surfaces Although mackinawite is a sulfide
mineral, oxidized regions of the surface may be present, and
the uranyl 1on may form surface complexes 1n these areas
(34) Once these sites are saturated, uptake may continue by
coupled reduction of uranium and surface oxidation As
solution concentrations increase, a greater proportion of the
urantum would be reduced, so the average number of axial
oxygens would decrease and U-O distances around 2 A,
charactenstic of oxide phases containtng at least some U(IV)
centers, e g U304 (35) would be observed We may then expect
a uramum atom to provide the best fit in the fourth shell at
higher concentrations (Table 2), although iron gives a shightly
lower R factor 1n both cases Thus, at high U loadings the
precipitation of a discrete uramum oxide phase containing
both U(VI) and U(IV) centers, e g UsOs or U¢Os may occur
This 1s consistent wath the findings of Wersin et al (9) who
reported uptake of uranyl on pynte and galena surfaces

associated with preciprtation of a uranjum oxide of mixed
oxidation state

The suggestion of phase formation 1s supported by the
XANES data Figure 6 shows the U L(II1)-edge XANES spectra
of the mackinawite samples along with spectra for U;Os,
UO,, uranyl on goethite, and aqueous uranyl mitrate At low
uranium loadings, the mackinawite XANES strongly re
sembles that of U on goethite, but as the U concentrations
on the mackinawite surface increase, the XANES changes
The peak at 3—5 eV becomes less pronounced, while the
region from 8 to 20 eV becomes more smoothly curved At
the highest surface concentration, the XANES most closely
resembles that of U304, consistent with the EXAFS data

Acknowledgments

The support of the Natural Environment Research Council
(Grant GR3/9690) and of BNFL pic 1s acknowledged Thanks
are due to CLRC Daresbury Laboratory for the provision of
beamume and support in carrying out the expenments

isterature Cited

(1) Ho C H, Doern D C Can ] Chem 1985, 63 1100
(2) Hst C-K D, Langmuir D Geochim Cosmochim Acta 1985
49 1931
(3) Borovec Z. Chem Geol 1981 32 45
(4) Payne T E, Waite, T D Radiochim Acta 1991, 52/53 487
(5) Morse, ] W, Arakaki T Geochim Cosmochim Acta 1993 57
3635
(6) Chisholm Brause, C J, Conradson, S D, Buscher, C T, Eller
P G, Morns, D E Geochim Cosmochuim Acta 1994 58
3625
(7) Moms, D E, Chusholm-Brause, C J, Barr, M E Conradson
S D Eler, P G Geoclum Cosmochim Acta 1994 58
3613
(8) Waite T D, Dawss,] A, Payne, T E, Waychunas G A,Xu N
Geochim Cosmochim Acta 1994, 58, 5465
(9) Wersin P, Hochella, M F,Jr Persson P,Redden G Leckie
J O Hams D W Geochim Cosmochim Acta 1994 58 2829
(10) Duff M C Amrhein, C Soil Sct Soc Am | 1996 60 1393
(11) Tumer,G D Zachara ] M,McKinley ] P Smuth,S C Geochim
Cosmochim Acta 1996 60 3399
(12) Carroll, S A, Bruno, J Radiochim Acta 1991, 52/53, 187
(13) Kornicker W A., Morse,] W Geochim Cosmochim Acta 1991
55 2159
(14) Watson ] H P, Ellwood D C Miner Eng 1994 7 1017
(15) Bancroft G M Hyland M M Rev Mineral 1990, 23 511
(16) Charlet L., Manceau A.J Collowd Interface Sc: 1992 148 443
(17) Schwertmann U, Cornell R. M Iron Oxides in the Laboratory
~ Preparation and Characterisanon VCH New York 1931
Chapters 5-6 pp 6184
(18) Lenme A. R Redfern S A. Schofield P F, Vaughan D ]
Miner Mag 1995 59 677
(19) Lenme, A.R,Vaughan, D } In Mineral Spectroscopy A Tribute
to Roger G Burns; Dyar, M D McCammon C, Schaefer M
W, Eds , The Geochemical Society Special Publication No 5
1996 p 117
(20) Calas G, Bassett, W A, Petiau ] Steinberg D Tchoubar D
Zarka A. Phys Chem Miner 1984 11 17
(21) Brown, G E Jr, Calas G Waychunas G A Petiau ] Rev
Mineral 1988 18 431
(22) Binsted N CLRC Daresbury Laboratory EXCURVS? program
CLRC Daresbury Laboratory: Warnngton 1997
(23) Lee P A Pendry ] B Phys Rev B 1975 11 2795
{24) Gurman, S ], Binsted N ,Ross 1 J Phys C Solid State Physics
1984 17, 143
(25) Gurman S J,Binsted N ,Ross | /] Phys C Solid State Physics
1986 19 1845
(26) Hedin L., Lundgwist S Solid State Phys 1969 23 1
\27) Binsted N Strange R W Hasnain S S Biochemstry 1992
31,12117
(28) Rehr } J Albers R C Phys Rev B Condensed Matter 1990
41 8139
(29) Langmuir D Geochim Cosmochim Acta 1978 42 547
(30) Dent A J,Ramsay ] D F Swanton S W ] Colloud Interface
Sc1 1992 150 45

VOL 34 NO 6 2000/ ENVIRONMENTAL SCIENCE & TECHNOLOGY « 1067

(VIR RV TRV R

.|

Y



Lo P PRANE NI SR,

(31) Tsunashima A. Bnndley G W Bastoranov M Clays Clay
Miner 1981 29 10

(32) Parkman, R H, Charnock } M Bryan N D, Livens F R
Vaughan D } Am Miner 1999 84 407

(33) Bargar,] R Reitmeyer R L. Davis J] A Environ Sci Technol
1999 33 (14) 2481

(34) Mcintyre, N S, Zetaruk D G Anal Chem 1977 49 521

1088 » ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL 34 NO 6 2000

(35) Wells A F Structural Inorganic Chemustry 4thed Clarendon
Oxford 1875

Recewved for review June 28, 1999 Reuvised manuscript re
cewed December 20 1999 Accepted December 20 1999

ES990703K



JAN-14 99 13 14 FROM CHEMISTRY ESE

letters to nature

Re and ALQ, were heared wath luses beams from hoth sdes Acting like plasiar
heat wurces, the 'wo hot plates ehiminate the axiol temperature gradient i the
sample between the plates Ternperature vananon is less than 3% wihin
roughly Wum diimeter at 2500K Betore the melting experiments the
sample was scanned with 4 laser beam and heated to about 2 00U K te reduce
the pressure gradient and to produce a highspressure solid-phase assemblage
For stable and smooth iemperature contrul, temperatures were increased by
adjusting an aperture placed near the beam exst, stepwise, instead of by
sdjusting power Each step corresponds to 2 50-100K increase. A 30-pm
$pot was homog: ly heated by opening the aperture (increanng the siep)
Atthe onset of melung temperatury remains constant or drops shghtly with the
step increment and then drastially increases (>400K) withsn one siep fo
ensure the raliability of the melting criteria used in this study, we conduuted
melting cxpeniments at pressures (16-27 GPa) averlapped by the multi-any)|
spparatus and the dinmond anvil cell unng the ame staring matecial and
obtained consistent melting temperatures (Fig, %) We also used the same
meltng cnters to determune the melting temperature of MgStO,-peravshate
previawly studied by other investigators, and our results agree with these
secent determanstions™ ' (Fig 3) [he 1emperature runaway phenomena near
the vnset of melting observed m simple and complex samiples were probably a
result of the latent heat of melting followed by melt migrating sway from the
heated gpot because of the lurge thermal prescure and, finally, the Re foils would
have been heated without sample in between No chenical resction berween Re
and sample was obeerved in the mults anvil experiments ona scale of | wm Lhe
melung temperatures repariced here are the last temperatures before melung
sets 1 Pressures were measured using s ruby (uotescence technique aftes each
measurement of melting temperature
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Migration of plutonium

in ground water
atthe Nevada Test Site

A. B Kersting', D, W Efurdt, D L Finnegant, D J Rokopt,
D X Smith* & ), L Thompsont

* Isatope Scicnces Drvision, PO Box 808 [+231 Lawrence Lnermore Natwnal
Laborgiary Iivermore, Califormia 94550 USA

1 Chemical Serence and Technology [hvision M) ]514, Los Alames Nationul
Laboratory, Loz Alarnos New Mexico 87445 USA

Mobile callods—suspended particles in the submicrometre sice
range—arc known to occur naturally in ground water' * and have
the potential to enhance transport of non-soluble contaminunts
through sorption’ The posaible implications of this transpon
mechumsm are of particulas concern 1n the context of rudjo-
nuchde trancport Significant quantites of the element plute
nium have been introduced into the environment as a result of
nudcar weapons testing and production, and nuclear power-plant
accidents. Moreover, many countries anticipate storing nuclear
waste underground. It has becn argued that plutenium intro-
duced into the subsurface environment 1s relatively immobile
owing to its low solubility 1n ground warer* and strong sorption
onto rocks’ Nonetheless, colloid-facllitated transport of radio-
nuchides has been implicated in field observations*’, but unequi-
vocal evidence of subsurface transport 1s lacking™® Moreover,
coliosd filtration models predict transpors over a imited distance
resuling 1n & discrepancy between observed and modelled
behaviour’ Hire we report that the radionuclides observed in
groundwater samples from aquifers at the Nevada Test Site where
hundreds of underground nuclear tests were conducted, are
associated with the colloidal fraction of the ground water The
1 pw Py 1sotope ratio of the samples cstablishes that sn under-
ground nuclear test ) 3km north of the sample site s the orign of
the plutonium We srgue that collusdal groundwater migration
must have played an important rule in transporting the pluto-
nium Modcls that eaither predivt limiuted transport or do not allow
far collind facditated transport moy thus sigmficantly under-
estimulc the extent of radionuchde migration

The Nevada Test Site (NT5) was the Jocation of 828 underground
nuclear tests conducted by the United States between 1956 and
1992™ (Fig 1a) As a result, the NTS contains a large inventory
(>10"Ci) of radiwactive material depowted 1 the suburface
and thus provides a unijue opportunity for studying the transport
of radwoudlide contaminants During 4n underground nuclear test,
temperatures exceed 10K locally and ~7Gtonnes of rock are
vaponzed 4nd another 700tonnes of rock are melted for cvery
katoron (ki) of explonive yicld" Maost refractory radwnuchide species
{for example actimides (except U) rare earths and alkaline earths) are
incorporated into the melt glass that codlesces at the bottom of the
cavify The volatle species (for example, alkali metals U b I Ru
and pascs=—Ar, kr, Xe) are mare broadly distributed 1n the cavity
and overlying rubble chimney created directly above the cavity'™

Samples were ollected in the northwestern section of the NTS
(E1g 1a) where thick sequences of «sh-flow uffs and rhyolitic lava
flows domy nsic the geology'''* Hydrologivel gradients an the srudy
rea sugpest s southwestward and southward flow of ground water
with cstmatcd flow veloaities ranging from 1 to 80 myr™" (ref 13)
The ER-20-5 well cluster i located 280 m southwest of the Tybo tesl
utcand t Yk south of the Benham test ate (big 1b) The ER 205
wells no 1 and no 3 were screened 4t a depih of 701-784 m and
1046 1 183 m respectively .

Groundw iter samples were pumped (nto 200 1 drums on three
separaie uecanians over a t6-month peried Untiltered groundw e
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v aples were analysed for tntium (°H), y-ray-emitung radionu-
Jdes and Pu isotopeg Additional 200-1 groundwater wmples
from well no 1 were collected on the second and third sampling
campaign and filtered tn senies using 1,000-nm, S0-nm and ~7.nm
(100,000 nominal molecular mas<) filter sizes The particulate
material (>1,000 0m), two colloidal fractions (1,000-50 nm and
50~7 nm) and the ultrafltratc or dissolved fraction (<X ~~7 am)
were separately analysed for °H, y-ray-enmutting radionuchdes and
Pu isotopes'*

Surface sod samples were collected 1n the vicinity of the Benhim
nd Tybo nuclear test sites and ther *“Pu/*Pu isotope ration
~casured Archived melt glass metenal collected from the cavity
reglon immediately after the detonatlon of the Benham and Tybo
tests was re-analysed for its **Pur*Pu notope composition and
compared to data previously vbtained dunng the US nuclear test
programme Aliquots from the melt glass were analysed at Los
Aamos National Laboratory as well as Lawrence Livermore National

a Nevada
Toet Ske

A
Tybo  EA205
No 1 No 8
A4
Water table
Chimney Screened
Interval
Inferred groundwater
flow diroction
pladiutsibduinit
Cavity
Crysial-poor 1l of Pinyon Pass
9 Pahwute Mesa iobe Tiva Canyon Tulf

& Paintbrush Group undterentisted
@ Pahute Mo3a iobo, Topepah Spring Tult

Ecale o} DLA:flc-Mm 5231“1? Hiils Formation
@ Lave r
O W0 200k o e rich Cakco Hile Formation
[} 200 800 m | @ WP-—Working point

Figure 1 Location end geology of the study atea & Map of the Nevada Test Site

showing the iocations of sil detonated underground nuciear tasts An enisrged
map of the field arsa in Pahute Mesa is 3130 shown, giving the locatinn of the wel|
cluster ER 20-5 and &!l other nearby underground nuclesr teats Molbo (1882) and
Beimont(1986) have an anNounced yield Detwean 2081 150kLD A-A IS anom

south crogsssection projectng the Benham and TyDo NUCI9Er 105LS rlalve 10 the
ER 20-6 well ciuster Welina 3 s located ~30m south of woll o 1 The Tybo Lest
was detonated in moderstely welded tul on 14 May 1975 at a depth ot 7T65m and
had sn snnounced yield betwesn 200 and 1000kt Banham was denotated in
zholtized beddad 1uff on 19 December 1866 at & depth of 1402 m with 2 nuciesr
ymid of 1160kt The werking point (WP) denotes the kiLauon ¢l the nuclvat device
bafore deronstion The racius of the cavity 18 3 tunction of the nucizar yweld

dengty of the rock typa and depth of bunal (distance from ground surlace o WP

Banham hae & calculated cavity cadiug of 38 m a~d Tyba bamween 62 and 105 m
baseq on the unciasahed range in yield

NATURE| VOL 397|7 JANUARY 1999 www nature.cutn

303-273-3629

TO 303 966 5001 PRGE B3

Liboratory to provide external lsboratory companison Additional
experimental details from this study are given clsewhere'"’

Teitium and low spectfic 1tivities ot cobalt (Co), caesium (Cs),
europium (Eu) and Pu radiotsotopes were detected in the unfiltered
ground water (Fig 2) The levels ot radivacuvity measured from
ground water collected from well no 3 are sigmficantly lower
(1,000-20 umes lower) than those meusured tn ground water
from well no 1 Eu sotopes were not detected in ground water
from well no 3 but may be present below the level of detection
(=107 Bq1™") Figure 20 iflustrates that the same radionudhide and
similar levels of radioactvity were detected in the ground water
samples obtained from well no 1 during the three different
sampling periods Analogous results were obtained tor pround
water samples from well no 3 (data not shown)

Filtering retmoved most of the radionuclides from solution, but
had ewentially no effcct on the ’H concentration in the fltrates We
found that >99% of the Eu and Puisotopes ~91% of the Co, and

D ER 20 S Wellno 1
Unfitered Waler
22 April 1997

3

3

Rad:oactty (Bq )
a3

10
10~ T .
) 137035 154, 1% 24dp,
b Ca 182, 186g,
0 | & ER 20-5 Well no 3
r Unfillorod Water

22 Apnl 1007

\ T2 B om

1

Redioactndy (8q H)
3 % &
AN

W ®co Wy @elewp;
10! v T T T T r
¢ D 98189 m? ;
106 o 7/66 1520 m3
4/97 +223 m?

g

-
©
L

Radoacnty (Bg +')
3

!

Figure 2 Companson of radioactivity detected in unhihered groundweter samples
from FR 20-6 wall ciuater Groundwater chemigtry of ER 206 na 1 inmgr' Is a.
foilows [Cl Jm33 (SO, |=360 [Na‘je?0 (K]=31 [Cd'j=32
IMg “1=01 pH B4 For the purposes of compeanson all dale were decay
cortwciud to 22 Aprni 1987 The Urné of NG third S«mphng & Concentration of
1egioaclvity ineasured i untiilered ground water from the shallower aquifer
pumped from well no 1 b Concentraton of radioactivity measured 1n unhifiered
Qround water from the deeper aqurier pumped from walino 3 ¢ Camparison of
the radicactivity detected in the threa groundwatar samplas collected from well
no 1 avar the duration of the held expanment The firat semple was coliacted ghte!
188m? (6 000 gations} were purnped the second aher 182 x 10’ m’ (401000
gelions) The pumps ware shut down and restanad the next spang An ajaitional
223 x 1 m® (60 000 gations) of ground weter was pumped bafore K¢ third
sample waa coliectad A tatal of + 8 x 17 m* wara pumped from weil no 1 and
219 < 10* m? from well na 3 Pumping rata 18 0030 m* min”'
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95% of the Cs 1n the ground water from well no 1 were associated
with the colloidal and particulate fractions (Fig 3a)

To determiine the source of the radionudlides, and hence the
distance they have been transported, we usc the 2Pu/™*Pu 1sotope
ratio 1o ‘fingerprint’ the source of the observed Pu 1a the ground
water Figure 3h shows the normalized **’pw/?**Pu wotope ranos
measared 1n this study The *°Pu/*Pu wsotope ratio of the
unfiltered ground water from well no } matches those of the unfitered
ground water from well no 3 and the colloidal and particulate
fraction from well no 1 In addition, it uniquely matches the
Benham nuclear test and no other (Each nuclear detonation in
the study arca is characterized by a unique **Pw/*Py fsotope )
The **Pu/"Pu 1sotope ratio of the ground water is disunctly different
from that of the surface sol) samples, ehiminaung surface contamina-
tion as & possible source for the Pu detected 1n the ground water

The particulates and two different collndal size fractions were
analysed by X-ray diffraction (XRD) and scanning cleciron micro-

100 ™ e
.t ®Co EH sey
§ wof B wes B esew
= f 0 wey W »020py
f,E [ /]
i1
5 2 1 o
23 Y
4
2
£ A
oLl d ;
> Yum 80nm 1um 7am S0nm < 7nm
Collolds
b 25 Lammans s T Y T T
[ ]
20 Iy =
<
- ! 15
¥ v ®
i5
gw W0~ @ -0~ @ = == =~ — o~ =~ ]
os -l 1 1 1 I N 4 . L
Welinat  Colioids Benham  Beimont
Weling 3 Tybo Molba Soi

Figure 3 Redicactvity of the colioladl minerals und companson gt Py isotape
rauca from ER 2045 ground watery 1o other muclear tesis 8 Comparison of 1
radioactvity of the colioide collected on the different fiter gizes and thy
uttrsfitrate fracton Dota are normakzed 1o the 1otal radicactivity messyrod in
he unhitered water The ultraMitrate 18 the water that pys£ad through all the Hitars
{<~7nm) Fuation pocurred in seres A LANGANIA! RRIBUGN GvRIAM wes used for
e 100 000 nomunal molecuiar Mass (~7nm) size hitecs & Companson of ine
0pu/Mpy 101002 ati0s Of different sampies in this Study NanMalized 10 the
sedioaciivity meagured in ER 20-8 no 1 Precison is = 15% The errgn plotied acy
smalies thanthe symbols used Results of the Puleutopic anulyses of the archived
meit glase mawnal cofecied from the Cavly region «nmedistely sfi W
dewnution of Banhem and Tybo trom both laboratones agree 1o within 15%
ang oiao MBteh the original valuts measured immaemaily foliowing the nuckeur
tests Total (adOratory procadura! blanks had « 200 Pu sigaificently below the
concenrations ansiyscd and did not contribute 10 the ISO10pE (ahio Messured
The conrenranons O Pu detected in the 01l 8Mplcs weta éxtiemely low (~ 41 pg

Pu pecg «ample} and theirotopic ranos diminctly dilerant frons the groLNG water
Values plonied are avarages ER20-6 not N =3 ER 20510 3 N w 2, Collokis,
N=¢ Tybo N=B Banham V=12 Molbo NV =7 Beimonl Nm4 gnd *ar
N = 2 Heig N it the number of gampies avarened
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scopy (SEM) The material was composed of clavs (dlite and
smectite), zeohtes (mordenite and chinoptilohte/heulandite) and
cristobalite The same nuneral assemblage was detected 1n ulf three
size tractions (>1um, 1,000-50nm, and 50-~7nm) Figure 4
shows SEM images of two distinct morphologict abserved, the fla
platy minerals and the rod shaped mncrals arc likely to be day,
(11¢) and zeolite (mordenmite), respectively

Clays and zeolitcs are common secondary minerals in altered
rhyoliic tuff and smectite, chinopulohte and mordenite have been
specifically wdentified in the rocks on Pahute mesa' and elvewheremn
voleanic tuffs at the NTS'" Smecute has also been identified as sn
alteravon minerat formed duning dissolution of nuclear waste
glass'® The cofloidal minerals identified 1in ER<20-8 ground water
from well na 1 are consistent with the secondary minerals observed
in ground water collected from volcanic tuff aquifers located tn the
southwestern part of the NTS**!

Strontium, Cs, Co and actnides {including Pu) have been shown
to strongly sorb to clays and zeolites as a result of their large cation-
exchange capanty’?™ For example, Pu sorpuon experiments
mvolving clinopuilolite with yran sizes between 75 and 500 um
and NTS water with » pH of 7 ylelded distribution cocffictents of
K, > 500 mig ™! (ref 5) Thezeolite partictes and colloids observed
1n the present study fall within the micrometre and submicrometre
s12e range Their reduced size will be associsted with larger surface
areas and 15 therefare likely 10 result in higher K, values In fact,
recent cxpertments on the sorption of Pu to montmonllomte
suggest that this process may be ureversible on the umesedle of
the labaratory expenments®* (~1 year)

The data obtained 1n this study suggesr that Pu and other
radwonuchides are transparted as colloidal material Although Pu
has been shown expenimentally to strongly sorb to clays and zcolrtes,
Pu can also exst as an intrinsic colloid, composed of Pu oxade®

PAGE ©4

Both types of colloids have the capacity to be transported by ground
water From this study, we cannot distinguish the colloadal form of
the Pu and further study 15 needed We suggest that Co, Cs and Eu
are sorbed onto the collodal sized clays and ccolites in the ground
water as they do not form intrinsic colloids

Figure 4 Hign resolution SEM imagas of the colloids in ER20-5 no 1 & Tne
iabuiv  lath shaped fmorphalagy of the zeolne‘ mordenitu b 1he pldty
aphrstunce O the clay dlite The we distncl morphoiogies were ohterved in
&l inrer yize tioe 1ona (o 1M 1000-50nM and 50-~7nm)
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Che maximum measurcd concentration of Py at the ER-20-5 «ite
i ~107"*M Ths value'ss lower than the solubllity imuts ot ~ 107
# M that have been experimentally determined for the Pu (v) speuies
likely to be ¢ present in NTS ground water' The calculated solubility
nuts (10°7°<107"7 M), obtained by assuming that Pu(iv) b
thermudynamie equilibrium™®-7, bracket the maxumum measused
Pu concentration It thus seems that the Pu concentrations m the
round water at ER-20-5 were toa low to lead to the precipuation of
asolid Puphase Qur results indicate that << 1% of the observed Puis
n the dissolved fraction of the ground water This finding and the
reviously reported results of Pu sorption experiments*” are most
wonsistent with Pu migrating as ¢olloidsl matenal and not & a
dissolved phase The concentration of Pu measured 1s small, and
represents only 2 small fraction of the total Pu associated with the
Benham nuclear test

Bascd on 40 years of re-drilling underground nuclear test cavities
and collecting melt glass samples for test diagnostics, 1t has been
observed that the majority (~98%) of the refractory radionuchides
(such u3 Pu) are incorporated 1nto the nielt glass that forms a1 the
bottom of the test cavity? ¥ [n field studies where ground water can
e eliminated as a possible transport mechamism, radionuchdes
were detected at 8 maximum of a few hundred metres from the
onginal detonation point, and were artributed to gas movement
through fractures, or fracture mnjection of vaporized material at
detonation tme™® The possibility that Pu from the Benham test
site was blasted and deposited >13km away, in two distinct
aquifers separated by 300m vertically and 30m honzontally,
seems highly unlikely However, some fraction of the Pu may have
been (mtially injected through (ractures a fow hundred metres and
subsequently transported by ground water

Molbo, Belmont and Tybo nuclear tests were all detonated after
Benham Although shock waves resulting from underground
nuclear blasts can induce radial fractures out to a maximum
distance of a few hundred metres (ref 30), it 15 unlikely that these
detanations blasted matcnial from Benham to ER-20 5, as they were
all smaller detonations and by inference shallower In addition, Pu
from these subsequent three tests was not detected i1n the ground
water at ER-20-5

The high pumping rates (003 m min) employcd may create
shear stresses sufficient to generate an increase 1n the concentration
ot collosds and thus prevent a quanufication of the amblent
woliaidal load and, by inference, 8 determination of the minimum
or maximum concentration of Pu in the ground water But the
1sotope ratio of the Pu measured in ground water from ER-20-5
nevertheless cleacly establishes that the radonudide onginates from
a speufic nuclear event, ~1 3km to the north The present work
thus demonstrates that Pu 15 not immobile 1n the subsurface, but
¢can be transported over significant distances Pu transport models
that only take into account sorption and solubiity may therefore
underestimate the extent 1o which thus species s able to mugrate n
yround water
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Patterns of recruitment and
abundance of corals along

the Great Barrier Reef

T P Hughes, A H Baird, E A Dinsdale,
N A Moitschaniwsky), M 8 Pratchett,J E Tanner
& B L.Wilis

Department of Marine Biology James Cook Unversity Townwwille
Qussmyland 4R1 1, Austraha

Dafferent physical and biological prucesscs prevail at different
scales'™  Aa a consequence, small-scale expenments or local
abservations provide limited {nsights into regional or global
phenomena’® One solution is to incorporate sputial scale exph
mly into the expennmental and sampling dcugn of field studies to
provide a broader, landscape view of eLology'-* Here we examune
spatial patterns in corals on the Great Barrier Reef, across u
apectrum of scales ranging from metres 1o more than 1,700 km
Our study is unusual because we explore large scale panterns of 3

Rrev ad dress Depanment of Aquaculture University of Jamunu taunceaton lésmann 7350
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are ingested with hzurds — vather than
directly from the plarit = s supparted by
observation and by & strong corrclation
between lizard remaims and Lycoum seeds in
the pellets The scedsin the shrike pelletshad
4 highot germination rate (64%) than those
from hzard droppings (50%) or directly
from the plant (54%) showing that thewr
experience 1n passing through two vecton
had ncreased their potential for immediate
gernunation

Lizards are an effcctive dispersal system
for Lycum on Altgranzi, but movement
of the plant between wlands using the heard
as 3 vector 18 hkely 1o be rare {although not
impossble’) Movement of the seeds from
lizard to bird however, presents 3 range of
opponunities for island-dwelhing plants, giv-
ing them a fur greater chance of moving
new istands Because the seeds are retained in
the shrike § gizzard forless thanan hour, feed-
ingand fhight must Bllow m rapid succession
if dispersal by this means & to be effective
Like 50 many other events in island biology
given enough ume iwwill probably happen

The sigmificance of predators a5 ac¢-
ondary dispursers of fruits and seeds 1s hikely
to be himited to specific situations In Britun

3@3-273-3629

the sparrowhawk (Acupiter ssis) » known
to exploit siuations where fodks of trus
eating binds are feeding” do dgmn, the
predator could easily ingent sceds wath the
prey But the trunsfor of sceds from one bird
to another wm this way » unbikely 1o have
much of an offtct on seed dispersal On Ale
granaa, Dyuwmseedshave o been foundm
kestrel (Faleo tininzuds) peliets, but these
may have been dunived from frut-gating
birds rather than Lzards Only where sied
transfer mvolves Increased molsbity and
rangs. (o5 in the plavi-lizard-bird sequence)
will new dimenaons of dispersal be opened
Predation can then assume 2 biogeoyrsphi-
cally ngmificantrole Q
Peter [ Moore 65 i1 the Devesan of Lije Suiences,
Ring s Colloge Campden Fhif Rusal Londdon
W3 2AH UK
& sl peier moorendhul de uh
b Nugolet M Dcdgwbe 1D & Modiod £ M 7 706 aa nedd71
133 201
2 wander ol fL Primciles of Duaperadd s flghe $ant Euinger
Becht oY,
& Frdnkast & Wby i Wiy New ¥k (975
€ Whittater W L MBS B § Mgeme 28 5
11
5 Condiky £ £, tolgr & & Dudley | Netrire 393 536 (1984}
St oo H A Scow €1 Fondsond Berrett T kA U toyer
Lditan 198K}
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Colloidal culprits in contamination

Bruce D, Moneyman

contaminant transport in geound
water gystems been more contentious

than o the area of nuciesr waste disposal
Over the past decade, the discovery of colv
lowda! forms of actinides, such as plutonium
{Pu}, has often been at the centre of concern
over underground storags, of radiwonuchdes.
On page 56 of thas wssuc’ Kersting er 4l pro-
vide an llustration of the striking influence
collowds® may have on contamunant trany-
port The authors have studied groundwatur
mugration of Pu from a nuclear detonanon
site in NMevada However, the parucular sig-
mficance of their report lies in remnforaing
» general awareness of collod-faciitated
contaminant transport

As late as the early 1980, s groundwarter
contaminant was generalty assumed to occu-
py onc of rwo phases’ a stationary phase con
«isting of aquifer solids, and a mobule, aque-
ous phase that serves as the medium for the
movement of disalved chermcal speaies In
such a systern, the rate of contammant trans
port depends on the graundwater transport
velocity, of course, but also on the distridu
tion of the contanunant between the two
phases The greater the extent to which 2
contamtnant partitions into the immabile
phase, the slower its average transport
velocity i the ground water (Fig 1)

The unexpected appearance of low-

Pcrhaps nowhere have the details of
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solubihity contaminants some distance trom
known sources, or sooner than would be
expected from there solulnliy, led to uxami

nation of the pouible involvement of non

agueous, mobile coltoids in contaminant
transport’ Invoking collords to explan such
obscrvations gave rise to three phase models
of contaminsnt transport (Fig 2, overleaf)

The results of Kersting ¢f al renforee the
need tor such models In their work, they use
potopic fingerprinting o demanstrate that
Pu. an element with extremely low agueous
solubility (s fow as 10™'7 M, depending on

50d1
TO 383 966 3
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1ty oxidation «tate), was transported sigmii-
cant ditanes through a groundwater yys-
tem and they argue that collodal spevies
wets, fesponable

Collowd-fautitated transpart of contanu
nants has become a vort of Gordian kaot for
enviponmental saientists Freld studies have
often been subjoct o sumphing srivdn,
such as colloid mobihization through oxces
swe well pumping rates, and it has been
difficult 1o reconcile field abservanons with
theary and model sinulations {in 1988, 4
reviewer of 3 manuscript’, on which Lwasan
suthot, impliating a colloidal intcrmediate
in the scavenging of metal in martne sys-
tens, complaned “1he prublum develop-
sng, 1 the Literature with collowds is that they
are blamed or claimed for everything that
can't be expluned ) Since then, collowd-
tauditated contaminant transporthas guned
brosd aceptanie Nonetheless, few studies
have uncquivocally demonstrated sts signshi
canve n the field

Figure 2 compares two~ and three phase
contaminant transport modeh Figure Za
shows & low-solubility contaminant dustrib
uted berwesan an aqueous phase and immy
bile aquifer sulids (the macroparticles} Col
loidal materialy can increase theapparentsol
ubiity of lsw-solubility contamnants (Fig
2b) i these contaminants strungly assodtate
with the colloids and the collaids munimally
interact with the stationary mawroparticle
phase Becsuse colioid groundwater cuncen
trations ate typically quite low, the contami-
nants muost likely w be transported bv ¢col
{ordal matenisls are of extremely low solubili-
ty and strongly parttion to mabde aon-
aquenys phasematenials Inthis respect Puys
an ideal candidate, others nclude pesticides
(for nstance DDT and dicldrin) poly
nuclear aromauc hydrocarbons, other hight
actuudes (fur example thonum) and many
transthion metals (such as cobalr)

Croundwater collondy argimate from two
sonrces” through mobihzation of existing
colloid-sized (I nm to 1 wm) maternals 1n
aquitfer systemns foliowing chemucal pertur

' ‘ o~ «
a . ! , h v . e B et
W # 54‘s,§/z’wa’e ~:: . | Q. e Zery ’,t‘ 5
& 'ﬁ'g:?( "‘vg‘; ;‘”‘:’;“‘1 “ggf‘}—% Diggolved AR SE A “({ e S0
’ (mobile)  widfv i O g T o
) : -] © A

contamingnt
{stationary}

Frsre | Comuminant transport in s umpls fwn-phase groundwater system 3 High sorpuion, and
therefocs low contsminsnt solubiity b Jow sorprion, Righ contaminant aolubility Mactoparticies
arv the stationary companents of a groundwater squifer and include clayt metal vaides such &5
quarts, and patsiculate arganic marter The extent o which consamnant miscules ate sorpted to
muctoparticies (by adsarplion surface precspltation ot sbsorption) regulaivs the rate of contannnant
transfer through groundwater watema for & given water velocity
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100 YEARS AGO
The netve srithmetic of Murray sland,
Torvee Stralt, is deseribed by the Rev.
A, E. Humt In the istest Journal (New
Series, vol. | Nos 1 and 2) of the
Anthropologicai instinnte The only native
numerais sre netat (onej and hels (twa)
Higher numbors would be described
oithor by reduplication, s neis netst,
iiteralty, two-one for thmu nele-+-nole, or
mmmtour &c.orbynfomm to
some part of he bow. By m latter
method o total of lhhv-m could be
counted, 'I"ho counting commenced st the
tide ﬁn'ﬂ of the lln‘htnd.
sounting the dighs, wrist, olbow, armpn.
shoulder, holiow above the clavicle, thorax
and thence in reverse order down the
. fight srm, ending with Mttis finger or right
hand This gives tvnn!y-om The toes are
then regorted to, .nd Ihon give ten
more. Boyond this numw the term gaire
(many) would be uséd English numerals
are now in general Use in the islands
From Nature 5 January 1899
60 YEARS AGO 1
Fortliized mouse ova have been culivared
In vitro, and thokr dovelopment fimed, by
Friodrich-Freska and Kuhl, who used es
medium & clot of guinee plg plasma and
mouse embryo exiract containing
segments of Faliopian tuba Like Chang, |
have boen working on ovum cuhure with
& visw to trensplantation of ova Chang
has used rabbits, with serum es & culture
modium, | heve choeen to use mice, as
mare readlly svalisble, and bocause (like
most domestic animels) they have naked
eaggs Seoking a medium readily prepared
in large quantities, | have tried seline
hen-egg extracts, The procodure adopted
rovsaled sn unanticipatad difference
botween the visbiities of two-cell and
later tubs! stages, aight-cell ove survived
and developed In culture, whereas two-
cellovadid not A few bocame
blastocysts oither completely separated
from the zona, or spherical and still hatt
anclosed in the spilt and diatanded
membrane A physiologicat difference
between two-cell and sight-ceR stages
seems clearty established, the reason for
the difference romains obscure The
result recalie & similar one of Chang s,
namaely, gurvival of moruiae, but not two-
esll ova, when transplanted into the
rabblt uterus, though both survived when
cuitivated in serum
From Nature ) January 1949
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Figure 2 Coraparison of genernficed two- and three phase groundwater systems s Two-phase,
b, three-phase The third phuse in U 15 & colloid or nidcraparticle shown here with cantaminant
molecules sarbed ta it thur making them mohile Colloidal material is usually cheancally samalar to

the statiaaary mucroparticle phasc

bations or changes 1n Now velocity from
pumping, and through i situ preupitation
of supensaturated runeral phases Collowds
are removed from the aqueous phasc by
deposition on stativnary macroparticies, itis
the efficiencyof deposion that regulates the
faclitauion of contaminant transport’

Kersting and colicagues analysi’ of col-
loids isolated from pumped ground water
clearly 1dentified the source of the Puasa
single underground nuclcar test site, the test
well and detonation site being 1 3 km apart
The climination of other detonation cavities
and contamination a« the source of Pu
makes it evident that the Pu has been trans-
ported through the ground water by wome
process

As dehineated by Ryan and Ehimelech’,
however, three conditions must be met for
defensible evidence that collmds have trans-
ported conlaminants first collords nust be
present, second, CONtaMININTS must &vsogi-
ate with them and third, the colloid—onta-
minant combination must move thiough
the aqutfer The roults of Kersting et ul qual-
itatvely mect the first two conditions But as
the authors paint out the pusability of sam
phng artefacts meant that they could aot
quantify some of the parameters nceded for
supporting the detailed aseecsment of col-
lond-facihitated Pu transport in their stady
That s, the third condition has not been rig-
orously met Newertheless then work clearly
shows that a low solubility contamimant
travelled some way from the source perhaps
arornearthe lowal groundwaier flow velouty
(1-80myr™")

Has the Gordan knot been cut? No 1 do
not think so, alihough 1 good shice has been
taken out of it The fundamental difficulty
remains the gap between field observations
«nd expectanonsbased onhench «cale exper
imentsand theory For exdmple according to
classical filtration theory wolloid transport
should be relatively hmited (tens of metres or
less under typical subsurface conditions)
Advances I ncorporating  maecroparticle
chemical heterogenenty and wie lockage into
meodels have hedpad 1o narrow the gap but o

nonethelew remans wide

The trouble with most field studics 15 that
the systems are difficult to manipulate, and
are often too large und hetcrogeneous to
characterize accuratcly Theretsagreat need
to develop meso-scale experimental systems
(several matres to mare than ten metres) for
the careful evaluation of the etfects of system
heterogeneity on colloid transport and the
testing of methods for scahing up from the
bench tothe hicld

Given that the wark by Kerstuing er al
shows that Pu may be transported consider
able distances through groundwater ys-
tems, can one conclude that the colloidal
transport of actinides provides a significant
exposure pathway trom nuclear testing and
waste sites? Not really The very properties of
compounds that make them pood candi-
dates for colloid facihitated transport — low
solubiity and high particle reacuvity —
Iimitthe amount of contarmnant that can be
transported collodsarc both the meancand
the bottlencck But we need to know morc
T H Huxley" had it that 1t the customary
fate of new truths to begin s heresies and 1o
end 4¢ superstitions {dogma] In its evolu
tion from heresy to dogma, wollod-taciitat
cd contanunant transport has become 4 per-
cewved truth, widely recogmized, but rarely
understood in detail 17
Bruge N Honcynianas in the Livsronmontal
Scrence and Engnecriy Division Colorada
School of Mines Golden € alorado %0302 USA
e madl blioncyma@mings cdn
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