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Determining individual mineral contributions to U(VI)
adsorption in a contaminated aquifer sediment:

A fluorescence spectroscopy study

Zheming Wang ⇑, John M. Zachara, Jean-Franc�ois Boily 1, Yuanxian Xia,
Tom C. Resch, Dean A. Moore, C. Liu

Pacific Northwest National Laboratory, Richland, WA 99352, USA

Received 1 November 2010; accepted in revised form 23 February 2011; available online 10 March 2011

Abstract

The adsorption and speciation of U(VI) was investigated on contaminated, fine grained sediment materials from the Han-
ford 300 area (SPP1 GWF) in simulated groundwater using cryogenic laser-induced U(VI) fluorescence spectroscopy com-
bined with chemometric analysis. A series of reference minerals (montmorillonite, illite, Michigan chlorite, North Carolina
chlorite, California clinochlore, quartz and synthetic 6-line ferrihydrite) was used for comparison that represents the miner-
alogical constituents of SPP1 GWF. Surface area-normalized Kd values were measured at U(VI) concentrations of 5 � 10�7

and 5 � 10�6 mol L�1 that displayed the following affinity series: 6-line-ferrihydrite > North Carolina chlorite � California
clinochlore > quartz �Michigan chlorite > illite > montmorillonite. Both time-resolved spectra and asynchronous two-
dimensional (2D) correlation analysis of SPP1 GWF at different delay times indicated that two major adsorbed U(VI) species
were present in the sediment that resembled U(VI) adsorbed on quartz and phyllosilicates. Simulations of the normalized fluo-
rescence spectra confirmed that the speciation of SPP1 GWF was best represented by a linear combination of U(VI) adsorbed
on quartz (90%) and phyllosilicates (10%). However, the fluorescence quantum yield for U(VI) adsorbed on phyllosilicates
was lower than quartz and, consequently, its fractional contribution to speciation may be underestimated. Spectral compar-
ison with literature data suggested that U(VI) exist primarily as inner-sphere complexes with surface silanol groups on quartz
and as surface U(VI) tricarbonate complexes on phyllosilicates.
Published by Elsevier Ltd.

1. INTRODUCTION

Uranium is a major radioactive contaminant at former
US Department of Energy nuclear weapons sites (DOE,
1995, 2001) and numerous locations worldwide (Bernhard
et al., 1998; Geipel et al., 2007). Uranium primarily exists
in the +6 oxidation state as the divalent uranyl ion
(UO2þ

2 ) under aerobic conditions. For the large majority

of contaminated soil and sediment sites where the overall
uranium concentration is low (<25 mg kg�1), the concen-
tration of dissolved uranium in the aqueous phase is deter-
mined by its surface complexation to various mineral
phases (Chisholm-Brause et al., 2004; Catalano and Brown,
2005; Arai et al., 2006; Zachara et al., 2007; Bond et al.,
2008).

Iron oxides, calcium carbonate, quartz/amorphous silica
and phyllosilicates can all be important U(VI) adsorbents in
subsurface materials (Morris et al., 1994; Reeder et al.,
2000; Gabriel et al., 2001; Reeder et al., 2001; Duff et al.,
2002; Chisholm-Brause et al., 2004; Kohler et al., 2004;
Chang et al., 2006; Fox et al., 2006). Subsurface sediments
are heterogeneous mixture of mineral phases. Multiple
adsorbent phases may be present that simultaneously
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interact with, and control aqueous U(VI) concentrations by
surface complexation. Knowledge of the surface complexed
species and the host mineral phases (surface speciation) can
support a robust understanding of the adsorption process
for geochemical modeling. Surface speciation is a complex
state defined by properties of the reactive mineral phases
(surface area, site concentration, intrinsic affinity) and
aqueous composition (pH, ligands, etc.). It is also tempo-
rarily variable as it may change in response to changes in
groundwater composition. Thus, for any particular subsur-
face contaminant plume, the relative importance of specific
mineral phases depends on a number of different factors,
and can be difficult to predict.

The scientific ability to accurately describe uranium spe-
ciation in soils and subsurface sediments is not comprehen-
sive. For sediments, aside from incomplete identification of
the mineralogic components and their key properties, low
solid (<25 mg kg�1) and aqueous U(VI) concentrations
(<10�6 mol L�1) are common (Bond et al., 2008; Um
et al., 2010). Many spectroscopic techniques that are capa-
ble of revealing U speciation in mineral materials, such as
extended X-ray absorption fine structure (EXAFS) (Hud-
son et al., 1999; Elzinga et al., 2004), Fourier-transfer infra-
red spectroscopy (FTIR) (Bargar et al., 1999), and Raman
spectroscopy (Morris et al., 1994), suffer from low sensitiv-
ity and are unable to produce data with satisfactory quality
at commonly observed environmental concentrations.
Time-resolved laser-induced fluorescence (TRLIF) spec-
troscopy, particularly when performed at cryogenic temper-
atures, is one technique that offers high sensitivity and
spectral resolution for the identification of U(VI) speciation
in complex natural sediments, sediment porewaters, and
other media at low U(VI) concentrations (Morris et al.,
1996; Hunter and Bertsch, 1998; Duff et al., 2000; Wang
et al., 2004a,b, 2005; Chang et al., 2006; Grossmann
et al., 2009; Wan et al., 2009).

Here we applied a combination of laboratory adsorption
measurements and liquid helium temperature (LHeT)
TRLIF spectroscopy to investigate the speciation of ad-
sorbed U(VI) at low concentration on an aquifer sediment.
A series of seven reference phases that were representative
of potential adsorbents in the sediment (chlorites, smectite,
illite, ferrihydrite and quartz) were studied in parallel. The
fluorescence spectra of U(VI) on the naturally contami-
nated and a lab-spiked subsample were similar, and dis-
played contributions from multiple surface species. These
spectra were successfully reconstructed from those of a sub-
set of the reference phases (quartz and phyllosilicates) using
chemometric methods.

2. MATERIALS AND EXPERIMENTAL DETAILS

2.1. U(VI)-bearing aquifer sediment

A silt-textured size fraction of air-dried contaminated
aquifer sediment (SPP1 GWF) was obtained by centrifuga-
tion and filtration of the ground water collected at 20 feet
below ground level in the vadose zone of a historic waste
disposal pond in Hanford 300 area (Zachara et al., 2005).
No further treatment was applied to these sediments.

Selected properties of this material which contains
0.13 mmol kg�1 contaminant U are listed in Tables 1 and 2.

2.2. Reference phases

Montmorillonite (SWy-1), Fithian illite, Michigan chlo-
rite, North Carolina chlorite, California clinochlore, quartz
and 6L-Fh were selected as reference phases for SPP1 GWF
based on previous mineralogic analysis of sediments from
this site. 6L-Fh was included because a small amount of
poorly crystalline Fe(III) oxide exists in the sediment (Qafo-
ku et al., 2005; Um et al., 2008, 2010). Ferrihydrite displays
high affinity for U(VI) over broad pH range (Hsi and Lang-
muir, 1985; Waite et al., 1994) and has been implicated as a
U adsorbent in Hanford sediments (Barnett et al., 2002).

Table 1
A Summary of SPP1 GWF mineralogical characteristics.

Size distribution Sand (15.7%), Silts (73.6%), Clay (10.7)
Mineralogy Quartz, feldspars, phyllosilicatesa

Clay mineralogy Smectite (40%), illite (45%), chlorite
(15%), quartz (4%)

Surface area of bulk
sedimentb

62.8 m2 g�1

Surface area of clay
fractionb

91.8 m2 g�1

a SPP1 GWF also contains 1.3% crystalline Fe oxides and 0.5%
poorly crystalline Fe oxide (Bond et al., 2008).

b N2 BET surface area.

Table 2
Reference phase mineral properties.

Mineral Size
(lm)

Total Fe
(wt.%)

Surface
area
(m2 g�1)

Source

Montmorillonite
(SWy-1)a

62 3.1 31.0 [(Zachara et al.,
1993)]

Fithian illitea
62 4.6 87.0 This work

Michigan chlorite Ca 2–5 27.9 15.2 This work
Michigan chlorite S 5–20 27.9 4.42 This work
N.C. chlorite Ca 2–5 0.74 26.5 This work
N.C. chlorite S 5–20 0.74 14.1 This work
Calif. clinochlore Ca 2–5 1.1 17.3 This work
Calif. clinochlore S 5–20 1.1 5.57 This work
Quartz 8–30 0 0.33 This work
6-Line Fh �2 62.9 200–300 [(Schwertmann

and
Cornell, 2000)]

SPP1 GW fines 0.1–
20

6.2 62.9 This work

a The molecular formulae are: Montmorillonite: (Ca0.001K0.003

Na)[Al3.04Fe(III)0.41Mg0.532](Si7.85Al0.147) (OH)4O20 (Zachara et al.,
1993); Fithian illite: K0.86Na0.11Ca0.07(Si6.95Al1.05)[Al2.87Fe0.67

Mg0.47]O20(OH)4 (Seabaugh et al., 2006); Michigan chlorite:
(Mg0.56Al0.60Fe2+1.78)(Si2.47Al1.53)O10(OH)2.(Mg0.49Al1.00Fe2+

1.51)
(OH)6 (Nelson and Guggenheim, 1993); N.C. Chlorite: g2.97

Al0.03)(Si3.02Al0.98)O11(OH)2.(Mg1.98Al0.69Cr0.23Fe3+
0.04Fe2+

0.04Ni0.02)
(OH)6 (Phillips et al., 1980; Nelson and Guggenheim, 1993);
California clinochlore: Mg2.95Al0.05)(Si2.99Al1.01)O10(OH)2.
(Mg1.97Al0.66Cr0.25Fe3+

0.06Fe2+
0.06)(OH)6 (Phillips et al., 1980).
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The clay-sized fraction of SWy-1 (Source Clay Reposi-
tory) was isolated and processed to remove carbonates,
organics, and iron oxides (Sposito and Levesque, 1985;
Kunze and Dixon, 1986; McKinley et al., 1995). Quartz
(Min-U-Sil 30, Pennsylvania Glass & Sand Company)
was treated to remove surface contaminants and to obtain
a specific particle diameter range from 8 to 30 lm (Kohler
et al., 1996). 6L-Fh was synthesized according to Schwert-
mann and Cornell (Schwertmann and Cornell, 2000). Fithi-
an illite, Michigan chlorite, North Carolina chlorite, and
California clinochlore were obtained from Ward’s Natural
Science, and were ground and sieved to obtain different size
fractions (2–5 and 5–20 lm fractions). X-ray diffraction
(XRD), scanning electron microscopy (SEM), and energy-
dispersive X-ray spectroscopy (EDS) were performed to as-
sess the structure, appearance, and composition of the ref-
erence phases. All adsorbents were analyzed by XRD both
before and after contact with U(VI)-containing electrolytes.
Selected properties of the reference phases are summarized
in Table 2.

2.3. Aqueous solutions

A calcite-saturated synthetic groundwater (SGW2, pH
8.1) was prepared according to Bond et al. (2008). Uranium
nitrate (1.06 � 10�3 mol L�1, pH 1) was prepared as a pri-
mary stock solution. SGW2 was bubbled with air for
1 week at pH 8.1 to ensure equilibrium with atmospheric
CO2. All chemicals used were reagent grade.

2.4. Mineralogic characterization

XRD analysis of the sediment and reference mineral
phases was performed on a Scintag XRD unit with a Peltier
thermoelectrically cooled detector and a copper X-ray tube.
XRD analysis of the mineral slurries after contact with
U(VI) was performed using a Micro XRD spectrometer
(Rigaku). Scans were obtained from 2� to 65� 2h (0.01�
step) with a dwell time of 2 s. The JADE� and PDFe [Joint
Committee on Powder Diffraction Standards (JCPDS),
International Center for Diffraction Data (ICDD) (New-
town Square, Pennsylvania)] were used for mineralogical
identification and quantification.

The clay fraction of SPP1 GWF was obtained by sedi-
mentation after dispersion (0.001 M sodium hexametaphos-
phate). The clay was mounted on an aluminum slide
(Drever, 1973) that was analyzed using a Rigaku D/MAX
RAPID II microdiffractometer with a rotating Cr anode
and micro focus optics operating at 35 kV and 25 mA.

SEM analysis was performed on a Zeiss 982 FE-SEM
equipped with an Oxford Links ISIS 300 EDS operated
at 20 KeV. The samples were affixed to double-sided carbon
tape attached to an aluminum mounting stub. Photomicro-
graphs of high-resolution secondary electron (SE) and
backscattered electron (BSE) images were obtained as dig-
ital images.

BET surface area was determined by nitrogen adsorp-
tion/desorption (Quantachrome Autosorb 6-B). Particle-
size measurements were made using a Mastersizer 2000
(Malvern Instruments, Inc., Southborough, MA 01772,

USA) with a Hydro G sample dispersion accessory to de-
crease aggregation.

2.5. U(VI) fluorescence spectroscopy

The instrumentation and experimental procedures for
fluorescence spectroscopic measurements at LHeT were de-
scribed previously (Wang et al., 2004b, 2005). Samples in
2 mm � 4 mm � 25 mm quartz cuvettes were mounted on
the sample holder of a CRYO Industries RC152 cryostat
with liquid helium vaporizing beneath the sample. The sam-
ple was excited with a Spectra-Physics Nd:YAG laser
pumped MOPO-730 laser at 415 nm, the spectral maximum
of the first electronic absorption band, and the emitted light
was collected at 85� to the excitation beam, dispersed
through an Acton SpectroPro 300i double monochromator
spectrograph, and detected with a thermoelectrically cooled
Princeton Instruments PIMAX intensified CCD camera.
The fluorescence decay curves were measured by a Ham-
amatsu R928 photomultiplier tube (PMT) and recorded
with a Tektronics TDS754A digital oscilloscope.

2.6. U(VI) adsorption

Mineral adsorbents were twice equilibrated with SGW2
at pH 8.1 with phase separation by centrifugation. Adsor-
bent masses were adjusted to yield surface area concentra-
tions ranging from 97.0 to 1740 m2 L�1 (Table 3). The
resulting solid was then re-suspended in 10 mL of SGW2
and spiked with the U(VI) stock solution to yield initial
U(VI) concentrations of 5 � 10�6 or 5 � 10�7 mol L�1.
The initial U(VI) concentrations were undersaturated with
respect to known U(VI) mineral phases. Suspension pH
was adjusted to 8.1 with dilute NaOH and/or HNO3 and
re-adjusted, if necessary, during the contact period. The
U-bearing suspension was then slowly agitated on an orbi-
tal shaker for 24 h, followed by phase separation by centri-
fugation at 2000 rcf for 30 min. The resulting solid paste
and a supernatant aliquot were subjected to fluorescence
analysis, while the remaining supernatant was acidified
for U(VI) (KPA) and other solute analyses (ICP/MS).

2.7. Chemometric analyzes

The normalized fluorescence spectra were analyzed by
Matlab (The Mathworks, Inc.). The spectra were grouped
into a series of F matrices for each separate sample, consist-
ing of m rows of wavelengths and n columns of measure-
ments at different time delays and/or gate widths. The
data were offset to average zero fluorescence values at wave-
lengths where U(VI) species do not fluoresce. Instrumental
noise was removed from F by reconstructing this matrix
with orthogonal vectors solely arising from the fluorescence
of k U(VI) species using a Singular Value Decomposition
(SVD) (Golub and Reinsch, 1970) of F:

Fnet ¼ Um�k � Sk�k � VT
n�k ð1Þ

where U is a matrix of orthogonal vectors of unit length, S

is a diagonal matrix of the singular values of the vectors U

and VT is the transposed (T) matrix of the contributions of

Individual mineralogical contributions in sediment-bound U(VI) 2967



every vector to each measurement condition (i.e time delays
and/or gate width). The optimal number of k was deter-
mined with the Factor Indicator Function (Malinowski,
1977):

IND ¼ RSDðkÞ=ðn� kÞ2 ð2Þ

where RSD(k) or residual standard deviation, is the misfit
between the product Um�k � Sk�kVT

n�k , where values of k

are sequentially tested for values of k = [1,n]. Noise-re-
duced F matrices were reconstructed by discarding all >k

orthogonal vectors associated to random noise.
Asynchronous 2D correlation plots were generated from

the Fnet matrix of each sample mineral using the equations
of Noda and Ozaki (Ozaki et al., 2004) for spectra collected
at unevenly-spaced time intervals:

Wðm1 � m2Þ ¼
1

2ðtm � t1Þ
Xm

j¼1

F
�

j
ðm1Þ �

Xm

k¼1

Njk � F
�

k
ðm2Þ

 !

� ðtjþ1 � tj�1Þ ð3Þ

where Njk is the Hilbert-Noda transformation matrix (Oza-
ki et al., 2004). This map reveals changes in intensities at m1

and m2 at values of |w(m1, m2)|max that are out-of-phase, i.e.

that varied sequentially or successively with time. It also en-
hances the spectral resolution and can be used to reveal
peak components that cannot be readily shown in vector-
based spectra.

Multivariate Curve Resolution (MCR) analyses were
carried out on all F matrices with the program MCR-
ALS (Jaumot et al., 2005) to resolve the time-dependent

profiles and the pure spectral components esample (arbitrary
units of molar fluorescence coefficients) of every sample.
The pure spectral component of the SPP1 GWF (eSPP1)
was reconstructed with those of the samples exhibiting the
highest degree of similarity. The spectra of SPP1 GWF,
eSPP1,net, was modeled as a linear combination of spectral
representations of m samples such that:

eSPP1;net ¼
Xm

m¼1

fm � esample m;net ð4Þ

Values of fm were optimized using a non-linear least
square method based on Levenberg–Marquardt iterations.
All values of esample m;net were normalized for peak area.

2.8. Aqueous U(VI) speciation

The speciation of U(VI) in SGW2 under ambient condi-
tions was calculated using the MINTEQA2 (Allison et al.,
1998) software with the most current, critically reviewed
thermodynamic stability constants for U(VI) complexes
(Grenthe and Konings, 1992; Guillaumount et al., 2003).

3. RESULTS

3.1. Mineral characteristics

3.1.1. XRD results and general mineral properties

The SPP1 GWF bulk sample displayed X-ray diffraction
maxima from quartz, feldspar, chlorite and illite (Fig. 1).
Oriented mounts of the clay fraction (SPP1 GWF Clay in

Table 3
Experimental data for U(VI) adsorption at pH 8.1 and I = 0.01 mol L�1 at 25 �C.

Mineral Mineral
weight (g)

Total surface
area (m2)

[U]total

(mol L�1)
U adsorbed
(%)

U adsorption
density � 102 (lmol m�2)

Kd

(mL g�1)
Kd,normalized

(mL m�2)

Montmorillonite 0.05 1.55 5.0 � 10�7 51.2 0.17 210 6.8
Montmorillonite 0.05 1.55 5.0 � 10�6 36.4 1.17 114 3.7
Fithian illite 0.20 17.4 5.0 � 10�7 95.3 0.03 1014 11.7
Fithian illite 0.20 17.4 5.0 � 10�6 89.8 0.26 440 5.1
Michigan chlorite Ca 0.20 3.04 5.0 � 10�7 88.5 0.15 383 25.2
Michigan Chlorite Ca 0.20 3.04 5.0 � 10�6 81.4 1.34 219 14.4
Michigan chlorite Sb 0.22 0.97 5.0 � 10�7 55.4 0.28 56.5 12.8
Michigan chlorite Sb 0.22 0.97 5.0 � 10�6 30.6 1.57 20.1 4.54
NC chlorite Ca 0.11 2.92 5.0 � 10�7 99.6 0.17 21,982 830
NC chlorite Ca 0.11 2.92 5.0 � 10�6 99.7 1.71 27,003 1020
NC chlorite Sb 0.21 2.96 5.0 � 10�7 99.5 0.17 8666 615
NC chlorite Sb 0.21 2.96 5.0 � 10�6 99.6 1.68 11,279 800
Calif. clinochlore Ca 0.17 2.94 5.0 � 10�7 99.6 0.17 15,680 906
Calif. Clinochlore Ca 0.17 2.94 5.0 � 10�6 99.3 1.69 8193 474
Calif. clinochlore Sb 0.18 1.00 5.0 � 10�7 96.5 0.48 1545 277
Calif. clinochlore Sb 0.18 1.00 5.0 � 10�6 91.6 4.57 606 109
Quartz 2.50 1.00 5.0 � 10�7 73.7 0.37 11.2 28.0
Quartz 2.50 1.00 5.0 � 10�6 61.8 3.09 6.5 16.2
6-Line Fh 0.024 6.00c 5.0 � 10�7 99.9 0.17 756,551 3030
6-Line Fh 0.024 6.00c 5.0 � 10�6 99.9 1.67 344,050 1380
SPP1 GWF 0.15 9.44 5.0 � 10�7 29.3 (85.7)d 0.02 (0.22) 27.6 (399.4) 0.44 (6.35)
SPP1 GWF 0.15 9.44 5.0 � 10�6 37.0 (54.8)d 0.20 (0.41) 39.2 (80.9) 0.62 (1.29)

a Clay size fraction.
b Silt size fraction.
c The median surface area of 250 m2 g�1 (Schwertmann and Cornell, 2000) was used in the calculation.
d Data in parenthesis were obtained after including the amount of U(VI) in the original sediment (31.3 mg kg�1) (Bond et al., 2008).
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Fig. 1) revealed smectite (d-spacing 16.9 Å when exposed to
ethylene glycol), chlorite (d-spacing 14.2 Å), illite (d-spacing
9.97 Å) and quartz (d-spacings 4.25 and 3.34 Å). These re-
sults are consistent with the selected reference phases.

For chlorites, the relative intensities of the 0 0 l (l = 1,
2, . . ., 5) diffraction peaks provide information on the total
Fe content and its relative distribution in the silicate and
the brucite layers (Brown and Brindley, 1980; Moore and
Reynolds, 1997). The diffraction peaks of the chlorite(s)
in the SPP1 GWF had intensity ratios of
0.13:0.16:0.04:0.07:0.02 (for l values from 1 to 5). Based
on the ratio of total intensity of the (0 0 2) and (0 0 4) peaks
and the symmetry-corrected (0 0 3) peak, the total Fe con-
tent (y) was determined to be 2, based on a molecular for-
mula of (Mg,Al)6�yFey(Si,Al)4O10(OH)8 (Moore and
Reynolds, 1997). The symmetry of Fe substitution (D),
the number of Fe atoms in the octahedral sheet of the sili-
cate layer minus the number of Fe atoms in the hydroxide
sheet, was determined to be between 0.5 and 1 from the
intensity ratio of the (0 0 3) and (0 0 5) peaks, (Brown and
Brindley, 1980). Therefore, the chlorite(s) in SPP1 GWF
sediment was relatively rich in Fe, with the Fe located
mostly in the silicate sheet.

All reference mineral phases displayed diffraction pat-
terns (Fig. 1) consistent with either the corresponding refer-
ences (PDFe) (California clinochlore, North Carolina
chlorite, Michigan chlorite, SWy-1, Fithian illite, and
quartz) or those reported by others (6L-Fh) (Janney
et al., 2000, 2001; Kukkadapu et al., 2003; Michel et al.,
2007). The Fithian illite contained �8% quartz based on
the XRD peak areas.

Micro-XRD analyses of the mineral slurries were carried
out after completion of the uranium adsorption procedure.
The analysis revealed no discernible mineral alteration to
either the sediment or the reference phases during equilib-
rium with SGW2. For chlorites, which are unstable mineral
phases, ICP analyses of Fe, Al, Si, Mn, Ca, Mg, K and Na
(EA-1), indicated that mineral dissolution during the exper-
iment was negligible.

3.1.2. Electron microscopy

SEM analysis of the chlorites and illite revealed the pres-
ence of layered, plately microcrystals (e.g. Fig. 2A). The
surfaces of larger particles (�15 lm) showed deposits of
smaller particles with size ranging from <1 lm to a few mi-
crons. The density of the smaller particles varied among the
larger particles, and between reference phases. EDS analy-
ses indicated that the major elemental compositions of the
reference phases including O, Al, Si, Mg and Fe (EA-2) cor-
related well with their reported molecular formulas (Ta-
ble 2). The elemental mapping (see examples in EA-3)
revealed uniform elemental distribution throughout the
crystallites, except for occasional observations of minor
Ti, Mn and/or Ca inclusions in the chlorites. There were
no significant differences between compositional measure-
ments made for smaller particles versus larger ones.

The SPP1 GWF, in contrast, was comprised of smaller,
nondescript, aggregated particles in the size range of nano-
meters to a few microns (Fig. 2B). EDS analysis of the bulk
sediment was consistent with its high content of basaltic

and granitic lithic fragments that are high in Si, Fe, and
Ti (Suppplementary EA-4).

3.2. U(VI) adsorption

The adsorption of U(VI) on the reference phases ranged
between 30.6% on Michigan chlorite to 100% on North
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Fig. 1. XRD patterns of SPP1 GWF and reference minerals. The
mineral identifications were confirmed by the following standard
XRD references: quartz (PDF#01-083-0539); California clinoch-
lore (PDF#00-029-0701); Michigan chlorite (PDF#00-046-1323);
North Carolina chlorite (PDF#00-007-0160); illite (PDF#00-026-
0911) and montmorillonite, SWy-1, (PDF#29-1499). Some of the
PDFs are shown at the bottom. All the XRD patterns were
normalized to the same maximum intensity and offset on the
intensity axis for clarity.
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Carolina chlorite and 6L-Fh (Table 3). The corresponding
U(VI) adsorption Kd values varied with mineral type and
the total uranium concentration. The observed Kd values
were consistent with those previously reported for ferrihy-
drite (Waite et al., 1994), montmorillonite (Pabalan and
Turner, 1997; Greathouse and Cygan, 2006), quartz (Prik-
ryl et al., 2001), and SPP1 GWF (Bond et al., 2008) under
similar experimental conditions. The three chlorites, partic-
ularly North Carolina chlorite and California clinochlore,
displayed high and variable Kd values. There are no pub-
lished values for comparison. Among the three chlorites,
the Kd decreased with increase in Fe, suggesting that
U(VI) was not reduced by structural Fe(II) (e.g. Michigan
chlorite).

Normalizing to surface area yielded the following selec-
tivity series for U(VI) adsorption to the reference phases:
6L-Fh > North Carolina chlorite � California clinoch-
lore > quartz �Michigan chlorite > Fithian illite > SWy-1.
The surface area normalized Kd decreased with increasing
adsorption density (except on North Carolina chlorite),
and was lower on silt-sized as compared to the clay-sized
fraction of the same adsorbent. SPP1 GWF displayed a
low Kd as compared to the reference phases based on the
spiked U(VI) alone. However, SPP1 GWF contained
0.13 mmol kg�1 of adsorbed contaminant U(VI) (Bond
et al., 2008). Consideration of adsorbed contaminant
U(VI) yielded larger surface area normalized Kd values
(6.35 and 1.29 mL m�2). These larger values were compara-
ble to those on some of the phyllosilicates (Table 3), and to
those reported for sediments with similar mineralogical and
solution conditions (Curtis et al., 2006; Um et al., 2007; Za-
chara et al., 2007; Bond et al., 2008).

3.3. Fluorescence spectra of U(VI)

The fluorescence spectra of U(VI) adsorbed on the refer-
ence minerals displayed characteristic patterns (Fig. 3 traces
a–g and Table 4). The first spectral pattern, appearing on
quartz (Fig. 3 trace a), consisted of a significantly weaker
first vibronic band at �481 nm followed by overlapping
bands at 498.6, 519.7 and 541.0 nm. The second spectral
pattern, appeared on SWy�1, North Carolina chlorite, Cal-
ifornia clinochlore and Fithian illite; and consisted of a
much stronger first band at �481 nm followed by a set of
almost evenly spaced bands at �501, 522 and 544 nm

(Fig. 3 traces b–e). The third spectral pattern included
6L-Fh and Michigan chlorite, which showed weak and
unresolved spectra that were red-shifted relative to the oth-
ers (Fig. 3f and g). Both 6L-Fh and Michigan chlorite con-
tain high Fe. Thus the weak, poorly-resolved spectra likely

Fig. 2. SEM images of the 5–20 lm fraction of California clinochlore (panel A) and SPP1 GWF (panel B).
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Fig. 3. LHeT Fluorescence spectra of U(VI) adsorbed on SPP1
GWF and the reference minerals: (a) Quartz (4.50); (b) Fithian illite
(<2 um fraction) (2.53); (c) SWy-1 (44); (d) California clinochlore
(5–20 lm fraction) (0.70); (e) North Carolina chlorite (2–5 lm
fraction) (0.11); (f) 6L-Fh (0.30); and (g) Michigan chlorite (2–5 lm
fraction) (0.06); (h) SPP1 GW fines (1.00); (i) SPP1 GW fines
without addition of U(VI) solution and (j) the 653 lm fraction of a
sediment sample retrieved from the nearby north infiltration pond
at a depth of 16 ft below ground surface. All spectra were
normalized to the same maximum intensity (data in parenthesis
indicate relative intensity) and offset along the Y-axis.
kex = 415 nm.
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resulted from fluorescence quenching by Fe (Stepanov
et al., 1984).

The fluorescence spectra of spiked U(VI) adsorbed on
SPP1 GWF (Fig. 3 trace h) displayed a weak band at

481.0 nm followed by strong bands at 498.6, 519.7, 542.1
and 564.5 nm. These features were identical to those for
the contaminated sediment (0.13 mmol kg�1 U) that was
not contacted with additional U(VI) (Fig. 3 trace i). An-
other contaminated vadose zone sediment (<53 lm fraction
NPP1-16; 0.04 mmol kg�1 U) also showed a similar spectra
(Fig. 3 trace j). This spectrum motif therefore appears char-
acteristic of low concentration adsorbed U(VI) in the 300
area vadose and saturated zones.

The time-resolved fluorescence spectral profiles for
SWy-1, North Carolina chlorite and California clinochlore
remained similar at different delay times (data not shown),
suggesting that a single dominant environment exists for
adsorbed U(VI) on each phase. The U(VI) fluorescence de-
cay curves for these phases were best fit by a single expo-
nential function, except for SWy-1 (Table 4). However,
for quartz, Fithian illite and SPP1 GWF, the band at ca.
481 nm gained intensity (Fig. 4) as the delay time increased.
The spectra of uranyl species are typically composed of a
series of four to six nearly evenly-spaced vibronic bands
in the visible range. Thus, additional bands at longer wave-
lengths that were not resolved from the existing intense
bands must also have gained intensity along with the
481 nm band. For Fithian illite, this became obvious at de-
lay times greater than 20 ls (Fig. 4c). A set of well-resolved
bands appeared and remained invariant at delay times
greater than 400 ls,, indicating the presence of a unique
surface U(VI) species.

The time-resolved spectra for Fithian illite could be sim-
ulated by the linear combination of two spectral profiles
representing unique species (Fig. 5). The vibronic bands
of the first U(VI) species were located at 482.7, 502.7,
523.7, 546.7 and 573.5 nm while those of the second

Table 4
Fluorescence spectral characteristics of adsorbed U(VI) at liquid
helium temperature. kex = 415 nm.

Mineral Spectral maxima
(nm)

No.
species

m1(f)
(cm�1)

s
(ls)

Montmorillonite 479.9, 499.9, 520.1,
541.4

2 7891 656,
105

Fithian illite
(<2 lm)

482.4, 502.1, 521.8,
543.7, 570.2

2 797 19

Michigan chlorite
(2–5 lm)

512.3, 532.0, 561.0 – 815 24

Michigan chlorite
(5–20 lm)

—* – – 23

N.C. chlorite
(2–5 lm)

481.1, 501.6, 522.1,
544.3

1 804 22

N.C. chlorite
(5–20 lm)

481.1, 502.2, 521.9,
544.3

1 804 23

Cal. clinochlore
(2–5 lm)

481.1, 501.4, 521.9,
544.3

1 804 28

Cal. clinochlore
(5–20 lm)

478.9, 500.3, 520.5,
544.3, 569.4

1 836 –

Quartz (5–30 lm) 498.6, 519.7, 541.0 2 779 459,
21

6L-Fh 511.2, 536.0, 556.9 – 815 31
SPP1 GWF 498.6, 519.7, 542.1,

564.5
2 779 212,

21
MxUO2ðCO3Þ2x�4

3

(aq)
481.4, 501.6, 522.1,
545.4

1 812 1121

(M = Ca, Mg;
x = 1, 2)
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Fig. 4. Time-resolved fluorescence spectra of U(VI) adsorbed on quartz (A), SPP1 GWF (B) and Fithian illite (C). In (A), the delay times were
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U(VI) species were at 494.5, 513.6, 537.7 and 562.6 nm.
Consistent with the time-resolved spectra, the fit of the fluo-
rescence decay curves required two exponentials (Table 4).
The spectral characteristics of the first species were consis-
tent with those in montmorillonite and chlorites. The spec-

tral profile of the second species was similar to that of
U(VI) adsorbed on quartz, although the peak positions
did not exactly match. Considering that the Fithian illite
contained �8% quartz, it is logical to conclude that the sec-
ond species was due to U(VI) sorption on quartz. The small
deviation of the peak positions could be due to errors in the
spectral analysis, or from the specific properties of impurity
quartz in Fithian illite.

U(VI) fluorescence spectra were also recorded for the
adsorption experiment supernatants, and for SGW2 that
was spiked with U(VI) nitrate. These all showed similar
fluorescence spectra (Fig. 6) with U(VI) vibronic bands lo-
cated at 481.4, 501.4, 522.7, 545.4 and 571.6 nm, and aver-
age peak spacing of �820 cm�1. The aqueous phase
spectral characteristics were similar to those of the dical-
cium U(VI) tricarbonate complex (Fig. 6e), in accord with
aqueous speciation calculations where Ca2UO2(CO3)3(aq)
and CaUO2ðCO3Þ2�3 were the dominant aqueous U(VI) spe-
cies in SGW2 (Fig. 7).

3.4. Chemometric analysis

The noise-reduced fluorescence spectra for all the sam-
ples (EA-5) were only marginally different from the original
spectra (Fig. 3), an indication of the high quality of the
spectral measurements. The existence of a weaker second
spectral component in SPP1 GWF was clearly revealed
on the asynchronous correlation plot of the noise-reduced
spectra collected at different time delays and U(VI) concen-
trations (Fig. 8). This plot showed the presence of peaks
centered at 480, 491, 500, 513, 522, 537 and 560 nm
(Fig. 8). Among these peaks, the 500 and 513 nm bands
form clear asynchronous correlation squares and therefore
indicate that they arise from different U(VI) species as re-
flected by their color schemes. The 500 and 522 nm bands
also form asynchronous correlation squares with the 537
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and 560 nm bands while they form no such squares with the
480 nm peak. On the other hand, the 491 and 513 nm peaks
form asynchronous correlation squares with the 480 nm
band. These correlations provided evidence for two distinct
spectral components of adsorbed U(VI) with positions at
480, 500 and 522 nm for the first species; and 491, 513,
537 and 560 nm for the second.

The same analysis was also performed for U(VI) ad-
sorbed on quartz and all the phyllosilicate reference miner-
als (data not shown). Similar results to those of SPP1 GWF
were obtained for quartz and Fithian illite, indicating the
presence of two U(VI) species on each of these phases.
For Fithian illite, the species with peak positions of 480,
500 and 522 nm, which corresponded to the weaker spectral
component in SPP1 GWF and quartz, became dominant in
all the spectra with time delays greater than 100 ls, consis-
tent with the analysis of time-resolved spectra indicating
that this U(VI) species had a longer fluorescence lifetime.
For North Carolina chlorite, California clinochlore, and
SWy-1, there was only one dominant U(VI) species. These
results were consistent with the observations from the time-
resolved spectra (Fig. 4). It was assumed that the 6L-Fh
and Michigan chlorite did not contribute to the spectra of
U(VI) adsorbed on SPP1 GWF because of their obvious
dissimilarity. It was not possible to determine whether these
phases were significant adsorbents of U(VI) in the sediment
because of strong fluorescence quenching.

The spectra of the dominant U(VI) spectral component
in SPP1 GWF closely resembled that in quartz and the
Fithian illite at shorter delay times. The spectra of the sec-
ond U(VI) component in SPP1 GWF was similar to that of

California clinochlore, North Carolina chlorite and SWy�1
(Figs. 3 and 5). The latter component also appeared in the
U(VI)-spiked SGW2 sample, in which the Ca2UO2(-
CO3)3(aq) species dominated (Figs. 6, 7). This similarity
underscores the highly similar coordination environments
for U(VI) in both the aqueous phase and at the phyllosili-
cate mineral interface.

The spectra of adsorbed U(VI) on SPP1 GWF was sim-
ulated by a linear combination of the U(VI) spectra for
quartz (90%) and for the phyllosilicates (10%) (Fig. 9).
The goodness of fit using spectra from any of the four phyl-
losilicates was similar. Including U(VI) spectra from more
than one phyllosilicate did not improve the fit because the
spectral characteristics of adsorbed U(VI) on California cli-
nochlore, SWy-1, and North Carolina chlorite were similar.

The above results were based on the normalized fluores-
cence spectra. Determination of the concentration of the
two U(VI) surface species requires knowledge of their quan-
tum yields as well as fluorescence quenching effects in the
sediment. These data are not currently available. Therefore,
the actual concentration ratio of the quartz and phyllosili-
cate U(VI) species may be different from the 9:1 ratio ob-
tained from the spectral simulations. Considering that the
relative fluorescence intensities for U(VI) adsorbed on
quartz and California clinochlore (clay fraction) was
4.5:0.11 (Fig. 3 caption), it is probable that the concentra-
tion of phyllosilicate-adsorbed U(VI) in the sediment was
significantly higher than that reflected by the 9:1 ratio.

4. DISCUSSION

4.1. U(VI) adsorption affinity on reference minerals

The measured U(VI) adsorption Kd values (Table 3)
compare favorably with those reported previously on
quartz (Prikryl et al., 2001), montmorillonite (Pabalan

Fig. 8. Asynchronous 2D correlation map of SPP1 GWFs at
different delay times. The red and blue cross-peaks underscore the
presence of two distinct collections of vibronic peaks with different
temporal fluorescence behaviors. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web
version of this article.)
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and Turner, 1997) and Fe-oxyhydroxide (Hsi and Lang-
muir, 1985) under similar experimental conditions. Differ-
ences in U(VI) adsorption extent to quartz and
ferrihydrite as compared to the results of Fox et al.
(2006) were noted that result from solid–liquid ratio effects.
Direct comparisons are not easily made with other previous
studies of U(VI) adsorption to smectites (Chisholm-Brause
et al., 1994; Morris et al., 1994; McKinley et al., 1995;
Turner et al., 1996; Sylwester et al., 2000; Chisholm-Brause
et al., 2001; Hennig et al., 2002; Chisholm-Brause et al.,
2004; Kowal-Fouchard et al., 2004; Catalano and Brown,
2005) and quartz or amorphous silica (Glinka et al., 1997;
Arnold et al., 1998; Gabriel et al., 2001; Froideval et al.,
2003) because of differences in solution pH, U(VI) concen-
tration, solid-to-liquid ratio, and carbonate concentration
as well as the procedure of mineral preparation.

U(VI) affinity varied by more than two orders of magni-
tude for the phyllosilicates with the highest Kd values ob-
served for chlorites, particularly the ones rich in Mg but
poor in Fe (Table 3). The high affinity of U(VI) on chlorites
was consistent with the observation of nearly complete
adsorptive removal of U(VI) by ripidolite, a Fe-rich chlo-
rite, at pH 6.5 by Singer et al. (2009a), and the sequential
extraction results of Baik et al. (2004) that implied that
chlorite was a strong U(VI) adsorbent in crushed granite.
The mechanisms of U(VI) sorption on chlorite are poorly
understood, specifically the relative roles of surface com-
plexation versus reduction. EXAFS results suggested that
U(VI) adsorption to Fe-rich ripidolite occurred by surface
complexation with [Fe(O,OH)6] octahedral sites (Singer
et al., 2009a) without valence change. However, the present
results indicated that U(VI) adsorption on Mg-rich/Fe-
poor chlorites was stronger than Fe-rich Michigan chlorite.
Further research is needed to explain such adsorption
behavior.

The large range in surface area-normalized Kd values
among the reference phases indicated that some of these
may be important U(VI) sorbents when they are present
at low mass% (e.g. ferrihydrite and Mg chlorite) while oth-
ers, including smectite and quartz, require sizable concen-
tration for impact.

4.2. Mineralogical association of U(VI) in SPP1 GWF

The chemometric analysis indicated that the fluores-
cence-active component of adsorbed U(VI) was associated
with quartz and phyllosilicates. Such a conclusion was con-
sistent with the quartz- and phyllosilicate-rich mineralogy
of the contaminated sediment; the relatively low measured
Kd values for the sediment, quartz, and some of the phyllo-
silicates (montmorillonite and illite, primarily); and with
previously reported trends of U(VI) speciation in the Han-
ford 300A vadose zone. Highly contaminated sediments ex-
isted at the top of the vadose zone profile where U(VI) was
incorporated into calcite and aragonite, and other U(VI)
oxyhydroxide precipitates (Wang et al., 2004a). U(VI)
phosphate precipitates, such as metatorbernite and others,
were observed at intermediate vadose zone depths (Cata-
lano et al., 2006; Arai et al., 2007; Stubbs et al., 2009).
Adsorption complexes on phyllosilicates were believed to

dominate in the deeper vadose zone and aquifer sediments
based on EXAFS analyses (Catalano et al., 2006; Arai
et al., 2007; Singer et al., 2009b), but signal strength was
too low for quantitative analysis.

The present results provide the first documentation of
the importance of quartz to U(VI) adsorption in Hanford
300 area sediment. This finding was unexpected but sup-
ported by spectroscopic measurement. As the single, most
abundant sediment mineral, the large contribution of
quartz could result from its relatively high affinity for
U(VI) as reflected by the high surface area normalized
Kd values, and high surface area resulting from its pres-
ence as a mass dominant mineral phase in all size frac-
tions, e.g. sand, silt and clay (Fig. 1). Aside from
quartz, amorphous silica resulting from basalt comminu-
tion is an abundant non-crystalline phase in the sediment.
U(VI) adsorbed on amorphous silica will display the same
spectral signatures as U(VI) adsorbed on quartz. Strong
U(VI) adsorption on quartz in near-neutral solution was
reported by Kohler et al. (1996) in systems containing
1 � 10�6 mol L�1 U(VI) and 100 g/L of quartz. U(VI)
adsorption increased as a function of pH and reached
nearly 100% at pH 7 even in the presence of
5 � 10�4 mol L�1 fluoride. Similarly, Gabriel et al. (2001)
observed that U(VI) (1 � 10�6 mol L�1) was strongly ad-
sorbed by quartz between pH 5.5 and 8.5.

Surface complexation modeling (SCM) was performed
to calculate the U(VI) adsorption Kd values for reference
quartz and for SPP1 GWF by assuming that 50% of the
sand and silt fractions in SPP1 GWF was comprised of
quartz. A non-electrical SCM (Davis, 2001) was used in
model calculations (See EA-6 for modeling parameters).
The calculated Kd values for the quartz reference were
13.7 and 12.1 mL g�1 at U(VI) concentrations of 5 � 10�7

and 5 � 10�6 mol L�1, respectively, consistent with those
measured (Table 3). Assuming that the quartz in SPP1
GWF has the same adsorption site density
(0.356 lmoL g�2) and surface area (0.33 m2 g�1) as those
for reference quartz, the calculated Kd values for SPP1
GWF were 6.1 and 5.4 mL g�1 at total U(VI) concentra-
tions of 5 � 10�7 and 5 � 10�6 mol L�1, respectively, with
respect to the mass of the sediment. If the quartz in SPP1
GWF was assumed to have the same site density as the ref-
erence quartz (0.356 mol m�2), but exhibit a surface area
equal to the silt–sand fractions in SPP1 GWF,
53.0 m2 g�1 (EA-6), the calculated Kd values reach
1.14 � 103 mL g�1 for both U(VI) concentrations of
5 � 10�7 and 5 � 10�6 mol L�1. The much higher calcu-
lated Kd for the latter scenario was due to the high surface
area. In either case, the calculated Kd values were significant
compared to those measured for SPP1 GWF, offering fur-
ther support for a significant contribution of quartz to
U(VI) adsorption in the sediment.

A concern for the proposed speciation model is the inad-
vertent exclusion of the contribution of U(VI) adsorption
on Fe(III)-oxide because of its strong fluorescence quench-
ing effect. Fe(III) oxides are well-known for their high
adsorption affinity for U(VI) in neutral to weakly basic
solutions (Hsi and Langmuir, 1985; Waite et al., 1994;
Payne et al., 1996; Hiemstra et al., 2009). We expected these
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phases to be important here, existing as weathering
products of ubiquitous Fe(II)-containing lithogenic phases
in basalt and granitic lithic fragments that dominate the
host sediment. Arnold et al. (2001), for example, observed
that a small amount of ferrihydrite derived from chlorite
weathering was the dominant adsorbent in phyllite. While
XRD analysis showed no detectable crystalline Fe oxides
in SPP1 GWF (Fig. 1), EDS analysis revealed discrete Fe
mineral phases at some spots (EA-4). The SPP1 GWF con-
tains 0.5% hydroxylamine hydrochloride (HAHC) extract-
able, poorly crystalline Fe(III) oxide and 1.3% dithionite-
citrate-bicarbonate extractable crystalline Fe(III) oxides
(Bond et al., 2008). To evaluate whether ferrihydrite might
be an important adsorbent, U(VI) sorption Kd values were
calculated based on the HAHC Fe concentration using an
existing surface complexation model (Waite et al., 1994;
Liu et al., 2005) under the present experimental conditions
(See EA-7 for model parameters). The results (Fig. 10)
showed that the HAHC Fe will result in Kd values of only
0.25 and 1.5 mL g�1 with respect to sediment mass at total
U(VI) concentrations of 5 � 10�6 and 5 � 10�7 mol L�1,
respectively. The contribution of poorly crystalline Fe(III)
oxides to U(VI) adsorption in SPP1 GWF is, consequently,
likely to be small.

4.3. U(VI) surface species

U(VI) adsorption on most mineral phases occurs
through formation of inner-sphere surface complexes above
pH 6 (McKinley et al., 1995; Bond et al., 2008; Sherman
et al., 2008; Hiemstra et al., 2009). For quartz, Fe(III)-oxi-
des and phyllosilicates, the inner-sphere complexation sites
are surface oxygens and hydroxylated surface sites such as
silanols, aluminols and ferrinols.

Inner-sphere U(VI) complexes with deprotonated sila-
nols under near-neutral conditions have been identified on
quartz by multiple methods (Waite et al., 1994; Reich
et al., 1996; Sylwester et al., 2000; Gabriel et al., 2001). In
the presence of atmospheric CO2, Gabriel et al. (2001) iden-

tified three surface complexes on amorphous silica:
�SiO2UO0

2 with a fluorescence lifetime of 170 ± 25 ls that
appeared between pH 4 and 7, �SiO2UO2OH� with a fluo-
rescence lifetime of 360 ± 50 ls dominated between pH 6.5
and 8.5, and a non-fluorescent ternary uranyl–silica–car-
bonate surface complex, �SiO2UO2OHCO3�

3 , that was
present between pH 8–9. The fluorescence spectra of
U(VI) adsorbed on quartz in this work (Fig. 3a) closely
resembled the �SiO2UO2OH� complex on amorphous sil-
ica (Gabriel et al., 2001). At LHeT, the ternary complex
�SiO2UO2OHCO3�

3 may fluoresce too. However, its spec-
trum is unknown. Further examination of the fluorescence
peak spacings (m1 values in Table 2) revealed that the m1 va-
lue for U(VI) adsorbed on quartz was 779 cm�1. Such a m1

value is typical for U(VI) silicate minerals (Wang et al.,
2008), providing additional evidence for inner-sphere
U(VI) complexation with deprotonated surface silanol
groups.

The adsorption of U(VI) to phyllosilicates occurs on
amphoteric edge sites in weakly basic solutions (Zachara
and McKinley, 1993a; Chisholm-Brause et al., 1994;
McKinley et al., 1995; Giaquinta et al., 1997; Chisholm-
Brause et al., 2004; Catalano and Brown, 2005; Arnold
et al., 2006). The edge sites include the silanol groups, alu-
minol groups, Al–O–Si bridging oxygen sites as well as sites
involving other metal substitutions such as Fe and Mg. The
brucite layer on chlorites, (often with further Mg-substitu-
tions by Fe and Al, etc.) offers additional potential U(VI)
binding sites.

The fluorescence spectra of U(VI) adsorbed on phyllosil-
icates (Fig. 3 traces b–e) were nearly identical to those of
U(VI) in SGW2 and supernatants of the adsorption sam-
ples (Fig. 6). Thes spectral profiles match well with that
of uranyl-tricarbonate complexes (Wang et al., 2004b), con-
sistent with the results of thermodynamic calculations for
SGW2 at pH 8.1 [(Ca2UO2ðCO3Þ03 (49.7%),
CaUO2ðCO3Þ2�3 (45.0%), MgUO2ðCO3Þ2�3 (3.3%),
UO2ðCO3Þ4�3 (0.8%) and UO2ðCO3Þ2�2 (1.1%)]. Since the
supernatants in both North Carolina chlorite and Califor-
nia clinochlore showed no fluorescence (data not shown)
because of high fractional U(VI) adsorption, the observed
spectra were not due to residue supernatant in the solid
paste. We therefore concluded that the fluorescence spectra
of U(VI) adsorbed on phyllosilicates resulted from U(VI)
tricarbonate-type surface complexes.

Uranyl-tricarbonate surface complexes have been re-
ported by others (Elzinga et al., 2004; Hiemstra et al.,
2009). EXAFS and luminescence spectroscopy indicated
the formation of uranyl tricarbonate-like surface com-
plexes on calcite at pH 7.4 and 8.3 with low U(VI) con-
centrations (<5 � 10�4 mol L�1) (Elzinga et al., 2004). A
U(VI) tricarbonate surface complex, �ðUO2ÞðCO3Þ4�3 ,
forms on ferrihydrite and becomes the most abundant
U(VI) species at high pH and carbonate concentrations
(Hiemstra et al., 2009). The surface complex is singly-
coordinated to structural Fe via a carbonate group.
The bonding nature of U(VI)–tricarbonate complexation
on the phyllosilicate surface is not yet understood. The
high Kd values observed for the Fe-poor chlorites suggest
involvement of the brucite layer.
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Fig. 10. Calculated U(VI) Kd (mL/g) from the ferrihydrite model.
The conditions are: solid:water ratio = 15 g L�1; [ferrihydrite
Fe] = 9 � 10�5 mol L�1. The calculated dominant aqueous species
are Ca2UO2(CO3)3 (aq) and CaUO2ðCO3Þ2�3 .
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5. IMPLICATIONS

Two common surface complexation modeling ap-
proaches are used for metal adsorption on natural mineral
assemblages: (i) the generalized composite model (GC)
where generic surface sites are assumed for the entire min-
eral assemblage, and (ii) the component additivity model
(CA) where adsorption is described as the sum of that
occurring on individual mineral phases (Davis et al.,
1998). The GC approach is most commonly taken because
of difficulties in determining speciation, reactive mineral
surface areas, and individual mineral concentrations and
surface complexation parameters in heterogeneous sedi-
ments. However, the fact that the U(VI) fluorescence spec-
tra on SPP1 GWF could be effectively simulated as a linear
combination of the spectra of U(VI) adsorbed on quartz
and phyllosilicates implied that the CA model might be a
workable approach in this case. Yet, the consistently smal-
ler surface area normalized Kd values for the sediment as
compared to the reference phases suggested that such
“addition” is not a simple task. Sediment surface properties
depend on the aggregation state of the reactive particles,
and in situ chemical conditions that modify available site
concentrations, affinities, and speciation in complex ways.
Consequently, adjustment of the surface site densities, reac-
tive surface area, and/or surface complex stability constants
for the individual phases may be necessary to adequately
describe adsorption in the sediment. For fluorescence-based
measurement, the determination of the true concentration
distribution of U(VI) adsorption complexes on the contrib-
uting phases requires knowledge of the quantum yields of
the surface complexes and the quenching effect of the min-
eral host.

Phyllosilicates are important in U(VI) adsorption and
retention in most subsurface sediments containing a mea-
surable silt and clay content. The similar, uranyl-tricarbon-
ate-like spectra on the different phyllosilicates studied
suggest a common type of surface U(VI) adsorption site
in weakly basic groundwater. While this may simplify sur-
face complexation models, it makes quantification of the
contribution of individual phyllosilicate phases a difficult
task, especially where they exhibit high variability for
U(VI) adsorption (Table 3). Ample evidence indicate that
small fractions of chlorites, along with usually higher levels
of smectites and illites, are present at many contamination
sites (Serne et al., 2002; Davis and Curtis, 2003; Zachara
et al., 2005, 2007). The high affinity of chlorite and its
weathering products, such as ferrihydrite, for U(VI) implies
that chlorites and associated phases may play important
but as yet undocumented roles in U(VI) adsorption in the
field. The present results also indicate that U(VI)–tricar-
bonate complexes, the major aqueous species in most envi-
ronmental waters, require explicit consideration in the
modeling of U(VI) surface complexation on phyllosilicates.
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