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Abstract

While uranium (U) in natural waters is very soluble and highly mobile as U(VI), a colloidal, ultrafilterable, form of U was, at times,
reported to be important. Laboratory experiments were thus carried out to examine the behavior of dissolved U during ultrafiltration
(1 kDa, Amicon S10Y1) of both natural (containing colloids) and spiked artificial river waters (containing no colloids). In addition, the
distribution of dissolved and colloidal U was determined for samples collected across a salinity gradient in Galveston Bay (Texas, USA)
using ICP-MS. Results of laboratory experiments showed that the constant permeation model can be used to predict the ultrafiltration
behavior ofU in both natural and synthetic river waters.Most importantly, we found that lowmolecularweight (b 1 kDa)U can indeed be
retained by a 1 kDa membrane by as much as 30–60%. This behavior is similar to that previously reported for SO4, a major anion in sea
water, and suggests an artifactual retention of dissolved U through preferential rejection by negatively charged membranes.
Concentrations of total dissolved U increased from 2.9±0.9 nmol kg− 1 in the Trinity River freshwater endmember to 8–9 nmol kg− 1 in
higher salinity estuarine waters of Galveston Bay. The annual export flux of dissolved U from the Trinity River was estimated to be
6.3×104 moles, corresponding to a weathering rate of 0.75 moles-U/km2/yr in the Trinity River basin. Colloidal U, derived using the
ultrafiltration permeation model, accounted for ∼ 15% of the total dissolved U in river waters but was negligible in the higher salinity
coastal waters. Therefore, apparent colloidal U concentrations calculated from the concentration difference between initial and permeate
solutions, or measured directly from the retentate solution under low concentration factors (ratio of initial volume to final volume of
retentate), can be significantly overestimated compared with truly colloidal U concentrations derived from the ultrafiltration permeation
model. The association of dissolved Uwith nanoparticles and macromolecular organic matter in higher salinity seawater seems minimal
and most dissolved U in seawater should be in the form of anionic U with a molecular weight b 1 kDa.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Aquatic colloids, including organic biopolymers and
inorganic nanoparticles, are abundant in natural waters
(e.g., Buffle and Leppard, 1995; Guo and Santschi,

1997a; Gustafsson and Gschwend, 1997; Wells, 2002),
and play a crucial role in regulating the speciation,
bioavailability, and mobility of many trace metals,
radionuclides and trace organic contaminants in aquatic
environments (Honeyman and Santschi, 1989; Sigleo
and Means, 1990; Wang and Guo, 2000; Santschi et al.,
2002; Lead and Wilkinson, 2006). Due to the presence
and significance of colloids in aquatic environments,
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much work has been focused on their isolation,
characterization and biogeochemical cycling (e.g., Guo
and Santschi, 2007 and references therein). One of the
most commonly used techniques in isolating colloids
from natural waters is cross-flow ultrafiltration (Bues-
seler et al., 1996; Guo and Santschi, 2007). However,
while the retention and permeation behavior of chemical
species during ultrafiltration remains poorly understood,
this information is vital to understanding of the
ultrafiltration process in general and to correct interpre-
tation of the size fractionation data obtained (Guo and
Santschi, 1996; Gustafsson et al., 1996; Guo et al., 2000,
2001; Wilding et al., 2004).

Uranium (U) is a soluble element although its
concentrations in natural waters are generally low, with
increasing concentration from river water to seawater.
The geochemical behavior of dissolved U seems to vary
from one estuary to another (Carroll and Moore, 1993;
Ingri et al., 2004; Swarzenski et al., 2003 and references
therein). The partitioning of U between dissolved and
colloidal phases may affect its geochemical behavior,
especially at the freshwater/seawater interface, thereby
altering fluxes of U from rivers to the ocean. While
several recent investigations of colloidal U in natural
waters have been carried out using ultrafiltration (e.g.,
Swarzenski et al., 1995; Chen et al., 2000; Zänker et al.,
2000; Andersson et al., 2001; Singhal et al., 2004; Lu
et al., in press), the extent to which U associates with
colloidal macromolecules and nanoparticles remains
poorly quantified. As shown in Table 1, the variability in
the partitioning of U to the colloidal fraction may depend

on specific water chemistry parameters, U concentra-
tions and composition and/or concentration of organic
matter, as well as the rejection characteristics of the
ultrafiltration membranes. From these limited colloidal
U data that resulted from studies using different
ultrafiltration membranes, any conjecture or generalized
conclusions regarding the phase fractionation of U in
natural waters becomes difficult.

Using a 10 kDa ultrafiltration membrane, Tanazaki
et al. (1992) reported an average colloidal U percentage of
12±9% for two Japanese rivers. Swarzenski et al. (1995)
measured colloidal U in the Amazon River and its shelf
waters and observed significant U removal during early
estuarine mixing (salinity = 15). They found a high
percentage of colloidal U in theAmazonRiver freshwater
end-member (∼ 90% in the N 10 kDa fraction), decreasing
colloidal U with increasing salinity in the shelf area, and
14% colloidal U in the seawater end-member. Andersson
et al. (2001) also reported colloidal U abundances in the
Kalix River estuary with a 3 kDa ultrafiltration mem-
brane, ranging from less than 10% to ∼ 90%. In the
Jiulong River estuary, however, very low colloidal U
percentages of b 1–2% were measured using a 10 kDa
ultrafiltration membrane (Chen et al., 2000; Lu et al., in
press). Similarly, Harnish et al. (1996) reported low
colloidal U concentrations (a few percent of the total U
activity) in surface and ground waters at the Rocky Flats
Environmental Technology Site in Colorado using 10 and
100 kDa membranes (Table 1).

Recent studies have shown that a significant fraction
of low molecular weight (LMW, b 1 kDa) materials can

Table 1
Comparison of the reported colloidal uranium fractions in natural waters

Location Salinity U Size fraction Colloidal Reference
(n-mol/kg) U (%)

River waters – 0.076±0.043 0.5 kDa–10 kDa 53±10 Tanazaki et al. (1992)
River waters – 0.076±0.043 10 kDa–0.45 μm 12±9 Tanazaki et al. (1992)
Amazon River 0.31 0.504 10 kDa–0.45 μm 83 Swarzenski et al. (1995)
Amazon River 9.74 1.85 10 kDa–0.45 μm 34 Swarzenski et al. (1995)
Amazon Shelf 35.44 13.8 10 kDa–0.45 μm 14 Swarzenski et al. (1995)
Surface and ground waters – – 10 kDa–5 μm b 3 Harnish et al. (1996)
Kalix River – 0.46–0.75 10 kDa–0.45 μm 20–90 Porcelli et al. (1997)
Lake Pavin – 0.17 N 1 kDa 78 Alberic et al. (2000)
Lake Pavin – 0.17 N 10 kDa 18 Alberic et al. (2000)
Jiulong River estuary 29.6 12.8 10 kDa–0.22 μm b2 Chen et al. (2000)
Kalix River estuary a ∼ 3 1.37 3 kDa–0.2 μm 4–6 Andersson et al. (2001)
Kalix River estuary ∼ 2 0.99 3 kDa–0.2 μm 19–41 Andersson et al. (2001)
Kalix River estuary 0.8–1.4 0.66 3 kDa–0.2 μm 33–88 Andersson et al. (2001)
Groundwater b 0.2 0.004–0.05 10 kDa–0.45 μm 47–94 Tricca et al. (2001)
Coastal seawater – 29.1±13.0 0.5 kDa–0.22 μm ∼ 80 Singhal et al. (2004)
Jiulong River estuary 1.1–31 1.19 – 11.8 10 kDa–0.45 μm b 1 Lu et al. (in press)
a Low numbers of colloidal U in the Kalix River estuary are from the direct measurements in the retentate and the high numbers are from the

concentration difference between initial solution and permeate (b 3 kDa).
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be retained by a 1 kDa ultrafiltration membrane, which
included organic molecules such as 0.59 kDa raffinose
(Guo and Santschi, 1996) and 0.49 kDa rhodamine 6G
(Guo et al., 2000), and major anionic species such as
SO4

2− (Guo et al., 2001). In addition, LMW complexed
metals can also be retained to different extents (Guo
et al., 2000). Similarly, Favre-Réguillon et al. (2005)
also reported a selective rejection of dissolved U from
seawater using cross-flow ultrafiltration.

The objective of this study was thus to examine the
permeation and retention characteristics of U in
contrasting mediums, i.e., natural vs. artificial river
waters, and to quantify the colloidal U in estuarine
waters of Galveston Bay. Our hypothesis is that anionic
U species, present in most natural waters, may exhibit a
similar ultrafiltration behavior as that previously
described for SO4

2− (Guo et al., 2001). It is expected
that during ultrafiltration under low concentration
factors (CF, the ratio of initial water volume divided
by the volume of final retentate), artifactual retention of
dissolved U species could result in higher apparent
colloidal U concentrations. In addition, the annual
export flux of dissolved U from the Trinity River was
also estimated based on a year long biweekly sampling.

2. Experimental

2.1. Sampling of waters from the Trinity River and
Galveston Bay

Water samples were collected from the Trinity
River, as well as from Galveston Bay (Texas, USA).
Immediately after collection, samples were filtered
through a pre-cleaned 0.2 μm Nuclepore cartridge into
an pre-washed 20 L Nalgene container. A filtered river

water sample (pH=7.7; Conductivity=326 μS cm− 1;
DOC=375 μM) was used for testing the permeation
behavior of U during ultrafiltration, while a suite of
estuarine water samples were collected from Galveston
Bay, during April 2001, to investigate changes in the
phase fractionation of U with changes in salinity
(Table 2). In addition, river water samples were also
collected from the Trinity River during September
2000 to August 2001, to examine the seasonality of
dissolved U and its riverine export flux to Galveston
Bay. Concentrations of dissolved U, along with other
hydrographic parameters, are listed in Table 3. De-
tailed water chemistry and fluxes of DOC and trace
metals have been published elsewhere (Warnken and
Santschi, 2004, 2007).

2.2. Cross-flow ultrafiltration of large volume river
water and spiked samples

In order to examine the retention behavior of
dissolved U during ultrafiltration, both Trinity River
water, containing natural DOC, and artificial river water,
with only background DOC, were used. Artificial river

Table 2
Salinity and dissolved U concentrations in Galveston Bay waters used
for ultrafiltration

Sample # Salinity U (n-mol/kg) Ultrafiltration

1 ∼ 0 3.36±0.047 Time series
2 ∼ 0 2.980±0.042 Conventional
3 3.0 3.417±0.049 “
4 4.4 3.669±0.049 “
5 6.9 4.705±0.001 “
6 8.6 4.761±0.121 Time series
7 12.2 6.092±0.001 Conventional
8 17.5 8.122±0.243 “
9 19.4 8.962±0.243 “
10 21.6 8.122±0.243 Time series

Sample #1 was collected from the Trinity River in October 2000 while
other samples are collected from Galveston Bay during April 2001.
Ultrafiltration was carried out using both spiral wound cartridge
(sample #1) and stirred cell membrane (sample #2–10).

Table 3
Uranium concentrations and other hydrographic parameters in the
Trinity River a

Date Q (m3/s)
Conductivity
(μS cm− 1)

DOC
(μM) U (nmol kg− 1)

06-Sep-00 32.0 454 350 2.69±0.024
06-Nov-00 617.3 413 370 4.33±0.042
11-Nov-00 591.8 390 382 4.62±0.084
21-Nov-00 308.7 369 392 3.24±0.042
09-Dec-00 63.7 365 454 2.61±0.042
18-Dec-00 247.8 360 461 3.74±0.084
28-Dec-00 671.0 358 425 4.16±0.084
02-Jan-01 742.0 353 429 3.91±0.084
16-Jan-01 436.1 332 430 3.99±0.084
20-Jan-01 1008.0 272 557 0.71±0.001
12-Feb-01 189.4 293 479 2.14±0.042
22-Feb-01 557.8 291 462 2.35±0.042
28-Feb-01 1138.0 290 534 2.27±0.042
04-Mar-01 1699.0 288 559 2.27±0.001
16-Mar-01 1781.0 285 534 1.93±0.042
21-Mar-01 1531.9 269 552 2.69±0.042
26-Mar-01 1282.8 276 519 3.07±0.042
09-Apr-01 821.2 293 511 2.98±0.042
23-Apr-01 267.9 316 484 2.52±0.042
09-May-01 258.8 336 457 3.28±0.042
11-Jun-01 2033.1 329 444 4.20±0.084
24-Jun-01 60.6 294 444 2.02±0.042
17-Jul-01 62.3 320 452 2.65±0.042
06-Aug-01 41.6 292 450 2.31±0.042
Average±SD – 327±48 464±59 2.94±0.94
a Data of DOC concentrations from Warnken and Santschi (2004).

Alkalinity of Trinity River water ranges between 1.8 and 2.2 meq/L.
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water was prepared with nanopure water (background
DOC concentration of ∼ 2 μM) based on averaged
major element composition of river waters (Martin and
Whitfield, 1983; Berner and Berner, 1987). Major
cations and anions are K+ (0.03 mM), Na+ (0.23 mM),
Ca2+ (0.33 mM), Mg2+ (0.15 mM), Cl− (0.16 mM),
HCO3

− (0.86 mM) and SO4
2− (0.069 mM). The artificial

river water (with a conductivity of 130 μS/cm and
alkalinity of 0.86 meq/L) was then spiked with a
1000 ppm U-salt standard (in 2% HNO3) to a final
concentration that is similar to that found in Trinity
River water. The very small volume U solution added
did not significantly change the pH. However, it is likely
that the added chemicals may have also introduced
ultratrace amounts of DOC and other impurities such as
trace metals in the artificial river water, which were,
however, not measured.

A spiral-wound 1 kDa Amicon S10Y1 cross-flow
ultrafiltration cartridge (with regenerated cellulose as
the membrane material) was used for the ultrafiltration
of both Trinity River water and U-spiked artificial river
water samples. To minimize sorptive losses and possible
contamination from the apparatus, a Teflon® diaphragm
pump head, with all associated fittings and tubings also
being made of Teflon, was used (Guo et al., 2000).
Calibration of the membrane cutoff was performed with
a 1.3 kDa vitamin B12 solution and showed a rejection
rate of 0.94 for this specific cartridge.

Prior to use, the ultrafiltration cartridge was sequen-
tially cleaned using 1–2% Micro® detergent solution,
0.05 M NaOH and 0.02 M HCl (Guo and Santschi,
1996). Each solution was recycled for 20–30 min and
the membrane was allowed to soak for additional 20–
30 min. Between each solution, ∼ 40 l of nanopure
water was flushed through the ultrafiltration system with
the permeate and retentate lines going directly to a waste
container. After cycling the HCl solution, 40 l of
nanopure water was flushed through the system under
normal operating conditions. The now clean membrane
was preconditioned by cycling ∼ 1 l of prefiltered water
for 10–20 min. For the U-spiked sample, membrane
pre-conditioning was carried out with un-spiked artifi-
cial river water. For these large volume ultrafiltration
experiments, about 20 l of water was used and discrete
permeate samples were collected at different CFs in a
time series fashion.

2.3. Ultrafiltration of estuarine waters using stirred cell

Estuarine water samples were ultrafiltered through a
stirred cell membrane disk with a molecular weight
cutoff of 1 kDa (Millipore YM1) using a small volume

(500 ml). Before use, each ultrafilter membrane was
soaked in nanopure water overnight and precleaned by
ultrafiltering 200–300 ml of nanopure water before
sample processing. From the onset of the experiment to
its conclusion, permeate samples were collected from
the stirred cell permeate line at increasingly higher CFs
for selected samples.

2.4. Determinations of uranium

Concentrations of U were measured using a VG
Plasma Quad 2 inductively coupled plasma mass
spectrometer (ICP-MS) at the Laboratory for Oceanog-
raphy and Environmental Research (LOER) at Texas A
and M University at Galveston (Warnken et al., 1999)
and a Thermo Fisher Scientific X7 Series ICP-MS at
Lancaster University (UK). Both instruments were
equipped with Pt-tipped sampler and microskimmer
cones and a high-performance interface was used for
improved sensitivity. Instrument optimization was
performed by tuning the instruments for In/Cu ratios,
while keeping the oxide levels b 2% and the doubly
charged species b 5%. To verify instrument stability, a
10 min short term stability test was carried out.

Accuracy and precision of the instruments was
verified by the analysis of the standard reference
material SLRS-4, a riverine water sample (National
Research Council of Canada) and a value of 0.210±
0.004 nmol kg− 1 was obtained. In addition, NASS-5, a
certified seawater reference material with a salinity of
30.4 was analyzed after a dilution of 100 times, to verify
that dilution was adequate for matrix free analysis, and a
value of 10.92±0.004 nmol kg− 1 was obtained. The
obtained U concentrations for SLRS-4 and NASS-5
were in agreement with their certified values, i.e. the
95% confidence limit (SLRS-4) and information only
value (NASS-5), respectively. indicating analysis was
without interference. Thus, samples collected from
Galveston Bay were appropriately diluted from 2
times (freshwater end member) to 100 times (seawater
end member), with analytical precisions of b 2%.

2.5. Ultrafiltration permeation model

According to the ultrafiltration permeation model
(Logan and Jiang, 1990; Kilduff and Weber, 1992), the
relationship between LMW (or permeable) solute
concentration, Cp, and the concentration factor, CF
(the ratio of initial water volume divided by the volume
of final retentate) can be described in Eq. (1):

LnðCpÞ ¼ ð1� PcÞlnðCFÞ þ lnðC0
L � PcÞ ð1Þ
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where Pc is the permeation coefficient of LMW U,
defined here as the fraction b 1 kDa, and CL

0 is the initial
LMW U concentration in the sample. A linear
relationship between ln(Cp) and ln(CF) (or; log(Cp)
and log(CF)) indicates constant permeation (constant
Pc) of LMW or permeable species (Guo and Santschi,
1996). Based on the constant permeation model, values
of Pc and CL

0 can be calculated from the values of the
slope (m) and y intercept (b) of the linear relationship
between ln(Cp) and ln(CF), as in Eq. (2):

Pc ¼ 1� m; and C0
L ¼ expðbÞ=Pc: ð2Þ

The concentration of colloidal U can then be
calculated as the difference between CL

0 and the initial
dissolved U concentration (Guo and Santschi, 1996;
Guo et al., 2000).

3. Results and discussion

3.1. Retention of dissolved U during ultrafiltration

Concentrations of U in the permeate solution,
sampled at discreet time intervals during ultrafiltration,
are plotted versus CF for a natural water sample collected

from the Trinity River (Fig. 1). Using the ultrafiltration
permeation model to fit the data (see Section 2.5), one
finds a linear relationship between Log(Cp) and Log
(CF), indicating constant permeation of LMW U during
ultrafiltration with a permeation coefficient of b 1.

Previous studies have shown an increase in the
permeate concentrations of LMW organic macromole-
cules, trace metals and major ions with increasing
concentration factor (CF) (e.g., Guo and Santschi, 1996;
Gustafsson et al., 1996; Guo et al., 2000, 2001; Wilding
et al., 2004). Using model LMW organic compounds,
this increase in the permeate solution concentration with
increasing CF has been shown to be the result of the
retention of LMW materials (e.g., Guo et al., 2000).
Therefore, the observed relationship is, according to the
permeation model, a logical consequence of the
permeation/retention process of LMW molecules
through membranes.

Ultrafiltration of an artificial river water sample spiked
with U (containing no organic or colloidal particles) was
used for comparison with the Trinity River water sample
containing natural colloids. In a similar manner, permeate
samples were collected at discreet time intervals during
ultrafiltration to examine the retention behavior of dis-
solved U (Fig. 2). As shown in Fig. 2, spiked U in the

Fig. 1. Uranium concentrations in the permeate solution as a function of
concentration factor (CF) (upper panel) and the relationship between log
Cp and log CF (lower panel) for a Trinity River water sample.

Fig. 2. Variations of U concentrations in the permeate solution with
concentration factor (CF) (upper panel) and the relationship between log
Cp and log CF (lower panel) for an artificial river water spiked with U.
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artificial river water (without colloids) demonstrated the
same ultrafiltration behavior as natural U in the Trinity
River sample, although values of the permeation
coefficient (Pc) are slightly different. As ultrafiltration
progressed, the U concentration in the retentate solution
increased with increasing CF due to partial retention of
LMWU, which led to an increase in permeate U due to a
constant permeation of LMW U. The constant perme-
ation rate of LMW U species in the artificial river water
has again been indicated by a linear relationship between
log [U] and log CF (Fig. 2).

The same ultrafiltration behavior of dissolved U in
both natural and artificial river waters indicates that the
increase in U concentration in the permeate with
increasing CF is indeed due to the permeation of
LMW-U species but not any HMWor colloidal U. This
is consistent with findings for major ions such as SO4

2−

(Guo et al., 2001) and model LMWorganic compounds
(Guo et al., 2000; Wilding et al., 2004). Because of the
retention of dissolved U, lower CFs will give rise to a
higher fraction of LMW materials (i.e., [LMW-U]/
[dissolved U]) in the retentate solution and thus higher
apparent colloidal U concentrations measured from the
retentate. This ultrafiltration artifact has mostly been
ignored in the literature, not only for organic but also for
inorganic chemical species (Guo and Santschi, 2007).

Interestingly, the model derived permeation coeffi-
cient for natural river water (Pc=0.604; see also Fig. 1)
is higher than that of artificial river water (Pc=0.279,
Fig. 2), suggesting differences between these two
waters. It is likely that the complexation of U with
riverine DOM rather than with carbonate, which gives
the complex a higher ratio of charge to radius, could
cause the lower retention and thus the higher permeation
of LMW-U. Thus, the artificial river water without the
presence of natural DOM could result in a higher
retention rate and lower permeation coefficient for
LMW-U species. In general, many ultrafiltration
membranes, including the one we used during this
study, are negatively charged (Buffle et al., 1992).
Hence, the retention of U during ultrafiltration would
largely depend on chemical forms of dissolved U in the
solution (Favre-Réguillon et al., 2005), but not as much
on the sign of the charge, since positively charged

membranes show similar effects for major cations due to
maintenance of electroneutrality (Buffle et al., 1992).

In surface waters, major inorganic and organic
complexed U species include uranyl carbonato species,
such as (UO2)(CO3)2

2−, (UO2)(CO3)3
4−, uranyl phos-

phate, and uranyl fulvates and humates (Markich, 2002;
Favre-Réguillon et al., 2005). Therefore, dissolved U
species in pure inorganic solutions largely exist as
anionic complexes, resulting in a higher rejection rate or
larger retention of dissolved U by ultrafiltration
membranes (Fig. 2), similar to the retention behavior
of SO4

2−, a major anion in natural waters (e.g., Guo et al.,
2001).

3.2. Colloidal U as quantified by ultrafiltration
permeation model vs. conventional calculations

As shown in our previous studies (Guo and Santschi,
1996; Guo et al., 2000; Belzile and Guo, 2006), the
colloidal fraction of a chemical species in natural waters
can be quantitatively determined by application of an
ultrafiltration permeation model. Fitting the time series
data, values of the model derived parameters such as the
LMW-U permeation coefficient (Pc), ambient LMW-U
concentration and colloidal U fraction, are listed in
Table 4. Interestingly, albeit it only for three samples, the
difference in the model derived LMW-U concentrations
and the initial dissolved U concentrations increased with
decreasing salinity. This is a strong indication that
erroneously high retentate U concentrations result largely
from artifactual retention of LMW-U by ultrafiltration
membranes, and that truly colloidal fractions of U in
estuarine waters are indeed very low. This conclusion is
consistent with the fact that U is a highly soluble element
with a long residence time in the ocean (e.g., Ku et al.,
1977). Association of dissolved U with HMWDOM and
colloidal macromolecules and nanoparticles appears to
be low, leaving dissolved U as mostly LMW ionic
complexes (Djogic et al., 1986; Markich, 2002) although
a significant fraction of dissolved U could still be mis-
takenly classified as colloidal due to anionic retention.

In general, apparent colloidal U concentrations
decreased with increasing salinity, a trend similar to that
reported for the Amazon River plume (Swarzenski et al.,

Table 4
Model parameters and colloidal U fraction derived from time series permeate data from selected samples

Salinity U
(nmol kg− 1)

Slope Pc Intercept LMW-U
(nmol kg− 1)

Colloidal
fraction

0 3.36 0.396 0.604 0.233 2.83 0.15
8.6 4.76 0.643 0.357 0.174 4.18 0.12
21.6 8.12 0.678 0.322 0.422 8.20 ∼ 0
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1995). However, the model-derived colloidal U fractions
reported here are considerably lower than those reported
previously (Table 1), but are consistent with studies which
based their results on either the permeation model (Chen
et al., 2000) or the use of high concentration factors (30–
40) (Lu et al., in press) considering the different molecular
weight cut-off membranes that were used.

In order to examine quantitatively the discrepancy
in the colloidal U fractions (FC), model-derived values
(FC-M) were compared to conventionally calculated val-
ues from single point measurements in permeate (FC-P)
and/or retentate (FC-R). The calculated colloidal U
fractions for the three different methods of calculation
are listed in Table 5. The two conventional methods
include a) estimation from CF, initial dissolved U con-
centration (C0), U concentration in the retentate (CR),
and U concentration in the integrated permeate (CIP),
using FC-R= (CR−CIP) /CF /C0 (see also Buesseler et al.,
1996), and b) estimation from the U concentration
difference between initial (C0) and integrated permeate
(CIP) solutions (i.e., FC-P= (1−CIP /C0) at the same final
CF. The permeation model derived method uses FC-M=
CL
0 /C0 = exp(intercept) /Pc /C0 (Guo and Santschi,

1996). Indeed, one finds that the colloidal U fractions
calculated using conventional methods are considerably
higher than those derived from the permeation model
(Table 5), although the difference between the two
conventional methods, i.e., FC-P= (1−CIP /C0) or FC-R=
(CR−CIP) /CF /C0, is relatively small. Higher colloidal
U fractions estimated from conventional methods are

again mostly the result of ultrafiltration artifacts due to
the retention of LMW materials, in particular when
negatively charged complexed ionic species are inves-
tigated (Guo et al., 2001; Favre-Réguillon et al., 2005).
These results further support the notion that quantitative
determination of the colloidal concentration (or percent-
age) of an ionic chemical species can only be achieved by
time series sampling coupled with the use of an ultra-
filtration permeation model (Guo and Santschi, 1996,
2007).

High percentages of colloidal U reported for natural
waters are thus likely the result of the preferential
retention of dissolved U through its interactions with the
ultrafiltration membrane. In addition, colloidal fractions
conventionally calculated from concentration differ-
ences between initial solution, integrated permeate, and
retentate solution can be greatly overestimated, espe-
cially at low concentration factors (e.g., Guo and
Santschi, 1996; Belzile and Guo, 2006). Taken together,
these two factors are likely the main reasons for the
variability in the reported fractions of colloidal U (Table
1). Further studies are needed to examine quantitatively
the distribution of colloidal U concentrations and
fractions in different aquatic environments.

3.3. Distributions of dissolved and colloidal U in
Trinity River and Galveston Bay waters

Concentrations of dissolved U in the Trinity River
ranged from 0.71 nmol kg− 1 in Jan. 2001 to 4.62 nmol
kg− 1 in Nov. 2000, with a yearly average of 2.94±
0.94 nmol kg− 1 (Table 3), which is significantly higher
than the world average concentration of 0.7–1.4 nmol
kg− 1 (Cochran, 1982; Palmer and Edmond, 1993;
Windom et al., 2000) and likely the result of the large
number of uranium strip mines operating in the upper
reaches of the Trinity River drainage basin. Dissolved U
concentrations in Trinity River waters were negatively
correlated with DOC concentration, but positively
correlated with conductivity (Fig. 3); correlations that
are similar to those found for vanadium in the Trinity
River sampled at the same time (Warnken and Santschi,
2007). These different relationships indicate that
dissolved U and DOC in the Trinity River have different
source terms, i.e. dissolved U being derived mostly from
the leaching and weathering of exposed continental
crust, with a dilution effect by rainwater runoff
(negatively correlated with river discharge), and DOC
largely derived from the leaching of surface soils
(Warnken and Santschi, 2004). Based on results from
biweekly sampling, the annual export flux of dissolved
U from the Trinity River was estimated to be 6.3×104

Table 5
Comparisons between colloidal fractions (FC) derived from the
permeation model (FC-M), concentration difference between initial
solution and permeate (FC-P), and measurement in the retentate
solution (FC-R)

S# Salinity Dissolved U (n-mol/kg) FC-R FC-P FC-M

1 a 0 3.36±0.047 0.59 0.38 0.15
2 0 2.980±0.042 0.56 0.46 –
3 3.0 3.417±0.049 0.46 0.42 –
4 4.4 3.669±0.049 0.45 0.44 –
5 6.9 4.705±0.001 0.48 0.41 –
6 8.6 4.761±0.121 0.49 0.38 0.12
7 12.2 6.092±0.001 0.40 0.45 –
8 17.5 8.122±0.243 0.55 0.40 –
9 19.4 8.962±0.243 0.48 0.50 –
10 21.6 8.122±0.243 0.53 0.34 0

FC-R: colloidal U fraction derived from direct measurement of retentate
and permeate solutions and CF (i.e., FC-R=(CR−CIP) /CF/C0).
FC-P: colloidal U fraction derived from concentration difference between
initial solution and integrated permeate (i.e., FC-P=(1−CIP /C0).
FC-M: colloidal U fraction derived from time series data and ultrafiltration
permeation model (i.e., FC-M=CL

0 /C0=10^(intercept) /Pc /C0.
a Sample #1 was collected at a different season from the Trinity River.
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moles-U during Sept. 2000–Aug. 2001, compared to a
global river U flux of 3–6×107 mol-U/yr (Palmer and
Edmond, 1993). This annual flux from the Trinity River
corresponds to a dissolved U yield (or weathering rate)
of 0.75 moles U/km2/yr from the Trinity River Basin,
which is again substantially higher than the world
average of 0.17–0.34 moles-U/km2/yr (Cochran, 1982;
Palmer and Edmond, 1993), but significantly lower than
those (0.38–3.7 moles-U/km2/yr) of the rivers of India
(e.g., Rengarajan et al., 2006).

Concentrations of dissolved U in Galveston Bay
waters varied from ∼ 3 nmol kg− 1 in the lower salinity
waters to concentrations of 8–9 nmol kg− 1 in the higher
salinity coastal waters, and showed a linear increase with
increasing salinity in Galveston Bay waters (Fig. 4). This
linear trend, indicative of conservative estuarine mixing,
is consistent with previously reported relationships
between dissolved U and salinity (e.g., Borole et al.,
1977; Toole et al., 1987; Lu et al., in press), although the
geochemical behavior of dissolved U in river and
estuarine waters could vary among estuaries (Carroll
and Moore, 1993; Swarzenski et al., 2003 and references
therein).

Concentrations of dissolved U showed a general
increase with increasing salinity, whereas DOC con-
centrations decreased with increasing salinity (Fig. 4;
Table 2; Guo and Santschi, 1997b). However, the
apparent colloidal U fraction (not truly colloidal) did not
show a consistent trend with salinity or dissolved U
concentration (Table 5). The averaged apparent colloidal
U percentage calculated from concentration differences
between initial solution and the integrated permeate
solution was 42±5%, while it was 50±6% calculated
from the concentration in the retentate solution and the
CF (Table 5). In other words, 42–50% of the total
dissolved U was measured as the apparent colloidal
fraction (not truly colloidal) in Galveston Bay waters.
These apparent colloidal U results appear to be similar
to those reported for natural waters using conventional
calculation methods (Table 1), and they are greatly
overestimated, and are largely the result of misinterpre-
tating ultrafiltration data.

Again, high apparent colloidal fractions are largely
the result of artifactual retention of dissolved U by the
ultrafiltration membrane. Indeed, time series ultrafiltra-
tion data gave rise to a colloidal U percentage of ∼ 15%
for the Trinity water sample compared to an apparent
colloidal U percentage of 38–59% in freshwater or low
salinity water samples estimated from conventional
methods (Table 5). Furthermore, these model-derived
colloidal U percentages show a decrease with increasing
salinity and decreasing DOC concentration in Galveston
Bay waters, consistent with the change of a strongly
bound U with DOM in marine environments (Mann and
Wong, 1993).

Higher colloidal U fractions in river waters could be
the result of complexation of U with natural organic
matter. As salinity increased, DOC concentration gener-
ally decreases in Galveston Bay waters (e.g., Guo and

Fig. 4. Relationship between dissolved U concentrations (nmol kg− 1)
and salinity in Galveston Bay waters.

Fig. 3. Relationship between dissolved U (nmol kg− 1) and dissolved
organic carbon (DOC, upper panel) concentrations or conductivity
(lower panel) in Trinity River waters during September 2000–August
2001.
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Santschi, 1997b) and the speciation of U in seawater is
likely significantly affected by lower DOC concentrations
(Djogic et al., 1986). Decreased DOC concentration and
changes in U speciation could result in a progressively
lower colloidal U fraction as salinity increased (Table 5).

Under a high concentration factor or diafiltration
conditions, the retained dissolved U will eventually
permeate through the membrane resulting in a low
colloidal fraction of U in seawater, like the case for the
ultrafiltration of major ions such as SO4

2−, Ca2+ and Mg2+

(Guo et al., 2001). The discreet sampling and model
approach, on the other hand, minimizes the effects of this
artifactual retention of LMW fractions under low ionic
strength conditions and low CFs. Therefore, the perme-
ation model should be used to derive truly colloidal
chemical species when the ultrafiltration method is used.

It seems that binding of dissolved U to organic
macromolecules (e.g., humic or fulvic acids) or inorganic
nanoparticles (e.g., iron oxides) occurs to a greater extent
in freshwater, groundwater or soil environments (Table 1,
Ivanovich et al., 1996; Moulin et al., 1996). As salinity
and U concentration increase and DOC concentration
decrease from river to sea, association of dissolved Uwith
colloids seems to be reduced, as also demonstrated by
Mann andWong (1993). Our results suggest cautionwhen
interpreting colloidal U results when conventional
ultrafiltration approaches are used.

4. Summary and conclusions

Ultrafiltration of dissolved U in natural and artificial
river waters revealed considerable retention of LMW-U
by a 1 kDa membrane, likely due to the interactions of
anionic U with the negatively charged ultrafiltration
membrane, resulting in a preferential rejection of
dissolved U, which caused a significant overestimation
of the apparent colloidal U fraction in these waters. This
overestimation of the colloidal U fraction for large
anions, such as the uranium carbonato complexes and
SO4

2−, is much higher than for other ions and molecules
such as dissolved organic matter species.

Comparisons of colloidal U fractions estimated from
the ultrafiltration permeation model with those estimat-
ed by more conventional calculation methods, such as
the concentration difference between U concentrations
in initial solution and retentate/permeate solutions,
further confirmed the artifactual retention of LMW-U
species by the membrane. We have shown that the effect
of this ultrafiltration artifact on colloidal U can be
minimized by discreetly sampling the permeate solution
during UF and using the ultrafiltration permeation
model to model the results. It is thus highly recom-

mended that the ultrafiltration permeation model be
used to derive the LMW fraction and thus, the colloidal
fraction, of any chemical species in natural waters.

The concentration of dissolved U in Galveston Bay
waters increased linearly from ∼ 3 nmol kg− 1 in the
Trinity River and low salinity waters to 8–9 nmol kg− 1

in higher salinity waters, indicative of conservative
estuarine mixing. The annual export flux of dissolved U
from the Trinity River Basin was estimated to be
6.3×104 moles-U during 2000–2001, corresponding to
a U weathering rate of 0.75 moles-U/km2/yr. Colloidal
U fractions derived from the ultrafiltration permeation
model ranged from ∼ 15% in Trinity River to ∼ 0 in
higher salinity coastal waters. Low colloidal U con-
centrations/fractions in seawater are consistent with the
chemical properties of U and its relatively low
association with colloidal nanoparticles, which is in
stark contrast to highly particle-reactive and positively
charged ionic species of trace metals such as Fe(III) and
Th(IV).
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