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The characterization of trace elements in terms of their apportionment among dissolved, macromolecu-
lar, nano- and micro-particulate phases in the water column of the Great Salt Lake carries implications for
the potential entry of toxins into the food web of the lake. Samples from the anoxic deep and oxic shallow
brine layers of the lake were fractionated using asymmetric flow field-flow fractionation (AF4). The asso-
ciated trace elements were measured via online collision cell inductively-coupled plasma mass spectrom-
etry (CC-ICP-MS). Results showed that of the total (dissolved + particulate) trace element mass, the
percent associated with particulates varied from negligible (e.g. Sb), to greater than 50% (e.g. Al, Fe,
Pb). Elements such as Cu, Zn, Mn, Co, Au, Hg, and U were associated with nanoparticles, as well as being
present as dissolved species. Particulate-associated trace elements were predominantly associated with
particulates larger than 450 nm in size. Among the smaller nanoparticulates (<450 nm), some trace ele-
ments (Ni, Zn, Au and Pb) showed higher percent mass (associated with nanoparticles) in the 0.9-7.5 nm
size range relative to the 10-250 nm size range. The apparent nanoparticle size distributions were similar
between the two brine layers; whereas, important differences in elemental associations to nanoparticles
were discerned between the two layers. Elements such as Zn, Cu, Pb and Mo showed increasing signal
intensities from oxic shallow to anoxic deep brine, suggesting the formation of sulfide nanoparticles,
although this may also reflect association with dissolved organic matter. Aluminum and Fe showed
greatly increased concentration with depth and equivalent size distributions that differed from those
of Zn, Cu, Pb and Mo. Other elements (e.g. Mn, Ni, and Co) showed no significant change in signal intensity
with depth. Arsenic was associated with <2 nm nanoparticles, and showed no increase in concentration
with depth, possibly indicating dissolved arsenite. Mercury was associated with <2 nm nanoparticles, and
showed greatly increased concentration with depth, possibly indicating association with dissolved
organic matter.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

constituents and equilibration with varying geochemical condi-
tions. Nanoparticles interact with dissolved inorganic and organic

Natural nanoparticles are ubiquitous in the environment; e.g.
clay particles. In oxic aquatic environments, nanoparticles may
also occur as carbonates, phosphates, oxides and oxyhydroxides;
whereas, in anoxic environments nanoparticles can also occur as
sulfides and related compounds (Drever, 2002). Nanoparticles also
occur as organic matter (e.g. humic and fulvic acids) and biological
nanoparticles (e.g. viruses) (Wigginton et al., 2007; McCarthy and
Zachara, 1989).

Nanoparticle size distributions, elemental compositions, and
surface characteristics are not static, but are continuously changing
in the environment due to interactions with other environmental
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matter as well as with microbes (Wigginton et al., 2007; McCarthy
and Zachara, 1989; Lead and Wilkinson, 2006). These interactions
may cause the nanoparticles to aggregate and possibly form larger
and less dense filamentous complexes than the original nanomate-
rial (Lead and Wilkinson, 2006; Buffle and Leppard, 1995; Jarvie
and King, 2007). Size distributions may evolve in response to dis-
solution/precipitation reactions. For example, Fe oxyhydroxide
nanoparticles may form by oxidation of aqueous Fe(II) to form sta-
ble Fe(Ill) oxyhydroxide nanoparticles (with sizes ranging from
25 nm to 1000 nm) at near neutral pH (Gilbert et al., 2007).
Commonly used nanoparticle characterization techniques lack
the ability to fractionate and characterize the nanoparticles effi-
ciently (Baalousha and Lead, 2007a,b; Baalousha et al., 2006b)
and suffer from individual limitations and artifacts, necessitating
the application of multiple methods to characterize nanoparticles
in natural aquatic media (Lead and Wilkinson, 2006). Flow-field
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flow fractionation (FIFFF) is a low invasive method that uses hydro-
dynamic principles to separate particles by size. Nanoparticle sep-
aration using the FIFFF occurs in a thin rectangular channel
(Giddings, 1985, 1993; Beckett and Hart, 1993). Use of a trapezoi-
dal channel in so-called asymmetric flow-field flow fractionation
(AF4) reduces sample dilution relative to symmetric channels
(Prestel et al., 2005; Wahlund, 2000), and provides exceptional
nanoparticle size resolution (Giddings, 1985, 1993; Beckett and
Hart, 1993; Baalousha and Lead, 2007b). Buffle and Leppard
(1995), Lyvén et al. (2003), and Lead and Wilkinson (2006) de-
scribed important limitations in the fractionation of colloids from
natural waters by FFF, including: aggregate modification during
pretreatment and analysis via dilution, focusing, and accumulation
near the membrane, as well as sample loss to the membrane.

The utility of combining sensitive elemental analysis (ICP-MS) to
low-invasive fractionation by FFF was first demonstrated nearly two
decades ago (e.g. Beckett, 1991; Taylor et al., 1992; Murphy et al.,
1993), and has since then been implemented in widespread studies
(Ranville etal., 1999; Hassellov et al., 1999; Amarasiriwardena et al.,
2001; Al-Ammar et al., 2001; Siripinyanond et al., 2002; Schmitt
et al., 2002; Contado et al., 2003; Lyvén et al., 2003; Siripinyanond
etal., 2005; Prestel et al., 2006; Bolea et al., 2006; Suteerapataranon
et al., 2006; Ranville et al., 2007). AF4 coupled with inductively-
coupled plasma mass spectrometry (ICP-MS) allows on-line deter-
mination of nanoparticle size distribution and elemental composi-
tion simultaneously (Baalousha et al., 2006a; Hassellov et al.,
1999; Lyvén et al., 2003; Stolpe et al., 2005). AF4-ICP-MS has been
used successfully as well to examine the interaction of natural nano-
particles with trace elements (Baalousha et al., 2006a; Lyvén et al.,
2003; Siripinyanond et al., 2002). Few publications are available
for similar investigations in saline waters (Stolpe and Hassell6v,
2007). Colloidal particles in seawaters, particularly in estuaries,
have typically been characterized chemically prior to fractionation
via ultrafiltration techniques (Singhal et al., 2006; Kraepiel et al.,
1997; Safiudo-Wilhelmy et al., 1996; Wells et al., 1998, 2000; Wen
et al., 1997; Dai and Martin, 1995).

The Great Salt Lake (GSL) is a useful field laboratory in which to
test methods for analysis of nanoparticles. Being a hypersaline ter-
minal lake, the GSL has high concentrations of dissolved solids and
it is supersaturated with respect to many phases containing major
and trace elements (Stephens, 1990). The flow of higher density
water (1160 kg m~3) from the north arm to the less dense south
arm (1100 kg m~3), yields a persistent layered system (Lin, 1976),
with an oxic brine upper layer and an anoxic brine deeper layer,
yielding strongly contrasting geochemical conditions over a 9 m
vertical distance (Tayler et al.,, 1980; Stephens, 1990; Gwynn,
2002). Temporal trends in the measured physical and chemical
parameters in both brines demonstrate this strong redox stratifica-
tion (as well as pH, conductivity, and temperature) in the lake
(Figs. 1 and 2). The GSL hosts a large avian population that is poten-
tially affected by trace metals and metalloids such as Se, As and Hg
(Aldrich and Paul, 2002; Naftz et al., 2008), and natural nanopartic-
ulates may act as a gateway for introducing trace elements into the
food chain of the lake (Hillwalker, 2004; Dobbeleir et al., 1980).
Laboratory experiments have proven that mineral nanoparticles
may be directly ingested by mixotrophic phytoplankton (Hochella
et al.,, 2008), which constitute the base of the GSL food chain
(Wurstbaugh, 1992). The near-surface atomic structure, crystal
shape and surface topography of natural nanoparticles is expected
to render them more reactive to processes such adsorption and
complexation of trace elements (Hochella et al., 2008; Wigginton
et al., 2007) which also influences the behavior of these contami-
nants in natural waters (Morrison and Benoit, 2001; Baalousha
and Lead, 2007a,b; Hochella et al., 2008; Wigginton et al., 2007;
Lyvén et al., 2003). This work examines the size distribution and
elemental composition of nanoparticles from oxic and anoxic
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Fig. 1. Selected results for physical and chemical characteristics of the south arm of
the Great Salt Lake. Site 2565 represents the location of sample collection and
measurement, as shown in Fig. 3. For data collection details please see the
Supplementary material.

samples in the GSL, with the working hypothesis being that the
size and elemental distributions differ strongly among the oxic
and anoxic layers of the GSL.

2. Materials and methods
2.1. Location and sampling

Water samples for particulate analysis were taken at four sta-
tions (2267, 2565, 2767 and 3510) across the GSL (Fig. 3). Samples
(250 mL) were collected monthly from each location using a peri-
staltic pump with acid-rinsed C-flex tubing (Cole-Parmer’s Master-
flex, Vernon Hills, IL) at different depths ranging from 0.2 to 8.0 m
below the lake surface. Unfractionated samples were acidified in-
situ (trace metal grade HNOs, 2 mL, 7.7 N). Before acidification,
one aliquot was filtered in-situ (450 nm cut-off) to allow compari-
son of raw acidified (RA) and filtered acidified (FA) trace element
concentrations. Samples to be used in fractionation by AF4 were
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Fig. 2. Temperature profiles during the period of study. Site 2565 represents the
location of sample collection and measurement, as shown in Fig. 3. For data
collection details please see the Supplementary material.

chilled (without filtration and acidification), and were analyzed for
size and elemental distribution within 3 days following collection,
as suggested by Buffle and Leeuwen (1992, 1993). Raw (unfiltered,
unacidified, RU) samples for total organic C (TOC) analysis were
collected in acid-rinsed amber glass 250-mL bottles. All samples
were stored in the laboratory at 4 °C.

TOC analysis were carried out at the University of Utah Center
for Water, Ecosystems, and Climate Sciences (CWECS) laboratory
facility using a TOC-5000 (Shimadzu, Columbia, MD) where water
samples were analyzed sequentially for total C (TC) and inorganic C
(IC), the TOC being the difference between TC and IC. In both anal-
yses, the C contained in the sample was converted to CO, and ana-
lyzed by an infrared CO, analyzer. For TC analyses, the sample was
heated at 680°C, while for the IC, the sample was acidified with
H5PO,4 (25%). QC samples included a duplicate, spike, check stan-
dard, spike standard and a blank.

Selected raw unacidified (RU) samples from deep and shallow
brines were analyzed by scanning electron microscope (SEM) - en-
ergy dispersive X-ray spectroscopy (EDX) using a Hitachi S-3000N
at the Material Science Department (University of Utah). RU shal-
low samples were filtered using a 0.22 um pore size GTTP filter
(Isopore™ membrane, polycarbonate, hydrophilic, 25 mm in diam-
eter from Millipore), washed with milli-Q water and left to dry in a
glove bag under a N, atmosphere. RU deep brine samples were
centrifuged at 10,000 RPM for 50 min. The pellet was freeze-dried
and then suspended with O,-free milli-Q water in a glove bag un-
der a N, atmosphere. The suspension was centrifuged at
10,000 RPM for 50 min. The pellet was left to dry under a N, atmo-
sphere in a glove bag.

2.2. Fractionation

Suspended solids from 7 RU samples collected at two different
locations (sites 2267 and 3510 - Fig. 3), and 3-4 different depths
(spanning the deep and shallow brine layers), were fractionated
into different sizes using asymmetric flow field-flow fractionation
(AF4) (Postnova Analytics, Landsberg, Germany). Principles, tech-
niques and operation procedures for the flow-field flow fraction-
ation (FIFFF) and AF4 are described elsewhere (Giddings, 1985,
1993; Beckett and Hart, 1993; Prestel et al., 2005; Wahlund,
2000). A 10KDa regenerated cellulose membrane was used in

the AF4 channel, and was calibrated using standard nanoparticles.
AF4 analysis was performed for two size ranges, 10-250 nm and
0.9-7.5 nm. This range separation was necessitated by the use of
surfactant in the carrier solution for nano-particulates >10 nm, as
described below. Colloidal Au and fluorescent latex beads with
known sizes (10, 98 and 200 nm) were used to optimize operating
conditions for the nanoparticle size range between 10 and 250 nm
(Table 1, Fig. S2 in Supplementary material), which involved three
cross-flows during elution to improve the particle separation and
the intensity of the UV signal. Polystyrene sulfonate standards
(PSS) with known molecular weights (8 KDa, 18 KDa, 35 KDa and
100 KDa) were used to optimize operating conditions for nanopar-
ticles between 0.9 and 7.5 nm in the AF4 (Table 2, Fig. S3 in Supple-
mentary material). A 4-step program for cross-flow in the AF4 was
used during elution to improve particle separation and signal
intensity.

To convert apparent molecular weight from the <7.5 nm nano-
particles to hydrodynamic diameter, the following expression from
Prestel et al. (2005) was used: log d;, = 0.6685 log MW — 2.6517,
where d, is the hydrodynamic diameter (in nm) and MW is the
molecular weight (in Da). More details of the AF4 calibration are
presented in the Supplementary material.

Combining a collision cell (CC) with ICP-MS has been proven to
successfully remove polyatomic interferences that may hamper
elemental analyses (e.g. “°Ar‘°Ar; “°Ar*>Cl and *®Ar*’Cl) (Chen
et al., 2007). To determine the trace element distribution in frac-
tionated particulates, the AF4 was coupled with a CC-ICP-MS Agi-
lent 7500ce (Agilent Technologies, Inc., Santa Clara, CA, USA). The
CC-ICP-MS was used in a continuous mode (Table S1 in Supple-
mentary material) and was calibrated using Cs added to the AF4
carrier solution (1 pg/L) as an internal standard. Adding internal
standard to the carrier (rather than the sample) avoids discrepan-
cies due to variations in solution flow to the detector during frac-
tionation. To increase the sensitivity of trace elements such as Se
and As, methanol was added to the carrier solution (3% v:v). A total
of 17 elements (Al, S, Mn, Fe, As, Co, Ni, Cu, Zn, Mo, Se, Sb, Au, Hg,
Pb, U, Cs) were measured online via CC-ICP-MS. Two types of car-
riers suggested in the literature were used (Moon, 1995; Barman
and Moon, 2000; Cardot et al., 2001; Jeon et al., 1997; Cho et al.,
2006; Reschiglian et al., 2000; Bolea et al., 2006; Ranville et al.,
2007; Prestel et al., 2006; Lyvén et al., 2003; Koliadima and
Karaiskakis, 1994). The carrier was 0.01 M NaCl for nanoparticle
sizes ranging from approximately 0.9 to 5 nm (and macromolecule
standards ranging from 8 KDa to 100 KDa). The carrier was 0.01%
FL-70 surfactant for nanoparticle sizes ranging between 10 to
250 nm. The pH in the carriers was regulated to a value of
8.2+ 0.3 using NaOH 0.1 N. Carrier pH was adjusted to the pH of
the brine to avoid precipitation or other undesired reactions. The
ionic strength was 0.01 M for the NaCl carrier, and was approxi-
mately 103 M for the FL-70 carrier (Koliadima and Karaiskakis,
1994), which is much lower than that of the brine samples in order
to avoid precipitation in the cones during the continuous CC-ICP-
MS analyses. Carriers used for fractionation must be compatible
with the membrane and must minimize changes in sample aggre-
gation state. Sodium chloride is the major dissolved component in
the GSL. The NaCl carrier produced excellent macromolecule frac-
tionation as demonstrated by the polystyrene sulfonate standards
(PSS) (Fig. S3 in Supplementary material); however, this carrier
produced poor fractograms for the 10 nm-colloidal Au and the 98
and 200 nm carboxylate-modified polystyrene microspheres, for
which the surfactant FL-70 (Fig. S2 in Supplementary material)
was used, as with with previous studies (Moon, 1995; Barman
and Moon, 2000; Cardot et al., 2001; Jeon et al., 1997; Cho et al.,
2006; Reschiglian et al., 2000; Koliadima and Karaiskakis, 1994).
FL-70 is a mixture of anionic and nonionic surfactants that enhance
the dispersion of particles, preventing aggregation (Moon, 1995).
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Fig. 3. Sampling locations (shown as circles) in the south arm of the Great Salt Lake. Map courtesy of the USGS.

The optimal concentration of carrier was determined on the basis
of highest particle peak fractogram signals in preliminary tests.

To evaluate the potential for matrix interference during frac-
tionation, a synthetic GSL solution matching the major ion content
of the GSL water was examined in the AF4-CC-ICP-MS for all frac-
tionation conditions. To identify interferences in blank samples,
Milli-Q water was also examined under all fractionation condi-
tions. Details regarding the synthetic solution and Milli-Q water
AF4 results are presented in the Supplementary material.

The concentration of trace elements in particulates fractionated
via AF4-CC-ICP-MS was determined by integrating the area under
the fractogram for each element. The corresponding GSL synthetic
signal was used as baseline (Figs. S4b and S5b in Supplementary
material). The internal standard (Cs) signal in counts per second

(cps) (corresponding to 1 pg/L) was used to convert the integrated
area for all elements to their respective masses, according to the
following equation:

Flow,cpys(mL/ min) = Area;(counts)
4 s i
610" « RFc({25) +fi(21)

where Flow,cpys is the flow entering the ICP-MS (in mL/min); Areq;
is the integrated area calculated for each element (in counts); RF is
the Cs response factor (cps Cs/1 pg/L); and, f; is the ionization effi-
ciency correction factor for each element according to the Saha-Egg-
ert equation (Taylor, 2001). The mass determined by integration
was converted in concentration dividing the result obtained for
the AF4 injection volume (300 pL). The AF4 carriers were spiked

Mass;i(ug) =
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Table 1
AF4 normal mode operation conditions (10-250 nm size range).

Operation conditions

Volume loop (pL) 100-300
UV / (nm) 254
Carrier 0.01% FL-70 + 3% MeOH + 1 ppb Cs
Membrane 10 K Da regenerated cellulose

Injection Elution 1 Elution 2 Elution 3
Injection volume (pL) 50-300
Channel flow (mL/min) 0.1 4 3.7 35
Focus flow (mL/min) 3.9
Cross flow (mL/min) 1 1 0.7 0.5
Slot flow (mL/min) 2.7 2.7 2.7 2.7
Detector flow (mL/min) 03 03 0.3 0.3
Pressure (bar) 3.7 3.4 3.4 34
Time (min) 5 5 4 5
Transition time (min) 1
Rinsing time (min) 5

with 10 ppb of each of the 17 elements analyzed by CC-ICP-MS to
determine the change in the intensity ratio for each element rela-
tive to Cs compared to ionization efficiency correction factors for
each element. Results showed good agreement for all of the ele-
ments analyzed, showing less than 30% difference between both
values, indicating that Cs was a sufficiently sensitive internal stan-
dard to achieve accurate results.

3. Results
3.1. Trace element distribution among particulate sizes and lake layers

The fraction of total (dissolved + particulate) trace elements
associated with particulates >450 nm was calculated as the differ-
ence between the raw acidified (RA) and the filtered acidified (FA)
samples, divided by the raw acidified (RA). These values (expressed
as percentages, Fig. 4) were arithmetically averaged among 86
shallow brine samples and 46 deep brine samples taken from four
locations (Fig. 3) across the south arm of the GSL. Averaging the
concentrations was justified by their consistency over space and
time, as demonstrated by the small error bars associated with
these averages (Fig. S1 in Supplementary material).

The concentration of >450 nm-associated trace elements was
higher in the anoxic deep brine layer relative to the oxic shallow
brine layer for the majority of the elements such as Al, Fe, Cu,
Mo, Pb, Se, Ba, Ni, Mn, V, Zn, U and Co (Fig. 4). Major elements such
as Na, Mg, S, Ca and K and trace elements such as Ti, Li, As, and Sb
showed insignificant concentrations in the particulate phase rela-
tive to the dissolved phase (Fig. 4).

Table 2
AF4 normal mode operation conditions (0.9-7.5 nm size range).

Operation conditions

Volume loop (mL) 100-300

UV / (nm) 254

Carrier 0.01M NaCl + 3% MeOH + 1 ppb Cs
Membrane 10 KDa regenerated cellulose

Injection Elution 1 Elution 2  Elution 3  Elution 4
Injection volume (mL) 20-300
Channel flow (mL/min) 0.1 4 3 2 1.5
Focus flow (mL/min) 39
Cross flow (mL/min) 3 3 2 1 0.5
Slot flow (mL/min) 0.7 0.7 0.7 0.7 0.7
Detector flow (mL/min) 0.3 0.3 0.3 0.3 0.3
Pressure (bar) 2 2 2 2 2
Time (min) 5 4 3 3 5
Transition time (min) 1
Rinsing time (min) 10
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Fig. 4. Percentage of total (dissolved plus particulate) associated with >450 nm
particulates. The percentage is calculated as the difference between the raw
acidified (RA) and the filtered acidified (FA) divided by the RA and multiplied by
100.

Fractograms obtained under AF4 conditions for the 10-250 nm
particulate size range showed trace elements associated with
nanoparticles in the size range between 10 and 50 nm (Figs. 5
and 6), including Cu, Al, Mn, Fe, Zn, Pb, Ni U, Co, and Au. These ele-
mental associations with the 10-50 nm size range were observed
in both the shallow and the deep brine layers (Figs. 5 and 6). For
the majority of the elements associated with nanoparticulates in
the 10-50 nm size range, the concentration (signal intensity) of
trace elements was higher in the anoxic deep brine layer relative
to the oxic shallow brine layer (Figs. 5 and 6).

Notably, nanoparticles containing the monitored elements were
not observed in the 50-250 nm size range with the exception of Zn
(Fig. 5). Zinc is the only element that showed a peak associated
with particulates in the size range from 110 nm to 200 nm in the
deep brine sample (Fig. 5). No trace elements were detected in par-
ticulates between 50-250 nm in the shallow brine samples (Figs. 5
and 6). The lack of elemental signals in the rinse peak (Figs. 5 and
6) may indicate a lack of particles in the 250-450 nm size range as
well, since these larger particles would likely have been released
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during rinsing of the system (relaxation of the cross flow, as ex-
plained in the Supplementary material). In contrast, a significant
signal was observed during rinsing under conditions for fraction-
ation of nanoparticles in the 0.9-7.5 nm size range (Figs. 7 and
8), which corroborates the detection of nanoparticles in the void
volume for the 10-50 nm size range. However, it should be noted
that the rinse peak may also represent nanoparticles that were
associated with the membrane under the elution conditions due
to their surface chemistry and shape (not necessarily larger). In
contrast to the rinse peak, the void peak may represent nanopartic-
ulates too small to be attenuated by the applied cross flow, and
particles that were not correctly focused. In the present case, the
void peak observed in the fractograms for the 10-250 nm size
range (Figs. 5 and 6) may indicate the presence of nanoparticles
in the <10 nm size range, as was confirmed via fractionation under
conditions corresponding to the 0.9-7.5 nm size range (Figs. 7 and
8).

Trace elements such as Mn, Pb, Zn, Cu, U, Ni and Co were asso-
ciated with nanoparticles in the 1-2 nm size range, as well as the
5-7.5 nm size range. These nanoparticle size fractions and elemen-
tal associations with Mn, Pb, Zn, Cu, U, Ni and Co were observed in
both the shallow and deep brine samples (Figs. 7 and 8), whereas

X. Diaz et al./Applied Geochemistry 24 (2009) 1653-1665

the signal intensities were much greater for these elements (except
Ni) in the deep brine layer (Fig. 7). Fig. 7 shows a continuum in sig-
nal intensities for these elements, increasing with increasing depth
and degree of O, depletion. In the oxic shallow brine samples, As
and Mo were associated only with nanoparticles in the 1-2 nm size
range; whereas, in the anoxic deep brine layer samples these ele-
ments were associated with nanoparticles in the 1-2 nm size and
in the 5-7.5 nm size range (Figs. 7 and 8). Aluminum showed a
peak only in the 5-7.5 nm size range (not in the 1-2 nm size range)
with this peak being somewhat larger in the deep brine samples
relative to the shallow brine samples (Figs. 7 and 8). Mercury
was significant in the 1-2 nm size in the anoxic deep brine sample,
but was not present in the shallow brine samples. No void peak
was observed under conditions corresponding to the 0.9-7.5 nm
size range, suggesting that all monitored elements were associated
with nanoparticles (or macromolecules) in the size range 0.9 nm
and larger (Figs. 7 and 8). The signal intensities from the deep ver-
sus shallow brine layer samples from site 3510 showed major dif-
ferences (Figs. 5 and 7). In contrast, the signal intensities for
samples from different depths at site 2267, where no deep brine
layer was present, showed no significant differences (Figs. 6 and
8). It should be noted that the raw signal intensities in Figs. 5-8
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Fig. 5. Fractograms of GSL deep brine sample (site 3510 at 0.2, 6.5 and 7.5 m in depth; samples collected on 10/26/07). Size range: 10-250 nm. These fractograms are
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are not corrected for influences of varied salinity; whereas, these
influences are corrected in the integrated elemental masses de-
scribed below. Nanoparticle sizes reported here correspond to
the hydrodynamic diameter of an equivalent sphere (Giddings,
1985, 1993, Beckett et al., 1997; Beckett and Giddings, 1997).

3.2. Trace element concentrations associated with particulates

Fig. 9 shows concentrations (per L solution) of particulate-asso-
ciated elements as a function of depth and size range. For >450 nm
microparticles, the concentrations of nearly all associated elements
increased with depth (Fig. 9 top). The same observation held for
the 10-250 nm nanoparticles (except Co, As, and Sb) (Fig. 9 mid-
dle). In contrast to the >10 nm size range, the majority of the trace
element concentrations in the 0.9-7.5 nm size range did not in-
crease with depth (Fig. 9 bottom), except for Al, Mo and Hg.

The majority of trace element mass associated with particulates
was in the >450 nm size range, as shown by comparing the mea-
sured concentrations (per L solution) between the three particulate
size ranges (Fig. 9). The trace element mass associated with the 10-
250 nm size range was much lower (multiple orders of magnitude

for some elements) relative to the >450 nm size range. The same
was true for the 0.9-7.5 nm size range, but with greater concentra-
tions of Ni, Zn, Au and Pb in the 0.9-7.5 nm size range relative to
the 10-250 nm size range.

The percent of element mass associated with nano- and micro-
particulates across the entire size range larger than 0.9 nm (assum-
ing zero losses to the membrane) shows that over 90% of Al, Fe and
Mn are associated with >450 nm microparticles at all depths
(Fig. 10). Elements such as Co, Cu, Ni and Zn show between 50%
and 70% of their mass to be associated with >450 nm microparti-
cles in the shallow brine, whereas this association is about 90%
in the deep brine (Fig. 10). In contrast, in the shallow brine, As
showed even distribution across the size ranges examined;
whereas in the deep brine, around 80% of As in the particulates is
in the >450 nm size range (Fig. 10).

The power of AF4-CC-ICP-MS is demonstrated by elements such
as Mo, Sb, Pb and U, which were near or below the limit of deter-
mination in the shallow brine samples when CC-ICP-MS alone was
used. Using AF4-CC-ICP-MS, these elements were observed in
nanoparticles in the shallow brine, since these nanoparticles were
concentrated via fractionation (Figs. 6 and 8-10).
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4. Discussion

The dominance of >450 nm particles may be related to aggregate
formation due to the salinity and element concentrations in the
GSL. Baalousha et al. (2006¢) found that larger size aggregates of or-
ganic colloids were formed at high salinity, and the high ionic
strength of the GSL also supports aggregation (Maximova and Dahl,
2006; Dahlqvist et al., 2004; Wigginton et al., 2007; Stolpe and
Hassellov, 2007; Lead et al., 2000; Benincasa et al., 2002;
Siripinyanond et al., 2005; Schmitt et al., 2002). Aggregates may
also form through hydrophobic association, charge interactions,
H-bonds and metal bridging (Baalousha et al., 2006c). The relatively
high density of the GSL brines (1100 kg m—> and 1160 kg m > for
the shallow and deep brines, respectively) relative to most aquatic
systems also supports buoyant stabilization of larger colloids. The
relative lack of trace element association with colloids in the
100-450 nm size range (except for Zn) may be surprising; however,
this finding is not unique to this study. For example, Morrison and
Benoit (2004) found that in a fresh water from the Hammonasset
River (Connecticut, USA) nearly all Cu was associated with colloids

in the size range corresponding to dissolved organic matter, with no
Cu association to larger size fractions.

Similarities in size distribution and elemental composition were
observed among the shallow and deep brine samples. This was
unexpected considering the vastly different geochemical condi-
tions in the two layers (Tayler et al., 1980; Stephens, 1990; Gwynn,
2002), as shown in Figs. 1 and 2. Similarities among particulates in
the two geochemically distinct layers could potentially arise from
the downward transport of nanoparticles from the shallow to the
deep brine layer. However, this is unlikely, since settling times
needed are long in these dense aqueous matrices; e.g. the shortest
settling time (two months) based on Stoke’s settling velocities cor-
responds to the >450 nm particles (details provided in Supplemen-
tary material). Physical mixing between the layers of the GSL is a
possibility given that the lake is rarely quiescent (Beisner et al.,
in press). Disturbance of the lake due to storms and wind events
occurs frequently, potentially mixing material between the two
layers (Beisner et al., in press). Direct evidence supporting material
mixing within the deep layer is provided by sediment trap mea-
surements, which show negligible deposition in shallow traps
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and significant deposition in deep traps, indicating periodic resus-
pension of bottom sediment (Oliver, 2008). Sediment resuspension
is also indicated by the presence of “Be in sediment core samples
(Oliver et al., 2009). The above observations indicate limited mate-
rial mixing at depth, but the degree of mixing between the shallow
and deep brine layers requires further investigation, and at this
time it is not possible to know whether mixing events may help
to explain the similarity in size distribution and composition of
nanomaterials between the two layers.

The observation of similar nanoparticle size distributions in the
two distinct brine layers may potentially indicate that the ob-
served distributions do not reflect in-situ distributions. Disaggrega-
tion of colloids during AF4 fractionation may occur due to dilution
in the carrier solution (Buffle and Leppard, 1995), which had an io-
nic strength (0.01 M NaCl and approx. 103 M FL-70) (Koliadima
and Karaiskakis, 1994) more than two orders of magnitude lower
than the hypersaline samples (2.5 M for the shallow). This reduc-
tion in solution ionic strength during analysis might potentially al-
low weak aggregates to break apart via increased mutual
electrostatic repulsion (Baalousha et al., 2006¢; Bolea et al., 2006;
Reynolds, 2005; Li et al., 2008). It should be noted that surfactant

1661

was not present in the carrier solution for the 0.9-7.5 nm size frac-
tions. Although it seems unlikely that disaggregation would yield
equivalent size distributions from the two distinct brine samples,
the possibility of disaggregation exists. For freshwater samples,
the concern is usually for aggregation during the focusing step
due to elevated carrier ionic strength relative to the sample, as well
as near-membrane accumulation (Wigginton et al., 2007; Buffle
and Leppard, 1995; Lyvén et al.,, 2003). In this study, spiking of
GSL samples with PSS (8 kDa, 18 kDa, 35 kDa, 100 kDa) yielded sig-
nal intensities and elution times that were expected from these
standards, indicating that no unexpected influences on spiked pri-
mary particle fractionation arose from injection of the brine sam-
ples. The relationship of observed versus in-situ nanoparticle size
distributions requires further investigation via variation of carrier
ionic strength up to hypersaline, which is a difficult process that
potentially risks the integrity of both the AF4 and the CC-ICP-MS.

It is also possible that the observed nanoparticle size distribu-
tions represent in-situ size distributions. Several studies have ob-
served bi-modal size distributions in the 1-10 nm size range
(Lyvén et al., 2003; Hassellov et al., 1999; Dahlqvist et al., 2004;
Stolpe et al., 2005; Andersson et al., 2006; Stolpe and Hassellov,
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representative of the fractograms obtained for the other GSL shallow brine samples examined via AF4-CC-ICP-MS.
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2007) attributing the smaller size fraction to association with
NOM, and the larger size fraction to association with minerals (typ-
ically Fe oxides since most studies were performed in oxic waters).
In the present results, trace metals such as Mn, Ni, Co, Pb, Cu, Zn
and Mo were associated with 1-3-nm nanoparticles (Figs. 7 and
8), which are attributed to sulfides for Pb, Cu, Zn and Mo due to
their increased concentrations with depth (degree of anoxia). How-
ever, it is also possible that this small size fraction is associated
with organic C, which also increased in concentration with depth,
from a minimum of 20.4 mg TOC/L to a maximum of 138.7 mg
TOC/L in the shallow to deep brine transition.

For elements such as Fe in the nominally-dissolved size fraction
(e.g. <200 nm), between 40% and 96% of nominally dissolved mass
has been demonstrated to be associated with nanoparticles (Safiu-
do-Wilhelmy et al., 1996; Wen et al., 1999; Wells et al., 2000). The
present study also shows this result (Fig. 11), where 38% of nomi-
nally-dissolved (<450 nm size fraction) Fe mass was associated
with nanoparticles. The truly dissolved fraction was determined
by difference between the <450 nm fraction and the summed
nanoparticle fractions (0.9-7.5 nm plus 10-250 nm). Notably, Zn
and Cu showed 10% and 14%, respectively, of their nominally-dis-
solved mass associated with nanoparticles. All other elements
showed negligible percent mass associated with nanoparticles in
the nominally-dissolved fraction.

SEM - EDX analysis of >450 nm particles from the shallow and
deep brine samples showed an abundance of clays in both the shal-
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low oxic and deep anoxic samples (Figs. 12 and 13). These phases
were predicted via approximate speciation simulations using the
geochemical equilibrium speciation program PHREEQC (details in
Supplementary material) and may help to explain the elemental
composition similarities found in the results from the oxic and an-
oxic brines. Sulfur was detected only in the deep brine samples
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Fig. 12. SME-EDX results from a raw unacidified (RU) deep sample collected at site
2565, showing agglomerated particles formed mainly of clays.

(Fig. 13 bottom), suggesting the presence of sulfides, which were
also predicted by PHREEQC to occur solely in the deep brine. This

Si

expectation corroborates the nanoparticle fractograms (Figs. 5
and 7) showing strong increases with depth in signal intensities
for elements that are expected to form sulfide minerals (e.g. Mo,
Zn, Cu, Pb). Arsenic would also be expected to associate with sul-
fide; however, its concentration (in the <7.5 nm fraction) was
much greater in the oxic shallow brine relative to the anoxic deep
brine, possibly due to the formation of arsenite, which is a highly
stable dissolved species under reduced conditions (Drever, 2002).
Mercury in the anoxic deep brine might also be expected to asso-
ciate with sulfide nanoparticles; however, Figs. 5 and 7 indicate
association with molecular-scale moieties; e.g. dissolved organic
matter macromolecules.

Trace element concentration measurements made over an an-
nual period showed different trends depending on the element,
with elements such as Al, Fe and Mn showing much greater tempo-
ral variability relative to the other elements (Figs. S7 and S8 in
Supplementary material). In the shallow brine, Al and Fe showed
large increases in particulate mass (defined as the difference be-
tween the raw acidified and the filtered acidified samples) during
the fall-winter season; whereas, Mn showed increases in dissolved
mass only. These results suggest that Fe and Al are associated with
one another in >450 nm particulates in the shallow brine layer.
Aluminium, Fe and Mn were also notably variable in the deep brine
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Fig. 13. SME-EDKX results from raw unacidified (RU) samples. Top: shallow sample collected at site 2267 at 2.5 m in depth. Bottom: deep sample collected at site 2565 at

7.5 m in depth.
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layer, where all three showed increased concentrations in particu-
lates in November, April and May, strongly suggesting their mutual
association in >450 nm particulates in the deep brine layer.
Although the cause of these different behaviors is not known, the
differences in the temporal variability of these elements in the
shallow and deep brine layers are consistent with the expectations
of different mineralogical assemblages among the two layers.
Given the lack of means to estimate activity coefficients for these
elements under hyper-saline conditions, it is not possible to
provide a rigorous geochemical speciation explanation for the
observed seasonal trends and elemental associations. However, it
is reasonable to expect them to be driven by seasonal variations
in concentration and dilution (lake volume, Baskin, 2005), temper-
ature, dissolved O,, pH, etc., as shown in Figs. 1 and 2.

5. Conclusions

This work determined the size distribution and chemical com-
position of micro and nanoparticulates from the geochemical strat-
ified layers of the water column of the GSL. For the majority of, the
trace elements concentrations were higher in the anoxic deep
brines than in the oxic shallow brines, for all size ranges (0.9-
7.5 nm, 10-250 nm, >450 nm). Trace elements in the GSL were
found mainly associated with >450 nm particles, over 90% of Al,
Fe and Mn mass, and over 55% of Co, Cu, Ni, and Zn mass were asso-
ciated with these particles. The stability of these large particles re-
sults from aggregation and buoyancy in this hypersaline
environment.

The apparent similar nanoparticle size distribution between the
two layers contrasts with the differences in nanoparticle chemical
composition between the brine layers, which include the presence
of detectable S only in the deep (anoxic) brine layer, and differ-
ences in temporal trends in particulate-associated elements. Addi-
tional research will be needed to understand the degree to which
the observed nanoparticle size distributions reflect in-situ size
distributions.

Differences in elemental associations to nanoparticles were dis-
cerned; e.g. elements such as Zn, Cu, Pb and Mo were associated
with two sizes of nanoparticles (approximately 2 and 6 nm) and
showed increasing concentrations with depth (degree of anoxia)
suggesting the formation of sulfide nanoparticles, although it is
possible that the smaller of the bi-modal size fractions reflects
association with dissolved organic matter, which also increases
with depth. Elements such as Mn, Ni and Co, were associated with
nanoparticulates in the ca. 2-nm and 6-nm sizes; however, their
signal intensities were nearly equivalent in the deep and shallow
brine layers. Elements such as Al and Fe showed greatly increased
concentration with depth; however, they were associated only
with ~6 nm colloids, possibly reflecting association with clays
rather than sulfides. Uranium was associated with 4-6 nm nano-
particles with no change in concentration with depth. Arsenic
was associated with <2 nm nanoparticles, and showed no increase
in concentration with depth, possibly indicating dissolved arsenite.
Mercury was associated with <2 nm nanoparticles, and showed
greatly increased concentration with depth, possibly indicating
association with dissolved organic matter.
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