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Abstract: To better understand the Fe isotope characteristics of natural samples in the Karst area, the
Fe isotope compositions of riverine suspended particulates, lake suspended particulates, lake
sediments, porewaters, phytoplanktons, and aerosols in the watersheds of Lake Aha (a mineralized
water system) and Lake Hongfeng (a mesotrophic water system), which are located in the Karst area,
southwest China, were investigated. The studied samples displayed a variable range between
0°°Fe=—2.03%o and 0.36%.. Aerosols and phytoplanktons have similar or slightly heavier Fe isotope
compositions relative to the average of igneous rocks. Fe isotope compositions of riverine Suspended
Particulate Matter (SPM) were mainly affected by the types of tributaries. Suspended particulates
collected from tributaries seriously contaminated with coal mine drainages displayed negative 6> °Fe
values (—0.89%o to —0.31%.) during summer, and there were significant increases of 6°°Fe values in
winter, except AR2, which was polluted with beth coal mine drainage and sewage effluent.
Characteristics of lakes have important influences on Fe isotope compositions of suspended
particulates, lake sediments, and porewaters. The epilimnetic particulate Fe of Lake Hongfeng had
5°°Fe=—0.04%o to 0.13%., while lighter Fe isotope compositions were measured for particulate Fe from
Lake Aha, ranging from —0.42%0 to —0.09%.. Sediments collected from Hou Wu (HW) station of Lake
Hongfeng have an average 5% Fe value of 0.09%. and their corresponding porewaters have lighter Fe
isotope compositions, ranging from —0.57%. to —0.31%.; no significant variations have been observed.
For the Liang Jiang Kou (LJK) station of Lake Aha, the content of reactive Fe and the concentration of
sulfate were all high. Due to the reactive Fe recycling, including dissimilatory Fe reduction, adsorption,
and Fe—sulfide formation, porewaters sampled near the sediment surface have been found to have a
0*Fe value as low as —2.03%o and an increase up to 0.12%o, with a burial depth of 10 cm. In contrast, an
opposite variation trend was found for LJK sediments. Sediments sampled at 1-cm depth had a value of
5°°Fe=—0.59%o and decrease as low as —1.75% with burial depth. This investigation demonstrated that
significant Fe isotope fractionations occur in surface environments. Fe isotope compositions of
particulate Fe were seriously affected by Fe sources, and Fe biogeochemical recycling has an important
influence on Fe isotope fractionations in lake sediments, especially when there are significant amounts
of reactive Fe and sulfate.
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1 Introduction crust, e occurs in a variety of rocks and minerals and is
) _ widely involved in weathering processes. Fe is also a
As one of the most abundant elements in the Earth’s redox-sensitive element, which is important for the delivery
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Balistrieri et al., 1994). Furthermore, as one of the essential
micronutrients for biota, Fe is thought to be linked with
primary production in oceans (Martin, 1990) and lakes
(Clasen and Bernhardt, 1974; Evans and Prepas, 1997) as
well. So the biogeochemical cycling of Fe is of great
importance in the near-surface environment. Previous
studies indicated that significant Fe isotope fractionations
occurred within a variety of processes, including
biologically- or abiologically-mediated redox reactions
(Beard et al., 1999; 2003; Bullen et al., 2001), Fe (L)
precipitation (Balci et al., 2006), mineral dissolution with
organic ligands (Brantley et al., 2001; 2004), and high-
temperature processes (Zhu et al., 2001; Poitrassion et al.,
2004; Weyer et al., 2005). An overall variation of ~5%e for
9°%Fe, relative to IRMM-014, has been reported for natural
samples (Beard and Johnson, 2004; Johnson et al., 2004;
2008), while the igneous rocks have an average 0°°Fe of
0.09%o (Beard et al., 2003). So Fe isotopes are thought to be
potential tools for monitoring and quantifying the processes
that Fe is involved, especially after the development of
MC-ICP-MS, and the improvement of reproducibility.

Many studies have been carried out on Fe isotope
fractionations during continental weathering (Fantle and
DePaolo, 2004) in rivers and ocean systems (Zhu et al.,
2000; Rouxel et al., 2004; Staubwasser et al., 2006;
Manuela et al., 2008; Ingni et al., 2006; Bergquist et al.,
2006). In China, Zhu et al. (2008) and Tang et al. {2006a;
2006b) carried out Fe isotope studies on column
purification. Mass spectrometry and case studies were also
performed on banded Fe formations in the Ansha—Benxi
area (Li et al., 2008), whereas less work has been done in
biogeochemical processes (Song et al., 2008a). In the
present study, we examined the Fe isotopic compositions of
natural samples, including river suspended particulates,
lake particulates, aerosols, soils, phytoplanktons,
macrophytes, lake sediments, and porewaters in the Karst
area, southwest China. These results provide Fe isotopic
compositions of possible end-members in the
biogeochemical cycling of Fe in the Karst area. In addition,
important processes in which Fe isotope fractionations
occurred have also been implied.

2 Study Site and Sampling

The Karst terrain is widely distributed in Guizhou
province, southwest China. Lake Hongfeng and Lake Aha
are two artificial reservoirs located in the Karst area.
Sampling was performed in these two lake watersheds (Fig.
1). Lake Hongfeng is a mesotrophic water system, while
Lake Aha is a highly mineralized one. There is a watershed
area of 1596 km? for Lake Hongfeng, and the surface area is
57.2 km®. The maximum depth of the water system is 45 m,

and the residence time is 0.325 a. In contrast, L.ake Aha has
a smaller watershed area of only 190 km’, and a smaller
surface area of 3.4 km™. The average and maximum depths
are 13 m and 24 m, respectively. The retention time of lake
water is approximately 0.44 a. The Lake Hongfeng
watershed consists mainly of Permian—Triassic carbonate
rock, and approximately 80% of the area is Triassic
carbonate rock. Limestone soil and yellow soil are widely
distributed in the watershed. For the Lake Aha watershed,
its bedrock is mainly a mixture of Permian carbonate rock
and coal-bearing strata covered with silico-alumina and
silico-ferric yellow soil. There are also small amounts of
outcrops of Triassic carbonate rock covered with black and
tan limestone soil.

There are mainly six tributaries for Lake Hongfeng and
five tributaries for Lake Aha. Among these inflowing
rivers, some are seriously deteriorated owing to the acid
coal mine drainages, such as HR4, AR1, AR2, and AR4,
while some are contaminated with sewage effluent, like
ARS. Before sampling, all the bottles and tubes were
carefully acid-cleaned and rinsed with Milli-Q water
(18.2 MQ), with the exception of those used for the anion
analyses. The bottles were prerinsed with the water samples
three times. River water and lake water were collected
during summer and winter. The samples used for the anion
and cation analyses were filtered with a 0.45-pym membrane
filter in the field, and the filtered samples for cation and
trace elements were acidified to pH <2 with ultrapure
HNO;. Samples for the isotope studies were filtered with
0.45-um filters (Mixed cellulose esters, 47 mm; Millipore,
USA), immediately after they were brought back to
laboratory in the High Density Polyethylene (HDPE)
bottles, The filters for the Fe isotope measurements were
then stored at 4°C in a refrigerator. The filtered water
samples for the sulfur isotope measurements were acidified
to pH <2.

Two yellow soil samples were collected, with one
sampled in the HW area of Lake Hongfeng and the other in
the Da Ba (DB) area of Lake Aha. Three kinds of
macrophytes,  including  Hippochaete  (Equisetum
ramosissimum  Desf)),  Homnwort  (Ceratophvlium
demersum Linn.), and tape grass (Vallisneria americana)
were collected in the Lake Aha watershed with gloved
hands. The phytoplanktons were also sampled by
handpicking in winter. These phytoplanktons were only
rinsed with lake water and Milli-Q water (18.2 MQ), and
then stored in a refrigerator until freeze-drying. Aerosol
samples were collected with a homemade polyethylene
rainwater sampler. The rainwater was filtered immediately
after sampling, and the filters with aerosol were then stored
in a refrigerator. Crucian carps were sampled for Fe isotope
studies in the two lakes.
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Fig. 1. Schematic map of Lake Hongfeng and Lake Aha and the sampling sites.

Sediments were collected with a homemade gravity
corer (Wang et al., 1998) at HW of Lake Hongfeng and at
LJK of Lake Aha in January 2007. Sediment cores were
subsequently sliced into 1-cm segments in N,-filled plastic
glove bags. The samples were then centrifuged
immediately, and porewaters were filtered with plastic
syringes in Ny-filled bags. The porewaters of Lake Aha,
analyzed in this study, were collected at the beginning of
November 2006. The sediment samples were kept frozen in
a refrigerator and the porewaters were stored at 4°C until
the next treatment.

3 Analytical Methods

3.1 Environmental parameters

Environmental parameters, including pH value, water
temperature, and Electrical Conductivity (EC), were
measured with a multiparameter sensor in field. Cations
and anions were analyzed on lon Chromatography (IC,
Dionex ICS-90, USA) and Inductively Coupled Plasma
Optical Emission Spectrometry (ICP-OES, Varian Vista
MPX; USA), respectively. Separated samples for
Dissolved Organic Carbon (DOC) determination were
filtered with glass microfiber filters (Whatman, GF/F, 25
mm; UK) and analyzed on a Total Organic Carbon (TOC)
instrument (Ol Analytical Aurora model; USA).

3.2 Sulfur isotopes
Dissolved sulfate were recovered as BaSQ, after the
addition of 10% BaCl,. The precipitations of BaSO, were
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rinsed with 18.2 MQ Milli-Q water until there was no CI”
detected. The precipitations were then combusted at 900°C
in a muffle furnace. All sulfur isotope compositions were
determined on Continuous Flow-Isotope Ratio Mass
Spectrometry  (CF-IRMS, I[soPrime JB144; GV
Instruments, UK). Within the measurements, sigma,
GBWO04414 and GBWO04415 were used as standards, and
the results are reported in 6°'S as part per thousand
deviations relative to Canyon Diablo Troilite standard with
a reproducibility of £0.2%..

3.3 Fe isotopes

Digestion and purification were carried out in clean room
at the State Key Laboratory of Environmental
Geochemistry, Institute of Geochemistry Chinese
Academy of Sciences (IG CAS), Guiyang, China. All the
vessels were carefully acid cleaned. The concentrated HCI,
HNO:s, and HF used were all distilled twice, and 18.2 MQ
Milli-Q water was used throughout the procedures.

3.3.1 Digestion

The samples were pretreated with different methods
before acid digestion. All the riverine particulates, lake
particulates, and aerosols were first dried in an oven
covered with Teflon materials inside at 50°C. The sampled
fish was steamed in a Teflon beaker, and the fish meat was
separated from the bones. Lake sediments, fish,
macrophytes, and phytoplanktons were then dried with a
freeze dryer. The freeze-dried samples were immediately
crushed into powder, and the sediments and soils were
crushed to <200 mesh with acid-cleaned mortar. In order to
remove the high content of organic matter in the sediments
and biological samples, they were all combusted in a muffle
furnace at a temperature of 550°C (Bergquist and Boyle,
2006). All the samples were put into quartz beakers, and the
quartz beakers were then put into bigger beakers to avoid
contamination during combustion. Porewaters were only
evaporated to dryness on a hotplate.

All the pretreated samples were soaked with 3 mL aqua
regia and 0.5 mL concentrated HF for 48 h in acid-cleaned
Teflon beakers (7 mL, Savillex; USA). The beakers were
then left on the hotplate before evaporation to dryness at
80°C. Another 3 mL aqua regia and 0.5 mL concentrated
HF was added and the closed beaker was left on the
hotplate for 72 h at 140°C. The procedures were repeated
until the samples were thoroughly digested. The distilled
HCIO, was also used for some samples that were not easily
dissolved. The digested samples were then evaporated to
dryness and repeated three times with 0.5 mL concentrated
HCI to remove excess HNO; and HF. Finally, the samples
were dissolved into 1 mL 7N HCI1+-0.001%H-0, for column
purification.

3.3.2 Column purification

According to Maréchal et al. (1999) and Tang et al.
(2006a), samples were all purified with anion exchange
column chromatography using AGMP-1 resin (100-200
mesh, chloride form; Bio-Rad, USA) with minor
modification of the procedures. Before the first use, the
resin was soaked in 0.5N HNQO; and Milli-Q water
(18.2 MQ) several times. The supernatants were all
decanted. The polypropylene column had a height of
4.3 ¢cm and a diameter of 6.8 mm. First, the column was
precleaned with 2 mL 0.5N HNO;s alternating with 10 mL
Milli-Q water (18.2 MQ) three times, and another 5 mL
Milli-Q water was used to ensure that HNO; was
thoroughly removed. The column was then preconditioned
with 5 mL 7N HCl + 0.001% H,O, and 4 mL 7N
HC! + 0.001% H>0,. All the prepared samples were
carefully loaded onto the column. A moment later, the
matrixes were striped with 35 mL 7N HCI + 0.001% H,0,,
and Fe was eluted with 20 mL 2N HCI + 0.001% H,0,. All
the samples were purified twice. The purified Fe eluates
were evaporated to dryness, and the evaporation was
repeated with 0.2 mL concentrated HNO; three times to
drive off HCI. Finally, the purified Fe was redissolved in
1% HNOQO; with a concentration of 5—-10 ng/mL for the mass
spectrometry. The recoveries of Fe were >95%. The
procedural  blanks, including digestion, column
purification, and evaporation, were always less than 0.34%
of the total Fe extracted from the samples.

3.3.3 Mass spectrometry

Fe isotope measurements were performed on Nu Plasma
instruments HR MC-ICP-MS (Nu Instruments, UK), at the
Laboratory of Isotope Geology, Ministry of Land and
Resources, Institute of Geology, Chinese Academy of
Geological Sciences (CAGS). The standards and samples
were all dissolved in 1% HNO; and introduced into the
plasma via a DSN-100 desolvation nebulizer (Nu
Instruments, UK). With the sample introduction system, the
molecular interferences were reduced and the sensitivity
was improved. The instrumental mass biases were
corrected by applying the sample-standard bracketing
method throughout the analyses. Prior to each analysis, the
system was washed with 10% HNO; and 1% HNO; for
3 min and 2 min, respectively. The performance of the
instrument has been assessed by repeated analyses of an in-
house standard (CAGS-Fe3) relative to the international
isotopic standard IRMM-014. At high-resolution mode, the
average Fe isotope values of a long-term analysis
(16 months) of CAGS-Fe3 were 6" Fe=1.23%o % 0.11%o
(2SD) and 6°Fe=0.83%o + 0.08%0 (2SD). The detailed
procedures are described in Zhu et al. (2008). All data were
reported in §'Fe (x=56, 57) as parts per thousand deviations
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Table 1 Hydrochemical parameters and sulfur isotope compositions of riverine and lake samples

value of 7.13-9.72. Although the

Sample Date  T(°C) pH EC DOC  NO; SO; oS (%)  rainwater samples have pH
(ps/em)  (ppm)  (ppm) (ppm)
ARIS 08/2006 216 818 9018 196 238 52224 Tag values that ranged from 3.55 to
AR1-W 01/2007 86  7.88 652.4 1.20 426  403.20 ~138  6.83, with an average value of
AR4-S 08/2006 218 8.04 715.9 167 368 389.76 102 453 (Han and Liu, 2005), all
AR4-W 01/2007 74 842 285.0 128 704 57216 -96 )
HR4-S 08/2006 245 7113 7195 250 603 33696 144  studied water samples had a pH
HR4-W 01/2007 56 129 546.1 098 1085  247.68 -147  value of >7. The high pH values
AR2-S 08/2006 216 7.66 646.1 401 1299 23040 -8.7 . .
ARZ-W 01/2007 93 771 6790 827 .14 217.92 34  might result from the high buffer
ARS-S 08/2006 22,6 8.28 595.8 6.16 8.18 115.2 09 Capacity in the Karst area. Even
ARS-W 01/2007 74 828 480.1 374 1082 12576 -23 . .
HR3-S 08/2006 249 807 393.9 5.08 0.77 47.04 5, for the rivers  seriously
HR3-W 01/2007 39 972 402.5 3.04 444 88.32 -65  contaminated with acid coal mine
HR2-S 08/2006 263 8.04 300.6 7.16 0.76 53.76 -2 .
HR2-W 01/2007 42 167 3605 245 241 8160 67  drainages, the pH values ranged
AHLJK-S 07/2006 309 835 628.4 10.26 203.52 -74  from 7.13 to 8.42 due to the lime
AHLJK-W 01/2007 73 795 520.9 2.10 673 23136 86 powder added at upstream sites.
AHDB-S 08/2006 250 819 533.9 454 431 189.12 -76 )
AHDB-W 01/2007 79 749 500.3 241 723 20064 —77  However, the EC became high,
HFHW-S 08/2006 281 937 293.2 521 030 66.24 =53 with a range of 285.0-938.3 ps/
HFHW-W 01/2007 80 83l 359.0 3.28 6.67 96.00 -72 ]

HFDB-W 01/2007 81 175 362.1 303 10.89  104.64 79 cm for river water samples and
293.2-628.4 pus/cm for lake water

Table 2 Fe isotope compositions of the studied samples samples. And the sulfate
Sample Date  °Fe(%o) 0 Fe(%) ' Sample Date  &°Fe(%o) & Fe(%e) concentrations were also high in

ARI1-S 08/2006 —0.31 —0.41 | Acrosol-2 10/2006 0.12 0.17 ) .
ARI-W 01/2007 -0.03 -0.06 1+ Soil-1 08/2006 0.08 0.13 the contaminated rivers as a
AR4-S 08/2006 -0.88 ~129 ;! Soil-2 08/2006 011 0.15 result of oxidation of pyrite, with
AR4-W 01/2007 -0.13 —022 ! S-LIKIcm 01/2007 -0.59 ~0.90
HR4-S 08/2006 -0.89 ~136 | S-LJK6cm 01/2007 -1.31 -1.92 an average value of 412 ppm.
HR4-W 01/2007 0.04 0.06 | S-LIK10cm 01/2007 -175 253 With the exception of the river
AR2-S 08/2006 -0.49 ~0.73 | PW-LJKcm 10/2006 -2.03 -3.03 water of AR2. which was
AR2-W 01/2007 -035 ~0.52 1 PW-LJK7cm 10/2006 -0.24 ~0.36 ’
ARS-S 08/2006 0.07 0.05 | PW-LIKllcm 10/2006 0.12 021 seriously ~ contaminated by
ARS-W 01/2007 -0.12 ~0.16 | S-HW2em 01/2007 0.00 0.00 .
HR3-S 08/2006 0.06 0.2 ' S-HWdem 01/2007 0.14 0.5 Sewage, all river water and lake
HR3-W 01/2007 0.04 0.06 | S-HW6cm 01/2007 0.13 0.18 water samples in summer have
HR2-S 08/2006 0.03 0.03 | PW-HW2cm 01/2007 -0.57 ~0.80 higher DOC concentrations than
HR2-W 01/2007 0.10 021 ' PW-HWdcm 01/2007 -037 -053 o .
AHLIK-S  07/2006 —0.42 ~0.65 | PW-HW6cm 01/2007 -031 -0.42 those in winter. It is suggested
AHLIK-W  01/2007 -021 033 | Phytoplankton-AH  01/2007 0.08 0.12 that DOC concentrations of
AHDB-S  08/2006 -0.16 ~0.25 | Phytoplankton-HF  01/2007 0.36 0.53 . . ..

AHDB-W  01/2007 -0.09 -0.17 | Hippochaete 10/2006 -0.43 -0.69 epilimnetic waters is influenced
HFHW-S 08/2006 0.13 0.23 :' Hornwort 10/2006 -0.10 -0.16 by natural and anthropogenic
HFHW-W  01/2007 ~0.04 0.00 | Tape grass 10/2006 -038 ~0.54 llochth out d b
HFDB-W  01/2007 0.08 0.12 | Cruciancarp-AH  01/2007 ~0.82 12 allochthonous mpuls and by
Aerosol-1  10/2006 0.08 0.14 ¢ Crucian carp-HF _ 01/2007 ~0.92 -1.38 autochthonous primary

All the Fe isotope data are reported as an average of duplicate analyses.

relative to IRMM-014.
§Fe =(['Fe/**Fe]sampie/['Fe/ *FeJimm — 1]%1000 (1)
All the data obtained from this study are plotted in Figure
2, and the data are reported as an average of duplicate
analyses, except the aerosol-2 sample.

4 Results

The temperature, pH value, EC, DOC, NO; , SO3 ™, and
sulfur isotope data of river water and lake water are listed in
Table 1. All the Fe isotope data cbtained in this study are
summarized in Table 2, where a variable range of §°°Fe,
from —2.03%o to 0.36%., was displayed.

4.1 Hydrochemistry
As is shown in Table 1, the water samples had a pH

production (Sachse et al., 2005).
During peak flow periods in summer, significant amounts
of dissolved organic carbon flow into the river or even the
lake with high water discharge (Ingri et al., 2000), which
could result in the increase of DOC in the studied water
samples in summer. High primary production could also
play an important role in the increase of DOC
concentrations and pH values of lake water in summer. In
contrast, there was a significant decrease of NO;
concentration, especially for river waters that are less
contaminated, which might be as a result of the dilution of
rainwater during summer.

4.2 Stable isotopic composition

Sulfur isotope compositions of studied water samples
and Fe isotope data of natural samples have been measured
in this study. The °*S values of the studied samples range
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Fig. 2. Three isotope plots of data obtained in this study.
All the data lie perfectly on the line with a slope of 1.4792 (—), being
consistent with the theoretical mass fractionation line (----).

from —14.7%o to 0.9%o. River waters (AR1, AR2, AR4, and
HR3) seriously contaminated with coal mine drainages
tend to have more negative 'S values, with a range of
—14.7%0 to —8.4%o, while river waters (ARS) that are
mainly deteriorated with sewage effluent have high §*'S
values, ranging from —2.3% to 0.9%.. There is little
seasonal variations for water samples that are seriously
contaminated with coal mine drainages. Compared with
most lakes in the world (+5% to +15%o; Krouse and
Grinenko, 1991), water samples from Lake Hongfeng and
Lake Aha tend to have light sulfur isotopic compositions
(—8.6%0 to —5.3%o) that can be explained by the dominated
influences of coal mine drainages. Seasonal variations were
also clearly observed for epilimnetic waters, in particular,
of Lake Hongfeng, and it is suggested that rainwater is the
main contributor for the increase of ¢°*S in summer (Song
et al., 2008b).

The studied samples displayed a significantly variable
range of 0*Fe, from —2.03%o to 0.36%o, which is shown in
Table 2 and Figure 3. Riverine SPM samples have more
variable §°°Fe values (—0.89%o to —0.10%o) than those of
lake samples (—0.42%0 to 0.13%e). The sediments of Lake
Aha have lighter Fe isotopic compositions relative to
IRMM-014, ranging from —1.75%o to —0.59%., while those
of Lake Hongfeng have similar isotopic compositions to
igneous rocks, ranging from —0.13%c to 0.00%.. The
porewaters of Lake Hongfeng are all lighter than the
corresponding sediments, and porewaters of Lake Aha have
more variable 6°°Fe values, ranging between —2.03%o and
0.12%o0. Aerosols and soils did not show significant
variations in 0°°Fe, with an average value of 0.10%. and
0.10%o, respectively. A few biological samples have also
been analyzed. They all have slightly light Fe isotopic
compositions: —0.43% for Hippochaete (Equisetum

ramosissimum Dest.), —0.10%e for Hornwort
(Ceratophyllum demersum Linn.), and —0.38%o for tape
grass (Vallisneria americana). Crucian carp muscles
sampled in Lake Aha and Lake Hongfeng have similar
5°Fe values, —0.82%o and —0.92%o, respectively, which is
similar to the tuna muscle studied in Walczyk and von
Blanckenburg (2002). In contrast to the light Fe isotope
compositions, the phytoplankton samples have 6°°Fe values

of 0.08%0 and 0.36%e.
5 Discussion

5.1 Fe isotope variations of lake suspended particulates

As can be seen from Table 2, the suspended particulates
of Lake Aha tend to have lighter Fe isotope compositions
(=0.42%0 to —0.09%o) than those of Lake Hongfeng
(—0.13%0 to —0.04%o). During low water-flow periods in
winter, epilimnetic particulates at LJK have a ¢°°Fe value of
—0.21%0. With the increase of water flow in summer, an
increase of the 0™'S value of dissolved sulfate (—8.6%0 to
—7.4%0) has been observed because of the retention of
rainwater in epilimnion (Table 1; Fig. 4). Meanwhile, there
is a significant decrease of J°Fe value for the
corresponding SPM sample appeared at LJK. It is reported
that the light Fe isotope compositions were resulted from
the increase of organically bonded Fe particulates in high
flow period (Song et al., 2008a). The aerosol particles have
limited contributions.

In the case of Lake Hongfeng, the seasonal variation of
the 6°°Fe value at HW was different from that of LIK,
although increases of the °*S value of dissolved sulfate had
also been observed at both stations (Fig. 4). Lake Hongfeng
is a mesotrophic water system. During summer
stratification, a significant amount of phytoplankton can be
observed in epilimnion. So phytoplankton is an important
component of the SPM sample. It is proposed that the 9°°Fe
value of phytoplankton is more reflective of extracellular-
adsorbed Fe, rather than intracellular Fe (Bergquist and
Boyle, 2006). In the present study, the phytoplankton
sample had also been analyzed where extracellular Fe and
intracellular Fe were both included, and tended to have a
higher 0Fe value of 0.36%o (Table 2). Therefore, the
heavy Fe isotope compositions might also be a result of
adsorbed Fe. It could be an explanation for the higher J°°Fe
value of HW particulates in summer than that in winter
(Fig. 4). In contrast, Lake Aha has lower primary
production and a narrow surface area. The tributary input
could play an important role in the lower 5°Fe values of
epilimnetic particulates of Lake Aha.

5.2 Possible influences on Fe isotope compesitions of
riverine SPM
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Previously, numerous studies were carried out ¢

on Fe isotopic compositions of pyrite, and a . o

variable range of —3.5%. to +1.2%. was displayed, Riverine SPM . . ! s

as summarized in Fehr et al. (2008) and Roger et . % oo

al. (2008). It seems that pyrite formation, — ' — ' ' ' !
—3.0 —2.5 —2.0 —15 —1.0 —0.5 0.0 0.5

especially under anoxic conditions, tends to have
lighter Fe isotopic compositions, although it is
suggested by theoretical calculations that pyrite is
expected to have heavier isotopes relative to most
other Fe-bearing minerals (Polyakov and Mineev,
2000; Beard and Johnson, 2004). According to
Roger et al. (2008), the microbial-induced pyrite oxidation
produced little Fe isotope fractionation. During peak flow
periods, it was not easy for the Fe particles to settle down to
the riverbed. The suspended particles sampled at the
upstream site of AR1 had a §°°Fe value of —0.31%,
indistinguishable from that sampled (—0.38%0) at the
downstream site, which implied that limited Fe isotope
fractionation can be expected along the river in summer.
However, we only got 6°°Fe values of riverine SPM, but no
data of the starting pyrite. So, detailed studies need to be
done for further discussions.

Several studies have been carried out to determine the
fractionation factors between Fe(lll),, and Fe(ll)
precipitations. Generally, it is suggested that **Fe will
preferentially precipitate (Bullen et al., 2001; Johnson et
al., 2002; Welch et al., 2003; Balci et al., 2006; Egal et al.,
2008). As indicated by Balci et al. (2006), the precipitates
tend to have low 5>°Fe values (—1.46%o to —0.04%o) than the
coexisting Fe(Lll),; in synthetic, acidic, ferric sulfate
solutions, which mimics the conditions of acid mine
drainages. When water flow decreases during winter, Fe
(), will gradually precipitate along the river. Therefore,
the increases of 3°°Fe of riverine particulates might be
induced by the precipitation processes. However, high
concentrations of DOC have been detected in AR2 (Table
1), which could be contaminated by sewage effluent, as
high concentrations of NO; have also been observed.

5" Fe (%o. IRMM)

Fig. 3. Summary of&“Fe_values of the studied natural samples. Shaded region
represents the range of 6°°Fe of igneous rocks.

These organic matters make it difficult for the suspended
particles to settle down along the riverbed. As a result,
limited seasonal variations (Fig. 5) have been observed for
AR2.

For ARS, HR3, and HR2, the suspended particulates had
higher 5Fe values, ranging from -0.12%. to 0.10%o,
which are similar to the average of igneous rocks (0.09%o;
Beard et al., 2003). No significant seasonal variations were
observed for AR5, HR2, and HR3. In contrast to the low
and steady 0'S values in mine drainage-contaminated
rivers, AR5, HR2, and HR3 had higher and variable suifur
isotope compositions (Table [; Fig. 6). Within these thee
rivers, AR5 was polluted by both factory drainage and
sewage effluent, where there are high concentrations of
DOC and NOj . There are not much industrial pollutions
for HR2 and HR3, except limited influences by agricultural
wastewater. Detrital particles could provide important
contributions to the Fe isotope compositions of HR2 and
HR3, which is consistent with the propositions by Fantle
and DePaolo (2004) and Ingri et al. (2006) that detrital
particles have ¢°°Fe values close to 0 or slightly positive.
Two soil samples collected from the watersheds had §°°Fe
values of 0.08%. and 0.11%o (Table 2), respectively, and
two aerosol samples showed 6°°Fe values of 0.08% and
0.12%0 (Table 2), respectively. It is implied that very
limited Fe isotope fractionation occurred during
weathering.
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Fig. 4. Relationship between 6**Fe and 6°*S in summer and
winter at the sampling stations.

5.3 Fe isotope fractionation during early diagenesis of
lake sediment

Sediments and porewaters were primarily studied to
investigate Fe isotope fractionation during early diagenesis
in lake sediments. As seen in Figure 7, depth profiles of
LJK and HW were totally different. Sediment samples
collected from LIJK displayed significant, negative 6°°Fe
values relative to IRMM-014. From 1 c¢cm deep to 10 c¢cm
deep, the Fe isotope compositions of sediments became
gradually lighter, ranging from —0.59% to —1.75%o.
However, porewaters from LIK displayed variations in the
opposite trend, increasing from —2.03%o to 0.12%o. (Table 2;
Fig. 7), where the most variable 6Fe values were
observed. In the case of HW, the Fe isotope composition of
sediments was relatively constant with regards to depth,
being similar to the average of igneous rocks. The
corresponding porewaters had lower 6°°Fe values, ranging
from —0.57%0 to —0.31%e..

Several studies have been carried out on Fe isotope
variations of marine sediments and Fe-Mn nodules. A
relative wide range (~1.5%o to 0.2%o) in 0°°Fe values has
been observed (Beard and Johnson, 1999; Zhu et al., 2000;
Levasseur et al., 2004; Chu et al., 2006; Severmann et al.,
2006; Fehr et al., 2008). Dissimilatory Fe reduction (DIR)
and pyrite formation are reported to be important for Fe
isotope fractionations during early diagenesis in sediments
(Severmann et al., 2006; Fehr et al., 2008). The adsorption
of Fe(lI) onto ferric oxide/hydroxide can also produce low
5°°Fe Fe(Il),, (Icopini et al., 2004; Teutsch et al., 2005;
Rouxel et al., 2008). For LIJK, previous studies have
indicated that dissimilatory Fe-reduction bacteria were
detected through the sediment core, and the concentrations
of pyrite and Acid Volatile Sulfide (AVS) were also high
(Wang, 2003; Zhao, 2006). In this study, the lowest 6°°Fe
value of —2.03%o was observed near the sediment surface,
and a similar variation trend was found to that of
Severmann et al. (2006). Therefore, the Fe isotope

Fig. 5. Seasonal variations of ¢*°Fe values of riverine-
suspended particulates in summer (August 2006) and winter

o—_ :
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Fig. 6. 8°Fe vatues of the studied riverine SPM samples in
summer, and the corresponding §°*S values of river water.

Closed diamonds (#) refer to samples collected from AR1, AR2, AR4, and
HR4; open circles (o) refer to samples from ARS, HR2, and HR3.

fractionations are considered to be dominated by similar Fe
recycling processes. The lowest 6 °Fe value of porewaters
near the surface sediment might result from the active DIR
and adsorption processes. There is a significant amount of
Fe(1IT) oxides/hydroxides formed during pyrite oxidation in
ART1, which provides the necessary reactive Fe for DIR and
adsorption. During early diagenesis, a complex diagnesis of
sulfur species as well as iron sulfides are occurring (Berner,
1984; Devi¢ et al., 2006). With increases in burial depth,
concentrations of Fe sulfides increase until they reach a
depth of 17 ¢m, which is shown in Figure 8 (Zhao, 2006).
The pronounced increase of §°°Fe values (—2.03%o to
0.12%o; Table 2; Fig. 7) of porewaters can be explained by
the formation of a significant amount of Fe sulfides
(Severmann et al., 2006). Meanwhile, the formation of
sulfides will decrease the 0°°Fe value of sediments. It is
coincidental that there is a pronounced increase of the 6°Fe
value of porewaters with the increase of depths at LIK (Fig.
7.

In contrast, there are limited inputs of reactive Fe
particles for HW, and the concentration of sulfate i1s much
lower than that of Lake Aha. The formation of sulfides,
especially pyrite, is not expected to be important at HW.
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Fig. 8. Sediment profiles of pyrite and AVS for Lake Aha
{modified from Zhao, 2006).

But Lake Hongfeng is a mesotrophic water system. The
primary  production of phytoplankton is  high.
Phytoplanktons sampled at HW have a ¢°°Fe value of
0.36%0 due to extracellular adsorption. Therefore, it is
considered that the phytoplankton die-offs are important
contributions for sediments. The lower §°°Fe values of
porewaters could result from DIR and adsorption
processes. Generally, Fe isotope fractionations during Fe
recycling at HW seem to be much lower than those of LIK.
The differences between Lake Aha and Lake Hongfeng
could result from the different characteristics between these
two lakes. Fe isotope studies of different Fe pools in
sediments will be necessary for further detailed
discussions.

6 Conclusion

The studied natural samples from the Karst area
displayed a wide range of ¢°°Fe (—2.03%o to 0.36%o). Most
samples tended to have lighter Fe isotope compositions
relative to IRMM-014. Suspended particulates collected
from rivers seriously contaminated by coal mine drainages
tended to have very light Fe isotope compositions during
peak flow periods, and they all had significant seasonal
variations, except AR2, which was also polluted by sewage
effluent. The pronounced increase of ¢°°Fe during winter
could be explained by the preferential precipitation of the
light Fe isotope. The 3°°Fe values of epilimnetic SPM in
Lake Aha are generally affected by tributary inputs, while
the autochthonous products have important influences for
Hongfeng particulates. With a significant amount of
reactive Fe(Lll) oxides and high concentrations of sulfate,
the variable 6™ °Fe values were considered to be produced
by the reactive Fe recycling in LJK sediments. The low
9°°Fe of porewater near the sediment surface could result
from DIR and adsorption processes. The pronounced
increase of 6°°Fe of porewaters was possibly produced by
the formation of sulfides. The formation of sulfides also
induced a decrease of the 9°°Fe value of sediments with
burial depth at LJK. However, HW sediments had similar
Fe isotope compositions to the average of igneous rocks,
and the corresponding porewaters had slightly negative
9°°Fe values, suggesting that there was a limited amount of
sulfide formed in the HW sediments. The die-offs of
phytoplankton could have important influences on the Fe
isotope compositions of HW sediments. The differences
between LJK and HW sediments suggest that reactive Fe
and sulfate reduction are of great importance in Fe isotope
fractionations during Fe recycling.
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