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ABSTRACT
Twenty-four elements in Lake Baikal water were determined by HR-ICP-MS instrument, where two river water reference materials, JSAC 0302 and JAC 0032, were applied to verification of the accuracy of analysis. The concentrations of the analyte elements covered a range of nine orders of magnitude, from approximately 17 µg mL-1 of Ca to less than 2 - 3 pg mL-1 of Cs. Lake Baikal water samples from various water depths showed similar chemical compositions to one another.  The distribution of the elements in Lake Baikal water was compared with that in Lake Biwa water, which is the largest lake in Japan. Despite the general similarity in elemental distribution of the two lakes, U and Li were relatively enriched in Lake Baikal water while Y, Mn, and As were relatively enriched in Lake Biwa. Based on the enrichment factor of elements in lake waters, the relative low Li concentration in Lake Biwa water was suggested to be an anomaly, which might be attributed to the deposition of organic deposit that enriched Li.
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INTRODUCTION 
Lake Baikal is the deepest and the most voluminous freshwater lake on the earth[1-3].  Determination of the elements in Lake Baikal is a primary requirement for drawing a baseline for the examination of future anthropogenic perturbations[3, 4]. 

In the past few decades, the distributions of approximately 30 elements in Lake Baikal were reported by some researchers[3-7]. Falkner et al. investigated the distribution of Ca, Mg, Na, K, Cl, S, Sr, Li, Ba, Rb, Al, Si, Be, Zn, Cu, Ni, Cd, Ge, Cs, V, Cr, Hg, and U in Lake Baikal water[3-4]. Sugiyama et al. carried out researches on Al, Ba, Ca, Fe, K, Mg, Mo, Na, P, Si, Sr, V, and W in Lake Baikal water and suspended particles[7]. These researches provided a great deal of valuable information for the above mentioned elements in Lake Baikal.  However, the data for the elements in Lake Baikal are still insufficient, which mismatches the importance of Lake Baikal in geology, environment science, and biochemistry.
Fortunately, resent developments of analytical instruments and preconcentration techniques benefited the elemental analysis in natural water samples[8]. In the present authors’ research group,  inductively coupled plasma atomic emission spectrometry (ICP-AES) and inductively coupled plasma mass spectrometry (ICP-MS) were successfully applied to a great deal of works on multielement determination of environmental samples and bio-samples[9,10]. 
Furthermore, coprecipitation and chelating resin adsorption techniques were successfully developed to concentrate trace elements in natural water samples[11,12]. The present authors are trying to investigate the distributions of as many elements as possible in Lake Baikal.  And the present paper reports the preliminary work about the multielement analysis of Lake Baikal waters. 
In the present experiment, analytical results of 24 elements in Lake Baikal water samples were determined directly by a high resolution ICP-MS (HR-ICP-MS). The accuracy of analysis was verified by analyzing two river water reference materials (JSAC 0302 and JAC 0032, issued by Japanese Society for Analytical Chemistry, JSAC).  Water samples collected at two sampling sites in Lake Baikal were analyzed and discussed in terms of elemental concentration and enrichment factor (EF) relative to the elemental concentration in the crust.

EXPERIMENTAL
Instrumentation

A double focusing HR-ICP-MS instrument of model Finnigan Element2 (Thermo Electron, Bremen, Germany), which was equipped with a single collector and a concentric-type nebulizer (Conikal, AR35-1-FC1E, Glass Expansion Pty. Ltd., West Melbourne, Australia), was used for the measurement of trace elements in Lake Baikal water.  The operating conditions of the HR-ICP-MS instruments are summarized in Table 1, where the operating conditions were chosen after the optimization of each instrumental parameter.
Chemicals and Samples
Nitric acid, acetic acid and aqueous ammonia solution of electronic industry grade were purchased from Kanto Chemicals (Tokyo, Japan).  The multielement standard solutions for making the working calibration curves were prepared from the single-element standard stock solutions (1000 g mL-1) for atomic absorption spectrometry (Wako Pure Chemicals, Osaka, Japan).  The pure water used throughout the present experiment was prepared by a Milli-Q purification system of model Element A-10 (Nihon Millipore Kogyo).  

The present water samples were collected at two sampling sites (A, N51°42’02”, E104°35’43”; B, N52°08’46”, E105°54’52”; Fig. 1) located in the southern basin of Lake Baikal.  The samples were collected with a go-flow sampler at the surface of site A, and at the surface, 20 m depth, 600 m depth, and 1200 m depth of site B, respectively.  The above mentioned samples will be referred as Surface-A, Surface-B, 20-B, 600-B, and 1200-B, respectively, in the following description and discussion.  The samples were preserved in pre-cleaned polypropylene bottles, in which conc. nitric acid was added to acidify the samples to pH 1.  The bottles were pre-cleaned by soaking in 6.0 M HNO3 for more than one week and rinsed with pure water before use.  In order to avoid contamination, filtration was not performed to the present sample.
	Table 1.  Operating Conditions for the HR-ICP-MS Instrument

	HR-ICP-MS   Element2

	Plasma conditions:
	

	incident power
	1.0 kW

	coolant gas flow rate
	Ar 16.0 L min-1

	auxiliary gas flow rate
	Ar 0.8 L min-1

	carrier gas flow rate
	Ar 0.9 L min-1

	Nebulizer:
	Concentric-type

	sample uptake rate
	0.2 mL min-1

	Data acquisition:
	

	mass window
	150%

	integration window
	80%

	sampling points per peak
	15 points

	integration times (runs passes)
	3  3 times
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Figure 1.  Location of the sampling sites.

RESULTS AND DISCUSSION
Analytical Results of The Elements in River Water Reference Materials (JSAC 0302, JAC 0032)

The resolutions and the detection limits for the elements examined by HR-ICP-MS are summarized in Table 2. In the present experiment, the analytical detection limits were defined as the concentrations corresponding to 3-times the standard deviation of the background signal intensities, which were estimated from the 10-times repeated measurements of the blank solution, i.e. 0.1 M nitric acid solution.  It is seen in Table 2, the analytical detection limits for these elements were from 8 ng mL-1 of Si to 0.1 pg mL-1 of Cs.
Reference materials were widely used to verify the accuracy of the analytical results for samples with similar matrix to reference materials.  In the present experiment, two river water reference materials, JSAC 0302 and JAC 0032, issued by JSAC were analyzed. The analytical results for 24 elements in JSAC 0302 and JAC 0032 are summarized in Table 3, along with the certified values issued by JSAC. It is seen in Table 3 that the concentrations for the elements covered a range of eight orders of magnitude, from approximately 12 µg mL-1 of Ca to less than 3 pg mL-1 of U. 
Furthermore, the analytical results observed in the present experiment were in good agreement with the certified values, respectively.  This fact indicates that the present experiment could provide fairly reliable analytical results for these elements in fresh water samples.  Besides, certified values for Si, Sr, P, V, Rb, Li, W, Cs, and Y were not given by JSAC.
	Table 2.  Analytical Detection Limits of the Elements Determined Directly by HR-ICP-MS

	Element
	m/z
	Resolutiona)
	ADLb)
	Element
	m/z
	Resolutiona)
	ADLb)

	
	
	
	ng mL-1
	
	
	
	ng mL-1

	Ca
	44
	medium
	2
	Zn
	66
	medium
	0.06

	Na
	23
	medium
	3
	Mo
	95
	low
	0.002

	Mg
	24
	medium
	0.9
	Mn
	55
	medium
	0.005

	K
	39
	high
	0.7
	U
	238
	low
	0.00004

	Si
	28
	medium
	0.7
	As
	75
	medium
	0.1

	Sr
	88
	low
	0.03
	Rb
	85
	low
	0.0003

	Ba
	135
	low
	0.006
	Cu
	63
	medium
	0.009

	B
	11
	low
	0.3
	Pb
	206
	low
	0.004

	P
	31
	medium
	0.1
	V
	51
	medium
	0.001

	Al
	27
	medium
	0.06
	W
	182
	low
	0.002

	Fe
	56
	medium
	0.2
	Y
	89
	low
	0.0001

	Li
	7
	medium
	0.05
	Cs
	133
	low
	0.0002

	a) high, m/Δm= 10000; medium, m/Δm= 4000, low, m/Δm = 300.

	b) Analytical detection limits.


However, the observed values for these elements in the present samples were quite higher than the analytical detection limits.  The results for these elements were also determined with good reproducibility. Therefore, it is reasonable to regard that these results are reliable too.  Thus, the present method was applied to the analytical of Lake Baikal water samples.
Analytical Results for The Elements in Lake Baikal Water
The analytical results for 24 elements in Lake Baikal water samples were summarized in Table 4, along with reference values reported by Falkner et al.,[3,4] Suturin et al.,[5] and Grosheva et al.,[6] respectively. 
It is seen in Table 4 that analytical results for the elements in Lake Baikal water samples were in the range from approximately 17 µg mL-1 of Ca to approximately 3 pg mL-1 of Cs.  All of the elements were determined with preferable reproducibility in the present experiment.  The concentrations observed in the present experiment were in general coincident with reference values, which fact indicates that the present results are reliable.  It is also seen in Table 4 that the Lake Baikal water samples showed similar elemental concentrations to one another.  This fact indicates that the lake water was in a homogenized state when the samples were collected.  Up to date, there are few reports for W and Y in Lake Baikal water.  Therefore, the present results for W and Y might be valuable references for the future research on Lake Baikal.
In order to discuss the analytical results, the concentrations for the elements obtained in the present experiment were plotted in Fig. 2, where the elements were given in the same order as those summarized in Table 4. In addition, the concentrations of the elements in Lake Biwa,[8] which is the largest lake in Japan, were also plotted in Fig. 2.  It is seen in Fig. 2 that most of the elements shown identical concentrations in all the present samples, which indicate that the distribution of these elements in Lake Baikal were quit uniform.  However, the concentrations of Zn, Cu, and Pb in surface-A sample were significantly higher than those in other samples.
Table 3.  Analytical Results for Multielement Determination of JSAC 0302 
and JAC 0032 by  HR-ICP-MS
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Figure 2.  Concentrations of  the elements in Lake Baikal water samples as compared to those in Lake Biwa water. ○: Surface-A;○: Surface-B; ○: 20-B; ○:600-B; ○: 1200-B; ◇: Lake Biwa (cited from Ref. 8).


Table 4.  Analytical Results for the Elements in Lake Baikal Water Determined by HR-ICP-MS
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It is seen in Fig. 2 that the concentrations of the elements in Lake Baikal water were generally quite near to those in Lake Biwa water.  The concentrations of the elements in lake water were dominated by river transportation, atmospheric deposition, water-sediment interface reactions, chemical and biological reactions[8]. 
The similarity in chemical composition of Lake Biwa and Lake Baikal indicate that the dominant factors were generally very similar to each other.  On the other hand, the concentrations of Al, Li, U, Mo, and W in Lake Baikal water were much higher than those in Lake Biwa water. 

Enrichment Factors of The Elements in Lake Baikal Water
The enrichment factor (EF) defined by Eq. (1) is often employed to examine the relative abundances of the elements in environmental samples, compare to those in continental crust[13, 14].  
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where [M]sample and [Al]sample are the concentrations of analyte element and Al in the sample, respectively; while [M]crust and [Al]crust are those of analyte element and Al in the continental crust, respectively.  In the above definition, Al was chosen as the normalization element for the calculation of EF, because it is a hardly-weathered or chemically-inactive element in various geochemical samples.  According to the definition of EF, when the EF values of most elements in a sample were close to one, the sample might be originated from terrestrial materials such as rocks and clays.  If an element is enriched in the sample, its EF value is larger than one.  

The EF values for the elements in Lake Baikal water samples were calculated from the data in Tables 4, and they are shown in Fig. 3 in the order of the elemental groups in the periodic table.  The data of continental crust for EF value calculation were cited from the reference by Taylor and Mclennan[15].  The EF values for the elements in Lake Biwa water were also plotted in Fig. 3 for comparison.
It is seen in Fig. 3 that the EF values for most of the elements were much higher than one, which indicates that the elements were easily enriched in the river water by weathering of the upper crust and then transported to the lake. On the other hand, Lake Baikal water samples showed similar elemental EF values, except for those of Ni, Cu, Zn, and Pb.  The elements in Lake Baikal water could be classified to three groups as follows based on their EF values.

1. 
Highly enriched elements.  Alkali elements (except for Cs), alkaline earth elements, U, V, Mo, W, B, and As showed extremely high EF values generally more than 1000 in all Lake Baikal water samples.  These results are coincident with the fact that most of these elements were quite mobile during weathering of the upper crust[16]. Enrichment of these elements was caused by input through river water that enriched easily weathering elements. 

2. 
Less enriched elements.  EF values of Y, Fe, and (Al) were near to or lower than 10.  These elements were stable and difficult to be loss in the weathering of upper crust[16]. Consequently EF values for these elements in lake water were relatively lower.
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Figure 3. EF values of the elements in Lake Baikal water samples as compared to those in Lake Biwa water. 
○: Surface-A;○: Surface-B; ○: 20-B; ○:600-B; ○: 1200-B; ◇: Lake Biwa (cited from Ref. 8).
3. 
Elements with larger variation of EF values.  EF values of Ni, Cu, Zn, and Pb in Lake Baikal water samples varied in a relatively wide range.  Pollutions of Ni, Cu, Zn, Cd, and Pb caused by human activities of these elements might be the key matter for the variation of their EF values. 
Comparison of EF Values of The Elements in Lake Baikal Water and Those in Lake Biwa Water
The EF values for the elements in water of Lake Biwa were also plotted in Fig. 3.  The profile of EF values for elements in Lake Biwa water was generally similar to those of Lake Baikal water samples.  However, the EF values for Li and U in Lake Baikal were significantly higher than those in Lake Biwa.  By contrast, the EF values of Y, Mn, Co, and As in Lake Baikal were significantly lower than those in Lake Biwa.

The relatively high EF value of U in Lake Baikal could be attributed to the fact that there are broaden uranium deposits located on the east side of the lake.  The reason for difference in Li EF values in Lake Baikal and Lake Biwa is not clear.  
However, as is seen in Fig. 3, the EF values of alkali metals in lake water generally decreased gradually with the increase of atomic number, while the EF values of Li were almost equal to those of Na in Lake Baikal water.  Therefore, it is reasonable to regard the low EF value of Li in Lake Biwa water as an anomaly, which indicates that there should be some reactions getting rid of Li in the Lake Biwa.  The present authors previously proposed a “string-ball model” as the mechanism for the formation of colloidal large organic molecule-metal complexes (LOMMCs) in natural waters[9,17,18]. Such LOMMCs were detected by SEC (size exclusion chromatography)/ICP-AES (and ICP-MS) in ultrafiltration-preconcentrated Lake Biwa water and pond water[17,18]. 
The LOMMCs are formed from fine core particles of minerals coated with colloidal hydroxides of Al and Fe, biogenic organic molecules, and trace metals. Such colloidal LOMMCs are a kind of particles produced in natural water, and then are called “hydrogenic particles”[9,17]. The relatively lower concentration of Al in Lake Biwa water might indicate the formation of such hydrogenic particles in Lake Biwa.  In general, such hydrogenic particles are relatively enriched with most metallic ions and stable anion forming elements in comparison to the earth crust.  The size-growth of hydrogenic particles causes the sedimentation of biogenic organic molecules, metallic ions, and anions to produce lake or pond sediment.  The sedimentation of the biogenic materials, in which Li might be enriched, could be assumed as the most possible factor for Li deplete in Lake Biwa water.  Because there is not any reference available for detail discussion of Li deplete in Lake Baikal water, the above assumption needs verification by the analysis of Li in biogenic bottom sediment in Lake Biwa.
On the other hand, the relatively higher EF values of Y, Mn, and As in Lake Biwa water are very meaningful.  The high EF value Y in Lake Biwa water might indicate that there are more organic matters in this lake, because the chemical property of Y is similar to those of heavy REEs which could form soluble complex with organic matters[19]. The relatively high EF values of Mn and As in Lake Biwa water could be attributed to the discharge from factories around Lake Biwa.  It is well known that compounds of these elements were widely used in various industries[20].  
CONCLUSION
Twenty-four elements in Lake Baikal water samples were analyzed by HR-ICP-MS directly and discussed in terms of elemental concentration, EF values.  Distribution of the elements in Lake Baikal water was compared with those of Lake Biwa water. 

Despite the similarity between Lake Baikal water and Lake Biwa water in elemental distribution, U and Li were relatively enriched in Lake Baikal water while Y, Mn, and As were relatively enriched in Lake Biwa.  These differences in elemental distribution can be attributed to the differences in the geochemistry features of the catchments, the bio-activities in the lakes, and the artificial discharges around the lakes, respectively. 
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