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This report consists of 2 parts as follows: I. Determination of unanalyzed ions in precipitation water and II. 
Determination of heavy metals and Pb isotopic ratios in precipitation water of Mongolia. 
 
I. Determination of unanalyzed ions in rain water of Mongolia 
1. Introduction 

In Mongolia, the acid deposition monitoring was initiated in August 1998 for two sites of wet and dry 
deposition that were equipped within the EANET activities. Based on experience of acid deposition monitoring 
in Mongolia during the last period, we have been facing poor ion balance problem in rainwater chemistry 
although all procedures of site selection, sampling, chemical analysis, and implementation of QA/QC activities 
are carried out in accordance with the Guidelines and Technical Manuals for the EANET. There were as many as 
100-70% of measurements of rainwater have not met the required criteria for R1. Referring to the data reports of 
the EANET, 82% and 71% of all samples at Terelj (TR) (MN11032) did not meet the R1 criteria in 2004 and 
2005, respectively. In Ulaanbaatar (UR), all rain samples in 2004, 91% of all samples in 2005 did not meet the 
criteria.    

Therefore, laboratory exercise on determination of unanalyzed components in rain water using 
sophisticated analytical tools is very important and valuable in order to discriminate cause of such uncertainty in 
analytical practice and define it whether analytical mistake or some rooms for undetermined components in 
precipitation water.   
 
2. Methodology 

Rain samples in remote site Terelj (TR) and urban site Ulaanbaatar (UB) were collected with a wet-only 
sampler on daily bases and snow samples in TR were collected with bulk sampler on event bases for 2006.  
After collection, the samples were kept in a refrigerator. 

Concentration of major ions including previously undetermined ions such as HCO3
-, NO2

-, PO4
3-, F- and 

Br- were analyzed in 30 rain samples of the 42 samples collected at UB, from April to October 2006, 33 rain and 
snow samples of the 44 samples collected at TR, from December 2005 to October 2006 using the Acid 
Deposition and Oxidant Research Center (ADORC) facilities. 

The anions were determined by IC (IC) with Eluent Generator Cartridge (EGC) 23mM KOH system, 
Dionex DX-500. In order to shorten a retention time of H3PO4, a step gradient mode was chosen. For cation 
analysis, IC with Eluent Generator Cartridge (EGC) 20mM MSA system, Dionex DX-500 was used.  

In fact that ion chromatograph is usually calibrated with total acid concentration, thus determined value 
obtained from IC shows total acid concentration in the samples. Therefore, concentrations of hydrogen carbonate 
and phosphate in the samples were recalculated by modifying IC results using equations suggested by Technical 
Document on Wet Deposition Monitoring in East Asia and Atmospheric Research Department, ADORC 
(Atmospheric Research Department, ADORC, 2006a and 2006b). 

In line with IC, the alkalinity method was applied for determination of hydrogen carbonate concentration 
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in the samples. A pH meter HM-60G, TOA and burette with 0.05 precision, filled with 2mM H2SO4 solution 
were used for potentiometic titration. 
 
3. Results and discussion 

According to the monitoring data for 2000-2005, pH of rainwater was in the range from 4.3 to 7.8 in 
remote site TR, while it varied from 4.8 to 8.3 at urban site UR. The volume-weighted annual average of 
rainwater pH was 5.6 for TR and 6.1 for UR. The frequency distribution of the rainwater pH is presented in Fig. 
1. 
 

 

Figure 1   Frequency distribution of the rainwater pH. 
 

The main fraction of pH values was between 5.5 and 7.0 at the remote site, while it was shifted to range 
between 6.0 and 7.5 at the urban site. There are many factors to neutralize pH and increased concentrations of 
the major ions in rainwater at both sites, among them there are presences of not only acidic species but also 
alkaline species such as calcium carbonates, ammonium associated salts in the air. 

Since the CLEM is being equipped with dual columns IC, the only 3 major anions such as Cl-, NO3
-, SO4

2- 
were determined previously by the IC and therefore there were observed substantial lack of HCO3

- or other 
anions in ion balance of precipitation water of Mongolia. 
 
3.1. Ionic composition 

Originally, after analysis at the CLEM, 23 samples of the 30 samples in UB, 31 samples of the 33 samples 
in TR did not meet the ion balance criteria (R1) and 1 and 4 samples did not meet the electrical conductivity 
criteria (R2), respectively. After analysis at the ADORC, 2 samples of UB, 10 samples of TR didn’t meet R1 and 
only 1 sample of TR did not meet R2 criteria (Table 1) and reason of such dispersion is being discussed later.   
 

Table 1   Compliance of required criteria for R1, R2 

Site Sample number CLEM ADORC 
R1 R2 R1 R2 

Ulaanbaatar (UB) 30 7 29 28 30 
Terelj (TR) 33 2 29 23 32 

 
Referring to analytical results of anions which were analyzed at the ADORC, there were detected HCO3

-, 
NO2

-, PO4
3-, and F- in most samples along with the 3 previously measured major anions (Cl-, NO3

-, SO4
2-), 

however Br- was detected only in a few samples although its standard was also included in the standard mixture. 
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Table 2 shows the concentration ranges and number of samples (in brackets) in which previously undetermined 
anions were detected. 
 
 

Table 2   Concentration range of previously undetermined components, mg/L 

 F- PO4
3- NO2

- HCO3
- 

UB (30) 0.001-0.06 (24smpl) 0.14-0.22(8smpl) 0.03-0.32(27) 0.06-26 (30) 
TR (33) 0.001- 0.06(19smpl) 0.15-1.22(18smpl) 0.02-0.04(17) 0.32-6.49(31) 

 
 

Within these anions, concentration of HCO3
- was considerable as expected before and it was detected in all 

samples of UB, in case of TR, only 2 samples (where pH were below 4.0) did not contain hydrogen carbonate 
ion. Most (90%) of UB samples contained NO2

-, while considerable number (54%) of TR samples had PO4
3- and 

concentrations of those ions were quite high. It is still unclear potential source of these 2 ingredients and need 
further research on identification of their sources. F- was included almost in same number samples of both sites, 
however its concentrations were negligible. 

Comparison of measurement results of 3 previously measured anions at 2 institutions (CLEM and 
ADORC) shows a variation of NO3

- concentrations in some samples. Therefore, cation reanalysis was taken at 
the ADORC in order to clarify if there are any possible chemical conversions of ingredients during sample 
storage. Result of the cation analysis at the ADORC has confirmed the oxidation of reduced nitrogen compounds 
at different stages (NH4 – NO2 – NO3) whereas with increased nitrate concentration, the ammonium 
concentration has decreased up to zero in some samples or quite high concentration of nitrite has occurred also in 
some samples. So now it can be assumed that there were 2 samples of UB (9 Apr, 23 Jun) and 10 samples of TR 
(19 Dec, 2 Feb, 23 Feb, 9 Mar, 9 Apr, 1 May, 8 May, 29 May, 7 Jun, 10 Jun, 23 Jun) effected by the conversion 
and ion balance of those samples was out of the required criteria. Cause of such phenomena should be studied 
also in future. 

The ion balance was recalculated using the all data set including newly measured anions except high 
concentration of NO2

- referring to NH4
+, NO3

- results. If omit the data which were subjected to chemical 
conversion of N compounds, so all data met the required criteria of R1 and R2. 

Average concentrations of all measured ions were calculated for comparison of ionic composition ratio 
and presented in the Table 3. Ionic composition ratio of precipitation water of both sites for 2006 is shown in 
Fig.2. 
 
 

Table 3   Average concentrations of ions, µeq/L 

 H  HCO3 F Cl NO3 SO4 PO4 NO2 Na NH4 K Mg Ca 
UB 0.4 77 1 7 19 55 1 1 9 55 6 9 91
TR 6.7 28 0 7 17 58 6 0 8 62 8 6 27
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Figure 2   Ionic composition ratio of precipitation water, µeq/L. 
(a) Ulaanbaatar (UR) site, (b) Terelj (TR) site 

 
Referring to the Table 3 and Fig.2, hydrogen carbonate and sulfate ions have predominated within anions 

of precipitation water of UB and TR, respectively. However, contribution of SO4
2- to precipitation acidity of UR 

was still significant and it predominated in several cases while contribution of HCO3
- had a similar picture in 

precipitation composition of TR. As seen at the Fig.2, concentrations of NO3
- and Cl- were comparable at both 

sites and their contributions to precipitation acidity were not so considerable. 
Ammonium and calcium ions mostly have predominated among the cations in the precipitation water. In 

the TR, NH4+ was the dominant cation, which accounts on average for 52 of its cation total while in UR, Ca2+ 
was the predominant with 53% accounts due to alkaline dust effects. These major cations neutralize the original 
acidity and provide relatively high pH of rainwater at both sites, especially in UR in spite of a high concentration 
of acidic constituents.  
 
3.2. Hydrogen carbonate ion 

Since hydrogen carbonate ion plays important role in precipitation chemistry of Mongolia, its 
determination in rainwater is essential for good ion balance. As mentioned above, HCO3

- was examined by 2 
methods namely by IC and alkalinity method at the ADORC. The Fig.3 presents a comparison of HCO3

- 
concentrations determined by 2 different methods. 

The results of UB samples by both methods were more identical with each other, but it was overestimated 
by alkalinity method than IC method for TR. Therefore, selection of analytical method for determination of 
HCO3

- and its operational procedure should be examined carefully. 
 
4. Conclusion and recommendations 

The results of analysis of undetermined components at ADORC have suggested that in order to improve 
ion balance, the measurement of hydrogen carbonates is essential in precipitation water samples when pH is 
higher than 5.5 at both sites and some other components such as PO4

3- and NO2
- can be analyzed if there is any 

significant peak occurred after SO4
2- and Cl-, respectively, especially PO4

3- at remote site and NO2
- at urban site. 

But further research is needed for identification of PO4
3- sources.   

There is a prepared procedure on determination of hydrogen carbonate in rainwater taking into account 
country’s precipitation features and technical availability. However, there is still need some additional facilities 
such as digital pH-meter, high grade stock acid, precise micro burette to facilitate introducing of the procedure 

(a) 

(b) 
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into the monitoring practice successfully. 
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Figure 3   Comparison of HCO3

- concentrations. 
 
 
II. Determination of heavy metals and Pb isotopic ratios in precipitation water of Mongolia 
1. Introduction 

Concentration of 13 heavy metals and lead isotopic compositions were determined in Mongolian 
precipitation water and aerosol samples in order to know magnitude of the soluble metals in water, its 
enrichment factors, and relationship between metal concentrations and lead isotopic compositions, source 
identifications as well as comparison of those values in remote and urban sites. 

Since there are no any significant heavy industries in the country, the heavy metals are mainly contributed 
by coal burning, leaded petrol, and waste incineration. Long range transportation of such components may take 
place. 
 
2. Methodology 

Rain samples in remote site TR and urban site UB were collected with a wet-only sampler on daily bases 
and snow samples in TR were collected with bulk sampler on event bases for 2006.  After collection, the 
samples were kept in a refrigerator. Concentration of heavy metals and lead isotopic compositions were analyzed 
in 23 rain samples of the 42 samples collected UB, from April to October 2006, 24 rain & snow samples of the 
44 samples collected TR, from December 2005 to October 2006. 

Particle samples were collected with the four-stage filter pack sampler (1 l/min flow rate) in biweekly 
bases at TR and weekly in UB. The water extract of 6 samples of TR, 8 samples of UB were analyzed for heavy 
metals. 

The heavy metal concentrations and lead isotopic composition were determined by inductively coupled 
plasma mass spectrometry (ICP-MS), SPQ 9000, SII Seiko Instruments Inc. The lead isotopic ratios were 
corrected for fractionation by the Standard Reference Material (SPM) 981. 

Statistical calculation was carried out by SPSS 13.0 for Windows. The Hysplit 4.5 model from NOAA was 
used for back trajectory analysis of air mass pattern. (http://www.arl.noaa.gov/ready) 
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3. Results and discussion 
3.1. Concentration of heavy metals 

In general, concentrations of water soluble heavy metals in Mongolian precipitation water were low except 
Al, Mn, and Zn (Table 4). Al and Mn concentrations were relatively high, probably because those have presented 
in the earth crust (Al – 40200ppm, Mn – 770ppm). But Zn arises from man made sources. 
 
 

Table 4   Concentration of water soluble heavy metals in precipitation water (enrichment of 
metals), ppb  (a) Ulaanbaatar (UB), (b) Terelj (TR) 

(a) Uraanbaatar 

UB Al V Cr Mn Co Ni Cu Zn As Cd Sb Pb Bi 
Av. 5.6  0.4  0.6  5.6  0.2 2.6 1.3 4.9 0.8 0.2  0.2  0.9  0.8 
STD 5.3  0.5  0.2  5.1  0.2 2.4 1.1 5.8 0.8 0.1  0.1  0.3  0.1 
Max 27.5  1.5  1.1  22.3  0.8 10.7 5.6 23.6 4.2 0.4  0.4  1.9  0.9 
Min 2.3  <DL 0.4  <DL <DL 0.8 <DL <DL <DL 0.1  <DL 0.6  0.7 

 
(b) Terelj 

TR Al V Cr Mn Co Ni Cu Zn As Cd Sb Pb Bi 
Av. 4.8*  0.4  0.6  7.3  0.1 1.3 1.4 8.9 0.7 0.3  0.1  2.9  0.8 
STD 33.0  0.5  0.6  6.7  0.3 0.9 2.2 103 0.5 0.2  0.2  6.1  0.1 
Max 164  1.7  3.3  27.1  1.4 3.4 10.9 451 2.6 1.1  0.6  30.2  0.9 
Min 1.3  <DL 0.4  <DL <DL 0.3 <DL <DL <DL 0.1  <DL 0.6  0.7 
Av.*      1.0 6.3 0.6 0.2  1.4 

* High concentration on 22 September 2006 was omitted for calculation. 
 
 

Comparing the heavy metals concentrations between 2 sites, there was observed a strange thing that 
average concentrations of Mn, Pb and Zn in TR were higher than those the urban site. In TR site, there were 
observed several episodes (6 Feb, 9 Jun, 22 Sep. 2006) that had higher concentrations of those metals, while in 
UR were not observed such events at all. Distance between 2 sites is about 50km. Totally, 12 samples pair were 
collected in same time at both sites in 2006. Table 5 and Fig. 4 show an average concentration of metals in the 
samples which were collected same days at both sites. 
 

Table 5   Average concentration of the samples taken at same time, ppb 

 Al V Cr Mn Co Ni Cu Zn As Cd Sb Pb Bi 
UB 6.7  0.4  0.6  4.7  0.2 2.6 1.4 5.8 0.7 0.2  0.2  0.9  0.8 
TR 6.2  0.4  0.5  6.2  0.0 1.0 1.3 7.0 0.5 0.2  0.1  1.7  0.7 
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Figure 4   Average concentration of the samples taken at same time, ppb. 

 
The result shows same phenomena as higher concentrations of those metals in TR site. That implies there 

are different sources of heavy metals in those sites. 
It can be assumed that there are no significant local sources of such metals that contribute their high water 

soluble concentrations in precipitation water in both sites. In UR, population of automobile is relatively low 
about 100.000 compare with mega cities even though leaded petrol is used and its contribution as water soluble 
form is not significant. Therefore, relatively high concentration of some metals such as Pb, Al, Zn, As, Cu, and 
Cd in TR site suggests their origin can be long-range transportation of the pollutants. 

There is an example, one particular extreme episode occurred in 22 September 2006 at TR site when the 
pH of rain was 3.80, electric conductivity 123 µS/cm. This rain sample contained considerably high 
concentration of heavy metals (Al – 164ppb, Cu – 11ppb, Zn – 64ppb, As – 2.6ppb, Cd – 1.1ppb, Pb – 30ppb) in 
line with high concentration of acidic substances. This acidic nature of sample can digest original content of 
heavy metals during transportation. That period, there was no rain in UR. In the next day, 23 September rain was 
at both sites most probably from frontal origin (because precipitation amount was quite enough), however 
looking at the back trajectories and lead isotopic signatures there was some differentiation (same initial origin 
but different height and mixtures). In this day, the concentrations of heavy metals in TR were much lower than in 
previous day but those were still higher than in UR (see isotope ratio).      
Isentropic 3-day back trajectories were calculated by using the Hysplit 4.5 model to examine the origins of air 
parcels arriving at the site at 00:00UTC (09:00 local time) during the episodes, for three altitudes (1000, 2000, 
and 2500m above ground level (AGL)). 

Depositions of such heave metals were calculated using an average concentration and precipitation amount 
for 2006 and it is shown in Table 6 and Fig. 5. Since the precipitation amount was higher at TR (229mm) than in 
UR (188mm), wet deposition amount of heavy metals was higher in TR, especially such metals as Mn, Zn, Pb 
because of their higher concentrations comparing with the urban site. 
 

Table 6   Depositions of water soluble heavy metal for 2006, µg/m2/year 

 Al V Cr Mn Co Ni Cu Zn As Cd Sb Pb Bi 
UB 1100 55 107 917 24 379 226 968 122 42 32 155 145
TR 1235 95 113 1579 12 271 302 1543 140 52 17 451 168
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Figure 5   Deposition of heavy metals for 2006, µg/m2/year. 

 
3.2. Lead isotopic ratios 

Lead isotopic ratios in precipitation water were analyzed in same samples of heavy metals and are shown 
in Fig. 6. For comparison, the figure includes the ratios of upper continental crust (UCC1, UCC2), leaded petrol 
(Lpet), and European coal (EUCoal). All analyzed data are plotted in the same figure and the ratios which have 
Pb concentration more than 1ppb are marked with (+). 
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Figure 6   208Pb/206Pb vs. 207Pb/206Pb of precipitation water. 

 
There was not only different isotopic composition but also different distribution of isotopic ratios in 2 sites. 

More linear distribution was at TR than at UR even though Pb concentration was higher. After elimination of the 
data with Pb concentration is below 1 ppb, the distribution of UR ratio was more linear almost in same line as 
the TR trend line. However, if analyze particular samples collected in same day in both sites, there were still 
quite enough differences existing. For instance, looking at previously mentioned episodes on 22, 23 September 
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2006, the isotope signatures (207Pb/206Pb and 208Pb/206Pb) of TR samples in 22 and 23 September were similar 
each other 0.863; 0.860 and 2.10; 2.12 respectively, but in case of UR sample in 23 September there are different 
ratios than in TR samples, they were 0.883 and 2.17 (see Fig. 6). Therefore, this differentiation suggests also on 
different sources of lead contents in rainwater at 2 sites. There were only 3 cases of the 8 sample pairs on same 
day collection in 2 sites that had similar isotopic ratios. 
 
3.3. Correlation matrices 

Correlations of heavy metals in rainwater with pH, EC, and lead isotope ratios 208Pb/206Pb, 207Pb/206Pb for 
both sites were calculated.  In TR, most of metals such as Al, Cu, As, Cd, and Pb correlate negatively with pH 
and positively with EC and each other at the 0.01 significant level because of the episodes on 22, 23 September 
2006. In case of UR, there were no such strong correlations as in TR, but positive correlations between pH, EC 
and Cr, Co, Ni as well as between the ratios 208Pb/206Pb and 207Pb/206Pb have existed at the 0.01 significant level. 
The lead isotopic ratios have not had any correlations with concentrations of heavy metals in both sites. 
 
3.4. Heavy metals in water extract of filter pack 

Concentration of heavy metals in water extract of filter pack (FP) is shown in Table 7 and comparison of 
average concentrations of heavy metals at both sites shown in Fig. 7. There was distinctive picture of heavy 
metals in water extract of FP than heavy metals in rainwater. Concentration of all analyzed heavy metals in UR 
was higher than TR samples indicating influence of local sources. If there is acid digestion of samples, obviously 
there will be more heavy metals in particles. 

The Fig.8 shows the lead isotopic ratio of the water extract of particles. Pb isotopic ratios are more 
common in both sites, the ratio was less radiogenic in TR site. Correlations of heavy metals in particles with lead 
isotope ratios 208Pb/206Pb, 207Pb/206Pb for both sites were calculated also. In TR, Al correlates positively with Zn, 
Bi and Pb with V. In UR, Al correlates positively with most metals except V, Pb at the 0.01, and 0.05 significant 
levels thus indicate the same source of those metals, probably soil source. The lead isotopic ratios have not had 
any correlations with others in both sites. 
 
 

Table 7   Concentration of heavy metals in particles, ngm-3 

UB Al V Cr Mn Co Ni Cu Zn As Cd Sb Pb Bi 
Av. 12.1  1.9  1.1  14.2  0.1 34.4 1.4 6.8 1.2 0.4  0.7  5.9  1.5 
STD 12.3  1.2  0.6  17.5  0.3 84.1 1.9 4.2 0.5 0.2  0.9  3.2  0.3 
Max 40.9  3.5  2.5  56.9  0.8 243 6.0 15.4 1.9 0.8  2.8  11.4  2.1 
Min <DL <DL 0.7  2.6  <DL 1.3 <DL <DL <DL 0.3  <DL 1.5  1.1 

 
TR Al V Cr Mn Co Ni Cu Zn As Cd Sb Pb Bi 
Av. 9.4  0.4  0.8  4.8  0.0 2.1 1.1 6.1 0.5 0.2  <DL 3.2  0.8 
STD 8.5  0.4  0.4  3.7  0.0 1.7 0.8 4.9 0.3 0.1   2.4  0.1 
Max 26.4  0.9  1.3  9.9  0.1 4.9 2.2 15.3 0.9 0.3   6.9  1.0 
Min 3.4  <DL 0.4  1.5  <DL 0.7 <DL 1.7 <DL 0.1   0.8  0.7 
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Figure 7   Concentration of heavy metals in water extract of particles. 
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Figure 8   208Pb/206Pb vs. 207Pb/206Pb of particles. 
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