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ABSTRACT: Investigating the spatial distribution of ultra-trace mercury (ng L-1) in volcanic and geothermal areas can 

provide insights into geological anomalies and regional volcanism. In this study, an accurate and precise method for Hg determination 

in geothermal water was developed using inductively coupled plasma tandem quadrupole mass spectrometry (ICP-MS/MS) and a 

collision/reaction cell (CRC). The experimental conditions, including the Hg isotope type and CRC gas, were optimized to eliminate 

severe tungsten oxide (WO) interference that occurs in conventional ICP-MS analysis of Hg. When O2 was used as the CRC gas in 

the MS/MS mode, the limit of quantitation 

(LOQ) for Hg was 0.5 ng L-1. The proposed 

method was successfully applied to the direct 

determination of Hg in a groundwater-

certified reference material (ERM-CA615) 

and five geothermal water samples, two of 

which had an extremely high W content. The 

satisfactory results indicate the significant 

potential of the proposed for determining ultra-trace levels of Hg in geological samples.  

INTRODUCTION 

Mercury (Hg) is a well-known environmental pollutant that can be 

vaporized as Hg0 into the atmosphere and transported over long 

distances by wind to join the global cycle due to its volatility and 

long atmospheric lifetime.1-3 Hg emitted from anthropogenic and 

natural sources is deposited on the earth’s surface, thus entering 

terrestrial as well as aquatic ecosystems.1,4-5 The levels of Hg in 

the environment depends on the intensity of human activities and 

on the existence and proximity of natural sources. Hg from natural 

processes is usually present in areas of elevated tectonic and 

volcanic activity,6 particularly during the discharge of geothermal 

or hydrothermal fluids.7,8 The analysis of Hg for geothermal 

exploration can be beneficial for understanding the structural 

aspects of a prospect,9,10 selecting a drilling target,9 defining a 

reservoir boundary,10 and enhancing geothermal anomalies.10,11 In 

addition, Hg concentration has been widely investigated as an 

indicator of volcanic activity, such as for the assessment of 

volcanic fluxes in both marine and continental settings during the 

Permian-Triassic boundary (PTB) transition.12-15 Therefore, 

accurate determination of trace-level Hg in volcanic and 

geothermal areas, such as geothermal water or sediments, is 

important for understanding geological anomalies and regional 

volcanism.15,16 

In view of its significant environmental toxicity and hazard to 

human health, numerous analytical methods have been developed 

for the determination of trace Hg, including atomic absorption 

spectrometry (AAS),17–20 atomic fluorescence spectrometry 

(AFS)21–24 and inductively coupled plasma optical emission 

spectroscopy (ICP-OES).25,26 To enhance their sensitivity and 

detection limit, these methods are continuously being improved 

through technologies such as nanocomposite-based vapor 

generation,17 nanoparticle application as a chemical modifier,19 

ultrasound-assisted extraction,21 dielectric barrier discharge 

plasma induced vapor generation,22 and sample introduction using 

a pre-evaporation tube.25 Since the advent of inductively coupled 

plasma mass spectrometry (ICP-MS), it has also been widely 

applied for trace Hg analysis in various fields of research owing to 

its excellent detection limit, wide dynamic range, multi-element 

capability and the ability to measure isotope ratios.27-31 However, 
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the ICP-MS analysis of trace-level Hg in samples containing a 

high concentration of tungsten (W) is notoriously challenging. The 

W matrix forms polyatomic WO+ and WOH+ ions that overlap the 

Hg isotopes; for example, the most abundant Hg isotopes, 200Hg 

(23.10%) and 202Hg (29.86%), suffer significant interference from 
184W16O+ and 186W16O+, respectively.27 Therefore, a severe 

positive bias on trace Hg occurs when the W content is many 

orders of magnitude higher than that of Hg. Guo and co-workers 

reported that the W/Hg ratio in soil or sediment samples is 

approximately 13–1250.27 Furthermore, geothermal waters 

usually contain elevated W concentrations, making geothermal 

systems important environmental sources of W;32,33 however, this 

exacerbates the challenges of trace Hg measurement in geothermal 

water. 

Several methods can be applied to reduce W interference in Hg 

determination via ICP-MS, including (1) matrix separation, (2) 

high-resolution mass spectrometry (HRMS), and (3) 

collision/reaction cell (CRC) techniques. The cold vapor 

generation technique (CVG) has been used extensively in 

combination with ICP-MS for the sensitive determination of 

Hg.19,28,31 CVG is employed to efficiently separate Hg vapor from 

the sample matrix by converting Hg ions to low-vapor-pressure 

elemental mercury (Hg0). Combined with the two-stage gold 

amalgamation preconcentration technique, low detection limits at 

sub-ng L-1 levels can be achieved.34 However, although 

preconcentration is crucial for the determination of samples with 

low Hg contents (e.g., ng L-1 levels), it is time-consuming, and 

labor- and material-intensive.35 In 2004, Barbante and co-workers 

quantified the Hg in polar snow and ice via high resolution 

magnetic mass spectrometry, and found that the separation of 
202Hg (m/z, 201.971) from186W16O+ (m/z, 201.949) interference 

required a relatively high resolution (M/ΔM) of 9463.36 Because 

the average intensity of W is at least one order of magnitude lower 

than that of Hg in polar snow and ice samples, this method should 

be verified for other environmental samples, such as those wherein 

the W/Hg ratio is >2000. Over the past 20 years, the CRC 

technique has been widely used as an alternative approach for 

separating ICP-MS spectral interference. In this approach, spectral 

interference can be separated from the element of interest based on 

their dissimilar chemical reactivity with the cell gas molecules, or 

based on the kinetic energy discrimination (KED) effect that arises 

during collision with the cell gas molecules. The use of O2 as the 

reaction gas in the CRC to eliminate W-oxide ion interference for 

the direct determination of ng g-1 levels of Hg in soil or sediment 

samples using ICP-MS has been investigated.27 However, a 

potential drawback of the CRC technique in traditional single-

quadrupole ICP-MS is that unwanted reactions may occur in the 

CRC and result in new spectral interferences that do not form in 

argon plasma.37 

Inductively coupled plasma tandem quadrupole mass 

spectrometry (ICP-MS/MS) has dramatically improved the 

performance of reaction cell methods owing to the application of 

two mass-selection steps (MS/MS): one before and one after the 

CRC. In MS/MS, the reaction chemistry in the CRC is controlled 

and consistent because only the target analyte enters the CRC. This 

capability offers a much more predictable and reliable approach to 

resolving interferences for a wide range of elements, particularly 

in complex and variable samples.38 Several environmental and 

geology studies have employed ICP-MS/MS to quantify trace 

pollutant elements that suffer severe matrix interferences, 

including, Mn, Fe, Cu, Zn, As, Se, and Pu,39-43 as well as rare earth 

elements (REEs)44 and platinum group elements (PGEs)45. 

However, the application of ICP-MS/MS for trace Hg 

determination in geothermal samples has not yet been reported. 

In this study, a method based on ICP-MS/MS with a CRC was 

investigated eliminating W polyatomic ions for the direct 

determination of ultra-trace levels of Hg in geothermal samples. 

The optimization of this technique, a comparison of multi-mode, 

and its analytical performance are described. In addition, this 

method was applied to two standard water reference materials 

(SRMs) and 31 geothermal water samples from the Rehai 

geothermal area. 

EXPERIMENTAL 

Instrumentation. An Agilent 8900 ICP-MS/MS instrument 

(Agilent Technologies, USA) was used for all analyses. In this 

instrument, two mass-selecting quadrupoles (Q1 and Q2) and one 

octupole collision/reaction cell (CRC) work together to improve 

the analytical performance. In this study, one collision gas (He) 

and three reaction gases (H2, O2, and NH3) cooperating in two 

modes (single-quad and MS/MS modes) were tested to determine 

the most effective conditions for eliminating spectral interference. 

Because He is an almost purely physical collision gas, the single-

quad mode (Q1 functions only as an ion guide) is appropriate, such 

that no gas is pressurized into the CRC. When H2, O2, or NH3 were 

used, the MS/MS mode (both Q1 and Q2 acted as mass filters) 

restricted the entry of unwanted species into the CRC and 

byproduct generation. The plasma, lens, and CRC parameters 

were optimized to achieve the highest sensitivity and minimal 

interference, and the optimal operating conditions are listed in 

Table 1. 

Reagents and Standards. Ultrapure water (18.2M, Merck 

Millipore, USA) was used for standard preparation, sample 

dilution, and other experimental purposes. Nitric and hydrochloric 

acids were purchased from TAMA Chemicals (AA-100, Japan). 

According to Louie et al.,46 chloride has a stabilizing effect on Hg 

ions in water samples and prevents memory effects during ICP-

MS detection. The mixed acids used as solvents in this study were 

0.1% v/v HNO3 and 0.2% v/v HCl.  
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Table 1. ICP-MS/MS instrument and plasma parameters 

Parameter   Single MS Single MS Single MS MS/MS 

Used cell gases None He O2 O2 

Nebulizer Quartz MicroMist Quartz MicroMist Quartz MicroMist Quartz MicroMist 
Cell gas None 5.0 mL min-1 85%a 85%a 

Spray chamber temperature 2℃ 2℃ 2℃ 2℃ 

Interface cones Platinum Platinum Platinum Platinum 

RF power 1550 W 1550 W 1550 W 1550 W 

RF matching 1.50 V 1.50 V 1.50 V 1.50 V 

Nebulizer flow rate  0.80 L min-1 0.80 L min-1 0.80 L min-1 0.80 L min-1 

Makeup gas flow rate 0.40 L min-1 0.40 L min-1 0.40 L min-1 0.40 L min-1 

Extract lens 1 -12 V -12 V -12 V -12 V 

Extract lens 2 -220 V -220 V -220 V -220 V 

Omega bias -130 V -130 V -130 V -130 V 

Omega lens 12 V 12 V 12 V 12 V 

Q1 entrance -50.0 V -50.0 V -50.0 V -50.0 V 

Q1 exit 0.0 V 0.0 V 0.0 V 0.0 V 

Cell focus 0.0 V 0.0 V 0.0 V 0.0 V 

Cell entrance -40 V -50 V -50 V -50 V 

Cell exit -50 V -60 V -60 V -60 V 

Deflect 14.0 V 5.0 V 5.0 V 5.0 V 

Plate bias -50 V -60 V -60 V -60 V 

OctP bias -8.0 V -18.0 V -3.0 V -3.0 V 

Axial accelaration 0.0 V 0.0 V 1.5 V 1.5 V 

OctP RF 140 V 180 V 160 V 160 V 

a Relative to approx. 1.5 mL min-1 at 100%. 

 

Table 2. Summary of Hg isotopes and their most abundant spectral 

interferences 

Analyte Isotope abundance [%] Interference 
196Hg 0.15 196Pt+, (180Hf16O)+ 
198Hg 9.97 (182W16O)+, 198Pt+ 
199Hg 16.87 (183W16O)+, (182W16O1H)+ 
200Hg 23.1 (184W16O)+ (183W16O1H)+ 
201Hg 13.18 (184W16O1H)+ 
202Hg 29.86 (186W16O)+ 
204Hg 6.87 204Pb+ 

The Hg, multi-element (including W), and internal (including Bi) 

standard solutions were prepared by diluting 10 mg L-1 stock 

solutions (Agilent Technologies, USA). High-purity plasma gas 

(Ar) and cell gases (He, H2, O2, and NH3) were purchased from a 

local Air Liquide supplier (99.999% purity, France). 

Sample collection. Geothermal water samples were collected in 

the Rehai hydrothermal area in the Tengchong volcanic region 

(30/11/2021–03/12/2021; 24°57′ N–25°26′ N and 98°26′ E– 

98°27′ E; altitude1330–1680 m). Polyethylene terephthalate (PET) 

bottles were first cleaned five times with 5% HNO3 and then used 

to collect the geothermal water samples. Sample collection and 

preparation were performed as follows: 1) the PET bottle was 

rinsed three times by the geothermal water sample; 2) 500 mL of 

water sample was collected in the PET bottle and 10 mL 20% v/v 

HNO3 was added for cation stability; 3) all water samples were 

stored at 4 ℃ in the dark; 4) the water samples were filtered 

through a membrane filter of 0.45 μm porosity (Agilent 

Technologies, USA) prior to ICP-MS/MS analysis. 

RESULTS AND DISCUSSION 

Oxide interferences in Hg determination. Analysis of Hg in 

geological samples often suffers from various spectral 

interferences, and in particular from WO+ and WOH+ ions. The 

precise measurement of Hg in geothermal water at ng kg -1 levels 

is especially challenging. Therefore, improving the sensitivity of 

analytical techniques by selecting highly abundant isotopes and 

eliminating these interferences is necessary. Table 2 provides a 

short summary of the various Hg isotopes and their most abundant 

or common interferences in geological and environmental water 

analyses. Based on Table 2, the five most abundant isotopes, 198Hg, 

199Hg, 200Hg, 201Hg, and 202Hg, were selected herein as targets for 

optimization. 

Comparison of H2, O2, and NH3 reaction gases in MS/MS 

mode. Trace Hg analysis in the no-gas mode (without 

collision/reaction gas) using conventional single-quad ICP-MS 

has been shown to suffer obvious interference from WO+ and 

WOH+ ions.27 Therefore, the three reaction gas modes (H2, O2, and 

NH3) were optimized using ICP-MS/MS to determine the most 

effective gas. 202Hg was chosen as target isotope as it is the most 

abundant (29.86%) and suffers interference from 186W16O+ only. 

The background equivalent concentration (BEC) value was used 

as the criterion for 202Hg monitoring in this study. The first 

quadrupole (Q1) was adjusted to 202 m/z, allowing only ions with 

an m/z of 202 to enter the CRC. After the interference of molecular 

ions was eliminated via the reaction with the reaction gas in the CRC, 
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Fig. 1 Effects of (a) H2, (b) O2 and (c) NH3 flow rate on the ICP-MS/MS 
signal intensity of 100 μg L-1 W matrix, 100 ng L-1 Hg-spiked 100 μg L-1 

W matrix, and BEC at m/z 202. 

 

 

 

Fig. 2 Overlaid spectra of 0.1 μg L-1 Hg without and with W matrix 

(concentration 1– 1000 μg L-1), confirming accurate Hg isotope abundances 

and effective removal of W-based interferences for all Hg isotopes using 

the MS/MS mode and O2 cell gas. 

the second quadrupole (Q2) filtered out the 202Hg ions. Under 

these conditions, the type and flow rate of the reaction gas are the 

most crucial operating parameters affecting the performance. 

Figure 1a - c show the effects of H2, O2, and NH3 gas flow rates, 

respectively, on the ICP-MS/MS signals of pure100 μg L-1 W 

matrix and that spiked with100 ng L-1 Hg at m/z = 202. The second 

solution simulated the Hg and W contents in real geothermal water 

samples. Fig. 1a shows a gradual increase in both the pure and 

spiked matrix at a low H2 flow rate. At an increasing H2 flow rate, 

the matrix signal intensity decreased faster than that of the Hg-

spiked matrix. The optimal H2 flow rate was found to be 7.5 mL 

min-1, at which, the signal to background ratio (S/N) increased to 

10. Fig. 1b shows that the matrix signal decreased rapidly, whereas 

that of the Hg-spiked matrix remained relatively stable with 

increasing O2 flow rate. The highest S/N (175) was attained at an 

O2 flow rate of 1.2 mL min-1. As shown in Fig. 1c, at a low NH3 

flow rate (<1 mL min-1), both signals remained relatively 

unchanged. As the NH3 flow rate increased, both signals decreased 

at comparable rates, providing virtually overlapping plots. This 

result is in agreement with previous findings.42 Based on the 

results, we speculated that Hg+ was reduced to Hg0 by NH3. 

Furthermore, O2 was selected for subsequent studies. 

Analysis of multiple Hg isotopes. To confirm the accuracy of the 

result for the 202Hg-spiked W matrix in obtained the MS/MS mode 

using O2 cell gas, 198Hg, 199Hg, 200Hg, 201Hg, and 202Hg were also 

detected simultaneously in matrices with varying W content to 

monitor isotope abundances. Figure. 2 shows the overlaid spectra 

of 0.1 μg L-1 Hg in 1-1000 μg L-1 W and the Hg natural abundance 

template. The spectra in Fig. 2 indicate that the measured isotopic 

abundances matched the natural Hg isotope pattern in all W 

matrices. This confirmed that the application of the MS/MS mode 

and O2 cell gas effectively removed the interference from the high-

concentration W matrix. This “confirmatory detection” using 

multiple isotopes of the same element is recommended or required 

by various regulations for geological or environmental analysis. 

This approach is similar to the utilization of “qualifier ions” in 

organic mass spectrometry. 

Effect of WO on Hg. To evaluate the Hg sensitivity and BEC in 

the MS/MS mode using O2 reaction gas, we compared the 

performance of the single quadrupole mode using O2 (SQ-O2) and 

the MS/MS mode using O2 (MS/MS-O2); the no-gas and He 

modes were also conducted for reference. In the no-gas mode, the 

instrument operated in the single-quadrupole (SQ) mode, with the 

first quadrupole (Q1) acting as a non-selective ion guide and the 

CRC was vented. With He as the physical collision gas, the 

instrument was run similarly in the SQ mode, but the CRC was 

pressurized with He gas. The parameters of the SQ-O2 mode were 

similar to those of the MS/MS-O2 mode, except that Q1 acted as 

an ion guide rather than a mass selector. Compared with the no-

gas mode, where the Hg sensitivity was set to 100%, the Hg relative 
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Fig. 3 Comparison of four modes (no gas, He, SQ-O2 and MS/MS-O2) on 

instrument sensitivity and BEC for five Hg isotopes. The signal intensity 

was measured in a solution containing 100 ng L-1 Hg. 

 

 

 

Fig. 4 Detection of 100 ng L-1 Hg in 1000μg L-1 W in the no gas, He, SQ-

O2 and MS/MS-O2 modes for the five Hg isotopes for comparison. 

Table 3. LOQ in MS/MS-O2 mode and measured Hg concentration in 

environmental water reference sample  

 

Table 4. Analytical results for Hg concentration in geothermal water 

samples (Hot Sea Zone (Altitude 1380 ± 45 m) 

Sample 
MS/MS-O2 mode He mode 

W 

(μg L-1) 

W/Hg 
Hg  

(ng L-1) 

Spiked 

recovery (%) 

Hg  

(ng L-1) 

DRTY-1 (pH 2.8) 16.8 / 20.3 0.1 6 

DRTY-2 (pH 3.4) 10.3 / 31.6 1.2 117 

HTJ-L (pH 8.4) 3.7 99% 2050 111.6 30162 

GMQ (pH 9.6) 8.8 / 1009 48.4 5500 

YJQ-R (pH 9.4) 1.9 98% 1002 50.6 26632 

sensitivities in the He and SQ-O2 modes were >70%. For MS/MS-

O2, the Hg isotope sensitivity was >45% (Fig. 3). Mercury 

calibration was performed from 2 to 1000 ng L-1 in all modes using 

0.2% HCl. All the BECs in these four modes were <2.0 ng L-1, and 

the lowest BEC was 0.50 ng L-1, achieved for 202Hg via MS/MS-

O2 mode. 

To determine the optimal approach for ultra-trace Hg detection 

in a high-W content matrix, we compared the Hg detection 

performances of the SQ-O2, MS/MS-O2, no-gas, and He modes. 

Fig. 4 shows the detection results for 100 ng L-1 Hg in 1000μg L-1 

W. The results for the five Hg isotopes were all accurate in the 

MS/MS-O2 mode, but only those for 201Hg were accurate in the 

SQ-O2 mode. The results for the no-gas and He modes showed a 

10−480 fold positive deviation. Thus, the MS/MS-O2 mode 

displayed superior spectral interference reduction performance, 

and was therefore applied in all further studies. 

Analytical performance. The limit of quantification (LOQ) was 

calculated according to IUPAC recommendations as 10 times the 

standard deviation of the blank solution (0.1% v/v HNO3 plus 0.2% 

v/v HCl). The results are summarized in Table 3. Among the five 

isotopes, 202Hg had the lowest LOQ of 0.5 ng L-1. This sensitivity 

is sufficient for ultra-trace Hg monitoring in environmental water 

samples, which ordinarily contain 10–5000 ng L-1 Hg. The 

accuracy of the method was evaluated by analyzing a certified 

reference material, ERM-CA615 (groundwater collected in Bree, 

Northeast Limburg, Belgium), directly. As shown in Table 3, the 

measured value is in good agreement with the certified value. 

Geothermal water analysis. Five geothermal water samples were 

collected from the Rehai geothermal area and analyzed using the 

developed method. The results in Table 4 show that the Hg 

concentrations determined in the He mode were higher than those 

in the MS/MS-O2 mode, with the greatest discrepancies (100-

1000-fold) being at W concentrations of >40 μg L-1. A spike 

recovery test was conducted to further evaluate the interference 

removal capability and matrix tolerance of the proposed method. A 

20 ng L-1 Hg spike was added to two geothermal water samples 

(HTJ-L and YJQ-R) containing W concentrations of >50 μg L-1. 

Despite the high W/Hg ratios in the HTJ-L and YJQ-R samples, 

namely 30162 and 26632, the spike recoveries were 99% and 98%, 

respectively, confirming the accuracy of the method in the 

MS/MS-O2 mode. Table 4 lists the pH values of the five 

geothermal water samples. As shown in Table 4, Hg measurement 

in the MS/MS-O2 mode was not affected by pH. When pH< 7, the 

W concentrations were <1.5 μg L-1; thus, the Hg values obtained in 

the He mode (DRTY-1 and DRTY-1) were much lower than those 

in in other three samples. This further verifies that the conventional 

He mode in ICP-MS cannot eliminate the interference of WO+ on 

Hg+ for ultra-trace Hg determination. 

Based on the Hg and W concentrations and pH values of the 

five geothermal waters from the Rehai geothermal area, the 

geochemical origins of acidic hydrothermal water and neutral/basic 

hydrothermal water in this region were speculated as follows:  

Isotope 
 LOQ  ERM-CA615（n=3, ng L-1） 

 ng L-1  Certified Value Measured Recovery 
198Hg  8.9  

37±4 

34.5±0.6 93% 
199Hg  0.5  37.6±1.5 102% 
200Hg  2.0  37.2±0.8 101% 
201Hg  1.2  37.9±0.3 103% 
202Hg  0.5  37.3±0.3 101% 
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1) An acidic hot spring is a mixture of steam (containing high 

concentrations of H2S) separated by geothermal fluid during the 

adiabatic cooling process and shallow groundwater, and the H2S 

in the steam is oxidized to H2SO4 by a partial oxidizing 

environment in the shallow layer, rendering the pH of the water 

acidic.16 During the formation of acidic geothermal water, 

geothermal steam containing H2S reacts with the surrounding rock, 

and the Hg in the rock dissolves to form sulfate; meanwhile, 

because W forms insoluble substances such as WO/WS under 

acidic conditions, the Hg content is relatively high and the W 

content is relatively low, as exemplified by DRTY-1 and DRTY-2 

samples.  

2) Basic hot springs can form by the direct mixing of 

geothermal fluid and deep groundwater and direct discharge from 

the surface because deep geothermal conditions are generally 

reducing environments; hence, the pH of the water is neutral or 

basic. In a deep reducing environment, Hg in neutral/basic 

geothermal water reacts with sulfide to form deposits, while W 

generates soluble thiotungstate;32,33 thus, neutral/basic geothermal 

water presents relatively high Hg and relatively low W contents, 

as exemplified by the HTJ-L, GMQ, and YJQ-R samples.  

CONCLUSIONS 

An accurate and precise method for the analysis of ultra-trace Hg 

in geothermal water was established based on ICP-MS/MS. The 

additional mass selector in the ICP-MS/MS prior to the 

collision/reaction cell provides the user with more control over 

suppression of interference. Compared to the single quadrupole 

and no gas/He mode, the MS/MS-O2 mode reduced tungsten 

oxide/hydroxide polyatomic interference by more than two orders 

of magnitude. A consistently low limit of quantification was 

observed, which was suitable for the analysis of geothermal water 

samples. The certified reference surface water ERM-CA615 was 

analyzed, and the measured values showed agreement with 

consensus values. Spiked recovery of Hg in tungsten-rich 

geothermal water samples confirmed the validity of the method. 

Overall, this method shows considerable potential for direct 

determination of ultra-trace levels of Hg in various environmental 

and geological water samples. 
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