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SUMMARY

This report describes the research activities from April 1983 
to April 1984 carried out under a grant award from the 
Exploration Technology Development Fund GR061. The work was 
directed towards the development of a low cost analytical 
method based upon laser ablation and atmospheric helium induced 
plasma emission spectroscopy for simultaneous determination of 
Au, As r Sb, Te and Hg in geochemical sample materials. 
Technical problems related to incomplete sample atomization 

were experienced during the program and attempts to eliminate 
these difficulties were unsatisfactory. Therefore, efforts 
related to engineering design and instrumentation development 
were discontinued and conceptual studies related to the 
application of Inductively Coupled Plasma/Mass Spectroscopy 
(ICP/MS) to LASERTRACE was conducted. Initial indications 
suggest ICP/MS will result in improved detectability, 
elimination of incomplete atomization and improved quantisation 
and accuracy. Presently, a conceptual review is continuing on 
ICP/MS and efforts are being directed towards obtaining major 
sources of funding for the acquisition of the instrumentation 
and the application to LASERTRACE.
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l. INTRODUCTION

The main objective of the proposed research was to develop a 
low cost geochemical analytical technique for simultaneous 
determination of Au, As, Sb, Te and Hg based on a modified 
laser vapourization technique combined with atmospheric helium 

induced microwave plasma emission spectroscopy. This research 
was based on instrumentation previously developed by Barringer 
and efforts were directed towards improvement of the laser 
vapourization system to enable routine estimation of sample

mass and modification of an atmospheric induced helium 
microwave plasma - MPD six channel direct reading spectrometer 

to enable sensitive, simultaneous measurement of Au, As, Sb, Te 
and Hg.

The proposed system, when developed, would have considerable 
economic benefit in view of the continued high level of gold 
exploration activity in northern Ontario and would be 
particularly suitable for analysis of submicroscopic forms of 
gold in clay minerals and water suspended material. In 
addition, the technique would be compatible with Barringer's 
existing airborne geochemical exploration techniques, 
AIRTRACE  AND SURTRACE , for gold exploration.
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2. BACKGROUND

2.1 ANALYSIS OF VOLATILE ELEMENTS USING HELIUM MICROWAVE 

PLASMA EMISSION SPECTROSCOPY

Inductively coupled argon plasma (ICAP) torches have been used 
extensively in recent year as a source for optical emission 
spectroscopic analysis. (Greenfield et al. 1975, Scott et al. 
1974). The plasma (a partially ionized gas formed 
electromagnetically by radio frequency induction-coupling of 
argon) causes excitation and emission zones which can be 
resolved spectrally producing a relatively clean background 
spectrum consisting essentially of argon lines. This low 
background, combined with a high signal-to-noise ratio of 

analyte emission, produces detection levels typically in the 
ppm range. Due to the geometry of the ICAP plasma source an 

analyte is carried directly through a narrow channel in the 
centre of the plasma discharge and it experiences a high 
excitation* temperature (9000ok) and long residence time (2 m 
sees). Although the high temperature of the radiation zone and 

long residence time ensures complete breakdown of chemical 
compounds and prevents interferences it also causes instant 

volatilization of elements such as Se, As, Sb and Hg.

The problem of volatilization at high temperature can be 
avoided by using atmospheric helium microwave plasma as the 
source for optical emission. Basically the microwave plasma 
emission detector system (MED) consists of a non-conductive 
discharge tube placed in a resonance cavity which serves to 
focus the energy from the microwave power supply on the 
plasma. The MED operates at less than 100 watts using either 
argon at atmospheric pressure or helium at reduced pressure as 
a working gas. The energy to maintain the plasma in the
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discharge tube is provided by a microwave power supply via a 
resonance cavity which maximizes the energy field at some point 
within its volumn. Different cavity designs have been 
developed which enables the helium plasma to be maintained at 
atmospheric pressure. (Beenakker, 1976).

The high excitation capability and the greatly improved 
stability of atmospheric pressure helium microwave plasmas 
formed using the Beenakker cavity have proved ideal for 
providing an excitation source for metallic elements such as 
As, Sb, Se, Te and Hg. (Quimby, 1978).

*

2.2 ICP ANALYSIS USING LASER VAPORIZATION

Briefly, the LASERTRACE analytical system described in detail 
by Jackson and Lett (1982) and Abercrombie (1978) comprises an 
ARL-QE-137 spectrometer, a radio frequency argon plasma torch 

and a high energy C02TEA iaser ablation unit (Fig. 1). 
Analysis involves volatilization of particulate sample material 
mounted on an adhesive tape by the laser. The resultant 

aerosol is swept by an argon carrier gas directly into the 
plasma and emission of the sample analyzed for 25 major, minor 
and trace elements by the AQ-137 spectrometer.

LASERTRACE has many unique aspects which make it possible to 
analyze microgram quantities of material. The laser transfers 

a large amount of energy in a very short time span 
(microseconds). Therefore the sample is volatilized quickly in 

a short pulse. Hence the signal-to-noise ratio is enhanced 
greatly and the required detection limits for the analysis of 

25 elements can be achieved. LASERTRACE operates by complete 
automation in which the tape is advanced, sample is volatilized 
and carried into the plasma. The system is programmed to
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analyze a sample every 8 seconds. In practice an operator can
analyze up to 1500 samples per day for the following elements*
C, Al, Ca, Cu r Cr, Co, Fe, Pb, Mg, Mn, Mo, Ni, Ag, Be, Sr, Ba, 
Zn, Cd, Na, Si, P, B, Ti, V and K. Since.the LASERTRACE system 
is linked to an SEL computer the raw multi-element data is 
readily available for further statistical reduction and 

processing.

Currently element concentrations are measured using a 
mathematical algorithm to estimate the relative amount of 

oxygen in the sample. The algorithm is based on assumptions 
that major elements are present as oxides (which allows for an 
estimate of oxygen in the sample) and that the sum of the 
oxides represents a large fraction of the sample (allows for 
indirect estimation of element concentrations other than 
oxygen). Because the accuracy of the laser ablation method is 
limited by the absence of oxygen and sulphur previous research 
(Jackson and Lett, 1982) focused on development of other

methods for directly estimating sample mass. One system based 
on a quartz microbalance linked to a two stage electrostatic

precipitator proved to be capable of detecting changes of 
particle content in carrier gas flowing from the laser ablation 
chamber. Despite the potential of this system for direct mass 
measurement considerable further research would be required for 

establishing the effect of different particle size, shape and 
charge polarity on reponse. Consequently, this approach was 

beyond the scope of the financial sources available and hence 
other procedures were considered.

2.3 APPLICATION OF VOLATILE PATHFINDER ELEMENTS TO GOLD 

EXPLORATION

The application of pathfinder elements in geochemical 
exploration for gold deposits has been described and discussed
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by several workers including Bayley and Jones (1961), Bowen 
(1972) r Brooks and Berger (1978), Gott and McCarthy (1966), 

Mazzucchelli and James (I960) and Boyle (1979). These 
investigators found that As, Sb, Se, Te and Hg can all be'- 

effective pathfinders for gold deposits. Champigny and 
Sinclair (1980) noted the strong correlation between spatial 
distribution patterns for Au, Hg, As and Sb in bedrock over the 
Cinola Gold deposit, B.C. Moreover Hg in soil forms a wide 
halo surrounding the gold mineralization at the same deposit. 
Geochemical exploration methods based on determination of Hg, 
As, Te, Sb and Se which would provide particular suitability 
for prospecting in till covered areas. Hence, the development 
of a rapid low-cost method for the simultaneous determination 
of these pathfinder elements would be extremely active for both 
reconnaissance and detailed exploration in Canada.
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3. EXPERIMENTAL 

3.1 INSTRUMENTATION DEVELOPMENT

A key part of the originally proposed research involved the 
re-design of the entrance optics and secondary slits of a

6-channel direct reading spectrometer to provide wavelengths 
capable of detecting Au, Sb, Hg, Se, As and Zr. * At the start

of the current project, however, the opportunity arose to 
purchase a 32-channel ARL ICAP spectrometer and the necessary 
modifications to detect gold and pathfinder elements were made 
to this instrument. Components of the modified system are 
shown in diagramatic form in Figure 1. Specific modifications 
to the existing spectrometer include the following:

1. Selection of optimum spectral lines for the detection of 

elements by helium microwave plasma. A conventional film 
emission spectrograph was attached to the helium microwave 
plasma torch in order to establish wavelengths most 
sensitive for detection of Se, Sb, As, Au, Ag, Te, Gr and 
Al. Adjustments were necessary to make the film UV light 
sensitive in order to detect the complete range of 
elements. The relative intensity of emission for Cr and Al 
obtained using helium microwave was compared to that 
obtained by conventional argon plasma and was found to 
similar. Based on this comparison, the wavelengths for the 
non-volatile elements (e.g. Ga, Mg, Sr, Cr) given in the 
literature for argon plasma emission spectroscopy were 
employed in the helium microwave plasma spectroscopy. A 
compilation of wavelengths derived from literature and also 

by examination of the film spectrograph results for the 
helium microwave plasma are given in Table l and were 

selected as optimum lines in the modification of the 
32-channel ARL spectrometer.
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2. Construction and mounting of an optical alignment system 
for the microwave cavity on the ARL spectrometer was
carried out.

*

3. Development of a suitable interface to transfer signal data 
from the ARL multi-element direct reading spectrometer to 
the SEL 32-byte minicomputer system was carried out. This 
also entailed extensive software development to enable data 
transfer.

In addition to development of a suitable spectrometer system 
for detecting both volatile and non-volatile elements, 

preliminary experiments also indicated that major re-design of 
the LASERTRACE sample vapour ization box and the microwave 

cavity were also required. Modifications to these units of the 
system involved the following:

1. Re-design of the LASERTRACE sample box to allow maximum 
transfer of the sample to the plasma and to minimize 
material hang-up.

2. Construction of a 2.5 cm microwave cavity and helical torch 
to provide sample introduction following volatilization.

Experiments were carried out using the modified ARL 
spectrometer attached to the microwave cavity fitted with a l mm 
ID torch. Although acceptable sensitivity for volatile 
elements (e.g. As, Hg, Sb,) was obtained with this system, 
severe hang-up of material in the torch could be observed 
during individual laser firings. Moreoever/ a substantial 

amount of material passing through the cavity from the laser 
box was not excited. This detrimental effect appeared to 

reflect both the high sample flow rate and the short residence
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Fig. l Components of the modified helium microwave plasma 
32 channel ARL spectrometer system.



TABLE 1; Wavelengths Established.for Helium Microwave Emission 
Spectroscopy from Literature Sources and Film Emission 

Spectrographic Measurements.

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.
11.

12.

13.

14.

15.

C

Se

Zn

I

P

As

Sb

Te

Au

B
Hg

Mn
Mg

Pb

Si

Spectr 
Spectr

1930.9

1960.8

2055.0

2062

2136.2

2288

2312

2386

2428.0

2497.7
2537

2576.1

2795.5

2833.3

2881.6

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.
32.

V

Be

Cu

Ag
Na

Ti

Zr

Co
Gr

Ni
Fe

Mo
Ca
Al
K

Sr

Ba

3102.8

3130.4

3247.5

3280.7

3302.3

3349.4

3438.2

3453.5

3579

3619
3719.9

3864.1

3934

3961

4047.2

4077.7

4554.0
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time of material in the plasma. To overcome this problem a 
helical torch was constructed based on the design of 
Bollo-Kamara and Codding (1981). The advantage of this torch 
shown in Figure 2, is that the tangental gas flow produced by 
the helical design prevents the plasma from touching the 
internal walls of the torch body.

Although the problem of sample hang-up was completely avoided 
using the helical torch design, severe matrix effects were 
observed on laser volatilization and helium microwave plasma 
analysis for refractory elements and elements which require a 
high temperature for atomization. An experiment was carried 
out whereby Hg, C and P in vapour form were introduced in a 
continuous stream into both plasma torches and the detection 
level of each element determined. Results shown in Table 2 
indicate a 4-fold decrease in sensitivity for Hg determined
using the helical torch but a 10-fold decrease in sensitivity 
for C and P. The detection limits obtained using the l mm ID 
torch are comparable to values reported in the literature and 
to results obtained previously by BML using another 
spectrometer. The 5 to 10 fold decrease in sensitivity with 
the helical torch is to be expected due to the higher gas flow 
rates through the torch. Even with the decreased sensitivity 
using the helical torch, good signals should be obtained for 
several more refractory elements (Si, Ga, Pb) based upon 
detection limits reported for these elements in the 
literature. However, no adequate signals were observed for 
these elements for a number of soil and rock standards. This 
poor sensitivity of the refractory elements in the helium 
microwave plasma compared to the argon plasma is considered to 
reflect the inability of the helium microwave plasma to atomize 
small particles of non-volatile elements and thus induce 
emission. Consequently, the use of Zr as a normalizing factor



-lO- 

in the initial proposal and the application of the currently 
developed LASERTRACE algorithm, which used the analysis of 
major elements to normalize for variations in sample mass 
entering the plasma, is not possible.

3.2 DUAL ICP/He MICROWAVE ANALYSIS

To overcome the problems of poor sensitivity for non-volatile 
elements in the helium plasma and at the same time enable 
determination of volatile elements, development of a new system 
to allow (a) splitting of the LASERTRACE sample for 
introduction into both argon and helium plasma sources, (b) 
normalization of the proportion of the sample split to each 
plasma by monitoring carbon on each system, (c) integrating and 

merging all signals from both 32-channel ARL spectrometer and a 
6-channel direct reading spectrometer in the electronics 
console of the ARL system, was initiated.

This approach would allow for the LASERTRACE determination of 
the volatile GOLDPRINT elements in addition to 25 major, minor 

and trace elements conventionally determined in LASERTRACE MK 
I. This new system shown in Figure 3 in schematic form would 
also enable evaluation of the normalization technique using Zr 
as an internal standard outlined in the original proposal.
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Fig. 2 Schematic diagram of the helical plasma discharge 
tube (Bollo-Kamara and Codding, 1981)
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TABLE 2: Comparison of detection levels for Hg, C, P obtained 
in introduction of element vapour into two torches 

with helium microwave plasma. Triethyl phosphate was 
employed in measurement of C and P detection levels. 
Introduction of vapours into the plasma was made over 
a 10 second period.

Torch

Quartz tube, l mm ID

Helical torch

0.6 pg/sec 10 pg/sec 15 pg/sec

3.0 pg/sec 100 pg/sec 200 pg/sec
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Fig.3 Components of the proposed two spectrometer system
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The instrumentation development for the LASERTRACE MK II system 
involved five stages.

1. Spectrometer Design

Scale drawings of the MPD 850 six channel direct reading 
spectrometer were prepared and, based on these specifications, 
diffraction grating was selected to cover those elements 
excited by helium microwave plasma (As, Sb, Te and Hg).

2. Helium Microwave Cavity Mount Fabrication

In order to connect the helium microwave plasma cavity to the 
MPD 850 spectrometer, design and manufacture of a suitable 
mount was necessary. A mount was therefore designed to enable 
the necessary connection and also to include a X-Y stage for 
optical alignment. Following design the mount was manufactured 
and fitted to the system.

3. Installation of the New Diffraction Grating

The new diffraction grating was installed in the MPD 850 
spectrometer to allow improved reduction.

4. Software Development

Basic units of the dual (ARL and MPD 850) spectrometer 
LASERTRACE system required the merging of signals generated by 

both ARL and MPD spectrometers and consequently computer 
software required modification to enable signals from both 

sources to be interfaced with the HP 9830 microcomputer.
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5. Circuitry Design

Circuitry had to be designed to allow photomultiplier signals 
from the MPD 850 spectrometer to be integrated with the ARL 
spectrometer. This design was implemented to simplify transfer 
data through the HP 85 computer to the SEL 32 bit minicomputer.

During fabrication of the dual plasma systems, a series of 
tests aimed at establishing the efficiency of the helium 
microwave plasma revealed a serious limitation to the concept 
of utilizing laser ablation - helium microwave vapourization 
for determination of volatile elements. Observations aimed at 
establishing the efficiency of decomposition and atomization of 
sample material entering the plasma from the LASERTRACE unit 
suggested that atomization was incomplete and thus subsequent 
measurements of element concentration would be unreliable. 
Therefore, it was realized that considerable effort would be 
required in improving atomization of sample material in the 
helium microwave before reliable analysis would be possible.

3.3 LASERTRACE - INDUCTIVELY COUPLED PLASMA/MASS SPECTROSCOPY

Rather than to continue further effort on the dual plasma 
system in resolving atomization problems by increasing energy 

of the helium plasma source, a decision has been made to review 
an alternative multi-element analytical system which would 
eliminate the problems of solid sample atomization and offer 
improved sensitivity for a wider range of elements.

This method is based upon sample introduction by laser ablation 
(LASERTRACE), atomization by inductively coupled plasma (ICP) 
and multi-element detection by mass spectroscopy. One of the 

characteristics of inductively coupled argon plasma (ICP)



- 13 -

sources operating at roughly 7000OC is that dissolved solids t 
when introduced into the plasma torch are atomized and most 
elements comprising the solids are highly ionized. 
Consequently, an ICP is an excellent source of ions for atomic 

mass spectroscopy. The concept of sampling ions from a high 
temperature plasma operating at atmospheric pressure was first 
demonstrated by Gray (1974) using a capillary arc (DC) plasma. 
Inter-element and matrix effects limited early investigations
and consequently an ICP was substituted for the DC plasma. 
Studies demonstrated significant improvement of results with 

ICP - quadruple mass spectrometer system and hence suggests 
excellent possibility for application to LASERTRACE analysis.

Components of a typical ICP-MS system are shown in Fig. 1. 

Samples are introduced to the ICP by conventional solution 
nebulization. A portion of the ionized gas is extracted from 

the tail flame of the ICP into the mass spectrometer through a 
small hole (typically 0.5 mm) drilled in a water-cooled Cu, Ni 
or Ni-alloy cone. The vacuum system operates in three stages. 
Extracted gas forms a molecular beam in stage l (Fig. 1) 
(operating at l torr pressure) and the center of the beam 
passes through a skimmer aperture into stage 2 (operating at 
10~3 torr pressure). The ions are focused through a 
differential aperture into stage 3 (operating at 10~6 torr 
pressure) containing the quadruple mass filter and detector. 
The quadruple mass filter scan is synchronized with the sweep 
of a multi-channel scaling data system so that signal from ions 
of a particular mass to charge ratio (m:z) is recorded in a 
particular channel or group of channels.
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The ICP-MS analytical system has several advantages in 
comparison to other multi-element analytical instruments. One 

major advantage of ICP-MS analytical systems is that element 
isotopic abundances can be determined*. Hence a wide range of 
elements can be determined (most elements in the periodic 
table) and it may be possible to determine oxygen content in 
samples using laser ablation. This determination would, 
undoubtedly, aid in providing more accurate analysis since the 
computer algorithms for determination of element concentration 
would no longer require assumptions in the oxide content in 
each sample analysis. A typical spectrum obtained using a 
solution containing Al, Co, As, Br, Rb, In, Te, I, Cs, La, W, 
Pb, Bi and (J is shown in Fig. 2.

A second advantage of ICP-MS analysis is that instrumental 
detection levels are significantly lower than those obtained 
using conventional ICP emission spectroscopy (ICPAES) or flame 
atomic absorption spectrophotometry (FAAS). This is of major

importance because many of the trace elements in LASERTRACE 
analysis are currently below the detection limit (i.e. Au, Hg,

Te, Se, Pb, As). A comparison of instrument detection levels 
obtained with ICP-MS, ICPAES and FAAS is given in Table l and 
emphasizes the improved sensitivity of ICP-MS. The two 
commercial ICP-MS systems currently available are manufactured 

by VG Isotopes Ltd. and* Sciex Ltd. Both instruments have the 
same basic design as shown in Fig. l, but differ in the 
aperture design, pumping system design and rate of pulse 
counting employed to detect individual ions. (Douglas 1983; 

Dale 1983; Dale and Grey 1983).

Currently, sample introduction in both systems is by 
conventional solution nebulization. In practice, however, any 
techniques may be used for sample introduction into the ICP
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plasma source. Methods which have been employed include 
ultrasonic and pneumatic nebulization, hydride generation, 

electrothermal vapourization and flow injection. Consideration 
has also been given to the direct introduction of solid samples 
by laser ablation (Dale 1983), however, currently no research 
has been devoted to this area. Conceptually adapting ICP/MS to 
LASERTRACE would provide greater sensitivity, less matrix 
interferences and provide a method for normalization for sample 
mass (i.e. determination of element concentration - ppm).

The design and manufacture of a LASERTRACE - ICP/MS analytical 
system is clearly beyond the scope of the proposed program. 

Capital expenditures are estimated to be in excess of h million 
dollars and a further $100,000 would be required to implement 
the technique.

Presently, conceptual review of the instrumentation is 
continuing and other methods of funding are currently being 
explored for acquisition of the ICP/MS. Therefore, all 
activities on -the application of ICP/MS to LASERTRACE is 
related to conceptual review only. In January 1984, 
discussions and a visit with Dr. Alan Dates, British Geological 
Survey was undertaken. Dr. Dates has done considerable 
research on the analysis of platinum group metals by ICP/MS. 
This visit has provided valuable information with respect to 
the operational performance of the instrumentation of V.G.

Isotopes. In addition, research related to laser ablation 
ICP/MS using a ruby laser is planned by Dr. Alan Grey of the 

University of Surrey, U.K. Dr. Grey was the original pioneer 
of ICP/MS and it is felt the information from his work will 

provide valuable insight for the applications of Barringer.



TABLE 1. Comparison of detection limits \!rr blank, ng ml ';

Element

Lithium
Boron
Magnesium
Aluminium
Titanium
Vanadium
Chromium
Manganese
Cobalt
^inc
Germanium
Arsenic
Seientum
Rubidium
Silver
Cadmium
Indium
Tellurium
Caesium
Banum
Lanthanum
Cenum
Tungsten
Gold
Mercury
Lead
Bismuth
Thonum
Uranium

ICPSMS

3
1
0.3
0.6
0.3
0.4
0.2
o.a
0.3
1
i
7

13
0.3
0.2
O..i
0.1
0.3
0.10.3'
0.2*
0.2'
0.3
0.2
0.4
0.3
0.2
0.2*
0.4

ICPAES'

1.9
3.2
0.1

13
2.3
3.3
4.1
0.9
4
1.2
1

33
30
-

4.7
1.7

42
27
-
0.9
6.7

32
20
11
17
28
23
43

170

KAAS 1

2
! 000

(J. 2
20
JO
20

3
3
3
0.6

30
100
100

2
2
1

30
70
13
20

1 600
-

300
10

200
20
40

-
7000

' Boumans, P. W. J. M. (!9bO)Lwi* Coincident Tables for Induttuxly 
Coupled Plasma Emtuun Sptctromitrj Perf amon Press, Oxford and 
No* York.

* Instrumentation Laboratory-, Data Shttt 091111179 (1979)
' Doubiv charted ion.
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