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Introduction

Geophysical surveys can detect geological faults and re-

lated sulphide mineralization, but reliably identifying these

features from survey data can be difficult where their signa-

tures are masked by hostrocks with similar properties, or

access is hindered by overlying glacial sediments. Faults

provide a pathway for the transportation of fluids and gases

upward from deeper, crustal rocks to the surface, and thus,

fluctuations in soil gas concentrations can be a result of

concealed structures and oxidizing sulphide mineralization

at depth. Carbon dioxide (CO2) migration into the soil from

depth may also be accompanied by changes in mineral

chemistry, such as formation of secondary carbonate min-

erals. Hence, anomalous soil pH and trace-element values

may directly or indirectly reflect increased migration of

CO2 through the soil to the surface (Smee, 1998). Several

examples of soil gas anomalies have been reported from the

northern hemisphere, associated with a range of mineral

deposit styles. Lovell et al. (1979, 1980) reported a de-

crease in oxygen (O2) and an increase in CO2 in the soil gas

sampled over Pb-Zn sulphide–mineralized faults beneath

thick glacial deposits in Ireland. McCarthy et al. (1986)

found elevated CO2 and CH4 but decreased O2 in soil gas

sampled at a depth of 0.5 m over the Crandon massive py-

rite-sphalerite-galena deposit in Wisconsin, United States.

The massive sulphide mineralization was buried beneath

up to 65 m of glacial deposits. Duddridge et al. (1991) ob-

served a similar pattern of increase in CO2 and decrease in

O2 over faults in the soil gas sampled at three glaciated sites

in the United Kingdom. Highsmith (2004) proposed a

model for the formation of soil gas anomalies and described

the use of a field-portable system for measuring CO2 and O2

in Arizona, United States.

In Hale’s (2010) review of the progress and status of re-

search into the application of soil gas chemistry to mineral

exploration, it was identified that past surveys have either

measured soil gas CO2 and O2 onsite (e.g., Lovell et al.,

1980) or collected a soil gas sample for later analysis (e.g.,

McCarthy et al., 1986). Onsite analysis has the advantage

of a real-time measurement, but the commercial instrumen-

tation used for CO2 and O2 analysis was historically expen-

sive and difficult to use in remote areas. Previous studies in

glaciated areas have also focused on soil gas dispersion

from massive sulphides and not from other styles of sul-

phide mineralization, such as disseminated porphyry Cu-

Au deposits.

The availability of small, relatively inexpensive CO2 and

O2 sensors, such as those distributed by CO2Meter Inc. and

Vernier Software and Technology, now provides an oppor-

tunity for devising and testing an economical, onsite, real-

time analytical system for measuring these gases. The pur-

pose of this study is to develop a cost-effective soil gas

measurement system that will aid in the detection of geo-

logical faults and mineralization buried beneath surficial

cover. This paper describes the development of a compact

system able to measure CO2 and O2 concentrations in soil

gas, and testing of the system in the field by sampling soil

gas and soil geochemistry over two drift-covered, fault-

controlled, porphyry Cu-Au disseminated sulphide mineral

occurrences in central British Columbia (BC; Figure 1).

System Configuration

A system able to generate reliable, real-time geochemical

analyses can complement geophysical survey results and

aid in bedrock mapping. Ideally, the system should be com-

pact, portable, reliable and relatively economical to be

practical for mineral exploration. Several component con-
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figurations were tested before the final system was devised;

the final system components, shown in Figure 2, were pur-

chased for roughly $1,100.00 (excluding the computer) and

include:

• A CO2 detector (SprintlRS 5% CO2 Smart Sensor) and

an O2 detector (Model 25% O2 UVFLUX MX) distrib-

uted by CO2Meter Inc., Ormond Beach, Florida, United

States. The sensors, mounted on a circuit board, mea-

sure gas concentration, barometric pressure, tempera-

ture and relative humidity. Each sensor body has a built-

in manifold with two inlet ports for attachment of flexi-

ble PVC tubes (CO2Meter Inc. 2015). One inlet port on

the CO2 sensor manifold is connected by a PVC tube to a

corresponding inlet port on the O2 sensor so that the gas

can flow continuously through the two sensors. Each

sensor circuit board can be linked by USB cable to a

computer. The sensors, circuit boards, PVC tube link

and USB cables are installed in a waterproof case

(Figure 2a).

• A sampling probe constructed from a hollow, 12.7 mm

diameter, 1.5 m long steel tube fitted with a retractable,

pointed tip and a hammer mounted on the tube axis to

drive the tube into the overburden (Figure 2b).

• A 6-volt, battery-powered diaphragm pump designed to

continuously draw soil gas through the hollow-steel-

tube sampler and PVC tubing from overburden and into

the sensors (Figure 2c). The soil gas flow from the hol-

low-steel-tube soil sampler to the sensors is controlled

by two shut-off valves (Figure 2a) that allow alterna-

tively sampling either soil gas, for measuring CO2 and

O2, or air, for calibrating the sensors with atmospheric

CO2 and O2. A hydrophobic, 0.26 ìm filter between the

PVC tubing to the steel-tube sampler protects the sen-

sors from particulate and soil moisture damage

(Figure 2a).

• A laptop computer (not pictured) equipped with CO2-

Meter Inc. GasLab 2.1 software and connected by USB

cables to the CO2 and O2 sensor circuit boards. The

GasLab 2.1 software measures CO2 and O2 concentra-

tions and monitors barometric pressure, temperature

and percent relative humidity. The software also dis-

plays these variables graphically, and has an option for

capturing digital CO2 and O2 concentrations for further

data analysis.
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Figure 1. Location of the Mouse Mountain and Shiko Lake study
areas in central British Columbia.

Figure 2. The soil gas sampling and analysis system. Left to right a) sensor unit (25 by 22 by 11 cm), b) sampling probe (120 by 1.2 cm),
c) pump and power source (25 by 12 by 16 cm).



System Operation

Ideally, a sample site is level, free of debris and relatively

dry, as excessive soil moisture can limit gas mobility. The

site location co-ordinates are recorded by GPS, the site

photographed, and the soil gas sampling probe, pump and

sensor unit assembled. Before sampling soil gas, a small

hand pump is attached to the probe with PVC tubing and

soil gas pumped to ensure a continuous and stable gas flow

through the probe and into the measurement system. The

PVC tubing with hydrophobic in-line filter and shut-off

valve is attached to an inlet port on the O2 sensor manifold.

A second PVC tube, attached to an inlet port on the CO2

sensor manifold, is connected to the diaphragm pump.

A solid, 12.7 mm diameter, pointed steel rod is first ham-

mered into the soil to approximately 30 cm depth. The rod is

extracted, examined for visible evidence of excess mois-

ture and replaced by the hollow-steel-tube sampler driven

farther, to 40–50 cm depth. The hollow steel tube is then

carefully withdrawn 1 cm to open the retractable probe tip

so that soil gas can flow into the tube. PVC tubing is con-

nected from the sensor unit to the top of the hollow steel

tube, the shut-off valve to the sensor unit closed, the valve

to the atmosphere line opened and the electric diaphragm

pump started.

After connecting the sensors to the laptop computer with

the USB cables, the GasLab 2.1 software is opened. Indi-

vidual sensor settings (sensor model number, computer

port) are entered and the CO2 and O2 measurement se-

quence started. The inlet to the atmospheric air PVC tube is

positioned 3 m from the system, to avoid possible human

CO2 contamination, and the shut-off valve to the atmo-

sphere opened. Before measuring soil CO2 and O2 concen-

trations, each sensor is calibrated to atmospheric levels

(CO2 = 400 ppm, O2 = 209 050 ppm); while there are diur-

nal and seasonal changes in CO2 and O2 concentration, the

values used for calibration in the software are a reasonable

average. Atmospheric CO2 and O2 are then measured at

10 second intervals, generally for two minutes, before the

shut-off valve to the soil gas sampler is opened and the

valve to the atmosphere closed. Measurements of soil CO2

and O2 concentrations continue at 10 second intervals for a

further two minutes (Figure 3). Profiles of CO2 and O2 con-

centration and temperature show that CO2 levels typically

increase to a plateau and O2 levels decrease (sections A and

B in Figure 3). Finally, the valve to the atmosphere is

opened, the valve to the soil gas sampler closed and mea-

surements continued for two more minutes, to complete the

measurement sequence (section C in Figure 3). The CO2

and O2 concentration, barometric pressure, temperature

and relative humidity are captured by the software and re-

corded as a digital (.csv) text file. A full soil gas sampling

and measurement sequence can generally be completed in

20 minutes.

Field Testing

Prior to fieldwork in central BC, the soil gas system was

tested locally near Victoria, BC, to identify and resolve any

operational issues. Upon satisfactory system testing, two

field locations were chosen in central BC based on the in-

ferred occurrence of faults, existence of Cu-Au porphyry

disseminated sulphide mineralization and glacial drift:

1) Mouse Mountain (MINFILE 093G 003; BC Geological

Survey, 2019) mineral occurrence, 13 km east of Quesnel;

and 2) the Shiko Lake property (MINFILE 093A 058),

17 km east of Horsefly (Figure 1). The program was carried

out in July and August of 2019. Soil gas and pH measure-

ments and soil samples were collected from each sample

site along three transects at Mouse Mountain and two

transects at Shiko Lake that cross inferred faults. Sampling
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Figure 3. An example of GasLab 2.1 software display from the temporal analysis of soil gas and
atmospheric air for CO2 (blue line), O2 (tan line) and temperature (red line) at Mouse Mountain
site 1101. On the graph, sections A and C are CO2 measured in atmospheric air flow, and section
B is CO2 measured in soil air. In this example, a total of 32 measurements are made over a period
of roughly five minutes.



on a regular grid (e.g., 25 m by 25 m) would have been pref-

erable to detect faults. However, because actual fault loca-

tions were uncertain, there were time constraints to sam-

pling and limitations to accessing sites, a more flexible,

variable sampling pattern was adopted. Soil samples were

sent to Bureau Veritas Minerals Laboratory (Vancouver,

BC) for geochemical analysis of trace elements by a modi-

fied aqua-regia digestion and a water leach followed by in-

ductively coupled plasma–mass spectrometry. Soil pH, and

pH after addition of HCl to allow calculation of the inverse

difference hydrogen (IDH) factor (after Smee, 2009) were

determined from a subsample in camp. High IDH factor

values, representing the inverse of the difference between

the acidified and non-acidified H+ concentrations, are

proposed by Smee (2009) to indicate soil where carbonate

minerals have been remobilized and precipitated.

At the Mouse Mountain Valentine sulphide-mineralized zone,

Cu-Au porphyry–style disseminated chalcopyrite, pyrite

and bornite are associated with Jurassic calcalkaline

plutons intruded into Upper Triassic to Lower Jurassic

Nicola Group sedimentary and volcanic rocks (Figure 4).

Sampling was carried out near the Valentine zone, where

strongly fractured and faulted fine-grained diorite,

monzonite and syenite are in contact with propylitic-,

phyllic- and potassic-altered volcanic breccia (Schimann,

2014). The exact location of an inferred northeast-south-

west-trending fault (Figure 4) crossing the area south of the

Valentine zone is debatable (Jonnes and Logan, 2007).

Bedrock is exposed at the Valentine zone, but is concealed

in the south under a mantle of till estimated at 2 to 3 m thick-

ness that was deposited during northward ice flow. The

south-facing slope below the Valentine zone has been dis-

turbed by logging and has predominantly Brunisolic soils.

Soil gas and soil sampling along three transects south from

the Valentine zone generated 44 soil gas measurements

from 33 sample sites (Figure 4). Soil samples were col-

lected at 29 sites from the Bm horizon beneath the Ae hori-

zon (where present) for geochemical analysis, pH and IDH

determinations.

At Shiko Lake, a diorite-syenite-monzonite stock encloses

older, coeval and comagmatic Nicola Group augite basalt,

felsic heterolithic breccia, massive to locally laminated

tuff, and maroon-coloured, possibly subaerial basaltic

flows (Morton, 2003; Lesage, 2011). Hornfelsed, pyrite-

bearing siltstone in contact with diorite at the Quarry zone

is covered by a mantle of till estimated at 1 to 2 m thick that

was deposited during westward ice flow. Mineralization at

the Quarry zone consists of copper sulphides and gold in

fractures and disseminated in a composite alkalic augite-

monzonite-syenite intrusion. Andesite at the East zone is

intersected by northeast-striking faults and the bedrock is

partially concealed by till. Past mineral exploration and

logging have disturbed the land surface. The soil formed at

the Quarry and East zones is a Brunisol. Soil gas and soil

samples were collected over the Quarry and East zones

(Figure 5). Fifteen soil gas measurements were made at the

Quarry and East zones from 14 sites, and 14 soil samples

were collected for geochemical analysis and pH and IDH

determinations.

Soil Gas CO2 and O2 Data Processing

In addition to the real-time graphs produced by Gas Lab 2.1

(e.g., Figure 3) that display CO2 and O2 variation, the indi-

vidual CO2 and O2 concentrations are also recorded at 10-

second intervals throughout the measurement sequence.

From these data the mean, standard deviation and percent

relative standard deviation (%RSD) are calculated, to esti-

mate mean CO2 and O2 values and precision of sensor mea-

surements. The three sets of analyses are used to calculate

the statistics representing data recorded for atmospheric air

(section Ain Figure 3), soil gas (section B in Figure 3) and a

second atmospheric air measurement (section C in Fig-

ure 3). Comparison of the means in graph sections A and C

shows any sensor drift during the measurement sequence,

and %RSD values indicate precision of sensor measure-

ment. Table 1 lists mean and %RSD values of CO2 and O2

for graph sections A, B and C from Mouse Mountain site

1101, as an example of results from a typical measurement

sequence.
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Figure 4. Mouse Mountain study area, sample locations and geol-
ogy (simplified geology and fault locations from Schimann, 2014).



Net soil gas CO2 and O2 values representing the difference

between sensor-calibrated atmospheric and soil gas levels

are designated Ä CO2 and Ä O2, and are calculated using

equations 1 and 2. In the equations, the atmospheric [1] and

atmospheric [2] values are mean values for the A and C

datasets. Equation 3 is the total, net Ä CO2-O2 concentra-

tion in soil gas, indicating possible CO2 generation and O2

depletion by mineral sulphide oxidation reactions.

Ä CO2 = Soil gas CO2 - [(Atmosphere [1] mean CO2 +
Atmosphere [2] mean CO2)/2] (1)

Ä O2 = Soil gas O2 - [(Atmosphere mean [1] O2 +
Atmosphere [2] mean O2)/2] (2)

ÄCO2 - O2 = ÄCO2 + ÄO2 (3)

Duplicate soil gas CO2 and O2 measurements at six sites

provide an estimate of combined sampling and analytical

precision. At each such field duplicate site, soil gas was

sampled twice from two separate holes less than 1 m apart.

A coefficient of average variation, CVAVG (%), calculated

from six duplicate Ä CO2 and Ä O2 values using the equa-

tion proposed by Abzalov (2008) gives precision estimates

of 18.4% for Ä CO2, 14.0% for Ä O2 and 15.9% for Ä CO2-

O2. These fall in the CVAVG range of 15 to 30% considered

by Abzalov (2008) to be an acceptable level of precision.

Results

At Mouse Mountain, the first soil gas Ä CO2-O2 concentra-

tions measured over the mapped northeast-southwest fault

were found to be less than 2%, suggesting an absence of

structural influence on the soil gas concentrations (Fig-

ure 6a). Sampling 50 m north of the mapped fault, however,

detected Ä CO2-O2 levels up to 5%. It is known that the lo-

cation of the fault is poorly constrained, and the real-time

measurements suggested the fault was farther north, thus

more closely spaced samples were taken farther north to en-

sure the structure was not missed by the survey. The highest

Ä CO2-O2 soil gas level occurs along the westernmost

transect. From this peak, Ä CO2-O2 levels between 2 and

3.4% extend along a northeast trend across the three

transects (Figure 6a). These results suggest the occurrence

of a concealed fault or fractures associated with the miner-

alized bedrock and support the hypothesis that the inferred

fault currently mapped in the area is inaccurately sited and

more complex than illustrated. Soil IDH factor values up to

866 are also present at sites on the west transect (Figure 6b).

Although the sites with elevated IDH on the west transect

do not have high soil gas Ä CO2-O2, a spatial association be-

tween Ä CO2 and soil pH suggests a possible relationship
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Figure 5. Shiko Lake, Quarry and East zones study areas, sample
locations and simplified geology (geology and fault locations from
Lesage, 2011).

Table 1. Mean and %RSD (percent relative standard deviation) for
CO2 and O2 measured at 10-second intervals in atmospheric air
(measured twice) and soil gas at Mouse Mountain site 1101.



between higher carbonate in the soil and increased CO2

flow.

At Shiko Lake Ä CO2-O2 soil gas levels and IDH results in-

crease to a peak mid-way along the Quarry zone transect

(Figure 7) where bedrock is mapped as a pyrite-bearing

hornfelsed siltstone. The peak may reflect CO2 emanating

from weathering pyrite. There is an increase in IDH along

the East zone transect (Figure 8) indicating possible weath-

ering of sulphides in bedrock, and the highest Ä CO2-O2

soil gas values are close to a mapped northwest-striking

fault.

Conclusions and Continued Studies

An economical, compact system has been built for measur-

ing and recording real-time soil gas CO2 and O2 concentra-

tions. Sampling soil gas from drift-covered sulphide-min-

eralized rock at the Mouse Mountain and Shiko Lake Cu-

Au porphyry sulphide mineral occurrences revealed that,

after calibration to atmospheric levels, the system measures

CO2 and O2 reliably. Furthermore, the variation in the gas

concentrations are spatially coincident with inferred struc-

tures or mineralization and, therefore, the system appears to

indicate concealed bedrock sulphide and faults.

Soil geochemistry results will be compared to these find-

ings to further refine interpretations and provide additional

support to, or refute, the association of CO2 and O2 levels

and mineralization. A current limitation of this study is that

neither the locations of the structures or their relation to

mineralization are very well defined, as evidenced by the

results at Mouse Mountain. Additional local testing over

known structures is planned and, if accomplished, the re-

sults will be included in the final report, along with the pre-

liminary testing and geochemical results, to provide addi-

tional information from which conclusions on the efficacy

of the system can be determined.

The real-time instrumental technique developed by the au-

thors to generate chemical analyses can be used to guide

mineral exploration programs and allows for informed ad-

justments during fieldwork. Carbon dioxide and O2 in soil

gas have been measured onsite in the past to detect geologi-

cal structure and concealed sulphide mineralization, but the

systems used typically needed several cumbersome and rel-

atively expensive instruments. The system developed by

the authors and described in this paper is compact, portable,

relatively economical and able to detect soil gas CO2 and O2

variations that suggest the existence of faults beneath drift-

covered bedrock. Carbon dioxide and O2 fluctuations de-

tected by the system could also be useful for geothermal

exploration, earthquake prediction and in agriculture re-

search.
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Figure 6. soil gas Ä CO2-O2 in percent (left) and IDH (inverse difference hydrogen ion) factor (right) at Mouse Mountain.
Symbols represent values at the median, first quartile, third quartile and third quartile + 1.5 interquartile ranges (simplified
bedrock geology from Schimann, 2014).
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Figure 8. Preliminary soil gas Ä CO2-O2 (left) and soil IDH (inverse difference hydrogen ion) measurements (right) at the
East zone of the Shiko Lake property. Simplified bedrock geology from Lesage (2011).

Figure 7. Preliminary soil gas Ä CO2-O2 (left) and IDH (inverse difference hydrogen ion) measurements (right) at the Quarry
zone of the Shiko Lake property. Simplified bedrock geology from Lesage (2011).
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