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ABSTRACT 
Time series datasets have been used to study the variability in Volatile Organic Compound (VOC) 

concentration and the effect of atmospheric Oxygen (O2) on emission from a VOC contaminated site in the 

US. The datasets were logged via an in-borehole gas monitor known as the Gasclam (Ionscience, UK) from 

six boreholes (that is, boreholes A, C, E, G, I and K) in the site. Graphical illustrations show both the VOC 

concentration and O2 to be temporally variable and inversely related. However, to establish the magnitude of 

control O2 has on the changes in VOC concentration, regression analysis was used. The analysis shows O2 to 

be the dominant control on the variability, and therefore emission of VOC concentration in two (A and I) of 

the six monitored boreholes in the site. Being the only borehole with the highest negative R2 value, borehole I 

was reanalysed and R2 considered over different periods of rising and falling limb of O2. Results showed that 

O2 was the dominant control on VOC concentrations during 90 % of the entire monitoring period. However, 

the dominant controls in the variability of VOC concentration in the remaining boreholes are in need to be 

determined in order to have better understanding and predict how VOC concentration may vary in future.  
Keywords: Contaminated site, Dominant control, Gasclam, Migration pathway, Regression analysis.  

 
INTRODUCTION 

 

 VOCs are combustible and can trigger fire (HSE, 

2000), and the availability of large amount of VOCs in 

the environment may constitute risk to human health 

because of their likelihood to cause cancer (IARC, 

2004; Rowe et al., 2007). VOCs can adversely affect 

the body organs (like liver, kidneys, spleen, and 

stomach) and body systems (like nervous, circulatory, 

reproductive, immune, cardiovascular and respiratory 

systems) (Wolkoff et al., 2006; Mendel, 2007; Rowe et 

al., 2007; Mazzone, 2008; Mazzatenta et al., 2013; 

USEPA, 2014; Mazzatenta et al., 2014, Mazzatenta et 

al., 2015a, b; EPA, 2017; Minnesota Department of 

Health 2018; Invitto and Mazzatenta, 2019). Hence, 

there is a growing worry about its movement from the 

underground into overlying structures like buildings 

(Lynge et al., 1997; Srivastava et al., 2005; Maximilian 

and Ryan, 2009; Sergio et al., 2012; Nwachukwu and 

Henry, 2016). Although, monitoring VOC 

concentrations is usually encouraged; this may not be 

enough remediation measures, as there is also the need 

to adequately understand how they will change in 

future. To do this successfully, knowledge of the 

controls on the variability in VOC concentration is 

required. 

  For VOCs in soil gas, the main migration mech-

anism is typically diffusion (Environmental Agency, 

2008). Therefore, the deeper the source is within the 

subsurface, the shallower the diffusive concentration 

gradient. Other known environmental controls which 

are responsible for the migration and variability of 

ground-gases in soil gas through the unsaturated zone 

include variations in atmospheric pressure, ground-

water depth, production rate, soil permeability and 

anthropogenic sources(Choi and Smith, 2005;Tillman 

and Weaver, 2005). 

 Variability in barometric pressure is known to 

control the movement of ground-gases in the subsur-

face; however, it is likely to have more control on the 

migration near the surface or in specific site settings 

(Katy et al., 2009; Nwachukwu and Anonye, 2013). 

When barometric pressure decreases, the soil gas 

volume increases resulting in vertical migration of the 

gases. Contrarily, when barometric pressure rises, the 

soil gas concentration is diluted as air flows into the 

ground. Therefore, establishing variability in baro-

metric pressure is vital in determining controls on gas 

concentration and migration (Tillman and Smith, 2005; 

Katy et al., 2009; Boult et al., 2011). 

Groundwater also plays important role in the 

variability and migration of ground-gas. When 

groundwater rises, the amount of gas within the pore 

spaces will drop, causing gas pressure to increase and 

leading to lateral migration referred to as the “piston 

effect” (Davis et al., 2004). Heavy rainfall may also 

increase soil moisture content, causing momentary 

sealing of the earth surface, especially in fine grained 

soil. This reduces the potential for vertical migration of 

VOCs in soil gas, sometimes promoting transient 

lateral migration (Katy et al., 2009).  

For VOC in ground-gas to move away from its 

origin, there should be a migration mechanism and an 

available pathway (Katy et al., 2009). For migration to 

be sustained, a continuing source of VOCs is also 

needed. If ground-gas production is fast enough, it can 

be a driving force of migration. Typically away from 

the source, this is not the case as the movement of the 

fluids (atmospheric pressure and groundwater) drives 

migration. This change in production can either raise or 
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reduce the concentration of the soil gas causing 

variability in their concentrations (Katy et al., 2009).  

The soil permeability is a link between soil gas and 

other environmental controls (Nwachukwu and 

Anonye, 2013). The relationships of gas concentration 

and its controls may vary due to the lag caused by var-

iation in the soil permeability and gas production rate. 

Permeability depends on the ground cover and also 

might change with depth. Variability in permea-bility 

is a function of several factors like saturation, freezing, 

bioturbation and compaction (Wilson et al., 2007). 
 

This work seeks to establish if Atmospheric Oxygen 

(O2) constitutes a control on the variability in VOC 

concentration, and to determine the magnitude of such 

control. To do this successfully, it will be necessary to 

measure both VOC concentration and O2 at high 

temporal resolution, in order to detect variability in 

them. Their variability will then give a picture of how 

one change is relative to the other. 
 

 

MATERIALS AND METHODS 

 

The datasets evaluated in this study, at a site in the 

United States, were collected by means of an in-

borehole gas monitor, Gasclam (Nwachukwu et al., 

2018; Nwachukwu and Uwa, 2018). The Gasclam is 

designed to continuously monitor different ground-

gases (CH4, CO2, CO, O2, H2S, and VOCs) and their 

environmental controls (temperature, barometric 

pressure, borehole pressure and soil water depth) 

altogether on hourly sampling interval, unmanned for 

about three months. It collects long term, genuine trend 

information, allowing informed conclusion to be made 

on accurate, dependable data – a novelty in gas manag-

ement and prediction. It measures the gases with the 

aid of the sensors incorporated into it. Its sampling rate 

can be set and is variable from two minutes, to

once daily. Data can be downloaded to a PC or viewed 

remotely using the optional GPRS telemetry system 

(Nwachukwu 2015a, b, c; Nwachukwu and Henry, 

2017). 
 

Gasclam units containing a continuous Photoioniza-

tion detectors (PIDs) were installed in 6 boreholes 

(which are A, C, E, G, I and K respectively) at a site 

contaminated by VOCs in USA. The intention was to 

monitor VOC concentrations and their controls, 

continuously on hourly sampling intervals for different 

periods. The continuous data from the PID were 

downloaded and analysed to determine whether VOC 

emission and their concentrations are dependent on 

variability of Atmospheric Oxygen (O2). The linear 

relationship resulted will summarise the magnitude of 

the influence of one or more independent variables on a 

dependent variable (Ayyub and McCuen, 2011). In the 

case of two variables (as in ours), one of the variable is 

assigned an independent variable (O2), and the other is 

a dependent variable (VOC concentration). The 

investigated period was taken from October 2010 to 

August 2011 at the selected site in USA. The datasets 

were classified on monthly basis to determine the 

effect of seasonal changes on the relationships of VOC 

concentration and O2, where the soil during winter and 

beginning of spring becomes impermeable as the pore 

spaces are covered by snow, thereby sealing the soil 

from atmospheric interactions. 
 

RESULTS 

 

The datasets collected in the studied site, at different 

time intervals of the investigation period (October 2010 

to August 2011), are represented in Figures 1 and 2. 

The datasets showed variability in VOC concentrations 

as a function of O2 concentrations. Whenever O2 

seemed not to have control on the variability of VOC  
 

 

 
Figure (1): The measured VOC concentration values in relation to O2. A, C, E represent relationships of VOC 

and atmospheric oxygen in boreholes A, C and E, respectively; B, D and F represent their respective 
correlations (R2) over the time period of October 2010, March 2011 and May 2011 respectively. 
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Figure (2): The measured VOC concentration values in relation to O2. G, I, K represent relationships of VOC 

and atmospheric oxygen in boreholes G, I and K; H, J and L represent their respective correlations (R2) over 

the time period of May to August (2011) for the same site. 
 

 

concentration, the possible reasons may be due to 

changes in season and soil permeability. The effect of 

hysteresis in dissociation was also suggested. As 

shown (Figure 1-2), A, C, E, G, I, and K represent 

variation in VOC concentrations against O2 concen-

trations; while B, D, F, H, J and L represent their 

respective R
2 

values. These R
2 

values determine the 

magnitude of control O2 has on the variability of VOC 

concentration. Because borehole I displayed the highest 

negative R
2 

value, it was thought it wise to subject it to 

reanalysis, to further improve on the correlation of O2 

and VOC concentration (Figure 3A), and also to 

determine the effect of hysteresis (Figure 3b) over 

separate periods of rising and falling O2 concentration 

during the entire monitoring period. Hysteresis is the 

delay of VOC concentration to change over changes in 

Atmospheric Oxygen. This delay could be due to 

ground cover (soil permeability) and gas availability. 

While ground cover blocks the VOC in the soil gas 

from interacting with Atmospheric Oxygen, gas avail-

ability which is a function of ground-gas production 

rate determines if there is enough gas that can be 

forced out of the soil by O2. The R
2
 values during the 

reanalysis periods are displayed in table 1. 
 

 
 

Figure (3): The VOC measured concentrations in relation to different Atmospheric Oxygen (O2) concentrations. A, the measured VOC 

concentration (ppm) in relation to given O2 concentration (in percent) as a function of time. The data series is split into sections 1-19. Series 
split is based on the periods of O2 changing; B. analysis is for the entire dataset; different sections of VOC concentration changes with 

Atmospheric Oxygen are indicated by different colours. 

A B 
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Regression analysis calculated showed that the 

negative R
2
 value, between VOC concentration and 

Atmospheric Oxygen, were more than 0.5 except for 

O2 level (section 3, Table 1). Therefore, one can say 

that Atmospheric Oxygen is considered the dominant 

control during the monitoring period. Moreover, in 

table 1, the R
2
 recorded the highest values, during the 

19 sub-periods of the entire monitoring period, in 

section 12 followed by 15, 19, 6 and 11. R
2
 values 

revealed that O2 was the dominant control on the 

variability and emission of VOC concentration during 

17/19 of the sub-periods, which represents approx.-

imately 90 % of the entire monitoring period. 
 

Table (1): Value of regression analysis (R
2
), between 

VOC emission and O2 levels (sections), represents 

the significance correlation between the selected 

parameters.  
 

O2 Levels 

(Sections) 
R2 Values 

1 0.838 

2 0.874 

3 0.101 

4 0.845 

5 0.471 

6 0.941 

7 0.667 

8 0.889 

9 0.815 

10 0.730 

11 0.914 

12 0.999 

13 0.865 

14 0.736 

15 0.964 

16 0.899 

17 0.835 

18 0.867 

19 0.946 

 
DISCUSSION 

 

A cursory appraisal of the datasets presented in 

Figures 1 and 2 show that VOC and O2 exhibit a 

clearly defined inverse relationship (B, D, F, H, J, L), 

which imply both negative correlation and an O2 

control (Boult et al., 2011). This inverse relationship is 

very strong in boreholes A and I; moderate in borehole 

G and E; and very weak in borehole C and K. In Figure 

1A, the dataset collected over a period of two days in 

October 2010 yielded good inverse relationship 

between VOC and O2, despite the low range and 

VOC/O2 variability. The magnitude of this inverse 

relationship is quite high as shown in Figure 1B. 

Indication is that atmospheric oxygen constituted a 

major control on the variability in VOC concentration 

during this short period. This result validates the 

findings of Seewald et al. (2010) and Stotzky and 

Schenck (1976) that under decreased O2 concentration 

(anaerobic conditions), the diversity and amount of 

VOCs emitted is increased while the reverse is the case 

under increased O2 concentration (aerobic conditions). 
 

In Figure 1C, the measured VOC and O2 concen-

trations displayed higher variability in the month of 

March 2011, compared to what obtained in October 

2010 (Figure 1A). The O2 concentration is more 

variable than VOC contents, and because of the 

differences in the degree of VOC/O2 variability, the 

displayed inverse relationship is weak, as shown by the 

very low negative R
2
 value of 0.0058 (Figure 1D) 

presented. This very weak relationship may have been 

due to reduced permeability of the soil during the 

monitoring period (beginning of spring) which cut-off 

the VOC in the soil gas from interacting with 

Atmospheric O2. In parallel study done by Nwachukwu 

and Anonye (2013), they recorded the same 

observation in which decrease in soil permeability 

reduced the level of control of atmospheric pressure on 

CH4 and CO2 concentration during the monitoring 

periods of the study. 
 

The variability in the concentrations of VOC and O2 

is much higher in May 2011 than in the previous 

periods (Figure 1E). This is associated with a better 

inverse relationship, than what obtained in March 

(Figure 1F). This can be explained by low soil 

permeability where at the beginning of spring the soil 

pore spaces were covered by snow. This data is in 

confirmation with data obtained by Mari et al., (2018). 

In their study they explained the low emission of VOC 

and in sequence low concentration may be due to the 

shrink in air space between soil particles.  
 

The range and variability of both VOC and O2 

concentration during the study period of late May to 

June 2011 were relatively high (Figure 2G), where 

VOC and O2 concentrations showed a better inverse 

relationship. However, in the rest of the monitoring 

periods, this is not perfect. This is validated by the 

negative R
2
 value that they displayed (Figure 2H). This 

fluctuation may be enlightened by the idea that the 

atmospheric oxygen was not always the dominant 

control. This agrees with the data obtained by 

Nwachukwu and Nwachukwu (2020) who showed that 

relationships of ground-gas and environmental para-

meters improved with improvement in the soil 

permeability. Meanwhile, the range and variability of 

VOC concentration, as a function of O2 concentration, 

recorded high values during the monitoring period of 

July (Figure 2I) where an improvement in the inverse 

relationship is observed. This is certified by the high 

negative R
2 

value (Figure 2J). In parallel, the data 

recorded in October 2010 displayed that the atmo-

spheric oxygen could be the major control on the 

variability in VOC concentration. This result further 

validates the findings of Nwachukwu and Anonye 

(2013). As in July, the range and variability of VOC 

concentration for dataset collected in August 2011 

(Figure 2K) is high. However, several periods of rising 

and falling in VOC concentration does not correspond 

with the fall and rise in atmospheric oxygen 

concentration, thereby producing a very weak negative 

relationship as indicated by the recorded R
2
 value, 

(Figure 2L). Over again, as in some earlier mentioned 

cases, the soil permeability may be the reason for the 
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observed weak relationship of VOC concentration and 

Atmospheric O2 during this monitoring period (end of 

summer). 

In order to determine the extent of control O2 has on 

VOC concentrations during periods of rising and 

falling limbs of VOC concentrations, a dataset repre-

sented by Figure 2I was used. It was chosen because, it 

was during this period that O2 and VOC concentrations 

had the highest negative correlation. The dataset was 

re-analysed, and presented as Figure 3a with various 

colours depicting different periods of rising and falling 

O2 concentrations. The clear loops created by conn-

ection of data-points in time order imply that gas 

concentration is affected by hysteresis (Figure 3a). The 

loops are more apparent in the relations of O2 versus 

VOC concentrations (Figure 3b). Numerous periods of 

falling and rising Atmospheric Oxygen reveal strong 

negative R
2
 with VOC concentrations (Table 1). These 

negative correlations support the guidance requirement 

for measurement sequel to falling environmental 

control (Katy et al., 2009, Boult et al., 2011) in order 

to raise the confidence in detecting the worst case. The 

R
2
 was slightly improved by considering their conce-

ntrations over individual periods of rising and falling 

O2 concentrations as denoted by sections 1 - 19 (Figure 

3a, Table 1); the R
2
 increased significantly at the 95% 

confidence level. This further confirmed that Atmo-

spheric Oxygen was a major control on the behaviour 

of VOC concentrations during the monitoring period. 

There was no need considering separate periods of 

rising and separate periods of falling of O2 

concentration, since the correlation had been improved 

significantly. 

 

CONCLUSION 

 

While information about variability in oxygen 

concentrations is available, no environmental parameter 

data were collected during this time. There is variability 

in the relationship between VOCs and Atmospheric 

Oxygen as considered in the light of continuous 

monitoring periods of increasing length in this site. 

However, it was only in two of the six boreholes that the 

control on VOC concentration was dominated by 

Atmospheric Oxygen. This behaviour of Atmospheric 

Oxygen in the two boreholes is similar to the established 

relationship of barometric pressure and ground-gas. 

Under conditions of falling Atmospheric Oxygen, 

increased vertical migration of VOC concentration 

occurred as the soil gas increases in volume. 

Conversely, rising Atmospheric Oxygen causes air to 

flow into the ground diluting soil gas concentrations. 

Although they are inversely related in the two boreholes, 

the monitoring periods are too short, thus making it 

difficult to determine how VOCs concentration will 

behave in future. Therefore, the monitoring period 

should be increased in subsequent site visit. Since the 

relationship between VOCs and Atmospheric Oxygen is 

an inverse one in the two boreholes, Atmospheric 

Oxygen could have been the only reason for observed 

changes in VOCs concentration during those monitoring 

periods, and therefore may be the dominant control. 

Change in season may be the reason for the observed 

„almost zero‟ relationships of VOCs concentration and 

Atmospheric O2 in boreholes C and K as the soil might 

have been sealed from the atmosphere during the two 

periods. As Atmospheric Oxygen is not the dominant 

control in majority of the boreholes, it can be concluded 

that it is not the dominant control in the studied site. 

Given that VOC can be dangerous even at trace conc-

entrations; the investigated site is recommended for 

remediation. 
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