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ABSTRACT 
Until now there has been little to no research on the relative terrestrial toxicity 

and of GTLs. The goal of this thesis was to bridge this gap in GTL knowledge. To 

achieve this goal, the relative terrestrial toxicities of four base oils (GTL-1, GTL-2, 

LTMO, Diesel) were compared. This research included freshly spiked soils and oil-

spiked soils that had been previously weathered 90 days at climates (10oC and 30oC) 

similar to those of popular drilling locations. 

First the weathering of soils spiked with these four base oils was investigated. 

There were two different weathering studies and a soil microbial respiration assay that 

compared the four base oils. Additionally, the accuracy of the modified method (Total 

Petroleum Hydrocarbons) used to monitor the oil content was also confirmed. After 

those previous studies, the four base oils and their relative toxicity were then 

compared in freshly spiked soils and in weathered soils (previously weathered for 90 

days at 10oC and 30oC) through a series of toxicity assays. 

An acute toxicity assay of earthworms (Eisenia fetida) was performed where 

the toxic endpoint was their mortality. Phytotoxicity assays which included alfalfa 

(Medicago stavia), thick spike wheatgrass (Elymus lanceolatus), and fourwing 

saltbrush (Atriplex canescens) were also performed. The toxic endpoints included lack 

of germination and affected biomass. Another acute toxicity assay of springtails 

(Folsomia candida) was performed where the toxic endpoint was their mortality. 

Additionally, the terrestrial toxicity of these two GTLs were were further investigated 



 Texas Tech University, Lisa Arneson, August 2012 
 

vii 

in a LC50 earthworm assay and an EC50 thickspike wheatgrass assay. In the LC50 

and EC50 the GTLs were compared against LTMO, Diesel, and a biodiesel. 

Overall the GTLs illustrated less toxicity when compared to LTMO and 

Diesel. GLT-spiked soils performed better in the earthworm acute toxicity study, the 

alfalfa germination and biomass study, and the saltbrush germination study. 

Additionally, during observations of activity, springtails in GTL-spiked soils survived 

better than in other oil-spiked soils. In the LC50 and EC50 assays, GTL base oils 

performed better than Diesel and LTMO. In the earthworm LC50 study, GTLs showed 

similar toxicity to the biodiesel.  

In some cases the other oils performed better than the GTLs. In the EC50, the 

biodiesel had much less toxicity than the other oils. Freshly spiked Diesel was 

determined to be less toxic then freshly spiked GTL-2 in both the thickspike 

wheatgrass and saltbrush germination assays, and GTL-1 freshly spiked soils had a 

significant toxic response towards germination of thickspike wheatgrass. 

When comparing GTL-1 to GTL-2, GTL-1 was less toxic than GTL-2 in 

freshly spiked soil (earthworms, LC50, alfalfa biomass, and saltbrush germination). In 

other cases, GTL-2 was less toxic than GTL-1 in freshly spiked soil (alfalfa 

germination, wheatgrass germination, EC50, and possibly springtails). The relative 

GTL-1 and GTL-2 toxicities varied according to the temperature and weathering of 

soils. 
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CHAPTER I 

INTRODUCTION  
Worldwide exploration for natural energy resources (like petroleum and 

natural gas) has continued to grow and develop into the 21st century. Throughout this 

progression, the oil and gas industry has had the challenge of providing these energy 

resources in both economical and environmentally friendly means. The general 

public’s growing consciousness toward protecting the environment has lead to 

advancements in this industry, including environmentally cleaner oils and 

improvements in recovering petroleum-contaminated sites. (Green, 1999) 

1.1 Gas-to-Liquids 

Gas-to-liquids (GTLs) are one of many of oils being developed for their 

greener properties. GTLs are oils (hydrocarbon liquids) that have been derived from 

natural gas (methane). During GTL production, the basic reaction is CH4CO+ H2 

Fischer -Tropsch Reactor hydrocarbon liquid (Green, 1999; Schulz, 1999). These 

oils are understood to have a pure composition due to the fact that they only consist of 

alkanes (branched and linear). While, oils derived from petroleum are known to have 

varying quantities of sulfur and aromatic content.  

Due to this purer content, GTL fuels or fuel blend stocks have been shown to 

have better emissions than petroleum-derived fuels (Greene, 1999, Knottenbelt, 2002, 

Fleisch et al. 2002, Chedid et al. 2007; Schulz, 1999). In combustible engines, GTLs 

fuels produce less NOx, PM, and CO2 (Green, 1999; Knottenbelt, 2002; Kitano, 2007). 

While GTLs have been around since the 1920’s, their production has recently become 

more economical and with that there has been an increase in their utilization (Green, 
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1999; Schulz, 1999). GTL base oils are now being produced and used within drilling 

muds.  However, until now there hasn’t been much toxicity research on GTLs beyond 

their emission capabilities. Little is known on the GTL toxicity for other types of 

applications, such as terrestrial toxicity of GTL base oils.  

1.2 Base Oils 

 Base oils are the main component in oil-based drilling muds. These drilling 

muds assist in the drilling process by keeping the drill bit clean and clear. These muds 

also help with the removal of the rock cuttings that are created as the drill bit descends 

into the earth’s crust. The rock cuttings become immersed in the drilling fluid and then 

these cuttings are removed from the bore hole along with the drilling fluid. The 

drilling fluid is then separated from the rock cuttings for reuse. The rock cuttings that 

still have some reminiscent drilling fluid are then placed into a reserve pit until their 

proper disposal. Possible environmental exposure to drilling fluids can occur during 

their transportation, contamination at drilling sites, and through the disposal of rock 

cuttings (land farming). All of these exposures would be terrestrial.  

1.3 Land Farming 

 Land farming is one of the most popular methods to dispose of rock cuttings. 

During this type of disposal, rock cuttings are laid out on specialized land. This land 

utilizes natural processes to reduce the bioavailability of the reminiscent drilling fluid 

that still remains on the rock cuttings.  By reducing the bioavailability, the toxicity of 

these drilling fluids is also reduced. The natural processes utilized in this process 

include aging (irreversible adsorption of oil components to soil) and weathering 

(breaking down of oil compounds into smaller compounds).   
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 Land farming is one of the most economical ways to dispose of rock cuttings. 

It’s also convenient because, many land farming sites are located near drilling sites. 

Additionally this specialized land may be reused. But, the possibility of reuse depends 

on whether the land is ready for reuse. Therefore, drilling fluids that can be reduced in 

bioavailability rapidly are beneficial for this disposal method. 

1.4 Weathering 

During the weathering of drilling fluids, the base oil parent compounds are 

broken down into smaller compounds (Douglas, 1996; Linz, 1997; Scow, 1997). 

These compounds are further broken down with the goal being the full mineralization 

of the toxic compounds within the base oil. With full mineralization, the oil’s 

polycyclic aromatic hydrocarbon content, total petroleum hydrocarbon content, and 

the volatile organic compounds would ultimately turn into CO2, H2O, and inorganic 

salts (Haimi, 2000). Because of this phenomena, there have been numerous studies on 

petroleum products and their weathering capabilities (Baraka et al., 2001; Bence and 

Burns, 1995; Boehm et al., 1983; Douglas et al., 1994, 1996; Overton et al., 1981; 

Page et al., 1995; Prince et al., 1994; Saeed et al., 1998; Sauer et al., 1998; Wang and 

Fingas, 1995b, 1995c; Wang et al., 1994, 1995a; Wang et al., 1997).  

 Weathering consists of both abiotic and biotic reactions. Abiotic reactions can 

include oxidation, hydrolysis, adsorption, and volatilization (Barakat et al., 2001; 

Wang et al., 1997). Microbial biodegradation is the main biotic reaction (Barakat et 

al., 2001; Wang et al., 1997). During the weathering process of oils, microbial 

communities use the oils as energy resources and off gas them as CO2.  The 

biodegradability of an oil is the primary determinant on how efficient a oil is 
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weathered (Atlas, 1981). How easily are the components within an oil easily broken 

down and up taken by microbial communities?  

Weathering is a time dependent process. Additional factors inhibit or support 

the weathering efficiency of oils, including aeration (tillage), moisture, and nutrients 

(Ghazali, 2004, Scow, 1995). If these factors are optimized, the rate of weathering will 

likely increase. Until now, there hasn’t been re  search on the weathering of GTL base 

oil products. 

1.5 Goals  

  The overall goal of this thesis was to expand the knowledge of GTL toxicity. 

This research was designed to determine the relative terrestrial toxicity of GTLs by 

comparing them to other oils, in particular petroleum-derived oils. Another goal was 

to assess GTL base oils for possible land farming disposal.  

 1.6 Oils 

 Five oils were compared throughout this thesis, two GTL base oils, two 

petroleum-derived base oils, and a biodiesel. The two GTLs researched in this thesis, 

GTL-1 (GTL C10-C22) and GTL-2 (C11-C24), both had similar profiles in alkane linear 

and branched percentages. The two other petroleum-derived base oils were a low 

toxicity mineral oil (LTMO) and a Diesel. For most of the assays in this thesis, these 

four base oils were compared relatively in their biodegradation and toxicities.  

A biodiesel was also used in a couple of assays. Biodiesels have been shown to 

have higher biodegradability (Rodinger, 1994) and better emissions (Körbitz, 1999). 

Therefore to gain a better perspective on GTL terrestrial toxicity, a biodiesel was 

further compared to the GTL base oils.  
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1.7 Research Outline 

There are three chapters in this thesis. Each chapter consists of several studies 

aimed at investigating the previously mentioned thesis goals. Chapter two includes 

data on the extraction/ modified TPH method. The first assay looked at the accuracy 

and precision of this extraction method. The next study described in chapter two 

monitored weathering of these four base oils in two different weathering studies. The 

oiled-soils were spiked with 2% w/w and then weathered. Both studies had soils 

weathered for 90 days at either 10oC or 30oC. The 90 day aging period and the 

percentage spiking were chosen for comparison to similar studies (Bento, 2005; Dorn 

and Salanitro, 2000). Weathered soils were then stored at -20oC and used in further 

toxicity studies (chapters two and three). The third section of chapter one describes the 

results of soil microbial respiration (CO2 efflux), which allowed for further 

comparisons of the effects of the four base oils. All four base oils were compared in 

chapter two.  

Chapter three had a more in-depth evaluation of the toxicities the four base 

oils, both in their freshly spiked and weathered states. This chapter consisted of 

several acute toxicity studies. The earthworms (Eisenia fetida) were used as an 

example of a soft bodied invertebrate species. Toxicities of base oils to the earthworm 

were compared in both freshly spiked and weathered soils. Alfalfa (Medicago stavia), 

thick spike wheatgrass (Elymus lanceolatus), and fourwing saltbrush (Atriplex 

canescens) seeds were used to study the phytotoxicity of base oils. They were used as 

examples of a legume, a grass, and a halophyte, respectively. The lack of seed 

germination was evidence of a toxic response. Additionally, a biomass analysis was 
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conducted for alfalfa. All four base oils were compared in chapter three. Freshly 

spikes soils were spiked 2% w/w, similar to concentrations used in a previous study 

(Dorn and Salanitro, 2000). 

Chapter four also had an acute toxicity study for freshly spiked and weathered 

soils (90 d at 10oC or 30oC). Here, this study used springtails (Folsomia candida) as a 

hard bodied standard test invertebrate. The springtail assay used all four base oils.  

To further analyze toxicities of the GTLs, an LC50 (mortality of earthworms) 

and an EC50 (germination of thick spike wheatgrass) were performed. For both LC50 

and EC50 studies, GTL base oils were compared with the petroleum-derived base oils 

(LTMO and Diesel) and a biodiesel. For these studies, the oil contents (0.5% - 2.5% 

w/w) were also verified using the TPH method. 

These GTL base oils were able to be relatively compared in their 

biodegradation and microbial toxicity to other petroleum-derived base oils. A series of 

toxicity tests allowed for additional conclusions on GTLs relative toxicity. Overall, the 

research in this thesis successfully addressed the thesis goals. 
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CHAPTER II 

CHANGES IN TPH CONTENT AND RESPIRATION IN WEATHERED SANDY LOAM SOILS 
IN RESPONSE TO VARIOUS BASE OILS 

2.1 Introduction 
Gas-to-liquid fluids (GTLs) refers to a type of hydrocarbon liquid that has been 

developed with a purer hydrocarbon composition. Essentially, these GTLs are 

hydrocarbon liquids synthesized from natural gas (methane) through a chemical 

process unlike other oils which are derived from petroleum. During GTL production, 

the basic reaction is CH4CO+ H2 Fischer -Tropsch Reactor hydrocarbon liquid. 

GTLs consist mostly of linear and branch alkanes and unless altered, GTLs do not 

contain aromatics or sulfur. Due to these characteristics, GTL fuels have been 

investigated for their environmental impacts versus other petroleum-derived fuels. 

GTLs have been found to have less detrimental effects on the environment in terms of 

emissions. (Greene, 1999; Knottenbelt, 2002; Fleisch et al., 2002; Chedid et al., 2007; 

Schulz, 1999)  

As petroleum resources become limited and costs to produce GTLs becomes 

more economical, the use of GTLs will continue to grow. In fact, GTLs have now 

begun to be implemented into drilling fluids as base oils. Through this increased 

utilization of GTLs, there is an increased chance of GTLs (in liquid form) coming into 

contact with the environment and organisms. Toxicological knowledge on GTLs is 

limited to fuel emission studies; there are little to no studies on other types of 

environmental exposures to GTLs.  

Around the world, drilling for natural resources continues to grow both off 

shore and inland. In the U.S., inland drilling in both the north and the south is popular. 
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This increases the likelihood of areas surrounding drilling sites being exposed to 

drilling fluids. Of particular concern are rock cuttings and their disposal. Rock cuttings 

are created during the drilling process as the drill bores into the earth’s crust. These 

cuttings contain remnant amounts of oil-based drilling fluids. Drilling fluids have 

some toxicity based on their varying composition, so there are concerns in regards to 

their associated environmental and health risks (Visser et al., 2002).  

 Land farming is a common economical method to dispose of these rock 

cuttings. During land farming, rock cuttings are placed on specialized land where 

natural processes assist in degrading drilling fluids. Goals during land farming are to 

alter the toxic components into less toxic or non-toxic components and to reduce the 

amount of drilling fluid associated with rock cuttings. Natural processes aiding in 

these goals include soil processes like weathering (this includes biodegradation) or 

aging. Phytoremediation (use of plants) or the use of soil-dwelling organisms may also 

be utilized in land farming. In most cases, this land will be reused for additional land 

farming. Therefore, oil-based drilling fluids that have less toxicity (to microorganisms, 

plants, and soil-dwelling organisms) and dissipate quickly are beneficial both 

environmentally and economically.  

When oils are introduced into an environment they may or may not elicit a 

high level of toxicity to organisms. This potential toxicity is determined by the degree 

of exposure and by the bioavailability of the oil constitutents. The bioavailability of 

these compounds are mitigated by natural processes or “weathering” (physical, 

chemical, and biological processes that alter the oils’ parent chemical compounds) 

(Barakat et al., 2001).  
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Weathering of oil products in arable terrestrial environments occurs as 

interactions within the soil, its water, and surrounding air. Given proper conditions, 

these interactions can include oxidation, hydrolysis, photolysis, adsorption, 

volatilization or evaporation, and biodegradation (Barakat et al., 2001; Wang et al., 

1997). Additionally, as time passes other processes not part of weathering, including 

desorption (release of compounds from soil) and aging (stronger binding of 

compounds to soil) may also occur (Hatzinger et al., 1995). Aging and desorption can 

also affect the bioavailability of oil products (Barakat et al., 2001; Scow and Johnson, 

1997).  

Weathering studies on petroleum products often use ratios of specific 

components when measuring weathered products (Douglas et al., 1994, 1996; Overton 

et al., 1981; Boehm et al., 1983; Kennicutt, 1988; Barakat et. al., 2001; Wang et al., 

1997). Previous studies have used compounds like polycyclic aromatics hydrocarbons 

(PAH’s) (Bence and Burns, 1995; Page et al., 1995; Douglas et al., 1996), hopane 

(also known as C30-17α(H),21β(H) (Prince et al., 1994b), or isoprenoids (Pristine and 

Phytane) (Barakat et al., 2001, Wang and Fingas, 1995b, 1995c) for determining these 

weathering ratios. However, due to the composition of GTLs (purified linear and 

branched alkanes), weathering ratios was not an appropriate option for this study.  

Multiple methods have been used in monitoring weathered petroleum products. 

Some studies have used total petroleum hydrocarbons (TPH) or total extractable 

hydrocarbons (TEH) (Baraka et al., 2001; Saeed et al., 1998; Sauer et al., 1998; Wang 

et al., 1994,1995a). For this study, TPH and TEH are the same since TPH was 

measured after an extraction and the levels of hydrocarbons in controls were minimal. 
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Also, both TPH and TEH include the extracted and measured n-alkanes and other 

hydrocarbons that make up the majority of unweathered oil. It has been investigated 

and shown that the concentration of these hydrocarbons can be used to assess the 

extent of weathering (Barakat et al. 2001, Wang et al. 1994, 1995, Saeed et al. 1998, 

Sauer et al. 1998). A summed TPH method (measuring n-alkanes from C10-C24) was 

developed and used in this study so that all oil products could be determined by a 

uniform method.  

As weathering occurs, the components of base oil products change. These base 

oil products are considered to be less toxic as their components become less 

bioavailable. Therefore, base oil products that are easily weathered are considered less 

toxic. This study compared the weathering of two different GTL paraffin products, 

GTL-1 (C10-C22) and  GTL-2 (C11-C24) against two standard petroleum-derived base 

oils, a low toxicity mineral oil (LTMO, C11-C15) and a Diesel (C10-C24).  

The summed TPH method was used to compare the weathering of these four 

base oils over 90 days in soil at 10oC and 30oC. These base oils were spiked (2% w/w) 

and weathered in a moisturized agricultural soil (sandy loam soil, Terry County, TX) 

to simulate what might occur in natural land farming conditions. Data from this 

weathering experiment allowed for dissipation half-lives to be calculated for each of 

the test materials.  

A previous study found that oils with hydrocarbon chains that are more linear 

and shorter are more likely to be microbially degraded (Visser et al., 2002). Using this 

reasoning, it was expected that LTMO would be the most weathered.  
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Weathering studies are commonly evaluated in combination with soil 

microbial respiration studies because microbial degradation is a large contributing 

factor to weathering (Atlas, 1981). In previous microbial respiration studies, 

petroleum-derived paraffins have performed slightly better than both a mineral oil and 

a Diesel (Hall et al., 2007, Visser et al., 2002). However  for Diesel and mineral oil, it 

was uncertain which oil might stimulate microbial respiration more. The two previous 

studies had contradicting results (Hall et al. 2007, Visser et al. 2002). Using these data, 

it was reasoned that the two GTL paraffins would stimulate microbial respiration more 

than the mineral oil and Diesel.  

2.2 Materials & Methods 
2.2.1 Properties of Test Base Oils  

Four different base oils were evaluated by comparing their various weathering 

characteristics. Their known properties are given in Table 2.1. The two GTL base oils 

had similar compositions; GTL C10-C22 was referred to as GTL-1, and GTL C11-C24 

was referred to as GTL-2. Two other standard base oils were compared: LTMO (C11-

C15) and Diesel (C10-C24). 

2.2.2 Test Soil 

The soil chosen for this study was an agricultural type collected in Terry 

County, TX. Its pH was determined to be 8.3 using 2:1 water to soil ratio. Particle 

distribution was determined using standard procedures by A & L Midwest 

Laboratories located in Omaha, NE. The test soil was a sandy loam soil with 74% 

sand, 10% silt, and 16% clay. It also had a low organic carbon content (1.3% ). This 

soil was chosen for weathering base oils rather than an artificial soil for several 
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reasons. It was a natural soil, which an already existing microbial community for 

possible biological processing. It was also readily available from a region in West 

Texas where terrestrial drilling is popular. Additionally, the low organic carbon 

content allowed for toxicity testing under conditions of maximum bioavailability. 

2.2.3 Addition of Base Oils  

For all studies, base oils were added and mixed into the soils using the 

following method. Before spiking the soil, base oils were first dissolved into a vehicle 

(acetone). The amount of vehicle used was equivalent to the amount of base oil. This 

mixture was then added to dry soil and mixed thoroughly. After mixing, moisture was 

added (26% of saturation using ASTM Type II water). Soils were spiked at 2% w/w 

(base oil/sandy loam soil) similar to studies (Visser et al., 2002; Lee et al., 2002). This 

concentration was also chosen based on the need to use these soils in additional 

toxicity studies. 

2.2.4 Analytical Methods  

The TPH method was used to analyze base oil content in soil samples. Soils 

were extracted using methylene chloride and then analyzed. Responses for specific n-

alkanes (see Table 2.1) were summed and then input into a five point calibration curve 

specific for the base oil used and from there the base oil mass was determined. 

Samples had been spiked initially at 2% w/w, so the amount of oil per gram of soil 

should have been approximately 20,000ug. The alkane content was used to monitor 

weathering because, it was a uniform method for comparing GTLs (cleaner fluid, less 

additional compounds) and other petroleum-derived products over time.  
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Samples were extracted using methylene chloride (200 rpm, overnight). 

Extracts were filtered using a 0.2um PTFE filter, and then analyzed using an HP6890 

gas chromatograph coupled with a HP5973 mass spectrometer in the selected ion 

(SIM) mode. A 15-m capillary column (DB-5, 250 um i.d., one um film thickness) 

was used for separation. Samples were injected in splitless mode with an inlet 

temperature of 200oC. A constant 2.0 mL/min flow rate of carrier gas (He) was used. 

Initial oven temperature (50oC) was held for 2 min, followed by a 7oC/min ramp to 

300oC and final hold for 3 min. The mass spectrometer quadrupole and source 

temperatures were 150oC and 230oC, respectively. Quantitation of hydrocarbons was 

accomplished using m/z = 85 (Frysinger et al., 2003). The reporting limit or lower 

limit of quantitation (LLQ) was calculated based on the lowest calibration standard 

and adjusting for soil mass and amount of extraction solvent {LLQ=[(concentration, 

µg/mL) X (sample size, g)]/ (solvent, mL)}. 

2.2.5 Quality Assurance Study 

The extraction method was tested for accuracy and precision. The extraction 

accuracy for each of the four base oils was compared. Sandy loam soil was freshly 

spiked (2% w/w) in one of the four base oils (first dissolved in the acetone vehicle) 

and then mixed. Treated soils were then sampled three times. Sample replicates were 

extracted using methylene chloride. TPH content was determined and recovery of base 

oil calculated. 

2.2.6 Weathering Soils Study A 

Sandy loam soil was divided into twelve tubs (clear plastic, 6qt or ~5.67L). 

Each tub  
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contained 2 kg of soil. Containers had lids which provided space for gas exchange. 

There were six base oil treatments (control, vehicle control, GTL-1, GTL-2, LTMO, 

and Diesel) and two temperature treatments (10oC and 30oC). Different temperatures 

were used to show possible differences in weathering of base oils due to changes in 

processes including degradation, dissipation, aging, and sorption.  

After the soils in the tubs were spiked (2% w/w), they were moistened (26% of 

saturation using ASTM Type II water). Soil moisture in each tub was adjusted back to 

26% of saturation approximately once every two weeks. These tubs containing treated 

soil were placed into incubators set at either 10oC or 30oC for 90 days in the dark. To 

monitor the weathering of these treated soils, the base oil content was measured every 

21 days by determining the total petroleum hydrocarbons (TPH) present. Each time a 

tub was sampled, the soil was mixed first and then sampled. The remaining base oil 

content was then measured. Half-lives (T1/2) were calculated from the data obtained 

during this 90 day study.   

2.2.7 Weathering Soils Study B 

The second weathering study was similar to the previous one. Sandy loam soil 

was used in the same twelve types of treatments (10oC and 30oC incubation for 

control, vehicle control, GTL-1, GTL-2, LTMO, and Diesel). For each soil treatment 

type there were four replicates. For each of these replicates, a clear glass jar (125 mL) 

was used to hold the spiked (2% w/w) sandy loam soil (45 g). Lids were left loose to 

allow for gas exchange during incubation. Soil moisture was adjusted at the beginning 

of the study (26% of saturation with ASTM Type II water) and once a week. The 

moisture adjustments were performed by weighing the jars containing soil, and then 
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adding water until the weight was the same as previously recorded. Soils were then 

mixed well. This weathering study also took place over 90 days in the dark with 

sampling every three weeks to monitor weathering. For each time point, a jar/replicate 

was sampled only once. Samples were then processed and the remaining base oil 

content measured. Half-lives (T1/2) for each of the base oils were calculated from the 

data.  

2.2.8 Microbial Respiration (CO2)  

Microbial respiration was monitored in a separate 21 day study. There were 

twelve soil treatments (10oC or 30oC incubation of control, vehicle control, GTL-1, 

GTL-2, LTMO, or Diesel). Each treatment had four replicates. Each jar (120 mL) 

contained sandy loam soil (60 g) spiked 2% w/w with a base oil, vehicle, or nothing 

(control). At the beginning of this study, soil moisture was adjusted to 26% of 

saturation. The jars were incubated at either 10oC or 30oC in the dark for 21 days and 

an infrared gas analyzer was used to monitor CO2 efflux from soil on a daily basis (24 

hr intervals). Changes in CO2 over time were compared between the controls and the 

base oils for each temperature.  

2.3 Results 
2.3.1 Quality Assurance Study 

The quality assurance study proved that the method developed and used to 

estimate base oil content in freshly spiked soils was more than proficient. Spiked soil 

(2% w/w or 20,000 ug of base oil per gram of soil) concentrations were close to 

nominal, with the lowest percent recovery being more than 80% (Table 2.3, Figure 

2.1). Two samples had measured concentrations greater than the spiking amount 
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(20,000 ug). Recoveries were between 80% and 115% with low standard errors. 

Additionally, the LLQ was calculated to be ≤ 400 ug/mL. 

2.3.2 Weathering Studies A & B 

Although there were differences in the designs of weathering studies A and B, 

both studies had similar goals of comparing the degradability of the four base oil 

products. This was achieved by investigating the weathered states of the base oils over 

90 days and determining half-lives for comparison. Weathering refers to the 

disappearance of base oils or at least their extractable and measurable components (i.e. 

TPH) from sandy loam soil.  

Figures 2.2 illustrates the changes in base oil content for study B. Half-lives (T1/2) 

for the base oils are presented Table 2.4A & 2.4B. For most of the oil treatments, 

weathering was slower in study A versus study B. This led to longer half-lives (Table 

2.4A, Table 2.4B). In weathering study A at 30oC, three out of four treatments had 

half-lives twice as long as their counterparts in weathering study B. The weathering 

trends (T1/2) for study A were as follows, 10oC: LTMO ≥ Diesel > GTL-2 > GTL-1 

and 30oC: LTMO > GTL-1 > Diesel > > GTL-2. The trends for weathering study B 

were as follows, 10oC: LTMO > GTL-2 > GTL-1 > Diesel and 30oC: LTMO > Diesel 

>GTL-1 >GTL-2. 

Half-life results of both study A and B showed that GTL-2 was weathered more 

than GTL-1 while incubated at 10oC (Figures 2.2A, 2.2C, Tables 2.4A & 2.4B). , but 

the 30oC results for both studies differ from the findings at 10oC. In soils incubated at 

30oC, GTL-1 was weathered more that GTL-2 (Figures. 2.2B, 2.2D, Tables 2.4A, & 

2.4B).  
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Shorter half-lives illustrates that LTMO in soil weathered the fastest out of all the 

base oils for both studies and both temperatures (10oC & 30oC). For Weathering Study 

B, LTMO content appears to decrease dramatically, especially within the first 42 days 

(Figures 2.2E & 2.2F).  

Diesel weathering results were somewhat conflicting between temperatures and 

studies. The Diesel half-lives were more than the LTMOs’ in all the studies 

(LTMO>Diesel). So, Diesel was less degradable than LTMO. Diesel was more 

degradable at 10oC in study A than both GTL-1 and GTL-2 but less degradable than 

both in Study B (same temperature). In study A at 30oC, Diesels degradability fell 

between the GTLs. For study B at 30oC, Diesel was more degradable than both GTL-1 

and GTL-2.  

2.3.3 Microbial Respiration (CO2) Study 

Microbial respiration in oil- spiked soils was compared to microbial respiration in 

the corresponding temperature vehicle control soils (Figure 2.3). For soils incubated at 

10oC and 30oC, LTMO-spiked soils showed an increase in microbial respiration over 

the 21 day period. However, the LTMO-spiked soils at 30oC showed higher microbial 

respiration than those LTMO-spiked soils at 10oC (Figures 2.3E & 2.3F). At 10oC, 

microbial respiration trends for Diesel and GTL-2-spiked soils both showed some 

points of higher microbial respiration, but for the most part the respiration levels were 

close to those of vehicle control soil (Figures 2.4C & 2.4G). While, GTL-1 spiked 

soils incubated at 10oC experienced an increase in microbial respiration (relative to the 

vehicle control) at most time points (Figure 2.4A).  
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Microbial respiration trends of oil-spiked soils incubated at 30oC varied from those 

trends seen in soils at 10oC. Most notably, microbial respiration seemed to increased 

with the increase in temperature (Figure 2.3B,D, F, H). At 30oC both LTMO and 

Diesel -spiked soils experienced an increase in microbial respiration when compared 

with vehicle control. There was also a slight increase in microbial respiration for GTL-

2 spiked soils. However for GTL-1 spiked soils, the microbial respiration remained 

very close to the vehicle control. A summary of the microbial respiration results is 

provided Table 2.5.  

2.4 Discussion 

This study was successful in expanding the knowledge of GTL fluids. To gain a 

better understanding of GTL base oil toxicity, weathering of two different GTL base 

oils was compared to each other and to two other standard base oils (LTMO, Diesel). 

The summed TPH method was determined to be an acceptable method to quantify the 

amount of base oil present in soil (in terms of n-alkanes), especially since the GTL 

base oils are limited in their composition relative to other petroleum products. High 

percent recoveries and small standard errors illustrated the accuracy and precision of 

this method. The LLQ was (400 ug/mL). 

Weathering rates (half-lives) of the two GTL base oils were similar to their 

counterpart petroleum-derived base oils. GTL degradation varied with temperature , 

but surprisingly neither of the GTL base oil degradation rates increased when 

temperature was increased. This was unexpected as higher incubation temperatures 

typically increase degradation reactions (i.e. oxidation) and enzymatic activities of 

microorganisms (biodegradation) (Atlas, 1981). In comparison, LTMO and Diesel-
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spiked soils both had slight increases in their microbial respiration from 10oC to 30oC. 

Also interesting was the fact that neither GTL-1 nor GTL-2 could be considered more 

degradable than the other; in cooler temperatures GTL-2 was more degradable and in 

warmer temperatures GTL-1 was more degradable. Since the compositions of GTL-1 

and GTL-2 are similar, this difference is of interest. 

Temperature can affect the composition of the microbial communities present in 

soil (Atlas, 1981). Various microbial species are able to survive and thrive at various 

temperatures. A large change in temperature (20oC difference) would likely mean a 

cogent change in microbial community structure. Changes in the soil microbial 

community would be evident through observed changes in soil functionality. The 

change seen in GTL degradation as well as GTL preference may be evidence that the 

soil functionality changed with the change in temperature. Therefore it may be 

reasoned that the dominant microbial species at 30oC preferred GTL-2 to GTL-1 and 

the dominant microbial species at 10oC preferred GTL-1 to GTL-2. However, it would 

appear that the dominant microbial species at 30oC were not as efficient at 

biodegradation as the dominant species at 10oC. This could also explain the microbial 

respiration results for soils spiked with GTL-1 and GTL-2; GTL-1-spiked soils at 

10oC showed a larger increase in microbial respiration than GTL-2-spiked soils at 

30oC. 

LTMO was derived from petroleum and contained other compounds besides n-

alkanes. However, only the n-alkanes were used to calculate half-lives. LTMO was the 

most rapidily weathered base oil in this study. This rapid weathering could have been 

from volatilization or chemical reactions, but the LTMO –spiked soil microbial 
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respiration data suggests another reason. LTMO-treated soils experienced an increase 

in CO2 production at both temperatures. These results provide evidence that 

biodegradation was the reason that LTMO weathered so quickly. Out of four base oils, 

LTMO had the smallest n-alkanes. A previous study also found that oils with shorter 

and more linear hydrocarbon chain content were degraded more easily (Visser et al., 

2002). 

 Diesel weathering data varied between study A and study B, but data from both of 

these studies are valuable and should be considered. Weathering studies A and B had 

the same soil type and temperatures and yet the results differed. Moisture content 

(rainfall), tilling (oxygen availability), and temperature differences are known to affect 

weathering of base oils and biodegradation of hydrocarbons (Atlas, 1981; Wang and 

Fingas, 1997; Osuji, 2006). Study A conditions were more arid, typical of summer-

like conditions or of land farming locations with less rainfall. The soil in this study 

was also mixed better allowing for more aeration. The conditions in study B were 

reflective of spring or land farming locations with higher rainfall index because soil 

moisture was maintained more frequently. These soils were mixed less efficiently as 

these tests were conducted in small jars that did not allow for extensive mixing.  

Arid summer –like conditions can lead to higher soil temperatures, affecting a 

large portion of microbial communities (possibly hindering biodegradation). Higher 

soil temperatures combined with better tilling techniques might also lead to more 

chemicals being volatized or oxidized (Osuji, 2006). However, once a soil has dried 

out, it may become hydrophobic and resist moisture (Osuji, 2006). This may would 

explain the half-lives determined for Diesel-spiked soils in study A. At 10oC, soils did 
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not dry out and heat up. Instead, microbes degraded the base oil and the mixing 

allowed for better evaporation and oxidation of Diesel. At 30oC, soils were not only 

watered less, but mixed more efficiently. These soils dried out and created a difficult 

environment for microbial degradation and evaporation. This conclusion is supported 

by the longer half-lives of Diesel and both GTLs.   

Higher rainfall associated with spring-like weather could improve conditions for 

microbial communities and degradation. However, too much rain fall might lead to 

water logging and less evaporation of hydrocarbons. Too much moisture can also lead 

to less oxidation of hydrocarbons (Atlas, 1981). Inefficient mixing may also inhibit 

evaporation and oxidation. Half-lives calculated for Diesel in study B reflected this 

moist soil with less efficient mixing. The half-life calculated for Diesel at 10oC in 

study B was high. This soil was possibly saturated for that temperature and mixed less 

efficiently. The half-life for Diesel at 30oC in study B was more optimal. The 

increased soil microbial respiration for Diesel-treated soils at 30oC supports the 

conclusion that the higher temperature led to better biodegradation of Diesel.  

Microbial respiration data supported the results of the weathering studies (as 

described above). However, the microbial respiration data was best representative of 

study B because, both study B and the microbial respiration study were similar in 

regards to soil moisture content.  

Overall when compared to other base oils, GTL base oils in this study had 

moderate weathering. Patterns of weathering were conditional to soil type (more 

organic matter increases the soils capacity to hold moisture), rainfall, temperature, 

mixing, and the composition of the microbial community. GTL base oil weathering 
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improved with increased temperature in combination with increased soil moisture and 

mixing.  

Results also provide insight to optimal weathering conditions. In land farming or 

recovery efforts, soil moisture should match temperatures (i.e. more moisture with 

30oC) and better tillage lead to better weathering of hydrocarbons. Combining this 

information with the addition of nutrients (N, P) (Wang and Fingas, 1997) will lead to 

better land farming techniques in the future.  
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2.5 Tables & Figures 
Table 2.1 Properties of Base Oils in Chapter Two 
 

Products Description 

GTL-1 
(GTL C10-C22) 

Clear liquid, a synthetic GTL paraffin, aliphatic hydrocarbon 
mixture of C10-C22 alkanes, approximately 14% linear and 86% 
branched alkanes (predominately mono-methyl), approximately 0% 
weight of aromatics, flash pt: 85 oC, TPH profile alkanes: C10-C22 

GTL-2 
(GTL C11-C24) 

Clear liquid, a synthetic GTL paraffin, middle distillates from fisher-
tropsch method, hydrocarbon mixture of C11-C24 alkanes, 
approximately 13% linear and 87% branched alkanes 
(predominately mono-methyl), approximately 0% weight of 
aromatics, TPH profile alkanes: C11-C24 

LTMO 
(Low toxicity 
mineral oil) 

A yellow liquid with approximately 0.2% weight of aromatics,   
flash pt: 78.8oC, TPH profile alkanes: C11-C15 

Diesel 
(Ultra low 

sulfur diesel) 

A red liquid with a diesel odor, contains sulfur (≤ 15ppm), and 30-
60% weight of aromatics, flash pt: 66.1 oC,  
TPH profile alkanes: C10-C24 

 
This table lists the properties of base oils used in assays for chapter two. Each 
description includes the alkane profiles used to identify and quantify the oil content for 
soils spiked with these oils.  
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Figure 2.1. Quality Assurance Results Illustrating the Accuracy in Estimating Base 
Oil Content. This histogram illustrates the base oil content successfully extracted and 
estimated using the summed TPH method developed for this paper and a calibration 
curve. Base oils were added and then extracted from spiked sandy loam soil (2% w/w) 
or CH2Cl2, the solvent. Base oil content actually added was 20,000µg (dotted line). 
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Table 2.2 Percent Recovery for Quality Assurance Study 
 

Base Oil Extracted  CH2Cl2 Mix 
GTL-1 84% 114% 
GTL-2 81% 94% 
LTMO 91% 97% 
Diesel 102% 94% 
 
These values reflect the accuracy at which the soil content was extracted and 
quantified (summed TPH method). The actual oil content was 20,000ug. Extracted 
samples were those where soil had been spiked and then extracted and quantified. 
Methylene chloride samples were those where straight CH2Cl2 was spiked with this 
volume of oil and then quantified. The oil content for each on of these oils and each of 
these methods was then compared to the goal of 20,000ug and a percent recovery was 
calculated.
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Table 2.3A. Half-lives (T1/2) in Days For Weathering Study A         Table 2.3B. Half-lives (T1/2) in Days For Weathering Study B 
Base Oil 10oC 30oC 

 
Base Oil 10oC 30oC 

GTL-1 205 209 
 

GTL-1 126 110 
GTL-2 118 559 

 
GTL-2 106 160 

LTMO 85 38 
 

LTMO 62 45 
Diesel 87 262 

 
Diesel 234 100 

These half-lives were calculated after weathering oil-spiked 
soils for 90 days and sampling the oil content over 21 days. 
Each time point oil content was calculated from 3 replicates 
taken from the same tube. The average oil content was graphed 
for each time point and a line was fitted for the data. The line 
equation was used to calculated the half-lives by setting the 
concentration at half (y) and sloving for the time (x) that it 
would require to reach that amount.The soil conditions in study 
A were arid and summer-like and less optimal for microbial 
communities. Therefore, the half-lives were for the most part 
higher than those in Table 2.3.B.  

 These half-lives were calculated after weathering oil-spiked 
soils for 90 days and sampling the oil content over 21 days. 
Each time point oil content was calculated from 4 replicates 
taken from separate jars. The average oil content was graphed 
for each time point and a line was fitted for the data. The line 
equation was used to calculated the half-lives by setting the 
concentration at half (y) and sloving for the time (x) that it 
would require to reach that amount.The soil conditions in study 
B were moist and spring-like and more optimal for microbial 
communities. Therefore, the half-lives were for the most part 
less than those in Table 2.3.A. 
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Figure 2.2 TPH Changes over 90 days for Spiked Soils Incubated at 10oC and 30oC in 
Study B. These graphs illustrate the changes in base oil content over time (90 days) for 
the four different base oils in either 10oC ( column 1: A,C,E,G) or 30oC ( column 2: 
B,D,F,H). At each time point (every 21 days), the averages with standard errors were 
calculated from four replicates per base oil. Base oil content (ug/g) was calculated using 
the summed TPH from extracted samples (CH2Cl2) and a calibration curve. Comparison 
can be made between base oils and the same base oil treatment between temperatures. 
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Figure 2.2 Continued
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Figure 2.3 Changes in Microbial Respiration (CO2 efflux) Over 21 days for Spiked Soils 
Incubated at 10oC ( column 1: A,C,E,G) or 30oC ( column 2: B,D,F,H). At each time 
point (every 21 days). These graphs show the CO2 efflux over time (21 days) in base oil 
spiked soils (2% w/w) incubated at 10oC  and 30oC .Values are averages of CO2 readings 
from the three replicates (3 jars per treatment) at each time point. 
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Table 2.4. Microbial Respiration Responses Relative to the Vehicle Control 

 GTL-1 GTL-2 LTMO Diesel 

10oC  ++   +/=  ++   +/= 

30oC  =  +  ++   ++  

(+) = positive response compared to vehicle control 
(-) = negative reponse compared to vehicle control 
(=) = less difference between the vehicle contol 
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CHAPTER III 

ACUTE TOXICITY TESTS FOR SOILS SPIKED WITH VARIOUS BASE OILS (FRESHLY 
SPIKED AND WEATHERED TREATMENTS) 

3.1 Introduction 
Gas-to- liquids (GTLs) are hydrocarbons that have been utilized as fuels and 

oils. These liquids are derived from natural gas (methane) unlike most other 

hydrocarbon liquids that are derived from petroleum. During GTL production, the 

basic reaction is CH4CO+ H2 Fischer -Tropsch Reactor hydrocarbon liquid. 

The technology was discovered by Franz Fischer in 1926 and this technology is often 

referred to as Fischer-Tropsch synthesis (FT). (Schulz, 1999). 

Throughout the 20th century, governments worldwide experienced uncertainty 

with regards to petroleum reserves. During this time, there has also been an increase in 

the discovery of natural gas resources and an increase in demands for cleaner energy 

sources. These developments have led to further improvements and discoveries in 

GTL-FT technology. This technology has now become more economical. Companies 

are seeking new and inventive ways to use GTLs, including using them as base oils. 

(Schulz, 1999; Fleisch et al. 2002, Greene, 1999) 

GTL fuels have been evaluated numerous times and there is ample evidence that 

GTL fuels (or fuels with GTL blendstocks) are less detrimental (in terms of emissions) 

to the environment when compared with other petroleum-derived fuels (Greene, 1999, 

Knottenbelt, 2002, Fleisch et al. 2002, Chedid et al. 2007). GTLs have a purer quality 

of hydrocarbons; their sulfur and aromatics are practically nonexistent (Green, 1999; 

Knottenbelt,2002; Kitano,2007). GTL fuels (or fuels with GTL blendstocks) have also 

been shown to reduce NOx and PM (particulate matter) emissions (Knottenbelt, 2002; 
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Kitano,2007). When considering CO2 emissions or GHG (green house gases), GTLs 

produce less than gasoline when used in vehicles (Greene, 1999). Until now, GTL 

environmental studies have been limited to studies comparing their emissions. One 

goal of this study, was to bridge this gap in GTL toxicological knowledge by 

investigating the potential terrestrial toxicity of two different GTLs.  

Oil-based drilling muds ( also known as non-aqueous drilling fluids) are utilized 

in land-based drilling as lubricants. There has been a movement to improve the 

composition of these muds (both economically and environmentally). Environmental 

exposure to drilling muds can occur terrestrially in multiple locations, including 

drilling sites, in transit, and at disposal sites. Rock cuttings are the by-products of the 

drilling process and are often saturated with drilling mud when they are retrieved. 

After the maximum amount of drilling mud is separated from rock cuttings for reuse, 

these rock cuttings are then disposed. One of the most economical ways to dispose of 

these rock cuttings is through land farming, where the cuttings are placed on 

specialized land. This disposal method utilizes natural processes in the soil to break 

down remaining amounts of drilling mud (and base oil) left on the cuttings. 

One way to modify oil-based drilling mud composition is to consider its’ main 

component, base oil. There are a variety of base oil types in use, including GTL base 

oils. The first aim of this study was to compare the relative terrestrial toxicity of two 

different GTL base oils (GTL C10-C22 and GTL C11-C24) with two standard type 

(petroleum-derived) base oils, an ultra low sulfur Diesel and a low toxicity mineral oil 

(LTMO).This study was designed to complement previous studies which focused on 

the terrestrial toxicity of oil-contaminated soils (Dorn and Salanitro, 2000, Dorn et al. 
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1998, Hall et al. 2007, Salanitro et al. 1997) using some relevant test guidelines 

(OECD 1984,2003; Environment Canada, 2007). 

Previous studies have established that weathering (which describes time 

dependent chemical, physical, and biological processes) of chemicals in soil can cause 

changes to a chemical’s state and lower its overall concentration (Douglas, 1996; Linz, 

1997; Scow, 1997). Weathering can be the result of multiple processes including 

sorption, desorption, volatilization, biodegradation, bioremediation, and aging. It is 

dependent on soil, chemical properties, moisture, and microbial consortium present 

(Ghazali, 2004, Scow, 1995). Some studies have also shown that weathering, which 

can include biodegradation, can lead to dissipation of total petroleum hydrocarbons 

(TPH) and therefore a reduction in the potential 

toxic effects in the terrestrial environment (Bento, 2005; Salanitro, 1997; Dorn, 2000). 

If a chemical is not bioavailable then it’s not available to produce toxic responses in 

organisms. Aanother aim of this study was to investigate the terrestrial toxicity of 

GTL base oils (through freshly spiked and weathered soils) when compared to other 

petroleum-derived oils.  

Soil chosen for this terrestrial toxicity study was not artificial. It was an 

agriculture type collected locally in West Texas (popular drilling region). It was 

chosen because of its origin and its established microbial community for possible 

biological processing. It also contained a higher percentage of sand with a lower 

organic matter content. This low organic carbon content allowed for toxicity testing 

under conditions of maximum bioavailability. Tests in this soil were considered worst 

case scenarios.  
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This sandy loam soil was tested in several pilot studies and found to hold 

relevant toxic responses at the concentration of 2% w/w.  Therefore, 2% w/w was the 

concenctration chosen for spiking. Additionally, a previous study also found that 2% 

w/w was a relevant toxic concentration (Dorn and Salanitro, 2000). Sandy loam was 

spiked at 2% w/w with base oils and used as freshly spike soils or weathered soils (90 

days at 10oC or 30oC) in toxic response studies. In the toxic response studies, it was 

expected that the weathered soils would have reduced toxicity in comparison with 

freshly spiked soils (Bento, 2005; Dorn and Salanitro 2000).  

This study was designed so that the terrestrial toxicity of base oils could be 

evaluated and compared using responses of actual organisms and not inferred from the 

chemical concentration present within spiked and weathered soils. Toxicological 

response studies were performed using sandy loam soil freshly spiked with base oils 

and in soils with weathered base oils. Test species chosen for these studies were 

selected because of their relevance to terrestrial environments and their acceptance as 

standard test organisms. Earthworms (Eisenia fetida) were used as an example of soft 

bodied invertebrates. Alfalfa (Medicago stavia), thick spike wheatgrass (Elymus 

lanceolatus), and fourwing saltbrush (Atriplex canescens) were all chosen for 

phytotoxicity studies as examples of a legume, a grass, and a halophyte, respectively. 

The final aim of this study was to determine if and how the terrestrial toxicity of base 

oils varied among organisms.  
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3.2 Materials & Methods 
3.2.1 Properties of Test Base Oils  

Four base oils were evaluated and compared for their terrestrial toxicity. Their 

properties are given in Table 3.1. The two GTL base oils had similar composition; 

GTL C10-C22 was referred to as GTL-1 and GTL C11-C24 was referred to as GTL-2. 

The other two base oils included a LTMO (C11-C15) and an Diesel (C10-C24).  

3.2.2 Test Soil 

Test soil used in this study was an agricultural soil collected in Terry County, 

TX. The test soil pH was determined using 2:1 water to soil ratio. The pH was 8.3. 

Particle distribution was determined using standard procedures (A & L Midwest 

Laboratories, Omaha, NE). The test soil was determined to be a sandy loam (74% 

sand, 10% silt, 16% clay) with a lower organic carbon content (1.3% ). A natural soil 

was chosen for more accurate results in regards to the aging and weathering of test 

base oils within the soil. Its established microbial community would help with 

biological processing. This soil was also readily available from a region in West Texas 

where terrestrial drilling is popular. Additionally, the low organic carbon content 

allowed for toxicity testing under conditions of maximum bioavailability. 

3.2.3 Addition of Base Oils 

For all studies, there were four base oils being tested including GTL-1, GTL-2, 

LTMO, and Diesel. Base oils were added and mixed into the soils using the following 

method. Before spiking the soil, base oils were first dissolved into a vehicle (acetone). 

he amount of vehicle used was equivalent to the amount of base oil. This mixture was 

then added to dry soil and mixed thoroughly. After mixing, moisture was added (26% 
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of saturation using ASTM Type II water). Soils were spiked at 2% w/w (base 

oil/sandy loam soil) similar to studies (Visser et al., 2002; Lee et al., 2002). This 

concentration was also chosen based on the need to use these soils in additional 

toxicity studies. The other two options for treatment included a vehicle control 

(acetone) and a control (no treatment). Test soils were used either as freshly spiked 

soils or weathered soils (previously weathered for 90 days at 10oC or 30oC).  

3.2.4 The Weathering of Soils  

Test soils (oil-contaminated or control) were incubated in the dark at 10oC or 

30oC for 90 days. For each weathering temperature there six types of soil treatment 

(control, vehicle control, GTL-1, GTL-2, LTMO, and Diesel). Differences observed in 

soil toxicity after weathering, might infer changes in degradation, dissipation, aging, 

or sorption. Soil moisture was initially adjusted to 26% of saturation using ASTM 

Type II water. During weathering the soil was periodically moistened to maintain soil 

microbial activity. After the test soils were weathered they were stored in a -20oC 

fridge to maintain the integrity of the soils and their residual base oil.  

3.2.5 Earthworm (E. fetida) Acute Toxicity Study  

Potential acute toxicities of these base oils were assessed using a common soft 

bodied invertebrate test species, the earthworm (Eisenia fetida). A 14 day earthworm 

survival test was conducted using freshly spiked and weathered soils (incubated 90 d 

at 10oC and 30oC). A previous study showed that 14 day survival tests were better 

suited for testing terrestrial soils versus other earthworm tests (such as a 7 day 

avoidance test )[Saterbak, 1999]. Cultures of E. fetida were purchased from Yelm 

Earthworm and Casting Farm (Yelm, WA). Larger adults of E. fetida that possessed a 
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well developed clitellum were used in this study. Before the study commenced, 

earthworms were depurated for 24 hrs.  

There were six base oil treatments (control, vehicle control, GTL-1, GTL-2, 

LTMO, Diesel) and three soil weathering options (freshly spiked and weathered for 90 

d at 10oC or 30oC) for a total of 18 treatment weathering combinations. Each 

combination had had five (controls) or six (base oils) replicates. Each replicate 

consisted of an amber glass jar (4 oz) which was filled with approximately 50 g of 

treated and moistened soil (control or 2% w/w of base oil; 26% of saturation). Soil 

also had food/organic matter added (~12% w/w mixture of cornmeal and used coffee 

grounds) [Visser, 2002; Lee, 2002]. Food was added because preliminary tests showed 

better survival in controls with food. 

 After soil was added to the jars, the worms were added, and then lids were 

placed loosely over the jars to allow for gas exchange. Jars were incubated in the dark 

at 24oC and monitored daily for 14 days. During this time, any additional moisture 

needed was added. After 14 days, any remaining living earthworms were determined. 

3.2.6 Germination and Biomass Studies Using Alfalfa (M. sativa), Thickspike 
Wheatgrass (E. lanceolatus), and Fourwing Saltbrush (A. canescens)  

The potential phytotoxiciy of base oils was assessed using three plant species: 

alfalfa (Medicago sativa), thickspike wheatgrass (Elymus lanceolatus), and fourwing 

saltbrush (Atriplex canescens). A previous study concluded that seed germination was 

a good end point for testing contaminant toxicity in soil (versus other endpoints like 

root length and total biomass) [Saterbak, 1999]. Therefore, all three plant species were 

used in seed germination assays. However, for alfalfa an additional comparison of 

biomass was performed at the end of the study. This was under taken based on the 
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results of a pilot study of alfalfa in which the biomass of germinated seed appeared to 

vary between treatments.  

The seeds were purchased from Great Basin Seeds, LLC (Ephraim, UT). As 

with the earthworm acute toxicity study, there were 18 different treatments 

treatment/weathering combinations. There were six base oil treatments (control, 

vehicle control, GTL-1, GTL-2, LTMO, Diesel) and three soil weathering options 

(freshly spiked, previously incubated 90 d at 10oC or 30oC).  

For both the alfalfa and wheatgrass assays, each of the 18 soil treatments had 5 

replicates contained in a plastic lidded Petri dish (35 mm diameter) with 6 seeds and 

10 g of moistened soil (control or treated 2% w/w of base oil; 26% of saturation) 

(Visser, 2002; Lee, 2002). Sample containers were monitored and adjusted for 

moisture daily and incubated in the dark at 24oC. Seeds were then assessed for 

germination after 14 days. Portions of germinated seeds for each replicate was 

determined and a mean of these portions was calculated. For alfalfa biomass, the 

seedlings were rinsed with ASTM Type II water and then dried overnight at room 

temperature (25oC). The total dry weight (shoot and root of up to 6 seedlings) for each 

replicate was weighed and compared.  

For the saltbrush assay, initial pilot studies were performed to determine 

optimal germination conditions. These pilot studies yielded only 35% germination 

under optimal conditions for the saltbrush seeds. These percent germination results 

were further supported by the results of  another previous study  in 2008 (Meyer, 

2008).  Additionally it was discovered that  that 21 days were needed for the best 

germination results and more time didn’t yield more germinations. Due to this low 
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germination rate, 100 seeds were used for each replication. For each of the 18 soil 

treatment/ weathering combinations there were 3 replicates. Replicates consisted of a 

polystyrene plate (110 mm diameter), 90 g of moistened soil (control or treated 2% 

w/w of oil; 26% of saturation), 100 seeds, and a parafilm covering. Each of these 

plates were incubated under a 12:12 light:dark cycle at 15oC. Seeds were assessed for 

germination after 21 days. 

3.2.7 Statistical Analysis 

The acute toxicities of base oils to earthworms was compared using the G-test 

of independence where the null hypothesis was as follows: the proportion of survivors 

was the same for the controls and 4 treatments within each weathering option.  

All the statistical tests for the phytotoxicity studies were performed using R 

Statistical Software, version 2.13.1 (2011-07-08) For all germination studies, the 

portion germination data were tabulated for each of the replicates. A mean for each of 

the 18 soil treatment/ weathering combinations was then calculated from these 

replicates. For the biomass study the total biomass from each replicate was used to 

calculate a mean for each of the 18 soil treatment/ weathering combinations. The 

means from the germination studies were then transformed using the arcsine 

transformation so that the data would meet normality requirements for ANOVA (α = 

0.05). For the germination and biomass studies, the means were checked for normality 

using the Shapiro-Wilks test and homoscedasticity using the Bartlett’s test.  

ANOVA was used to reveal significant effets on germination or biomass. One-

way analysis of variance was utilized because the overall goal of these studies were to 

compare the toxicity differences between the four base oils within each weathering 
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option. Therefore, ANOVA was performed for each soil weathering condition (freshly 

spiked soils, previously weathered for 90 d at 10oC or 30oC). The germination or 

biomass null hypotheses were as follows: the proportion of seeds germinated or 

(amount of biomass) was the same for the controls and 4 treatments within each 

weathering condition. For results that were found to be significant (α ≤ 0.05), the data 

were further analyzed using Tukey’s (HSD) Post hoc (α ≤ 0.05) or Dunnett’s Post hoc 

(α ≤ 0.05) 

3.2.8 Analytical Methods 

Soil sample concentrations were confirmed using a quantitative method 

developed to analyze the n-alkanes in GTLs. Samples were extracted with methylene 

chloride, filtered using a 0.2um PTFE filter, and then analyzed using an HP6890 gas 

chromatograph coupled with a HP5973 mass spectrometer in the selected ion (SIM) 

mode. A 15-m capillary column (DB-5, 250 um i.d., one um film thickness) was used 

for separation. Samples were injected in splitless mode with an inlet temperature of 

200oC. A constant 2.0 mL/min flow rate of carrier gas (He) was used. Initial oven 

temperature (50oC) was held for 2 min, followed by a 7oC/min ramp to 300oC and 

final hold for 3 min. The mass spectrometer quadrupole and source temperatures were 

150oC and 230oC, respectively. Quantitation of hydrocarbons was accomplished using 

m/z = 85 (Frysinger et al., 2003).  

Base oil content in soil samples was quantified using a modified TPH method 

which included a calibration curve (specific to each base oil). Each base oil had a 

select group of hydrocarbons that were specific and abundant (Table 3.1). These 

hydrocarbons were summed into the TPH response for each base oil. Each base oil had 
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a specific calibration curve created from the TPH responses of known concentrations. 

The response from each sample was then input into a five point calibration curve and 

the base oil mass was determined. Samples had been spiked initially at 2% w/w, so the 

amount of oil per gram of soil should have been approximately 20,000ug in freshly 

spiked soils.   

3.3 Results 
3.3.1 Earthworm (E. fetida) Acute Toxicity Study 

The 14 day acute toxicity study on earthworms (E.fetida) provided evidence 

that survival was significantly affected by base oil treatment (Figure 3.1). All three 

soil weathering options included freshly spiked soil, soils weathered for 90 d at 10oC, 

and soils weathered for 90 d at 30oC showed significant effects on earthworm survival 

(G-Test, respectively p << 0.001, p << 0.001, p < 0.008). Earthworms within the 

controls, including both control and vehicle control had ≥ 80% survival. Therefore it 

was inferred that the study was successful in providing optimal conditions for the 

earthworms (including the feed provided and the soil moisture).  

Between the two GTL base oils, GTL-1 was less toxic to earthworms than 

GTL-2 in all three weathering options. GTL-1 spiked soils (all weathering options) 

yielded survival rates comparable to those of the controls ( ≥ 80% survival). GTL-2 

showed a reduced toxicity to earthworms in soil weathered for 90 d at 10oC ( ~ 80% 

survival). However, GTL-2 freshly spiked soils and GTL-2 soils weathered for 90 d at 

30oC had higher toxicities ( < 40% survival). 

Diesel and LTMO were highly toxic to earthworms with 100% mortality among 

the freshly spiked soils and soils weathered for 90 d 10oC. However, earthworms in 

LTMO-spiked soil when weathered for 90 d at 30oC had 100% survival. Diesel-spiked 
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soils were highly toxic with zero earthworm survival in freshly spiked soils and soils 

weathered for 90 d at 10oC. Earthworms in Diesel-spiked soils soils weathered for 90 

d at 30oC had only 17% survival. The time point (in days) at which 50% of 

earthworms were deceased is listed for the soil treatments that resulted in 100% 

mortality. When comparing these time points, Diesel was slightly more toxic than 

LTMO for freshly spiked soils (LTMO; DT50 of 1.8 d > Diesel; DT50 of 1.5 d) and for 

soils weathered 90 d at 10oC (LTMO; DT50 of 4 d > Diesel; DT50 of 1.5 d). 

3.3.2 Alfalfa (M. sativa) 14 day Germination Study 

The alfalfa (M. sativa) germination assay resulted in a high amount of 

germination in the presence of the four base oils in sandy loam soil (Figure 3.2a). One-

way ANOVAs (α = 0.05) were performed for each weathered type of soil (freshly 

spiked soils, weathered for 90 d at 10oC, weathered for 90 d at 30oC). Each ANOVA 

compared the means for percent germination from each base oil treatment type.  

Seed germination in GTL-1 and GTL-2 spiked soils (all weathered treatments 

included) were comparable to germination in the controls. LTMO (freshly spiked 

soils) and Diesel (all weathered treatments) soils show slight decreases in germination. 

However, this did not result in a significant effect on germination, with one exception. 

There was a significant difference in germination found among the treatments 

weathered for 90 d at 10oC (p = 0.009). Further analysis performed with Tukey’s HSD 

Post hoc determined that the significance was due to lower germination in Diesel-

spiked soils (p = 0.006, Diesel vs. control). 
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3.3.3 Comparison of Biomass for Germinated Alfalfa (M. sativa)  

Alfalfa biomass was also compared among the various treatments (Figure 3.2b). 

Biomass was measured using the dry weight (g) of each replicate which included the 

shoots and roots of up to six seedlings. Means of the replicates for each soil treatment/ 

weathering combination were then calculated. Bartlett’s test confirmed that 

homoscedasticity was maintained so the biomass data met the requirements for 

ANOVA. Biomass means were compared (one-way ANOVA) within each weathered 

treatment type (freshly spiked soils, weathered for 90 d at 10oC, weathered for 90 d at 

30oC). There was significanceobserved on seedling growth among freshly spiked soils 

and soils weathered for 90 d at 30oC (ANOVA; p = 0.037, p = 0.156, and p = 0.001 for 

freshly spiked, 10oC, and 30oC, respectively). 

Further analysis using Tukey’s HSD Post hoc revealed that soils weathered in 

30oC for 90 days had seedling growth significantly affected by the vehicle control 

(vehicle control vs. other spiked soil types, p ≤ 0.045). The 30oC 90 day weathered 

soil spiked with the vehicle control (acetone) had what appeared to be a stimulatory 

effect on plant growth (Figure 3.2b).  

For freshly spiked soil treatments, further analysis was performed to determine 

the source of significance using both Tukey’s HSD Post hoc and Dunnett’s Post hoc . 

The oil treatments that caused the significant treatment effect could not be determined 

(Tukeys HSD Post hoc: GTL-1 vs. LTMO, p = 0.071; Dunnett’s Post hoc: control vs. 

LTMO, p = 0.080). 
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3.3.4 Thickspike Wheatgrass (Elymus lanceolatus) 14 day Germination Study 

The thickspike wheatgrass germination assay yielded more variable results than 

the alfalfa germination assay (Figure 3.3). Bartlett’s test confirmed that 

homoscedasticity was maintained and the data (portion germinated) were transformed 

with the arcsine transformation to meet normality requirements for statistical analysis 

with ANOVA. The normality was confirmed with Shapiro-Wilks tests. Germination in 

control and vehicle control soil was > 80% or more germination for all three 

weathering options. As with the alfalfa assay, the means of portions germinated were 

calculated for each base oil treatment and compared within each soil weathering 

option (freshly spiked, weathered for 90 d at 10oC, weathered for 90 d at 30oC).  

There were no significant effects of base oil treatment on wheatgrass 

germination for soils weathered for 90 d at 10oC and soil weathered for 90 d at 30oC 

(ANOVA; p = 0.952, p = 0.584). However, there was an effect on wheatgrass 

germination in the freshly spiked soils (ANOVA; p = 1.031e-9). GTL-2 showed a 

slight decrease in germination in freshly spiked soil. However, further analysis 

determined that significance was due to less germination in GTL-1 and LTMO-spiked 

soils compared to controls (Tukey’s HSD Post hoc; p = 0.000 & p = 0.3e-5, 

respectively). Thickspike wheatgrass seedling biomasses were not compared.  

3.3.5 Fourwing saltbrush (A. canescens) 21 day Germination Study  

The saltbrush germination assay had an overall low germination rate (Figure 

3.4). However, the pilot studies performed earlier, optimized conditions and only 

yielded 35% germination. Bartlett’s test confirmed homoscedasticity was maintained 

and the data (portion germinated) were transformed with the arcsine transformation to 
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meet normality requirements for statistical analysis with ANOVA. Normality was 

confirmed with the Shapiro-Wilks tests.Within all the weathering types (freshly 

spiked, soils weathered for 90 d at 10oC, soils weathered for 90 d at 30oC), the controls 

(controls and vehicle controls) yielded higher germination rates (25-35% ) than base 

oil-spiked soils for all three weathering options (freshly spiked, weathered for 90 d at 

10oC, weathered for 90 d at 30oC). One-way ANOVAs (α = 0.05) were performed 

comparing the means for the portion germinated from each base oil type. There were 

no significant effects of base oil treatment on saltbrush germination for soils 

weathered for 90 d at 30oC. However, both freshly spiked soils (p = 0.013) and soils 

weathered for 90 d at 10oC (p = 0.004) produced significant differences in 

germination. Further analysis (Dunnett’s Post hoc) determined that both GTL-2 (p = 

0.009) and LTMO (p = 0.022) reduced saltbrush germination in freshly spiked soils. 

Additional analysis (Dunnett’s Post hoc) for 10oC 90 day weathered soils revealed that 

GTL-2 (p = 0.032), LTMO (p = 0.013), and Diesel (p = 0.032) reduced saltbrush 

germination significantly. 

3.4 Discussion 

This study examined GTL-based oil products and their relative terrestrial 

toxicity in comparison to petroleum-derived oil products. The toxicity of two different 

GTL base oils, LTMO base oil, and Diesel base oil were investigated using 

invertebrate survival and seed germination studies. Although, there was some 

variation for each study, overall at least one if not both GTL base oils were among the 

least toxic in each assay.  
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Of the two GTLs, sandy loam soils spiked with GTL-1 had less toxicity than 

those spiked with GTL-2. This was illustrated by the earthworm 14 d acute toxicity 

study, alfalfa germination and biomass study, and saltbrush germination study. 

Survival, germinations, and growth in GTL-treated soils was very similar to survival 

in the controls. However, GTL-1 freshly spiked soils did produc a significant toxic 

response in the germination of thickspike wheatgrass. In this same assay, the GTL-1 

weathered soils did not produce a significant toxicity to thickspike wheatgrass. In fact, 

weathered GTL-1 soils produced no significant toxic response in all assays performed. 

Therefore it was concluded that in the case of the GTL-1 base oil, terrestrial toxicity 

which was already low by comparison would continue to decline over time with 

weathering.   

For the most part, the toxicity of soils spiked with GTL-2 was lower than those 

soils spiked with LTMO and Diesel. However, freshly spiked Diesel soils were less 

toxic than those freshly spiked with GTL-2 in both the thickspike wheatgrass and 

saltbrush assays. GTL-2 spiked soils significantly lowered germination in saltbrush. 

Additionally, GTL-2 freshly spiked soils produced a > 20% survival in the earthworm 

assy. In both the earthworm and saltbrush assays, weathered GTL-2 spiked soils still 

produced some toxicity. In the earthworm assay GTL-2 soil previously weathered at 

10oC for 90 days was less toxic than the GTL-2 soil previously weathered at 30oC for 

90 days.  

Different native microbial populations thrive at different temperatures and this 

can affect the soil functionality. Therefore it is plausible that at 30oC the microbial 

population present was unable to transform enough of the GTL-2 present and that the 
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earthworms were unable to survive in this environment. When reviewing the 

earthworm assay and alfalfa germination and biomass assay, some of the base oils 

were more toxic in soils weathered at 30oC for 90 days (GTL-1, GTL-2, and LTMO) 

than their counterparts weathered at 10oC for 90 days. These results further support the 

reasoning that native microbial populations present at 10oC were able to attenuate 

certain hydrocarbon compounds. In future studies, additional microbial data such as 

454 pyrosequencing or respiration would be helpful in further understanding the 

various base oil toxicities. Additionally, it would be useful to test other types of soil 

which would presumably contain different native microbial populations. It was 

concluded that GTL-2 would be a better alternative for the environment than LTMO 

and possibly other petroleum-derived oils, especially in regards to freshly spiked soils. 

However, additional test would be helpful in supporting this conclusion. 

Throughout most of studies, LTMO and Diesel in soil had the showed the 

highest toxicity. As expected, this toxicity was greater in freshly spiked soils versus 

other weathered soils. Of these two base oils derived from petroleum, Diesel was 

assumed to be the most toxic. It was least processed and contained more aromatics and 

sulfur than any other base oils. Other studies have also identified Diesel as having a 

high toxicity and being more toxic than other oils like mineral oil (Visser et al. 2002, 

Bennett, 1984). Even though Diesel was found to be toxic in most of the studies 

(earthworm, alfalfa germination and biomass, and saltbrush), its toxicity was lower 

than expected (thickspike wheatgrass and saltbrush).  

LTMO yielded surprising results in the earthworm assay. LTMO was lethal to 

100% of individuals in freshly spiked soils and soils weathered at 10oC for 90 days. In 
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LTMO-spiked soils that were weathered at 30oC for 90 days, all individuals survived 

(100% survival). In reviewing other assays, LTMO-spiked soil weathered at 30oC for 

90 days also produced a high amount of germination (alfalfa and wheatgrass) but, the 

difference between the toxicity of LTMO-spiked soil weathered at 30oC for 90 days 

and those weathered at 10oC for 90 days or freshly spiked was not as great.  

One reason for this difference may be that the change in the native microbial 

populations due to temperature (30oC) and the addition of base oils may not have 

affected the nutrients (food) and moisture needed by earthworms. Another reason that 

may have played a large part in this low worm toxicity was evaporation (or 

volatilization). The hydrocarbon content of LTMO was limited to smaller chains (C11-

C15). During the weathering process, the soil containers were opened, soils were mixed 

regularly, and moisture was added. It is conceivable that a large percentage of the 

LTMO evaporated in those 90 days of weathering, making that soil environment less 

toxic. For these two reasons, earthworms may not have been affected because their 

nutrient requirements were met and so the toxicity of LTMO soils may have been 

minimal. Therefore, was concluded that LTMO is highly toxic initially in terrestrial 

environments, but given the right conditions its toxicity dissipates over time. 

3.4.1 Conclusion 

This study bridged gaps in GTL knowledge by investigating the terrestrial 

toxicity of two GTL base oils and comparing their toxic responses in soil with other 

standard petroleum base oils. For the most of the studies performed, the GTLs yielded 

a less degree of toxic responses than those of the petroleum-derived base oils. For 

most of the assays, both GTL base oils were less toxic than the petroleum-derived base 
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oils. Either of these GTL base oils would make a good environmental alternative for 

use in drilling muds (later to be disposed of via land farming). Additionally, all of 

these base oils illustrated reduced toxicity in sandy loam soils that were weathered for 

90 days at 10oC. Treated soils that were weathered for 90 days at 30oC also showed 

some reduced toxicity.  
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3.5 Tables & Figures 
 

Products Description 

GTL-1 
(GTL C10-C22) 

Clear liquid, a synthetic GTL paraffin, aliphatic hydrocarbon mixture 
of C10-C22 alkanes, approximately 14% linear and 86% branched 
alkanes (predominately mono-methyl), approximately 0% weight of 
aromatics, flash pt: 85 oC, TPH profile alkanes: C10-C22 

GTL-2 
(GTL C11-C24) 

Clear liquid, a synthetic GTL paraffin, middle distillates from fisher-
tropsch method, hydrocarbon mixture of C11-C24 alkanes, 
approximately 13% linear and 87% branched alkanes (predominately 
mono-methyl), approximately 0% weight of aromatics, TPH profile 
alkanes: C11-C24 

LTMO 
(Low toxicity 
mineral oil) 

A yellow liquid with approximately 0.2% weight of aromatics,   flash 
pt: 78.8oC, TPH profile alkanes: C11-C15 

Diesel 
(Ultra low 

sulfur diesel) 

A red liquid with a diesel odor, contains sulfur (≤ 15ppm), and 30-
60% weight of aromatics, flash pt: 66.1 oC,  
TPH profile alkanes: C10-C24 

 
Table 3.1 Properties of Base Oils in Chapter Three. This table lists the properties of 
base oils used in assays for chapter three. Each description includes the alkane profiles 
used to identify and quantify the oil content for soils spiked with these oils.  
 
 
 
 
 
 
 
 
 
  



Texas Tech University, Lisa Arneson, August 2012 

59 

%
 S

ur
vi

va
l (

14
 d

ay
s)

100

80

60

40

20

100

80

60

40

20

Treatment

Control Vehicle GTL-1 GTL-2 LTMO Diesel

100

80

60

40

20

Freshly Spiked 

Aged 90 d at 10°

Aged 90 d at 30°

DT50 = 1.8 d

DT50 = 1.5 d

DT50 = 3.5 d

DT50 = 1.5 d

DT50 = 4 d

DT50 = 10 d

DT50 = 5 d

 
Figure 3.1. Acute toxicity of drilling fluids to the earthworm, Eisenia fetida. The 
bars represent percent survival. Test substances were freshly spiked into sandy loam 
soil at 2% w/w and then tested immediately or incubated for 90 days at either 10oC or 
30° C and then used in toxicity assays. The vehicle control was an equivalent amount 
of acetone. Each treatment consisted of 6 replicates (1 worm per replicate). There 
was a statistically significant treatment effect (proportion of survivors) for each of the 
assays (G-Test); p << 0.001, p << 0.001, and p = 0.008 for freshly spiked, 10° C, and 
30° C, respectively. DT50 = estimated time to 50% death. 
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Figure 3.2a. Seed germination (mean ± standard error) success for alfalfa, Medicago 
sativa, in sandy loam soil. Test substances were freshly spiked into soil at 2% w/w and 
then tested immediately or incubated for 90 days at either 10° C or 30° C and then used 
in toxicity assays. The vehicle control was acetone. Each treatment consisted of 5 
replicates with 6 seeds/replicate. (ANOVA); p = 0.255, p = 0.009, and p = 0.745 for 
freshly spiked, 10° C, and 30° C, respectively. 10oC for 90 days incubated soils 
produced a significant effect on germination. Further analysis, performed by Tukey’s 
HSD Post-hoc revealed the significance was from the low amount of germination in 
Diesel-spiked soil (p= 0.06) when compared with the control. 
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Figure 3.2b. Biomass (mean ± standard error) for alfalfa, Medicago sativa, in sandy 
loam soil. This is the continuation of Figure 3.2a. Dry weight for each replicate 
included all seedlings germinated for that replicate. Seedlings for a replicate were 
weighed with their associated roots and any shoot length they had accumulated. The 
effects of base oil treatments on seedling growth were compared. (ANOVA); p = 
0.037, p = 0.156, and p = 0.001 for freshly spiked, 10° C, and 30° C, respectively. Both 
freshly spiked soils and 30oC 90 day incubated soils yielded a significant affect on 
seedling growth due to base oil treatment. Tukey’s HSD Post hoc revealed that 
seedling growth in 30oC for 90 days incubated soils were significantly affected 
because of the vehicle control spiked soils (p ≤ 0.045). Tukey’s HSD Post hoc and 
Dunnett’s Post hoc on freshly spike soil seedlings growth could not conclusively 
determine which treatment(s) led to the significant treatment effect calculated by 
ANOVA.  
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Figure 3.3. Seed germination (mean ± standard error) success for wheatgrass, Elymus 
lanceolatus, in sandy loam soil. Test substances were freshly spiked into soil at 2% w/w 
and then tested immediately or incubated for 90 days at either 10° C or 30° C and then 
used in toxicity assays. The vehicle control was acetone. Each treatment consisted of 5 
replicates with 6 seeds/replicate. There was a statistically significant treatment effect for 
the freshly spiked and 10° C assays (ANOVA); p = 1.031e-9, p = 0.952, p = 0.583 for 
freshly spiked, 10° C, and 30° C, respectively. Further analysis, performed by Tukey’s 
HSD Post hoc revealed the significance was due to lower amounts of germination in 
GTL-1 soils (p = 0.000) and LTMO soils (p = 3.0e-5).  
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Figure 3.4 Seed germination (mean ± standard error) success for fourwing saltbrush, 
Atriplex canescens, in sandy loam soil. Test substances were freshly spiked into soil at 
2% w/w and then tested immediately or incubated for 90 days at either 10° C or 30° C 
and then used in toxicity assays. The vehicle control was acetone. Each treatment 
consisted of 3 replicates with 100 seeds/replicate. There was a statistically significant 
treatment effect for the freshly spiked and 10° C assays (ANOVA); p = 0.013, p = 
0.004, p = 0.347 for freshly spiked, 10° C, and 30° C, respectively. Further analysis 
using Dunnett’s Post hoc revealed that significance in freshly spiked soils was due to 
GTL-2 soils (p = 0.009) and LTMO soils (p = 0.022) and that for 10oC 90 day 
weathered soils the significance was due to GTL-2 soils (p = 0.032), LTMO (p = 
0.013), and Diesel (p = 0.007). 
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CHAPTER IV 

ADDITIONAL TOXICITY TEST COMPARING VARIOUS OIL-SPIKED SOILS  

4.1 Introduction 
Worldwide exploration for natural energy resources (like petroleum and 

natural gas) has continued to grow and develop into the 21st century. Throughout this 

progression, the oil and gas industry has had the challenge of providing these energy 

resources in both economical and environmental friendly means. The general public’s 

growing consciousness toward protecting the environment has lead to advancements 

in this industry, including environmentally cleaner oils and improvements in 

recovering petroleum-contaminated sites. (Green, 1999) 

Terrestrial ecosystem exposure to petroleum products can occur multiple ways, 

including unintentional spills and land farming. Land farming is a common disposal 

method of rock cuttings (remnants of the drilling process), where cuttings are disposed 

on specialized land that supports the breakdown of base oils (used in drilling process 

and covering the cuttings). When terrestrial ecosystems exposure to petroleum, the 

ultimate goal is remediation or recovery of these sites (Haimi, 2000).  

In petroleum-contaminated soils, chemical weathering (which includes 

degradation) and aging are factors that assist in the success of a site’s remediation or 

restoration. Weathering occurs when parent chemicals within an oil undergo a series 

of alterations and new (hopefully less) toxic compounds are created. Alterations that 

may occur include oxidation, hydrolysis, photolysis, adsorption, volatilization, 

evaporation, and bacterial degradation (Barakat et al., 2001; Wang et al., 1997). 

Weathering can lead mineralization and dissipation of harmful chemicals associated 
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with oils (ex: polycyclic aromatic hydrocarbons, petroleum hydrocarbons, and volatile 

organic compounds) (Haimi, 2000). 

Over time, as chemicals remain in soil, they may adsorb to soil particles. When 

this occurs the chemicals are less available to soil organisms. Adsorbed chemicals may 

also desorb, making these chemicals bioavailable again. However, some chemicals 

may bind strongly to soil particles and will not desorb. This process is referred to as 

aging (Hatzinger et al., 1995). The extent and rate of weathering or aging for 

chemicals associated in oil may be affected by differences in temperature, rainfall 

(moisture), wind, available oxygen, soil type (sand, silt, or clay content), and soil pH.  

As oil-contaminated soils become further weathered or aged, fewer 

constituents are readily bioavailable to organisms (microorganisms, soil-dwelling 

invertebrates, and decomposer organisms). With less bioavailability, oil-contaminated 

soils become less toxic (hydrocarbons and other chemicals are attenuated). Because of 

this phenomena, there have been numerous studies examining petroleum products and 

their weathering (Baraka et al., 2001; Bence and Burns, 1995; Boehm et al., 1983; 

Douglas et al., 1994, 1996; Overton et al., 1981; Page et al., 1995; Prince et al., 1994; 

Saeed et al., 1998; Sauer et al., 1998; Wang and Fingas ,1995b, 1995c; Wang et al., 

1994,1995a; Wang et al., 1997). These studies varied from comparing the methods 

used to monitor weathered petroleum products to comparisons of the weathered 

petroleum products themselves. However, all of these studies were limited by only 

considering weathering of petroleum-based oils.  

Our research was unique in that it expanded beyond products derived from 

petroleum. The research examined the terrestrial toxicity of what was considered to be 
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a greener type of oil, Gas-To-Liquids (GTLs). Terrestrial toxicity was the focus so the 

toxicities of freshly spiked and weathered GTLs were evaluated. Gas-To-Liquids have 

been around since the 1920’s, but recent technological developments have made them 

more economical to produce and use (Green, 1999). GTLs have been found to be an 

environmentally friendly fuel option when compared to petroleum-derived oils, hence 

the idea that GTLs are greener and better for the environment. The quality of 

emissions for GTLs (or fuels mixed with GTLs) are much better than those of a 

petroleum-based fuels. This is due to their purer hydrocarbon compositions and their 

nonexistent aromatics and sulfur. (Greene, 1999). These liquids are derived from 

natural gas (methane) unlike most other hydrocarbon liquids that are derived from 

petroleum. However, whether GTLs are better for the environment as a whole may 

depend on their application. Until now, there has been little to no research on the 

potential toxicity of GTLs used in other applications.  

As production costs of GTLs improve and petroleum resources become more 

scarce, the applications GTLs will grow. Recently added to the list of applications is 

their use as base oils in drilling muds. Since drilling mud spills do occur (during 

transit or onsite) and base oils are commonly disposed of through land farming, it 

would be benifical to have knowledge regarding GTL terrestrial toxicity (both in 

freshly exposed soils and in weathered soils). This chapter consists of three studies 

that further examined the terrestrial toxicity of GTLs by comparing two GTL base oils 

(GTL C10-C22 or GTL-1 and GTL C11-C24 or GTL-2) to two different petroleum-

derived base oils (Low Toxicity Mineral Oil (LTMO) and Diesel). 
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The first study of this chapter examined the comparative acute toxicities of 

springtails (Folsomia candida), a standard test organism, to four base oils (GTL-1, 

GTL-2, LTMO, Diesel). This study was unique because, it took into consideration the 

weathering of these oils and how that might affect toxicity. Researching GTL 

terrestrial toxicity within freshly spiked soils and weathered soils was novel concept. 

All soils were spiked (2% w/w) with one of four base oils and then soils were either 

treated as freshly spiked or weathered. Weathered soils were spiked and then 

incubated for 90 d at either 10oC (like that of cooler climates, Wyoming) or 30oC (like 

that of warmer climates, Texas). The first aim of this chapter was to determine which 

base oil was the least toxic to springtails and how GTL base oils scored when 

compared to petroleum-derived base oils. 

The other two studies in this chapter consisted of LC50 and EC50 assays. 

These studies also included a biodiesel for comparision. The second aim of this 

chapter was to determine which of the oils was least toxic to a soft bodied 

invertebrate, the earthworm, and how GTL toxicity compared with the other oils. The 

EC50 study compared the phytotoxicities of these oils using thickspike wheatgrass 

(Elymus lanceolatus) seeds. The last aim of this chapter was to determine which of the 

oils was the least toxic to the thickspike wheatgrass and how the GTL phytotoxicity 

compared to the other oils.   

4.2 Materials & Methods 
4.2.1 Properties of Test Oils  

The four base oils examined included two petroleum-derived base oils, a 

LTMO and a Diesel. Two GTL base oils were also included, GTL-1 (GTL C10-C22) 
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and GTL-2 (C11-C24). A biodiesel was also included in the toxicity studies assays. 

Properties of these oils are provided in Table 4.1.  

4.2.2 Test Soil  

A natural soil was chosen because this would allow for a more natural 

attenuation of oil-based hydrocarbons, thus leading to more realistic exposure 

scenarios for the base oils. The sandy loam soil used in this study was a West Texas 

(popular drilling location) agricultural soil. It was collected in Terry county. Particle 

distribution was analyzed by A & L Midwest Laboratories in Omaha, NE. Test soil 

consisted of 74% sand, 10% silt, 16% clay, and had 1.3% organic carbon content. The 

pH was 8.3.  

4.2.3 Addition of Oils  

For all studies within this chapter, the base oils were first dissolved into 

acetone (vehicle) and then spiked into soil at concentrations of 0.5, 1.0, 1.5, 2.0, or 

2.5% w/w. Additionally, all studies had controls, both untreated soil and vehicle 

control. All five test oils were used for both the EC50 and LC50 studies. 

In the springtail assay, soils were only spiked at 2% w/w with a base oil and 

the equivalent volume of the vehicle was used to dissolve this oil. There was only one 

volume for the vehicle control. Previous studies have had similar methods (Visser, 

2002; Lee, 2002). In this springtail assay, soils spiked base oils-treated soils were 

additionally either weathered or freshly spiked (see below for more details).   

 In the LC50 assay, the volume of the vehicle used was different for each oil 

concentration. The volumes of vehicle used were equivalent to each of the various 
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concentrations of oil. Therefore, there were five different volumes of acetone used for 

the vehicle control.  

For the EC50 assay, the volume of vehicle used for dissolving the various oils 

was the same for all concentrations. The volume of vehicle used was equivalent to the 

volume of the highest oil concentration. This volume was also the amount used for the 

vehicle control.  

4.2.4 Weathering of Soils  

Only the springtail assay used weathered soils. Weathered soils (spiked or 

control) were incubated in the dark at either 10oC or 30oC for 90 days before they 

were used for further. For each temperature, there were six types of soil treatments 

(control, vehicle control, GTL-1, GTL-2, LTMO, or Diesel). To maintain soil moisture 

and microbial populations, soils were periodically adjusted to 26% of saturation using 

ASTM Type II water. At the end of the 90 day weathering period, soils were stored at 

-20oC (to maintain the residual base oil) until used for the springtail assay.  

4.2.5 Springtails (F. candida) Acute Toxicity Study  

Springtails are common soil-dwelling arthropods. They were used as a 

standard hard bodied invertebrate. A 21-day survival test was conducted using freshly 

spiked soils and weathered soils (previously incubated at 10oC or 30oC for 90 d). 

Individuals used in this study were received from Donn Edward’s (a TIEHH graduate 

student) private culture. There were eighteen different soil treatment combinations 

(weathering treatment: freshly spiked, 10oC for 90 d, or 30oC for 90 d; oil treatments: 

control, vehicle control, GTL-1, GTL-2, LTMO, or Diesel).   
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 Each treatment type had three replicates. Each replicate consisted of a small 

clear petri dish (35 x 10 mm) filled with 5 g of spiked soil or control soil. Baker’s 

Yeast (2%) (Saccharomyces cerevisiae) was added to soil and 26% of saturation 

moisture content was set up initially with ASTM Type II water. Soil moisture was 

maintained throughout the study. Each replicate had ten adult F. candida (1.5 mm or 

more in length (Environmental Canada, 2007)) added to the soil. These replicates were 

incubated at 27oC in the dark. Petri dishes were aerated and moistened periodically 

throughout the 21 days. Springtail survival was periodically observed over the 21 days 

and at the end of the study. Statistical analysis was performed on data.  

4.2.6 Earthworm (E. fetida) LC50 Study  

Earthworms were used as a standard soft bodied invertebrate in this acute 

lethality study. Worms used in the test were purchased from a vendor located in 

Gatesville, TX. There were seven oil treatments (control, vehicle control, GTL-1, 

GTL-2, LTMO, Diesel, and a biodiesel). For each oil treatment there were five 

concentrations used (0.5, 1.0, 1.5, 2.0, and 2.5 % w/w). There were additional 

treatments for the control and various vehicle control volumes.  

 Each treatment had five replicates and each replicate consisted of an amber 

glass jar (4 oz) filled with 70 g soil (14% mix of coffee grounds and corn meal, 26% 

of saturation moisture with ASTM Type II water). Organic matter was added to 

enhance survival of individual worms. Each replicate had one worm per jar. Lids were 

placed loosely over jars, and those jars were incubated in the dark at 24oC for 14 days. 

Replicates were checked daily and soil was moistened as needed. At the 7 day time 

point and at the end of the assay (14 days), the surviving individuals were recorded 
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and LC50 values were determined. Verification of oil concentrations was also 

conducted.  

4.2.7 Thickspike Wheatgrass (E. lanceolatus) EC50 Study 

Thickspike wheatgrass seeds were used for a germination EC50 test to 

determine at what oil concentration seed germination would be affected. Seeds were 

purchased from Great Basin Seeds, LLC (Ephraim, UT). There were seven oil 

treatments: control, vehicle control, GTL-1, GTL-2, LTMO, Diesel, and a biodiesel. 

For each oil treatment there were five concentrations used (0.5, 1.0, 1.5, 2.0, and 2.5 

% w/w). There were additional treatments for the control and various vehicle control 

volumes.  

For each oil concentration, there were four replicates. Each replicate consisted 

of a small clear petri dish (35 x 10 mm) filled with 5 g of spiked soil or control soil ( 

moistened to 26% of saturation with ASTM Type II water). Each replicated had 10 

seeds. Petri dishes were then incubated in the dark at 23oC for 14 days. The replicates 

were checked periodically for germination and if additional moisture was needed. 

After 14 days, germinated seeds were counted, recorded, and the LC50 calculated. 

Verification of oil concentrations was also conducted.  

4.2.8 Statistical Analysis 

For the springtail assay data were grouped by weathering and oil treatments. 

The average portion of survivors for each oil treatment weathering combination was 

then calculated. These averages were then transformed (arcsine square root) so that 

data would meet normality prerequisites (ANOVA, α = 0.05). The transformed data 

were then checked for normality using Shapiro-Wilk’s normality test and for 
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homoscedasticity using Bartlett’s test. Data sets that met normality requirements were 

compared for treatment effects using ANOVA. In data sets found to have significant 

treatment effects, Tukeys Post hoc test was used. Data sets that did not meet normality 

standards were compared for treatment effects using the non-parametric Kruskal-

Wallis rank sum test (α = 0.05). All statistical tests were performed using R Statistical 

Software, version 2.13.1 (2011-07-08). 

For both the LC50 and EC50, collected data were entered into JMP ® 9.0.0 

(copyright© 2010 SAS Institute Inc.) The LC50 and EC50 values were calculated of 

the 95% confidence intervals using the generalized linear model personality, binomial 

distribution, and logit link function.  

4.2.9 Analytical Methods  

Oil concentrations were confirmed using a quantitative method previously 

developed to analyze base oil content, total petroleum hydrocarbon (TPH) method. 

Some modifications were made to this method to adjust for analyzing the biodiesel 

content. Soils were extracted with methylene chloride, filtered using a 0.2um PTFE 

filter, and then analyzed using an HP6890 gas chromatograph coupled with a HP5973 

mass spectrometer in the selected ion (SIM) mode. A 15-m capillary column (DB-5, 

250 um i.d., one um film thickness) was used for separation. Samples were injected in 

splitless mode with an inlet temperature of 200oC. A constant 2.5mL/min flow rate of 

carrier gas (He) was used. Initial oven temperature (50oC) was held for one min, 

followed by a 12.5oC/min ramp to 315oC and final hold for 3 min. The mass 

spectrometer quadrupole and source temperatures were 150oC and 230oC, 

respectively.  



Texas Tech University, Lisa Arneson, August 2012 

76 

For base oils, quantitation of hydrocarbons was accomplished using m/z=85 

(Frysinger et al., 2003). For the biodiesel, hexadecanoic acid methyl ester was the 

most stable and easily measured compound out of three methyl esters via GCMS. 

Hexadecanoic acid methyl ester was identified using m/z = 227, 270. The measured 

responses for this compound were used to quantify biodiesel content.  

Oil content in samples were quantified using this modified TPH method which 

included a calibration curve (specific to each oil). Each oil had a select group of 

compounds that were specific and abundant (Table 4.1). The response from these 

compounds were summed into the TPH response for each oil. However, the biodiesel 

was quantified using only one compound, hexadecanoic acid methl ester. Each oil had 

a specific calibration curve created from the summed (TPH) responses of known 

concentrations. The response from each sample was then input into a five point 

calibration curve and the oil mass was determined.  

4.3 Results 
4.3.1 Springtails (F. candida) Acute Toxicity Study  

This study was originally designed as a 28-day acute toxicity assay. As this 

study progressed, replicate petri dishes were checked every few days. The lids were 

not opened daily to avoid loss of springtails. The clear lid, bottom, and sides allowed 

for estimating whether moisture was needed. During these checks, springtails that 

were visible were counted. These counts were referred to as springtail activity, 

however, they did not account for springtails hiding within the soil. As the study 

progressed, springtails became less active and there were fewer individuals visible in 

the petri dishes. This included control groups. By day 21, it became clear that the 
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springtails were not responding well to the conditions for this study, so it was ended a 

week ahead of schedule.  

Surviving springtails were counted and for each of the oil treatment weathering 

combinations the average of survivors were calculated from replicates. Averages were 

compared using ANOVA (α = 0.05) or Kruskal-Wallis rank sum test (α = 0.05). A 

Two-way ANOVA revealed that for springtail survival there were no interactions 

between treatments in weathering or oil. There was a significance difference in 

survivors between the weathered soils (p = 0.011). Tukey’s HSD Post hoc was used to 

determine that this difference was between the survivors in soils incubated at 10oC for 

90 days and those incubated at 30oC for 90 days.  

After this analysis, sprintail survival was compared between oil treatments 

within each of the weathering treatments (freshly spiked, 90 days at 10oC, 90 days at 

30oC). Springtail survival in freshly spiked soils was compared using Kruskal-Wallis 

rank sum test (due to the data set failing Bartlett’s test for homoscedasticity). There 

was no significant difference in survival between oil treatments (p = 0.211). Springtail 

survival for soils previously incubated for 90 days at 10oC was also compared using 

Kruskal-Wallis rank sum test (due to the data set failing both Shapiro-Wilk’s 

normality test and Bartlett’s test for homoscedasticity). There was no significant 

difference in survival between oil treatments (p = 0.180). Springtail survival for soils 

previously incubated for 90 days at 30oC was compared using ANOVA (because the 

data set met all the normality requirements). There was no significant difference in 

survival between oil treatments (p = 0.544). There were no significant differences in 
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springtail survival between oil treatments , but there were differences in survival due 

to soils being weathered.  

Figure 1 illustrates recorded springtail activity over the 21 day study. In the 

freshly spiked soils, the lowest springtail activity was observed in the Diesel 

treatments. By the end of the 21 days, control soils had the second lowest number of 

survivors after Diesel. GTL-1 and GTL-2-treated soils had the highest survivorship 

among freshly spiked soils. In soils incubated for 90 days at 10oC, Diesel again had 

the lowest springtail activity. By the end of the 21 days, GTL-1 and LTMO soils had 

the lowest survival, while vehicle control and control soils had the highest survival. 

GTL-2 also had a relatively low number of survivors. In soils incubated for 90 days at 

30oC, there was a general increase in springtail activity. Diesel-treated soils had the 

lowest number of survivors; GTL-2 and GTL-1-treated soils had the highest numbers 

of survivors.  

There was one surprising result from this assay. Springtails reproduced by the 

third week. Young that were smaller than 1.5 mm were not considered part of the 

original study and therefore were not counted. In most cases, they were 0.5-1.0 mm in 

length. Within the freshly spiked soils, there were young springtails observed in 

LTMO soils. Within 10oC weathered soils, there were young springtails in the control, 

LTMO, and GTL-2 treatments. Within 30oC weathered soils, there were young 

springtails in the control, GTL-1, GTL-2, LTMO, and Diesel treatments. As far as 

spiked soils go, LTMO soils had a higher observation of young springtails. 

Verification of oil concentrations was also conducted and results from this quality 

analysis is located in the appendix. (Appendix Fig.1) 
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4.3.2 Quality Assurance of Soils Used in  LC50 & EC50 Studies 

It was important to verify the concentrations of oil spiked soils used in the 

LC50 and EC50 assays. Spiked soils concentrations (%w/w , ug/g) were determined 

for each of the treatments and these measured amounts were graphed versus nominal 

amounts. The slopes and the R2 were then calculated (Table 4.2). The closer the slope 

was to 1.0, the closer the measured concentrations were to nominal concentrations.  

For the LC50 and EC50 assays, slopes were close to 1.0 (x = 1.0. ± 0.3). This 

confirmed that actual concentrations used in the LC50 and EC50 assays were close 

nominal concentrations. The largest differences occurred in LTMO-treated soils for 

both studies. Here the slopes were 1.35 for LC50 and 1.39 for EC50. For the EC50 

assay, LTMO-treatment R2 was 0.81; and this was the smallest R2 in either studies.  

4.3.3 Earthworm (E. fetida) LC50 Study  

This LC50 study was performed over 14 days and its individual replicates 

(worms) were monitored daily during the study. LC50s were calculated on data 

available at the 7 day time point (Fig. 4.2, Table 4.3) as well as at the 14 day time 

point (Fig. 4.3, Table 4.4). Overall the 14 day results were the most applicable since 

the study was designed to last 14 days. However, the 7 day results provide some 

interesting results as well. The most toxic oil in this study was Diesel. All worms in 

Diesel-treated soils were dead by Day 4. Based on day 14 data, both Diesel and 

LTMO-spiked soils produced LC50s below 0.5% w/w. The 7 day graph (Figure 4.2) 

allowed for a better comparison of LTMO toxicity compared to the other oils. Overall, 

the toxicities of these base oils can be compared using the calculated LC50s; there are 

clear differences in the toxicity of these oils. 
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Based on LC50s, the oils were ranked as follows (increasing toxicity): GTL-1 

< GTL-2 < Biodiesel < LTMO < Diesel. However, the confidence intervals for GTL-

2, GTL-1, and Biodiesel overlapped, so the toxicity for these oils in soil is similar. 

GTL-treated soils did not produce much mortality; only worms exposed to the highest 

concentration perished (two of five individuals). It is likely that the GTL-1 LC50 

value would be higher if higher concentrations were tested. This is further evidence 

that GTL-1 spiked soils were the least toxic to earthworms. As expected, Diesel-

spiked soils were the most toxic to earthworms.  

High concentrations of the vehicle (acetone) produced some deaths in 

earthworms and an LC50 was able to be calculated (Table 4.4). Soils with acetone 

alone were less toxic than soils with LTMO and Diesel, but more toxic than soils with 

GTL-1 and GTL-2. Acetone mixed with the GTLs was less toxic to earthworms than 

acetone alone. All worms within the control soil survived.  

4.3.4 Thickspike Wheatgrass (E. lanceolatus) EC50 Study  

This EC50 assay, performed over 14 days tested how thickspike wheatgrass 

germination would be affected by various concentrations of oil (Figure 4.4, Table 4.5). 

Biodiesel- spiked soils produced a very high EC50 (7.0; Figures 4.4 & 4.5), 

illustrating that biodiesel was the least toxic oil in this assay. EC50 values for the 

remaining oils were similar (Table 4.5). Based on EC50s, the oils were ranked 

(increasing toxicity) as follows: Biodiesel << GTL-2 < GTL-1 < Diesel < LTMO. For 

most of these oils, the confidence intervals did not overlap (Table 4.5), therefore there 

is a high probability that the oils have true differences in their toxicity to wheatgrass. 

The exception maybe the relative toxicities of LTMO and Diesel-spiked soils. There 
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was a 90% germination of wheatgrass seeds in the control soils and 82.5% 

germination in the vehicle control soil. 

4.4 Discussion 

Results of the springtail assay were the least conclusive in evaluating the 

relative soil toxicity of the base oils. Low survival of springtails in control soils (both 

control and vehicle control) as well as the observed reproduction in some soils 

complicates the interpretation of the data. What was apparent from the data, however, 

is that Diesel is highly toxic to springtails.  

LTMO exposure was not as harmful as Diesel to springtails, especially in 

freshly spiked soils and soils aged for 90 days at 10oC. In fact, LTMO-spiked soils 

appeard to actually promote springtail reproduction. The springtails used in this study 

were parthenogenic females; their eggs typically take 7-10 days to hatch (Fountain and 

Hopkin, 2005). It was likely that some reproduction might occur in this study. Other 

studies have observed reproduction during survival tests with this species (Lanno, 

2000). Young springtails measuring less than 1.5 mm were observed in LTMO-spiked 

soils in all three weathering options. Additionally, young springtails were observed in 

all oil-treated soils aged 

for 90 days at 30oC. Some toxicity studies have used reproduction as an endpoint to 

determine toxicity (Fountain and Hopkin, 2005). If the presence of young springtails is 

considered, it might be concluded that soils spiked with LTMO (2% w/w) were the 

least toxic (especially in freshly spiked soils and soils aged for 90 d at 30oC). 

Additionally, oil-spiked soils aged at 30oC for 90 days were less toxic to springtails as 
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well. Graphs of springtail activity in weathered soils (30oC) also support this 

conclusion (Figure 4.1). 

Comparing activity graphs and survival in soils with GTL-1 or GTL-2 base 

oils, it could be argued that these products were less toxic to springtails in freshly 

spiked soils and in the soils weathered for 90 days at 30oC. These base oils were the 

least toxic to springtails When compared to each other, springtail survival in GTL-2-

spiked soils appeared to be slightly better than GTL-1 spiked soils. Overall, the 

springtail assay was not completely successful. Additional testing for both 

reproduction and survival is needed to confirm potential differences in toxicity among 

GTL-1, GTL-2, and LTMO. 

Springtail results (survival and reproductive) for soils weathered at 10oC for 90 

days were not as expected. Survival was low for most of the treatments, including the 

control. 

However, the vehicle control appeared to have no effect on springtail survival. 

Variations in the soil microbial community due to temperature might explain why 

springtail survival in oil-treated soil was lower. In natural soils, different microbial 

populations become dominate at different temperatures, leading to changes in 

microbial communities (Atlas, 1981). The soil microbial community at 10oC was less 

efficient at degrading the base oils so soils aged at 10oC were more toxic to springtails. 

Unfortunately, this does not explain the lack of survivors in controls, however, control 

soils did have the second highest averge number of survivors for the 10oC aged soils. 

Changes in the assay design that may help improve survival could include incubation 
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at a lower temperature (22oC), less yeast provided, and regular aeration of soils during 

the assay (Fountain and Hopkin, 2005; Environmental Canada, 2007). 

The second aim of this chapter was more successful in determining which base 

oil was least toxic. For the earthworm LC50 assay, GTL-1 was clearly the least toxic 

among oil treatments. There were only a few earthworm deaths in the highest 

concentration tested (2.5% w/w) of GTL-1. GTL-2 was slightly more toxic; its LC50 

value was close to that of the biodiesel.  

Earthworm toxicity in increasing order (based on LC50 data) was determined 

to be GTL-1 < GTL-2 < Biodiesel < LTMO < Diesel. However, there were 

overlapping confidence intervals for GTL-1, GTL-2, and biodiesel. An additional 

LC50 study, expanding on the number of treatments and the range of concentrations 

could help reduce the variation around the calculated LC50s 

 Another available option is to use the ratio of LC50s or their confidence 

intervals to compare the assumed equality of the LC50s. This is a relatively new 

method used in various ways by a few researchers (Wheeler et al., 2006; Payton et al., 

2003). Previously, this method was used with values obtained from probit linear 

regression models (Wheeler et al., 2006; Payton et al., 2003). One of these studies set 

up a method that uses two LC50 confidence intervals and calculates the ratio for these 

confidence intervals to compare the LC50s (Wheeler et al., 2006). A specific ratio 

method could be developed, based on these previous studies, to further analyze the 

LC50s in this study. The development of a new method might be the best option 

because of the variations between studies and the differences in regression models 

(probit vs. logit).  
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Overall, results from the 14 day earthworm LC50 study were not conclusive. 

The concentration ranges for GTL-1, LTMO, and Diesel needed to be larger. Toxicity 

differences had to be compared through 7 days for LTMO and Diesel, because all the 

earthworms in these treatments perished by 14 days. Lower soil concentrations are 

needed for both of these oils to help narrow down their LC50 values. Additionally, 

higher concentrations are needed for GTL-1. GTL-1-spiked soil had such a high 

number of survivors that the LC50 value was difficult to determine. The GTL-1 curve 

was nearly linear (not much dose-response which is needed to create a good LC50 

curve).  

 Confidence intervals calculated with LC50 were based off the “profile 

likelihood function” except those calculated for GTL-1 and vehicle control soils. 

These confidence intervals (Wald type) were calculated based off “asymptotic 

normality of the parameter estimators” (SAS Institute Inc., SAS OnlineDoc®,1999). 

That is to say, these confidence intervals might be called normal confidence intervals; 

they were based off a data set that was approaching a normal distribution. For the 

vehicle control, this normality is acceptable because the earthworms should not exhibit 

a dose-response curve. One goal for a future studies is for the LC50 values not to 

Wald CI. 

Thickspike Wheatgrass EC50 study yielded conclusive results. Biodiesel was 

found to be the least toxic among oil treatments. The extent to which the biodiesel low 

toxicity surpassed the GTL low toxicities was surprising (Biodiesel << GTL-2 < GTL-

1 < Diesel < LTMO). Biodiesels fatty acid components, which probably improve its 

biodegradability (Rodinger, 1994), might also contribute to a less phytotoxic soil 
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environment. Taking this into consideration, and the fact that the biodiesel also 

performed well in the earthworm assay, it could be concluded that a biodiesel base oil 

could be another green alternative for future drilling. 

GTL-1 and GTL-2 were both less phytotoxic than their petroleum-based 

counterparts (LTMO, Diesel). GTL-1 was slightly less phytotoxic than GTL-2. 

Overall, taking into consideration earthworm and seed germination results, GTLs are 

better for the environment than LTMO and Diesel. Even the springtail support this 

conclusion.  

LTMO toxicity was greater than the GTLs (LC50, EC50) and at times less than 

Diesel (springtails, LC50). Results for LTMO toxicity were not conclusive; LTMO 

toxicity might vary based the assay. For example, in the germination assay LTMO was 

more toxic than Diesel, but the EC50 confidence intervals for Diesel and LTMO 

overlap.  

Other studies have observed that lighter oils were more toxic than heavier oils 

containing more aromatics (Dorn et al., 1998; Dorn and Salanitro, 2000). The studies 

in this chapter show that Diesel (the heavier oil) was more toxic than the all other oil 

treatments (except LTMO in the germination assay).  

In conclusion, the research in this chapter illustrated how GTLs were less toxic 

than their petroleum-derived counterparts (LTMO and Diesel); GTL-1 appeared to be 

slightly less toxic than GTL-2. When compared with biodiesel however, the GTL 

toxicity is equivalent or slightly higher. 
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4.5 Tables & Figures 
Table 4.1 Properties of Oils in Chapter Four 
 

Products Description 

GTL-1 
(GTL C10-C22) 

Clear liquid, a synthetic GTL paraffin, aliphatic hydrocarbon mixture 
of C10-C22 alkanes, approximately 14% linear and 86% branched 
alkanes (predominately mono-methyl), approximately 0% weight of 
aromatics, flash pt: 85 oC, TPH profile alkanes: C10-C22 

GTL-2 
(GTL C11-C24) 

Clear liquid, a synthetic GTL paraffin, middle distillates from fisher-
tropsch method, hydrocarbon mixture of C11-C24 alkanes, 
approximately 13% linear and 87% branched alkanes (predominately 
mono-methyl), approximately 0% weight of aromatics, TPH profile 
alkanes: C11-C24 

LTMO 
(Low toxicity 
mineral oil) 

A yellow liquid with approximately 0.2% weight of aromatics,   flash 
pt: 78.8oC, TPH profile alkanes: C11-C15 

Diesel 
(Ultra low 

sulfur diesel) 

A red liquid with a diesel odor, contains sulfur (≤ 15ppm), and 30-
60% weight of aromatics, flash pt: 66.1 oC,  
TPH profile alkanes: C10-C24 

Biodiesel 
 

A tinted clear liquid, determined to consist mainly of three fatty acid 
methyl esters, Hexadecanoic acid methyl ester (C17H34O2), 9-
octadecenoic acid methyl ester (C19H36O2), octadecanoic acid methyl 
ester (C19H34O2), profile compound: C17H34O2 

 
This table lists the properties of base oils used in assays for chapter four. Each 
description includes the alkane profiles used to identify and quantify the oil content for 
soils spiked with these oils. For biodiesel, hexadecanoic acid methyl ester was used to 
quantify the oil content. 
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Figure 4.1. Springtail (F. candida) activity over 21 days in base oil-spiked soil. This 
activity is based off of observed and counted individuals for each time point shown. 
The data points represent the average of active individuals within the three replicates 
for each treatment.     
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Table 4.2 Slopes & R2 Values Calculated from Varied Concentrations of Each 
Individual Oil Used in LC50 & EC50 Studies 
 

 

LC50 concentrations vs. 
nominal concentrations 

EC50 concentrations vs. 
nominal concentrations 

Oil Slopes R2 Slopes R2 
GTL-1 1.3297854 0.979835 1.309247 0.98159 

GTL-2 0.9004684 0.987536 0.766023 0.967606 

LTMO 1.3591922 0.971894 1.390969 0.840053 

Diesel 0.7759656 0.988723 0.809904 0.965629 

Biodiesel 1.1294195 0.981848 1.033951 0.95409 

 

This table lists the slopes and r-square values from graphs where the  actural soil 
concentrations (y-axis) were plotted against nominal soil concentractions (x-axis) for 
both the LC50 and EC50 assays. There was a graph for each oil type in both assyas 
and a best fitted line was created from the combined x & y-corrdinates. The slopes and 
r-squared value of this line was then recorded and shown here. The closer a slope is to 
1.0, the closer the actual soil concentrations were to the nomial concentrations.   
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Figure 4.2. Earthworm (E. fetida) LC50 curves for various test oils at 7 days during a 
14 day LC50 study. The treatment effects were confirmed using likelihood ratio chi-
square tests in JMP ® 9.0.0, where significant effects had p-values were ≤ 0.05 
(copyright© 2010 SAS Institute Inc.). For Diesel, its treatment effect could not be 
confirmed statistically because all the individuals in Diesel-spiked soil were deceased. 
However it was visually clear that there was a large toxic response in earthworms due 
to diesel exposure. This was also true for GTL-1 (p = 0.066). For GTL-1 this lack of 
effect was likely due to the fact that most worms had not perished in GTL-1 soils. 
Therefore it is also clear that GTL-1 was one of the least toxic oils.    
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Table 4.3. Calculated Earthworm (E .fetida) LC50s for various test oils at the 7 day 
time point, the half way point in the LC50 assay 
 
Oil LC50 (% w/w) Lower 95% CI Upper 95% CI 
Vehicle Control 1.967489 -25.6649 29.59989 (WALD) 
GTL-1 2.535169 -57.0446 62.11489 (WALD) 
GTL-2 2.157553 1.68375 2.929213 
LTMO 0.51252 N/A 0.989715 
Diesel <.5% w/w N/A N/A 
Biodiesel 1.785526 1.19368 2.708724 

These results reflect the concentration  at which 50% of the earthworms would be 
deceased. These values were calculated using JMP ® 9.0.0 (copyright© 2010 SAS 
Institute Inc.). Those LC50 values with separate confidence intervals are significantly 
different and therefore so is the toxicity of those oils. Oils with overlapping intervals 
cannot significantly be said to be different from each other. The WALD confidence 
intervals are refelective of the toxic responses approaching normality. This maybe an 
indication that the toxic response did not increase along with the increase in 
concentrations of the oil. Diesel-spiked soil had no survivors so an LC50 value was 
unable to be calculated. Therefore the LC50 would be less than the lowest 
concentration (<.5% w/w).  
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Figure 4.3. Final earthworm (E. fetida) LC50 (14 d) curves for various test oils. The 
treatment effects were confirmed using likelihood ratio chi-square tests in JMP ® 
9.0.0, where significant effects had p-values were ≤ 0.05 (copyright© 2010 SAS 
Institute Inc.). For Diesel and LTMO, their treatment effects could not be confirmed 
statistically because all the individuals in these oil-spiked soils were deceased. 
However it was visually clear that there was a large toxic response in earthworms due 
to both Diesel and LTMO exposure. Also by the 14 day time point there were enough 
deceased earthworms in GTL-1-spiked soils that there was a significant effect (p = 
0.007). 
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Table 4.4 Final earthworm (E. fetida) calculated LC50s for various test oils 
 
Oil LC50 (% w/w) Lower 95% CI Upper 95% CI 

Vehicle Control 1.967489 -25.6649 29.59989 
(WALD) 

GTL-1 2.510123 -9.6033 14.62354 
GTL-2 2.056448 1.59014 2.693226 
LTMO <.5% w/w  N/A N/A 
Diesel <.5% w/w N/A N/A 
Biodiesel 1.673645 1.02118 2.543315 

These results reflect the concentration  at which 50% of the earthworms would be 
deceased. These values were calculated using JMP ® 9.0.0 (copyright© 2010 SAS 
Institute Inc.). Those LC50 values with separate confidence intervals are significantly 
different and therefore so is the toxicity of those oils. Oils with overlapping intervals 
cannot significantly be said to be different from each other. The WALD confidence 
intervals are refelective of the toxic responses approaching normality. This maybe an 
indication that the toxic response did not increase along with the increase in 
concentrations of the oil. Diesel and LTMO-spiked soils had no survivors so an LC50 
value was unable to be calculated. Therefore the LC50 was less than the lowest 
concentration (<.5% w/w).  
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Figure 4.4. Thickspike wheatgrass (E. lanceolatus) EC50 (14 d) curves for various 
test oils.  
The treatment effects were confirmed using likelihood ratio chi-square tests in JMP ® 
9.0.0, where significant effects had p-values were ≤ 0.05 (copyright© 2010 SAS 
Institute Inc.). All of the base oils had significant effects except for Biodiesel (p = 
0.255). The toxicity in Biodiesel was so low that there wasn’t a significant effect on 
germination. 
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Figure 4.5. Thickspike wheatgrass (E. lanceolatus) EC50 (14 d) curve for the 
biodiesel test oil.  The treatment effect was so low that it was not significant (p = 
0.255). This p-value was determined using the likelihood ratio chi-square tests in JMP 
® 9.0.0, where significant effects had p-values were ≤ 0.05 (copyright© 2010 SAS 
Institute Inc.). 
 
  



Texas Tech University, Lisa Arneson, August 2012 

95 

Table 4.5. Thickspike wheatgrass (E.lanceolatus) EC50s for various test oils 
 
Oil EC50 (% w/w) Lower 95% CI Upper 95% CI 

GTL-1 1.515236 1.329 1.702785 

GTL-2 1.827508 1.61388 2.090823 

LTMO 0.86995 0.761725 0.970229 

Diesel 1.010494 0.84645 1.152971 

Biodiesel 7.00536 3.507526 N/A 

 These results reflect the concentration  at which 50% of the seeds would be expected 
not to germinate. These values were calculated using JMP ® 9.0.0 (copyright© 2010 
SAS Institute Inc.). Those EC50 values with separate confidence intervals are 
significantly different and therefore so is the toxicity of those oils. Oils with 
overlapping intervals cannot significantly be said to be different from each other.  
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CHAPTER V 

CONCLUSION 
Overall, GTL base oils were less toxic when compared to their petroleum-

derived counterparts. GLT-spiked soils performed better in the earthworm acute 

toxicity study, the alfalfa germination and biomass study, and the saltbrush 

germination study. Additionally, during observations of activity, springtails in GTL-

spiked soils survived better than in other oil-spiked soils (although springtail 

reproduction was higher in LTMO soils). With regards to LC50 and EC50 assays, 

GTL base oils also performed better than Diesel and LTMO. In the earthworm LC50 

study, GTLs showed similar toxicity to biodiesel 

GTL products were not completely non-toxic in soil however. In the 

germination assay biodiesel was less toxic than both GTLs. Additionally, freshly 

spiked Diesel was determined to be less toxic then freshly spiked GTL-2 in both the 

thickspike wheatgrass and saltbrush germination assays, and GTL-1 freshly spiked 

soils had a significant toxic response towards germination of thickspike wheatgrass. 

Comparing GTL-1 to GTL-2 spiked soils is difficult because their toxicities 

varied with assay. In some cases, GTL-1 was less toxic than GTL-2 in freshly spiked 

soil (earthworms, LC50, alfalfa biomass, and saltbrush germination). In other cases, 

GTL-2 was less toxic than GTL-1 in freshly spiked soil (alfalfa germination, 

wheatgrass germination, EC50, and possibly springtails). Additionally, GTL toxicities 

varied further in weathered soils. 

The results of studies performed on weathered soils illustrated that native 

microbial communities in sandy loam respond differently to different oils. These 
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responses depended on the temperature at which the soils were weathered. 

Temperature has been shown to affect the composition of microbial communities 

present in soil (Atlas, 1981) and certain microbial species are better able to survive 

and thrive at various temperatures. It is likely that within the same soil, different 

microbial species have different biodegradation rates for the same oils (which have 

varied hydrocarbon compositions).  

Surprisingly neither of the GTL products had higher degradation rates with an 

increase (20oC increase) in temperature. This was unexpected as higher incubation 

temperatures typically increase degradation reactions (i.e. oxidation) and enzymatic 

activities of microorganisms (biodegradation) (Atlas, 1981). In comparison, LTMO 

and Diesel both produced slight increases in soil microbial respiration from 10oC to 

30oC.  

In the earthworm assay, GTL-2 spiked soils weathered at 10oC for 90 days 

were less toxic than GTL-2 spiked soils weathered at 30oC for 90 days. These data 

further suggest a change in the dominant species of the microbial community due to 

changes in temperature. In the case of GTL-1, spiked soils were effectively weathered 

(10oC and 30oC) enough to reduce toxicity. Overall, weathered soils spiked with GTLs 

had no significant differences in toxicity to organisms with the exception of GTL-2 

(weathered at 10oC) in the saltbrush germination assay.  

It was assumed that more weathering wold lead to less availability of 

hydrocarbons and less toxicity. However, the research reported here did not always 

support this assumption. In the case of LTMO-spiked soil, this oil was determined to 

be the most rapidly weathered base oil (according to half-life data). Soils spiked with 
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LTMO also experienced large increases in CO2 production at both weathering 

temperatures. This suggested that LTMO was more easily degraded. However, 

organisms exposed to LTMO-spiked soils experienced toxicity. Most of these toxic 

responses were in freshly spiked soils (thickspike wheatgrass germination, four 

winged saltbrush germination, and earthworm assays). The toxicity of LTMO didn’t 

lessen until after the soil had been weathered for at least 90 days (alfalfa germination, 

thickspike wheatgrass germination, and earthworms acute assay). This was especially 

true in the earthworm study where mortality went from 100% (freshly spiked) to 0% 

(soils weathered at 10oC for 90 days). Oils with smaller alkane content have been 

shown to pose some toxicity (Atlas, 1981); this is likely because they are easily taken 

up by organisms. Therefore it was concluded that LTMO was immediately toxic to 

terrestrial environments, but given the right conditions its toxicity would likely 

dissipate quickly over time. GTLs however, may be considered less toxic because they 

did not have such an immediate toxic response in the freshly spiked scenario. 

Therefore, GTLs may be less harmful than LTMO in land farming (rock cutting 

disposal) where phytoremediation and soil-dwelling organisms assist with the 

remediation process.   

Moisture content (rainfall), tilling (oxygen availability), and temperature 

differences have been shown to affect the weathering of base oils and biodegradation 

of hydrocarbons (Atlas, 1981; Wang and Fingas, 1997; Osuji, 2006). We also 

observed the influence of soil moisture on base oil toxicity. The acute toxicity assays 

were designed so that all soils had the same moisture content throughout the study. 

This may be why Diesel-spiked soils were less toxic than anticipated. It was observed 
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that Diesel caused soils to dry out at a more rapid rate. This could have also led to 

higher apparent toxicity. It appears that either of the GTL base oils would make a 

good alternative for drilling muds (that would be disposed of via land farming). 

Additional studies for springtail reproduction and survival (with changes in test 

design) would assist in further comparing GTL toxicity to other oils.  
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Appendix 
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