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ABSTRACT 

The purpose of the field experiment conducted at City of Tucson Fire Station 

Number 10 (Fire Station) was to conduct a gas-phase tracer test in the vadose zone in 

order to help determine the nature and extent of non-aqueous phase liquid (NAPL) 

contamination at the Thomas 0. Price Service Center (TPSC) Fire Station site. Current 

methods for characterization of NAPL saturation, such as soil-gas analysis and core 

sampling provide data only at discrete points and can be limited in their effectiveness. 

Gas-phase partitioning tracers can sample a larger volume of the vadose zone, allowing 

the location and amount ofresidual NAPL to be determined more accurately. 

A gas-phase partitioning tracer experiment was conducted at the Fire Station to 

evaluate the use of partitioning tracers in determining NAPL saturation in the vadose 

zone. Well R-032A was used as the injection well and well R-047A was used as the 

extraction well. The tracer test yielded a global retardation of 1.23, which indicates 

NAPL presence. A swept volume of approximately 770 m3 was contacted by the tracer 

and approximately 2.8m3 volumetric NAPL content was measured. However, a majority 

of the retention of the partitioning tracer is associated with recovery from early travel 

times, seen in the first peak of the breakthrough curve. Analysis of only the first peak 

yields a retardation factor of 1.26, a swept volume of 260 m3
, and a total volumetric 

NAPL content of 1.lm3
. 
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INTRODUCTION 

The risks to humans and the environment associated with the contamination of the 

subsurface by hazardous organic chemicals are of great interest and importance. The 

impact of immiscible, non-aqueous phase liquids (NAPLs) on the characterization and 

clean up of contaminated sites is now well recognized. NAPLs present in the subsurface 

act as long-term sources of both vapor-phase and groundwater contamination. The 

presence of NAPL saturation is generally considered to be the single most critical factor 

limiting the complete clean up of many contaminated sites (NRC, 1994). 

Historically, NAPL characterization has relied on the analysis of recovered core 

or water samples, which provides only minimal point-source information. The 

probability of identifying a localized zone of NAPL with traditional, point sampling 

techniques is often quite small. Accurate predictions cannot be made about the subsurface 

without a cost-prohibitive amount of point sampling because the distribution ofNAPLs is 

by nature complex and non-uniform. The ideal sampling method would sample much 

larger volumes of subsurface and result in a more accurate detection and measurement of 

NAPL saturation. 

A new method for large-scale characterization of NAPL in the subsurface is the 

partitioning tracer test. Partitioning tracers have been in use in the petroleum industry 

since the 1970's to determine residual oil saturations (Tang, 1995). In the environmental 

industry, partitioning tracers have been used to measure NAPL saturations in the 

laboratory (Jin et al., 1995; Wilson and Mackay, 1995) and in the field (Nelson and 

Brusseau, 1996; Annable et al., 1998; Young et al., 1999). All of these tests were 
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conducted in saturated systems, where the partitioning tracer was dissolved in water. 

Partitioning tracer tests have also been conducted in vadose-zone systems, using gas 

phase tracers (Mariner et al., 1999; Nelson et al. , 1999a). The purpose of the field 

experiment reported herein was to evaluate the gas-phase partitioning tracer method for 

detecting and characterizing NAPL saturation in the vadose zone. 
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1.1 Background 

The partitioning tracer method has been used since the 1970's in the oil industry 

and more recently for environmental applications. Experimental studies in the lab have 

supported work spanning the saturated zone to the vadose zone, as each have similar 

methods. 

Gierke et al., (1999) used laboratory column experiments to test the validity of 

aqueous partitioning tracer tests performed at Hill Air Force Base, Utah. A series of batch 

equilibrium and dynamic column tests were performed to determine whether a 

partitioning tracer test is an accurate method for measuring NAPL volume and reduction 

of NAPL volume as a result of air sparging. The column tests used alcohol tracers and 

were conducted with known NAPL volume in Ottawa sand. The average NAPL 

saturations from all of the monitoring wells yielded estimates from between 89% and 

99% of the known value. The study found that partitioning tracer tests are valid at higher 

NAPL saturations and higher flow velocities, than previously studied in the lab. 

Annable et al., (1998) used the partitioning tracer method in a hydraulically 

isolated test cell at Hill Air Force Base, Utah. The cell consisted of a shallow unconfined 

sand and gravel aquifer, contaminated with a mixture of NAPL including jet fuel and 

chlorinated solvents. A suite of tracers was used, including bromide as a conservative 

tracer and multiple n-alcohols as partitioning tracers. Samples from multiple monitoring 

and extraction wells were analyzed for tracer breakthrough. Estimated NAPL saturation 

in the test cell (4.6%-5.4%) compared well with the saturation in soil cores (3.0% and 

4.6% ), proving that the partitioning tracer test is an acceptable NAPL characterization 
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tool. 

Young et al., (1999) used partitioning tracer tests m saturated alluvium in 

southern Ohio to determine the spatial distribution and volume of residual 

trichloroethylene (TCE) present. In the first of two tracer tests, they used multi-level 

sampling to determine the spatial distribution of NAPL present in order to perform a 

surfactant flood. A suite of tracers was used, including bromide as the non-partitioning 

tracer and various alcohols as partitioning tracers. The first partitioning tracer test found 

that residual NAPL was present only in the lower sand, and they determined that there 

was between 20 and 40 liters of DNAPL present. Using the results from the first test, a 

surfactant flood was performed, and immediately after, another partitioning tracer test 

was performed to determine its efficacy. The second partitioning tracer test swept only 

the lower sand and found that approximately 7.5 liters of DNAPL still present. The two 

partitioning tracer tests provided the authors with evidence that the DNAPL present 

migrated laterally as opposed to vertically downward, which had implications for the 

remediation of the site. 

In 1999 Nelson et al. examined the influence of heterogeneity and sampling 

method on the accuracy of partitioning tracer test for measuring DNAPL saturation in 

water saturated systems. They used an intermediate scale flow cell with two zones of 

TCE at residual saturation; one in the same sand as the matrix, and one in a finer sand 

within the matrix. They used three sampling methods: depth-specific sampling, vertically 

integrated sampling, and sampling at the extraction well. A dual energy y radiation 

system was used to measure TCE saturation for comparison with the experimental 
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results. They found that preferential flow and physical non-equilibrium associated with 

zones of lower permeability or heterogeneity can affect the performance of a partitioning 

tracer test. Also, the most accurate of the methods for estimation ofNAPL saturation was 

found to be obtained from point sampling (7% and 50% of true value), while the lowest 

saturation estimates were from vertically integrated sampling (0% and 6% of the true 

values). 

Whitley et al., (1999) began testing vadose zone applications when they explored 

the use of perfluorocarbon gas tracers to determine NAPL saturation at the lab scale in a 

three phase system. They concluded that the perfluorocarbon tracers did not react 

significantly with the water phase, thus the retardation of the perfluorocarbon was due to 

NAPL partitioning. Perfluorocarbon tracers with lower molecular weights reacted less 

with NAPLs than those with larger molecular weights. Therefore, the lighter 

perfluorocarbon tracers were used as surrogate conservative tracers to yield conservative 

travel times. The authors also concluded that, in order to quantify water and NAPL 

saturations, the tracer test must have a large enough residence time to allow for 

equilibrium partitioning to occur. 

Nelson et al., (1999a) used the gas-phase partitioning tracer method to determine 

the in-situ water content at the intermediate scale in a large weighing lysimeter. Sulfur 

hexafluoride (SF 6) was used as the non-partitioning tracer and 

bromochlorodifluoromethane (BCF) was used as the partitioning tracer. The 

breakthrough curves from the partitioning tracer test were smooth and symmetrical, 

which indicated near-ideal transport, while the breakthrough curve for the partitioning 
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tracer was slightly delayed and had more tailing than the SF 6· Preliminary tests showed 

that the SF 6 contacted approximately 92% of the total air filled porosity. The mean air 

porosity from the partitioning tracer test, gravimetric soil content measurements, and 

time-domain reflectometry (TDR) were all found to be 0.064; which indicated that the 

tracer test provided a good estimate of soil water content. 

Mariner et al., (1999) used partitioning tracer technology at the field scale to 

estimate the volume and distribution of residual trichloroethylene (TCE) DNAPL in the 

vadose zone at the Chemical waste landfill of Sandia National Laboratory in 

Albuquerque, New Mexico. A suite of tracers was injected for the partitioning tracer test: 

a non-partitioning tracer (SF 6), a TCE partitioning tracer (perfluoro-1,3,5-

trimethylcyclohexane ), and a water partitioning tracer (difluoromethane). Using multi

level samplers at three monitoring wells, they were able to determine the average 

DNAPL saturations for each depth. The average TCE DNAPL saturation in the shallow 

zone was estimated to be 0.11 +/- 0.02%. This enabled them to design and operate 

remedial methods. 

Deeds (1999) performed a field test of the gas-phase NAPL partitioning method at 

a former firing pit on Kirtland Air Force Base in Albuquerque, New Mexico. NAPLs 

present included diesel fuel and heavier hydrocarbon compounds. NAPL partitioning 

tracers (perfluorocarbons) were used to determine the volume and spatial distribution of 

NAPL at the site before and after remediation efforts to remove diesel range organics 

(DRO). The objective of the tracer tests performed was to determine the volume of 

NAPL removed by remediation, and how much was DRO. The partitioning tracer tests 
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showed that DRO was the first to volatize during remediation, and must fully volatize 

before the second class of contaminants was impacted. Deeds found that the total NAPL 

volume decreased from 2.28 .. m3 to l .99m3 between tracer tests. These results compare 

favorably to soil cores taken before and after remediation. The partitioning tracer test 

proved useful for site characterization and assessing remediation performance. 
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1.2 Theory of Partitioning Tracers 

The theoretical basis for the retention of solutes by immobile, immiscible liquid 

phases and the resulting impact on tracer transport has been discussed previously (Jin, et 

al, 1995; Brusseau, 1992; Brusseau, 1997). A partitioning tracer is reversibly retained in 

the immobile-immiscible liquid organic phases, and its transport is retarded compared to 

that of the conservative non-partitioning tracer. In order to determine the NAPL 

saturation, SN, the retardation factor, R, is calculated for the partitioning tracer using a 

comparative moment analysis with the conservative tracer. The retardation factor is 

defined as the quotient of the travel times of the partitioning tracer and conservative 

tracers. Determined from the tracer test, R can be equated to the mass balance definition 

by: 

(1) 

where Kng is the immiscible liquid-gas partition coefficient, Kct is the soil-water partition 

coefficient, Kh is the gas-water partition coefficient, or Henry's coefficient, Pb is the bulk 

density of the porous medium, 8w is the volumetric water content, 8g is the volumetric gas 

content, and Sn is the volumetric immiscible liquid content. When the partitioning tracer 

experiences minimal retention by the soil and water phases, equation 1 can be reduced to: 

SN R = 1 + K,,g -----
1- SN -Sw (2) 
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In this equation, saturations have been used in place of volumetric fluid contents and 

Sw+Sg+SN=l. In equation 2, water saturation is represented as Sw, and SN is immiscible 

liquid saturation. The retardation factor is commonly targeted to range between 1.2 and 4 

(Jin et al., 1995). A retardation factor less than 1.2 is too small to accurately resolve the 

tracer peaks, and in order to have a reasonable test duration, a retardation factor less than 

4 is suggested. 

Once the value of R is determined from the tracer test, values for SN can be easily 

obtained with knowledge of the immiscible liquid-gas partition coefficient and water 

saturation. Partition coefficients can be measured in laboratory experiments, or can be 

estimated in some cases. Values for 8n can be calculated if porosity is known. If the 

partitioning tracer is retained by water or sorbed by the soil, equation 1 must be used and 

additional parameters are required. 

A major advantage to the partitioning tracer method is the greater chance of 

detecting immiscible liquid saturation by the ability to sample a much larger volume of 

the subsurface. The partitioning tracer method is implemented using relatively standard 

tracer test approaches and has no significant limitations on the depth of measurement. 

This is an advantage in areas with deep vadose zones which are common in the western 

U.S. 



18 

1.3 Tracer Selection 

Tracers selected for use should have the following characteristics: (1) low 

toxicity, (2) low experimental cost, (3) low background levels, (4) no biodegradation or 

other transformation reactions, ( 5) no sorption to porous media or to materials comprising 

the tracer experiment infrastructure such as PVC and stainless steel, (5) low detection 

levels such that it can be injected at concentrations several orders of magnitude higher 

than it's detection limit, and (6) appropriate partitioning values (Nelson, 1999a). A tracer 

with a large KNG value would provide for a "conservative" tracer, while one with an 

intermediate KNG value would yield a retardation factor large enough to be measurable 

with some level of certainty, but small enough such that the duration of the test remains 

practical. 

Wilson and Mackay (1993) performed a laboratory study to compare the behavior 

of dissolved gas SF6 with that of bromide as conservative tracers in saturated Borden 

sand. SF 6 was found to behave identically to bromide in a laboratory column experiment. 

SF 6 was also determined to have less effect on the system as a whole, as it is non-ionic 

and has little density effects. Also, the detection range was found to be greater for SF 6 

than that for bromide and it is considered a good choice for a conservative tracer in 

groundwater partitioning tracer tests. In 1996, Wilson and Mackay expanded their 

laboratory work with SF6 as a conservative tracer. SF6 was found to behave similarly to 

bromide in laboratory column experiments with various saturated sandy media. The 

effect of high organic carbon content was found to be minimal, and was found to have 

less mass transfer due to its lower diffusion coefficient. 
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Olchewski et al., (1995) used SF6 as a conservative gas tracer to test the 

performance of a soil venting operation. SF 6 was chosen because it is anthropogenic and 

would have zero background values. Also, it is chemically stable and non-toxic, with a 

low detection limit. In addition, SF 6 has been shown to have negligible sorption to water. 

Contaminants at the site consisted of residual tetrachloroethylene (PCE) and TCE. As a 

result of the tracer test, they found high mass recoveries of SF 6 which demonstrated that 

SF6 behaved as an ideal gas tracer. Thus, the breakthrough curve of SF6 was considered 

as a travel time distribution between injection and extraction wells, and the long tailing of 

the breakthrough curve indicated that the transport domain was not uniform and that a 

significant amount of slow pathways was limiting the efficiency of gas extraction from 

the soil. 

Carlson (2000) and Nelson (1999a) used BCF as a gas-phase water partitioning 

tracer to determine the in-situ measurement of soil-water content in a large weighing 

lysimeter. Both studies concluded that BCF was an effective water partitioning tracer. 

Bronson (unpublished) used BCF as a gas-phase partitioning tracer in order to determine 

the NAPL saturation in the vadose zone. Contaminants on the site included residual PCE 

and TCE. Two tracer tests were conducted in order to determine the remediation efficacy 

of a soil-vapor extraction system (SVE) at the site. The tracer tests showed that the 

volume of NAPL shown to be removed by the SVE was similar to the difference of 

NAPL measured in the pre- and post-remediation tracer tests. Thus, BCF was shown to 

be an effective partitioning tracer for measuring residual NAPL in the vadose zone. 
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1.4 Site Background 

The City of Tucson purchased the Thomas 0. Price Service Center (TPSC) in 

1973 and started its operation in 197 4 providing fuel for City vehicles. Originally, the site 

contained 23 underground storage tanks to store and dispense fuels including: regular, 

unleaded, diesel fuel, and compressed natural gas. In June of 1989, fuel was observed 

leaking from the tanks at the northern end of the pumping station. All underground tanks 

were then emptied and removed by 1992 (Hydro Geo Chem, Inc., 1994). The vadose 

zone of TPSC consists mostly of interbedded fine and coarse-grained sediments. The 

results of soil testing conducted by Hydro Geo Chem, Inc. in 1994 indicate that soils in 

the vicinity of the tanks were contaminated by hydrocarbons. 

The City of Tucson Fire Station Number 10 (Fire Station) site is located to the 

east of TPSC (See map, Appendix 1 ). In late 1999, product recovery systems were 

installed in four wells at the Fire Station for the abatement of liquid-phase hydrocarbons. 

Groundwater and free-product elevations in the wells of this area are historically unstable 

(Figures 1-3) and vary frequently due to infiltration and pumping. Groundwater flow in 

the area of the experiment is to the northeast, and the thickness of the hydrocarbon plume 

increases to the east (IT Corp., 2000). 

In Figures 1 and 2, the historical levels of groundwater and NAPL are shown in 

red and blue, respectively. The orange and aqua lines are added for comparison, to 

illustrate the water and NAPL levels that were present at the site at the beginning of the 

partitioning tracer experiment. 
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2.1 MATERIALS AND METHODS 

A gas phase tracer experiment was conducted at the City of Tucson's Fire Station 

Number 10 to help evaluate the nature and extent of vadose zone NAPL saturation. SF 6 

was used as a conservative tracer, BCF as a NAPL partitioning tracer. Perfluorodecalin 

was used as a water partitioning tracer. However, due to analytical difficulties, the data 

are not available. 

The experiment was constrained by the use of existing infrastructure. The two 

wells used in the experiment were originally installed for the abatement of liquid-phase 

hydrocarbons as discussed earlier. Each well is screened near the aquifer for this purpose. 

An injection well, outfitted with an air compressor and an extraction well with an air 

blower was used to create steady state flow. The injection well, R-032A, is screened from 

24.38 to 36.58 meters below ground surface (bgs) and has a diameter of 10.16 cm. In 

order to control the swept volume of the tracer, a 10.16 cm nitrile sewer plug (Vanderlans 

& Sons, Inc.) was placed at 27.43 meters bgs, thus making the effective screened interval 

of the experiment a total of 3.05 meters (Figure 4). 
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Figure 4: Experimental Well Set Up 
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The injection well was fitted with polyvinyl chloride (PVC) schedule 40 pipe, 

which was connected to a gas- tight hose. This hose was connected to a 15kW generator, 

which supplied ambient air. A gas flow rotameter was installed on the tracer injection 

line to monitor flow rate. A pressure transducer was installed in the injection path to 

monitor injection pressure. The gas cylinders containing the gas tracer mixture ( 40 ppmv 

SF 6 and BCF) were connected to the system with a 1-cm stainless steel tube. Tracer 

injection was regulated with the mass-flow controller and a ball valve. Two 2-way valves 

were used to switch between the tracer and ambient air sources. A sampling port was 

attached to the injection well to monitor initial concentration (Co) of the gas tracers 

during injection (Figure 5). 
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The extraction well, R-04 7 A, was the only other well in use during the 

experiment. The screened interval of the well is 24.38 to 36.57 meters bgs, with a well 

diameter of 10.16 cm. A packer was also installed in this well, creating a screened 

interval of 3.05 meters. Schedule 40 PVC was used to connect the extraction well to a 

5hp rotron blower used to create suction on the system. A rotameter was connected at the 

extraction well head to monitor extraction flow rate. A pressure transducer was installed 

in the system to monitor pressure. Gas samples were extracted from a sampling port 

located in the PVC pipe connected to the blower. 

Figure 6: Photograph of Extraction well R-047 A set-up with 
PVC connection to the flow meter, blower, and generator. 
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A flow field was created with an ambient airflow rate of 0.28 std-m3/min 

( standard cubic meters per minute) at the injection and extraction wells. Flow was 

measured at intervals ranging from five minutes to two hours as the experiment 

progressed. Pressures at the injection and extraction wells were measured every five 

minutes using a Campbell CRlOX datalogger and a laptop computer. Steady- state flow 

conditions were assumed when the pressures and flow rates had stabilized. The tracer 

mixture, which included the partitioning tracer bromochlorodifluoromethane (BCF) along 

with the non-partitioning tracer sulfur hexafluoride (SF6), was then injected. The duration 

of the tracer injection was 25 minutes, 45 seconds, during which time 1 l .3m3 of gas was 

injected into the subsurface. Initial concentrations for SF6 and BCF were 45.7 mg/Land 

124.5mg/L, respectively. After tracer injection, ambient air was flushed into the system in 

order to preserve steady-state conditions of flow for the duration of the experiment (total 

length was five days). 

Figure 7: Photograph of Tracer injection at R-032A. 
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Samples were taken at two ports, the injection well for measurement of initial 

concentrations, and the extraction well for measurement of tracer breakthrough 

concentrations. The sampling ports consisted of Valeo Instruments Co. Inc. septum 

injector nuts connected to each well. Gas phase samples were taken by withdrawing 

samples through the septum into a needle-tipped syringe. The gas samples were then 

injected from the syringe into evacuated 80mL aerosol canisters provided by Tracer 

Research, Tucson, AZ. Samples were analyzed for SF6 and BCF using a Varian 330 gas 

chromatograph equipped with an electron capture detector and a flame ionization detector 

at Tracer Research. 

Figure 8: Photograph of Gale sampling at the extraction well. 



29 

Previous batch experiments were conducted to determine the Henry's coefficient 

and the NAPL coefficients for BCF (Bronson, unpublished data). The Henry's coefficient 

(Ktt) measured for BCF is 2. The partition coefficient for the Thomas 0. Price service 

center NAPL (KNo) is 62. The detection limits for BCF and SF6 are 0.05 and 0.04 µg/L 

respectively. 
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2.2 DATA ANALYSIS 

The tracer breakthrough curves were analyzed by calculating the zeroth and first 

temporal moments to quantify mass recovery, travel time, and retardation ( Jin et 

co 

al., 1995). The zeroth moment, m0 = f cat, provides the area under the breakthrough 
0 

curve, which determines the total mass eluted past the sampling location and can be used 

co 

f teat 

to calculate a mass balance. The normalized first moment, m 1 = ~ , is the result of 

f cat 
0 

integrating the breakthrough curve over time. The first moment yields the center of mass 

or describes the mean position of the solute mass. Temporal moments are used to 

determine the separation of the tracer response curves, or the retardation factor. 

Using the travel time for SF 6 transport and the flow rate for the system, the swept 

volume associated with the tracer test was calculated. 

Arrival Time [d]* Q [ m
3

] 

Swept Volume [m 3 ]= ( ) d 
1-S,, 
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3. RESULTS AND DISCUSSION 

3.1 Results 

The pressure (Figure 9) and flow (Figure 10) at both the extraction and injection 

wells was stabilized before injection began. Approximately 200 samples were collected 

during the 120-hour duration of the test. Mass recoveries and travel times, calculated by 

moment analysis, are presented in Table 1. 
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Figure 9: Pressure at Well Heads 
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Figure 10: Flow Rate at Injection and Extraction Wells 
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Approximately 35 percent of the SF6 was recovered during the 120-hour 

experiment (Figure 11 ). The mass loss associated with this experiment may be the result 

of several factors. One of these factors is that injection and extraction of the gases 

occurred in a radial flow field. It is possible that the tracer traveling along the perimeter 

flow lines may not have had enough time to arrive at the extraction well. Mass loss of the 

tracer may have also occurred in the vertical direction as the tracer gases traveled upward 

through the formation or downward into the capillary fringe. Although not all of the 

tracer mass was recovered, it is possible to make use of the available data, as seen in 

other partitioning tracer tests of this scale (Deeds, 1999; Nelson, 1996; Bronson, 

unpublished data). 
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Figure 11: SF6 Breakthrough Curve for Partitioning Tracer Test 
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The SF6 breakthrough curve shows two distinct peaks. In multiple peak systems, 

the first peak is commonly associated with the shortest travel times and thus a more direct 

route. The second peak is associated with longer travel times or more diffuse routes 

between the two wells. In this system, the two peak behavior illustrates the underlying 

heterogeneity of the system because SF6 is a conservative tracer and does not partition 

into water or NAPL. The two peaks of the breakthrough curve show that there are at least 

two separate flow regimes that are affecting this experiment. 

A mean arrival time of 1.88 days was calculated for SF6• Using the mean arrival 

time for SF6 and the measured flow rate, a total swept volume of roughly 770m3 was 

calculated. Using an air-filled porosity of 0.3, this translates to a total porous medium 
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volume of approximately 2567m3
, which represents the size of the domain contacted by 

the tracer test. Due to material heterogeneities and non-uniform flow, it is not possible to 

translate this measure into an exact three-dimensional map of the actual domain that this 

volume represents. 

Table 1: Results for Partitioning Tracer Test 

SF6 BCF 

Average Arrival Time (d) 1.88 2.32 

Total Mass (g) 180.7 307.7 

Percent Recovery 34.9 21.8 

The retardation factor of the partitioning tracer, BCF, was 1.23 (Figure 12). A 

NAPL saturation value (SN) of 0.37% was calculated for this retardation factor using 

equation 2, assuming Sw=O. The magnitude of this SN is consistent with the measured 

value of previous experiments at TPSC (Bronson, unpublished data). The first peak of the 

breakthrough curve exhibits a pronounced retardation of the BCF tracer with significant 

mass loss. The second peak shows little retardation or mass loss of BCF relative to SF 6. 

This suggests that unlike the primary flow path, the flow paths encountered by the tracers 

in later times had little residual NAPL. 
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Figure 12: Complete Breakthrough Curve for Partitioning Tracer Test 
Showing Two Peaks: 0-27 hours and 27-120 hours 
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Splitting the breakthrough curve into two distinct sections yields slightly different 

values for the parameters calculated above. If we consider the first (0 to 27 .2 hours) and 

second (27 .2 to 120 hours) peaks of the breakthrough curve as two separate flow regimes 

or paths (Figure 12), the retardation and mass loss associated with the first peak is even 

more evident. Using the data from the first peak to compare with that of the entire 

breakthrough curve, we can see marked changes in the results. Although the calculated 

retardation factor for the first peak increases only from the total value of 1.23 to 1.26, this 

peak accounts for nearly a third of the total swept volume, approximately 260 m3
, and a 

total volumetric NAPL content of 1.06m3
. The fact that the retardation factor is minimally 
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effected by separating the first peak from the total breakthrough curve shows that the 

majority of the retardation is occurring within this first pulse or flow regime. 

Table 2: Retention Analysis for BCF Data. 

Total Breakthrough First Peak Data Only 

Curve 

Retardation Factor 1.23 1.26 

Percent NAPL Saturation, Sw=O 0.37 0.41 

Percent NAPL Saturation, Sw=0.25 0.08 0.11 

Swept Volume (m') 770.2 260.8 

Total Porous Medium Volume (m-') 2567.5 869.4 

Volumetric NAPL Content (m"') 2.8 1.1 

Moisture in the experimental zone can have an effect on the results of a tracer 

study given that BCF has some potential for retention by water. Thus, NAPL saturation 

values may be dependent on the presence of water in the system. If the moisture content 

is significant, equation 1 can be modified, and equation 1 becomes: 

(3) 

The potential impact of water retention on calculated SN values can be qualitatively 

evaluated by use of equation 3, along with a "typical" value for Sw. We will use a value 

of 0.25, representing a rough approximation of a typical "field capacity" of Southern 
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Arizona (Warrick, 2000). Including Sw=0.25 in the calculation yields a NAPL saturation 

of approximately 0.08% for the entire breakthrough curve and 0.11 % using only the first 

peak data. 

This analysis provides what may be considered as lower limits, resulting in a 

range of possible values for NAPL saturation of 0.08-0.41 %. However, the likelihood of 

a significant amount of water in the system is small. It is in the second peak, which is 

associated with longer travel times or lower permeability zones that water partitioning 

would be more evident. Since the lower permeability zones, such as the clays and silts 

present at the site, are able to retain water more easily than the high permeability zones 

associated with the first peak, BCF partitioning into water would be visible in the second 

peak. However, in the second peak of the breakthrough curve, there is very little or no 

retention of the BCF in the relation to SF 6 via NAPL or water partitioning. Therefore 

water in the system does not appear to be a primary concern. 
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3 .2 Discussion 

The retention of the first peak can be attributed to at least two scenarios. The first 

possible cause for BCF retardation is a zone of NAPL occurring directly between the two 

wells. This is possible because only the first peak, which is associated with a more direct 

route between the wells, shows BCF retention by NAPL. Because the second peak of the 

breakthrough curve encountered so little NAPL, the residual NAPL would have to exist 

predominately in a region limited to directly between the two wells. 

The second possible scenario that may have caused retention of the partitioning 

tracer in the first peak is related to one of two sandy layers present at depth. Either of 

these layers may have acted as a conduit for the rapid transport of the tracers seen in the 

first peak. The retardation of the BCF in this part of the breakthrough curve would be 

related to a high NAPL saturation associated with these sandy zones. 

Evidence for the first of these sandy layers is found in the borehole logs provided 

by IT Corp. A layer described as "silty sand" is noted at a depth of 25.6-26.Sm bgs in the 

lithologic log for R-047A the extraction well (Figure 3, Appendix 1). This silty sand layer 

is present within the screened interval of the tracer experiment, and is described as 60 

pereent sand with a slight hydrocarbon odor. The sand contained in this unit can be 

considered higher in permeability than the silty layers near it and has the potential to trap 

a non-wetting fluid such as the NAPL present at the site, as evidenced by the 

hydrocarbon odor found during drilling. This unit is not present in the injection well, 

therefore the areal extent of the silty sand is unknown. However, due to the complex 
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geology of the site, it is possible that this layer exists close enough to the injection well to 

provide a highly permeable, highly conductive zone for tracer transport. 

The second possible source of NAPL-caused retention of BCF in a sandy layer 

may be NAPL associated with another sandy unit, described as "clayey silt with sand" at 

28.3-29m bgs. Although each well was blocked at 27.4 meters and this unit is below the 

screened interval of the tracer experiment, the tracers may have moved along the sand 

pack of the injection well and been released at depths higher or lower than the 24.4-

27.4m screened interval. Travel along the sand pack may have provided a path to this 

second sandy unit which was acting as a conduit for tracer transport. Both of these sandy 

layers may have influenced the tracer transport at depth. 

The two-peak behavior of the BCF may indicate that there are two distinct areas 

of NAPL contamination-- one directly between the two wells, which accounts for a vast 

majority of the NAPL saturation found in this system; and another further away from the 

"direct" path, which accounts for the minimal retention in the second peak. However, 

because the SF6, a conservative tracer, exhibits two-peak behavior, there is likely at least 

two distinct flow regimes present. One which is a "direct" path between the two wells, 

and at least one more flow regime that accounts for longer travel times or greater 

distances from the two wells. 

The residual NAPL present could be linked to surface contamination at the Fire 

Station, wherein NAPL could have become entrapped in this area as a result of 

infiltration from above. As the NAPL infiltrates downward through the heterogeneous 

profile, it becomes excluded from lower permeability layers if any residual water is 
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present. This essentially traps the NAPL in high permeability zones (Figure 13A). It is 

also plausible that the NAPL measured in the experiment is a result of lateral migration 

from an offsite source. Again, NAPL moving throughout the heterogeneous layers will be 

excluded from lower permeability zones (Figure 13B). 
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Figure 13A: Illustration of Infiltration 
as a Possible NAPL Source. 
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Figure 138: llustration of Lateral 
Migration as a Possible NAPL Source. 

The extent ofNAPL contamination at this site is unknown. The high permeability 

zones found as the sandy layers discussed earlier may be part of a continuous layered 

type of formation or part of a channel deposited as a result of the meandering channel 

nearby. If one of these sandy layers are consistent across the site, it is possible that the 

NAPL contamination could have traveled further away than the area between the two 

wells. If the sandy layers behave as channels, the NAPL saturation present could be 

isolated to the area directly between the two wells. In either situation, the contamination 
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reached by the tracers in this experiment must be in the vicinity of the two wells because 

of the short travel times illustrated by the first peak of the breakthrough curve. 

As discussed earlier, groundwater and free-product elevations in the wells of this 

area are historically variable (Figures 1 and 2). Given this variation in water and NAPL 

levels, it is possible that a smear zone has been created above the water table, and 

residual NAPL has been trapped in one of the high permeability sandy zones. However, 

historical water level data for the wells in this area is relatively minimal as seen in 

Figures 1 and 2. There is no way to determine if the water levels at the site have risen 

above the experimental zone in the ten years prior to the partitioning tracer test, and so 

the possibility of a simple smear zone cannot be ruled out. 
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4.1 CONCLUSIONS 

The use of SF 6 and BCF as conservative and partitioning tracers appears to have 

been successful in the detection of residual NAPL in this system. Mass recoveries, 

retardation factors, and apparent NAPL saturations were calculated from moment 

analysis of the breakthrough curves. The results represent a measure of the immiscible 

liquid NAPL in the vadose zone in the study area. The calculated values for residual 

NAPL saturation (0.08-0.41 %) should be useful when considering remediation 

alternatives onsite or in the determination of the efficacy of present remediation efforts. 

It is difficult to determine the provenance of the NAPL present. Possible sources 

for the contamination include infiltration from the ground surface or multiple sources of 

lateral migration of NAPL at depth. Because of the proximity of the water table and the 

floating free-product to the screened interval of the experiment, the NAPL detected could 

be either residual NAPL associated with infiltration, lateral migration, or NAPL 

deposited in the vadose zone due to the natural or induced fluctuation of the water table. 

The heterogeneity of the site's geology was reflected in the breakthrough curve of 

SF6. The multiple peak behavior seen in a conservative tracer indicated that the tracers 

traveled in at least two unique flow paths between the two wells. This was also reflected 

in the breakthrough curve of BCF, which had mass loss and retardation compared to SF 6 

in the first peak only. The second peak suggests that NAPL occurs only in the primary 

flow path and that the longer or more diffuse flow paths are virtually 

NAPL-free. This suggests that the NAPL distribution in the area of the two wells is not 

uniform across the site. Residual NAPL is most likely present in the area directly 
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between the wells, as this is the area most associated with short travel times and the first 

peak of the breakthrough curve. However, since there was so little retention in the second 

peak, the area of this release would be relatively small. Since infiltrating NAPL is known 

to travel along the "path of least resistance" as it moves downward through the aquifer, 

the likelihood that NAPL released above-ground would infiltrate to an area directly 

below it is very small. Therefore, the most probable scenario for retention of NAPL 

within the area between the two wells is lateral migration into a high permeability zone, 

such as a sandy lens like those discussed earlier. 

Additional tests would likely be required to more accurately determine the source 

of the residual NAPL present at this site. Another tracer study, incorporating multiple

depth sampling would enable more precise analysis of the NAPL present across the 

vertical interval. Sampling at various depths would also provide more information on the 

flow paths present and the influence of heterogeneity. In order to more accurately 

determine the provenance of the NAPL, a tracer test using a screened interval further 

away from the saturated zone would be beneficial, and would reduce sources of error 

such as the variation of ground water elevation or the presence of a smear zone. This 

would require the drilling of additional wells, since the wells used in this experiment 

were drilled for an alternate use. The availability of additional wells or the ability to 

choose the length and depth of the screened interval would require additional funding and 

advanced planning. In either case, a water-partitioning tracer should be used so that any 

questions about the impact of water on the experimental system and results can be 

addressed. 
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The saturation value determined with this tracer test is constrained by a number of 

factors (Nelson and Brusseau, 1996; Nelson et al., 1999a). These factors include the 

presence of subsurface heterogeneity, rate-limited mass transfer of the tracer between the 

gas and immiscible liquid phases, by-pass flow where the tracer may flow around a zone 

ofNAPL due to reduced permeability, multi-phase partitioning, and mass loss. In order to 

account for these constraints, saturation values obtained using a partitioning tracer test 

may often be considered underestimates of actual values. Although more work needs to 

be done on the impact of mass transfer, heterogeneity, and by-pass flow within a 

partitioning tracer test, the results of this study indicate that this is a promising addition to 

methods for site characterization which enable the quantification and areal extent of 

contamination to be determined. 
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APPENDIX 1: SITE MAP 
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APPENDIX 2: WELL LOGS 
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FWOR DANIEL GTI~ 

Drilling Log 
Monitoring Well FS-6 

Project City of Tucson/Price Service Center owner -=C~it..c..y.....:o;..;.f_T:...:u=-=c:..;:.s.;:.:on~------- See Site Map 
For Boring Location 

Location Fire Station at 797 East Aio Way, Tucson, AZ. Proj. No. 023300328 

surface Elev. NA ft. Total Hole Depth 120 ft. Diameter -=8....;.i:....;.;n. _______ _ COMMENTS: 

Top of Casing NA ft. Water Level Initial 112 ft. Static -=9:..;:;8.....:f...:.:t·:....--------

Screen: Dia 4 in. Length 40 ft. Type/Size ...;;;o..;..;.oa.,;;2a.;;o.;...,_·n.--'------ Western edge of front parking tot. 

Casing: Dia 4 in. Length 80 ft. Type -=S:..;:;c.:..:.h_4:....::0;....P;....V.....:C::;.._ _____ _ 

Fill Material 10/20 Colorado Sand Rig/Core ~R;....;.,T--'t=8=0=0-_______ _ 

Drill Co. THF Drilling Method -=O..:D;.:E:..;..;X:....-______________ _ 

Driller Vern Christianson By Rick Logsdon Date 05/07 /98 Permit # 55-56806 

'C 
Checked By License No . .;..;A.;;;;D.;...;W.....:R....;;6;..;.t.;...t ----------

C 0 ....... >-
.2 - c ci 

.i::.- =ai oe ::, ...., . a, 0 > 
a.~ a,_ -a. a. u 0 

~- ~a. a.,9; 0 

E E :t ti 
(tJ 0 a: 
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u CJ) co N 

-2 
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0 

in 
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(I) 

:c Ol 
(tJ 

u a.o ~_, (/) 

(!) u 
(/) 
::> 

·.' · .· :· .· :· 

tmI 
~ -~ · . · ·..;...,,,; . 

~~-
· ··.:...:.; . 

. :7"',2·. SM 

Description 

(Color, Texture, Structure) 

Trace < 10%, Little 10% to 20%, Some 20% to 35%, And 35% to 50% 

O - 20 Feet: Silty Gravelly Sand 
Brown, dry to damp, poorly sorted. Sand is fine to 

coarse-grained, subrounded to subangular, loose. Gravel is 

fine,subrounded , loose. Silt is fine . No petroleum hydrocarbon 

odor. Sand 65%, silt 20%, gravel 15%. 

20 - 25 Feet: Sandy Silt 
Light brown, dry, very well sorted to well sorted. Silt is t ine . 

semi-hard. Sand is tine-grained, subangular to angular , 

semi-hard. Clay is tine . No petroleum hydrocarbon odor . Sil t 65% . 

sand 25% , clay <10%. 

Pa ge: I of 4 
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FWOR DANIEL GTI~ 

Drilling Log 
Monitoring Well FS-6 

Project City of Tucson/Price Service Center owner ...;;;C"""'it.,_y-'o'"""f_T.....;u;..;;.c....;;..s..;...on _______ _ 
Location Fire Station at 797 East Afo Wav. Tucson, AZ. Proj. No. 023300328 

C 0 ....... 

.2 .... C 
.c- =~ oE 
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Description 
(Color, Texture, Structure) 

Trace < 10%, Little 10% to 20%, Some 20% to 35%, And 35% to 50% 

Clayey Sandy Slit (continued) 

25 - 30 Feet: Gravelly SIity Sand 
Brown, dry, moderately well sorted. Sand is fine to 
coarse-grained, subrounded to subangular. loose. Silt is fine. 
loose. Gravel is fine, subrounded to subangular. loose. No 
petroleum hydrocarbon odor. Sand 70%, silt 20%, gravel 10%. 

30 - 45 Feet: Sandy Clayey Slit 
Light brown, dry, very well sorted to well sorted. Silt is fine, hard. 
Clay is fine, hard. Sand is fine-grained, hard. Trace of caliche 
nodules. Partially cemented by calcium carbonate. No petroleum 
hydrocarbon odor. Silt 60%, clay 30%, sand 10%. 

45 - 50 Feet: Sandy Silty Clay 
Reddish brown. damp to moist. well sorted. Clay is fine. semi-hard, 
stiff, brittle . Silt is fine. semi-hard. Sand is fine-grained, 
subangular to angular, semi-hard. No petroleum hydrocarbon odor. 
Clay 55%. silt 30%. sand 15%. 

50 - 55 Feet: Sandy Clayey Silt 
Light brown. dry to damp, well sorted. Silt is fine. semi-hard to 
hard. Clay is semi-hard to hard. Sand is fine-grained, subangular 
to angular. semi-hard to hard. Partially cemented by caliche . 
Fragments of caliche present. No petroleum hydrocarbon odor. 
Silt 65%. clay 20%, sand 15%. 

55 - 65 Feet: Sandy Silty Clay 
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FUJ0R DANIEL GTI~ 

Drilling Log 

Monitoring Well FS-6 

Project City of Tucson/Price Service_ Center owner _C_it ..... v_o_f_T_uc_s_o_n _______ _ 

Location Fire Station at 797 East A10 Wav. Tucson, AZ. Pro;. No. 023300328 
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Description 

(Color, Texture, Structure) 
Trace < 10%, Little 10% to 20%, Some 20% to 35%, And 35% to 50% 

55 - 65 Feet: Sandy Silty Clay (continued) 
Light brown, dry to damp, well sorted to moderately well sorted. 
Clay is fine, hard. Silt is fine, hard. Sand is fine-grained, 
subangular to angular, hard. Srongly cemented by calcium 
carbonate. No petroleum hydrocarbon odor. Clay 55%, silt 30%, 
sand 15%. 

65 - 80 Feet: Sandy Silty Clay 
Light brown, dry to damp, well sorted to moderately well sorted. 
Clay is fine, hard. Silt is fine, hard . Sand is f ine-grained, 
subangular to angular. hard. Srongly cemented by calcium 
carbonate. No petroleum hydrocarbon odor. Clay 60%, silt 30%, 
sand 10%. 

80 - 87 Feet: Sandy Silty Clay 
Reddish brown, moist. well sorted. Clay is fine , hard to very hard, 
very st i ff , brittle . Silt is fine, hard to very hard . Sand is 
f ine-grained, sub angular to angular. hard to very hard . Bands of 
caliche and marbling of cal,che . No petroleum hydrocarbon odor . 
Clay 55%, silt 35%, sand 10%. 

87 - 90 Feet: Silty Clay with Sand 
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FWOR DANIEL GTI~ 

Drilling Log 

Monitoring Well FS-6 

Project City of Tucson/Price Service .Center owner _C_it.._y_o_f_T_u_c __ s_on _______ _ 
Location Fire Station at 797 East Aio Wav Tucson AZ Proj No 023300328 E E 

C 0 ....... >,. <n 
.2 1-4 c 4i 0 VI 

Description .c.-
=ai oE 

:, > :.c 0) 
(0 - . di 0 u a.:::: di- 1-4 a. a. u 0 a.o ~- ~a. a.,9- u ~_. Cl) (Color, Texture, Structure) E E :t 4) 

(0 0 a: (!) u 0 Cl) Trace < 10%, Little 10% to 20%, Some 20% to 35%, And 35% to 50% u CJ) in ~ :> 

-88 ------ 87 - 90 Feet: SIity Clay with Sand (continued) - . . ~===-- .===-=-- Reddish brown, moist, well sorted. Clay is fine, hard to very hard, -- -
§~~= - very stiff, brittle. Silt is fine, hard to very hard. Sand is -- -===-===- fine-grained, subangular to angular, hard to very hard. Bands of -90- ·= ~~~~= - 177 - i\ caliche and marbling of caliche. Slight petroleum hydrocarbon - ~~~ - odor. Clay 60%, silt 35%, sand 5%. ~ - -- . . 540 
~~~~= - . . 

90 - 95 Feet: Silty Clay - CL -92- - .. -- . . 
§:~~= Reddish brown, moist, well sorted. Clay is fine, hard to very hard, -- very stiff, brittle. Silt is fine, hard to very hard. Trace of caliche . - .====..: -- . . 

384 ~==-==- Strong petroleum hydrocarbon odor. Clay 60%, silt 40% . - . . ~===..: ----94- ~----- . . - ------ .. - ------ .. 
to::~-==-==-- .. - - 2128 - .._ ____ 

95 - 100 Feet: Silty Clay with Sand -- ..==~-
-96- - .. 

::::~ Brown, damp to moist, well sorted. Clay is fine, brittle. Silt is fine. - .. 72500 -- .. Sand is fine-grained. Partially cemented by calcium carbonate. - ~===; - - .. 
Strong petroleum hydrocarbon odor. Clay 50%, silt 40%, sand - . . - i-----· · - ::::: <10%. -98- - .. t -. . - <· 2200 -·· - 1------.. . . - 1------ ··-- . . .._ ____ 

.. . . - 1-----
-100-

. . - ~- CL - 100 - 105 Feet: Silty Clay with Sand - 620 ~==== ML - . . 
Brown, moist to wet, well sorted. Clay is fine, brittle. Silt is fine. - .. ____ :: 

-- - Sand is fine-grained. Partially cemented by calcium carbonate. - ~==== - . . - . . Strong petroleum hydrocarbon odor. Clay 50%, silt 40%, sand -102- - .._. ____ 
- . . i------- 20 <10%. - 1------. . - .. ::::: - - . . - . . - . . - .. 

~~~~~ -104- - .. ·· -. . - . . -·· - .. 
. . --- .. - 10 - ~~~~= 105 - 108 Feet: Silty Clay ·· - 7 -106- - . . - -====..:. i\ Reddish brown. morst to wet , well sorted. Clay is fine, very stiff, ·· - . . 0 

~~~~= 
-. . - .. 

brittle . Silt is fine . Trace of caliche. No petroleam hydrocarbon . . - .. - - . . odor. Clay 60%, silt 40%. . . - . . ------ .,_ ____ 
--108- · · - . . 106 - 108 Feet: Silty Clay .. - ------ 0 

~~~= 
. . - . . ~ Light brown to white. wet. moderately well sorted. Clay is fine, · - . . .. - . . - .. brittle. Silt is fine. Caliche is well cemented and is pourous. -

~~~~ ·· - . . 
Possible saturated zone. No petroleum hydrocarbon odor. Clay .. - . . 

-110- -. . - .. 
~ 60%, silt 40% . - .. 0 

~~~~= . . - . . 
108 - 110 Feet: Silty Clay -.. - ·· - ..:-===--. . - . . 

~:;~:;: Reddish brown, moist, very well sorted to well sorted. Clay is fine . · · - .. 

--112- - stiff. moderately plastic. Silt is fine. Trace organic material. No -
~~~t - . . - petroleum hydrocarbon odor. Clay 75%, silt 25% . - .. CL - - 0 i-,---- ~ 110 - 113 Feet: Silty Clay ·· - .. - -----. . - . . ----- Reddish brown, moist, very well sorted to well sorted. Clay is fine . --114- - .. -
~~~= · - . . 

stiff, moderately plastic. Silt is fine. Trace organic material. No -- . . petroleum hydrocarbon odor . Clay 75%, silt 25%. · -- - .. 
0 

.,_ ____ 
- ..,_ ____ .- . . 113 - 120 Feet: Sandy Silty Clay - ------116- · -

~~~~= - .. Light brown, damp to moist, well sorted to moderately well sorted. -. . - .. - .. Clay is fine. stiff , brittle. Silt is fine. Sand is fine-grained. . - .,_ ____ 
~ - .. - .. 

Partially cemented by calcium carbonate. Small granules of caliche .. - .,_ ____ 
-

~~~~= - .. present. No petroleum hydrocarbon odor. Clay 60%, silt 30%, sand .... 118- -· -- .. 10%. -
~~~~~ 

.- .. -- - .. -. . - .. - .... -i--120 - .. 
0 120', Total depth of FS-8 
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[JI] IT CORPORATION 
A Member of the IT Group 

Drilling Log 

Monitoring Well FS-14 

Project City of Tucson/Price Service Center owner __ C_i t...._y_o_f_Tu_c_s_o_n _______ _ See Site Map 
For Boring Location Location Fire Station #10 at 791 East Aio Way, Tuscon, AZ. Proj. No. 023300328 

Surface Elev. NIA ft. Total Hole Depth 120 ft. Diameter -'O;._in_. ------- COMMENTS: 
Top of Casing 2471.71 ft. Water Level Initial 101 ft. Static __ 9_7_f_t. _______ _ 

Screen: Dia 4 in. Length 35 ft. Type/Size 0.020 in. Drilled boring to 120 feet. Encountered 
4 · 77 ft s· h 40 PVC second water bearing zone from 11$ to Casing: Dia m. Length · Type C 120 feet. -Boring sloughed in from 111 to 

Fill Material 10/20 Colorado Sand Rig/Core RT /800 · 120 feet. Sealed remaining boring from 11 
to Ill feet with bentonite. Installed well 

Drill Co. THF Drilling Method OOEX to /IT feet with screen from TT to 112 
feet. 

Driller Vern Christiansen Log By Rick Logsdon Date 02/05/99 Permit f 55-569423 

Checked By License No. _A=Z=2=8=25.=2;._ _________ _ 
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ML 

Description 
{Color, Texture, Structure) 

Trace < 10%, Little 10% to 20%, Some 20% to 35%, And 35% to 50% · 

0 - 20 Feet: Silty Sand 
Red, dry, moderately sorted, unconsolidated. Sand is fine to 
coarse-grained, subangular to angu lar. Sand 70%, Silt 30% . 

20 - 40 Feet: Sandy Silt wi th Clay 
Brown, damp, moderately so r ted, semi-consolida tec . Sand is fi ne 
t o medium-grained, subangular t o angular . Silt 50%, Silt 30%. 
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[IJ IT CORPORATION 
A Member of the IT Group 

Drilling Log 
Monitoring Well FS-14 

Project City of Tucson/Price Service Center Owner ..;:;C.;..;.it""-y...;:;.o..;...f...;..T=uc;;..;;s..;;.on;..;..._ ______ _ 
Location Fire Station #10 at 797 East Aio Way, Tuscon, AZ. Proj. No. 023300328 
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Description 
(Color, Texture, Structure) 

Trace < 10%, Little 10% to 20%, Some 20% to 35%, And 35% to. 50% 

Sandy Silt with Clay (continued) 

40 - 60 Feet: Clayey Silt with Sand 
Red to brown, damp to moist, well sorted, very consolidated. Sand 
is fine-grained, subangular to angular . Trace caliche. Silt 50%, 
Clay 30%, Sand 20%. 

60 - 80 Feet : Clay and Silt 
Red to brown, dry to damp, well sorted, consolidated. Clay is 
semi-plastic and dense with a trace of fine-grained sand. Clay 
50%, Silt 40%, Sand 10%. 
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fTTl IT CORPORATION 
~ A Member of the IT Group 

Drilling Log 
Monitoring Well FS-14 

Project City of Tucson/Price Service Center owner -=C:..:....:it~v.....;o:;..;t_T;...;u;.;:;c~s.;;.;on..;...... ______ _ 
Location Fire Station #10 at 797 East Aio Way, Tuscon, AZ. Proj. No. 023300328 
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Description 
(Color, Texture, Structure) 

Trace < 10%, Little 10% to 20%, Some 20% to 35%. And 35% to.- 50% 

-------------------------------~----.... ___ _ 
------ ·-- ·-.... ___ _ 
--·· 
::::: k:L/M ____ :: 
~==== ::::: 
:::::: 
----= ~-

~ --~· .. 
~~. 

~-~ .. 

Clay and Silt (continued) 

80 - 84 Feet: Sandy Silt with Clay 
Red to brown, damp to moist. well sorted, semi-consolidated. Sand 
is very fine-grained, angular. Slight hydrocarbon odor. Clay 40%, 
Silt 30%, Sand 30%. 

84 - 87 Feet: Silty Sand 
Brown, damp to moist, well sorted, semi-comsolidated. Sand is very 
fine-grained, subangular to angular. Trace clay. Slight 

1 .... -_: ._·._:-~·,.:,: 1---~1--'" hydrocarbon odor. Sand 60%, Silt 30%, Clay 10%. .... ___ _ 
~==== 
•---- ML/Cl ~----
:::::: 

::::: 
:::::k:LIM 
-----====-

~~~~= 
i-------------------------i------

~ : ':.~ ML/SI 

--·· ~-
::::: ~L/CI 
-====-- lu ..._ ___ _ 
====-
::::: CL 

:::::~ 

87 - 90 Feet: Silt and Clay with Fine Sand 
Light brown, damp to moist, well to moderately sorted, consolidated, 
semi-plastic. Sand is very fine-grained, angular. Slight odor. Silt 
45%, Clay 40%, Sand 15%. 

90 - 93 Feet: Silty Clay 
Red brown, moist, well sorted, consolidated. moderate plasticity. 
Trace of fine grained sand. Silt, clay, and sand are partially 
cemented by caliche (CAC03). Strong hydrocarbon odor. Clay 
50%, Silt 40%, Sand 10%. 

93 :- 95 Feet: Clayey Silt with Sand 
Red to brown, moist, well sorted, semi-consolidated, partial 
cementation by caliche. Sand is fine-grained. angular. Trace 
organic material. Strong hydrocarbon odor. Silt 50%. Clay 30%, 
Sand 20%. 

95 - 103 Feet: Silty Clay 
Red to brown, moist to wet. moderately sorted, consolidated, 
partially cemented by ·caliche . Trace of fine-gra ir~d sand. 
Secondary porosity b'/ CAC03 noted. Trace of o~ ~anic material. 
Strong hydrocarbon odor. Clay 60%, Silt 40%. 

103 - 105 Feet: Clayey Sandy Silt 
Red to brown, moist, moderately sorted. semi-consolidated. Less 
cementa tion. Sand is fine-grained. angular . Sligh t hydrocarbon 
odor. Silt 50%, Sand 30%, Clay 20%. 

105 - 107 Feet: Silty Clay 
Red to brown, wet to saturated, well sorted. consolidated . 
cementation by CAC03. Noted secondary porosity in the clay from 
106 to 107 feet. Slight hydrocarbon odor. Clay 60%, Silt 40%. 

107 - 111 Feet: Clay with Silt (continued on next page) 
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II IT CORPORATION 
A Nember of the IT Group 

Drilling Log 
Monitoring Well FS-14 

>reject City of Tucson/Price Service Center owner -=C.;.:,it"'-y....;;o..;..f..;..T.;;..uc;;..;;s'"""o-'-n---:-:-'.:'~~~ 
_ocation Fire Station #10 at 797 East Aio Way, Tuscon, AZ. Proj. No. 023300328 
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Description 
(Color, Texture, Structure) 

Trace < 10%, Little 10% to 20%, Some 20% to 35%, And 35% to 50% 

Clay with Silt (continued) 
Red to brown, damp, well sorted, very consolidated. Clay is stiff 
and plastic. Noted less moisture in this zone. Slight hydrocarbon 

• odor. Bands of caliche up to I-inch thick from 109 to 110 feet. 
Clay 75%, Silt 25%. 

111 - 112 Feet: Silty Clay with Sand 
Red to brown, wet to saturated, moderately sorted, 
unconsolidated. Sand is fine-grained, angular. Noted bands of 

1 caliche from 111 to 112 feet. No hydrocarbon odor. Clay 40%, Silt 
1 35%, Sand 25%. 

112 - 116 Feet: Silt and Clay 
Brown, dry to damp, well sorted, very consolidated. Clay is highly 

\ 
calcareous. Trace of fine sand. No hydrocarbon odor. Clay 60%, 
Silt 40%. 

116 - 118 Feet: Silty Sand with Clay 
Brown, moist to wet, poorly sorted, partially consolidated, partially 
cemented. Sand is very fine-grained, angular. No hydrocarbon 
odor. Grain size increases with depth. Sand 50%, Silt 35%, Clay 

I 15%. 

118 - 120 Feet: Silty Sand 
Light brown, saturated, poorly sorted, unconsolidated. Sand is fine 
to coarse-grained, subrounded to angular. No hydrocarbon odor. 
Sand 70%, Silt 30%. 

- Total Depth of Borehole 120 Feet - Well Set to 112 Feet 
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