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Summary 

A field test of hydrous pyrolysis/oxidation (HPO) was conducted during the summer of 1997, 

during a commercial application of thermal remediation (Dynamic Underground Stripping @US)) 

at the Visalia Pole Yard (a super-fund site) in southern California. At Visalia, Southern California 

Edison Co. is applying the DUS thermal remediation method to clean up a large (4.3 acre) site 

contaminated with pole-treating compounds. This is a full-scale cleanup, during which initial 

extraction of contaminants is augmented by combined steam/air injection in order to enhance the 

destruction of residual contaminants by HPO. Laboratory results indicate that the contaminants 

at Visaha react at similar rates to TCE, which has been the focus of extensive laboratory work 

(Knauss et al., 1998a-c). Field experimental results from this application yield valuable 

information (1) confirming the destruction of contaminants in soil and groundwater by HPO, (2) 

validating the predictive models used to design HP0 steam injection systems, (3) demonstrating 

that accurate field measurements of the critical fluid parameters can be obtained using existing 

monitoring wells and (4) obtaining a reasonable prediction of the cost and effectiveness of HPO, 

working at a commercial scale and with commercial partners. 

The goal of our additional study and demonstration in conjunction with Edison has been to obtain 

early proof of hydrous pyrolysis/oxidation in the field, and validate our predictive models and 

monitoring strategies. This demonstration provides valuable economic and practicability data 
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obtained on a commercial scale, with more detailed field validation than is commonly available on 

a commercially-conducted cleanup. 

The results of LLNL’s field experiments constrain the destruction rates throughout the site, and 

enable site management to make accurate estimates of total in situ destruction based on the 

recovered carbon. As of October, 1998, over 900,000 lb of contaminant have been removed from 

the site; about 18% of this has been destroyed in situ. 

Background 

Southern California Edison’s Visalia Pole Yard site currently contains DNAPL product composed 

of pole-treating chemicals (primarily creosote and pentachlorophenol) and an oil-based carrier 

fluid (Figure 1). Bioremediation of the free-organic liquids is expected be prohibitively slow 

(enhanced bioremediation was predicted to take 120 years (Edison, pers. comm.). Thermal 

treatment (steam injection with vacuum extraction similar to that used in the recent Dynamic 

Underground Stripping demonstration (Newmark, ed., 1994)) was chosen for removal of the free 

product contaminant. The overall objectives of the thermal remediation of the Visalia Pole Yard 

are to remove a substantial portion of the DNAPL contaminant at the site, thereby enhancing the 

bioremediation of remaining contaminant, and to significantly shorten the time to site closure as 

well as improving the accuracy of the prediction of time to closure. As part of the final removal 

process, Southern California Edison Co. (Edison) is also implementing hydrous pyrolysis 

@PO), an in situ method of destroying organic contaminants using small amounts of 

supplemental air or oxygen (Knauss et al., 1998-c). The primary use of HP0 at this site is for 

destruction of residual pentachlorophenol, which will not readily steam strip due to high 

solubility and low vapor pressure. The combination of rapid recovery and thermal destruction is 

expected to permit Edison to achieve their cleanup goals (Figure 2). 
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Because the Visalia site is physically very similar to the recently completed demonstration of 

thermal remediation at the LLNL gasoline spill site, the physical aspects of the remediation are 

anticipated to be very similar. The ability to uniformly heat the LLNL site gave great certainty 

that this goal can be accomplished at Visalia. Although the site is approximately 2-3 times larger, 

the issues are similar. The LLNL experience also confirmed that the process could be accurately 

monitored and controlled. The chemical differences in the contaminant were the basis for a 

laboratory feasibility study (Leif et al., 1997a). During an extensive laboratory study of hydrous 

pyrolysis of the Visalia pole yard contaminant suite (described below), all of the contaminants 

have been observed to be degradable by HPO. 

At the Visalia Pole Yard, there is DNAPL contamination in three distinct water-bearing zones 

(Figures 1 and 3) (Geraghty and Miller, 1992, Vol. 1, Figure 12.1). Here we consider the several 

shallow aquifers as one unit from about 35 to 75 feet below ground surface, and the intermediate 

aquifer from about 75 to 105 feet below ground surface (Figure 3). The most shallow 

contamination (above 35 feet in depth), was not directly targeted for thermal methods 

(bioremediation is working well enough at this depth). The most sensitive ground water resource 

is found in the deep aquifer, below about 120 feet. The thermal remediation system was designed 

to remove contaminant from the intermediate and shallow aquifers, without disturbing the deep 

aquifer. 

The operational plan was to remove as much free-product pole treating compound as possible by 

steam injection/vacuum extraction. Figure 4 shows the injection/extraction layout and the 

approximate contours of free-product contamination in the three permeable levels shown in 

Figure 3 (the uppermost level is not being directly treated). Estimates place between 40,000 and 

80,000 gallons of pole treating chemical in the soil (Eaker, pers. comm.). During the initial 

contaminant extraction phase, about 380,000 lb (or 47,000 gal) of pole-treating chemicals were 

removed in approximately five months. Following this initial contaminant removal by steam 



injection and vacuum extraction, air was injected along with the steam to enhance hydrous 

pyrolysis of the remaining contaminant. 

The goal of our additional study and demonstration in conjunction with Edison’s till-scale 

cleanup was to obtain early proof of hydrous pyrolysis in the field, and validate our predictive 

models and monitoring strategies. 

Chemical Basis for Hydrous Pyrolysis/Oxidation 

We have been conducting research on the in situ thermal degradation of petroleum distillates 

(gasoline, diesel fuel, etc.) and chlorinated hydrocarbons (trichloroethene (TCE), 

tetrachloroethene (PCE), TCA, PCB, etc.)(Knauss et al., 1997, 1998a-c, L&f et al., 1997a, 

1997b). Experimental work with organic solvents (e.g., Knauss et al., 1998a-c) suggests that in 

situ thermal degradation of these compounds via hydrous pyrolysis/oxidation PO) may form 

the basis for a whole new approach to remediation. We are studying the base rates of degradation 

at temperatures achieved by thermal remediation techniques and methods to catalyze the 

chemical processes to maximize degradation. This approach provides the basis for dramatically 

improving the rate and efficiency of remediation by rendering the hazardous materials into benign 

ones via a completely in situ process. By determining the thermodynamic properties (e.g., 

solubility, Henry’s Law constants, etc.) of these hazardous compounds, as a function of T and P, 

we hope to be able to predict effectiveness and required cleanup time for design purposes and to 

optimize cleanup through the use of process-oriented hydrologic transport and geochemistry 

models. In spite of recent advances in modeling capabilities, the thermodynamic data necessary to 

make design calculations for elevated temperatures are essentially nonexistent. 

Several in situ methods for cleaning up volatile organic contaminants involve the application of 

either heat alone or heat plus water and/or steam to mobilize organic contaminants. This 

approach is essentially based on the physical properties of the VOCs. As the name implies, they 

volatilize. A fact that is less well-recognized, however, is that organics are increasingly solvated 

by and reactive with water as temperature is increased. This occurs largely as a consequence of 
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the precipitous drop in the dielectric constant of water as temperature increases. Water becomes 

a progressively better and better solvent for organics with increasing temperature. Under 

appropriate conditions, water and/or dissolved oxygen can react with hazardous organics to 

produce a relatively benign mixture of oxygenated compounds (e.g., alcohols, aldehydes and/or 

carboxylic acids). The yield of benign products resulting from the hydrothermal oxidation of 

hazardous organics may be enhanced using a variety of oxidants. 

The ultimate closure of the Visalia Pole Yard site depends upon the removal of PAH compounds 

(e.g., naphthalene) and pentachlorophenol to levels meeting the drinking water standards’. 

Moreover, Southern California Edison Co. must be able to convincingly argue that the levels will 

remain low in the future, with no “rebound” effect as has been seen in pump-and-treat 

remediation of DNAPL sites. The combination of DUS and HP0 should meet these objectives 

and provide confidence that the contaminant levels will stay within predicted limits in the future. 

In order to predict the continued HP0 destruction of residual contaminants, a detailed 

understanding of the reactions and their sensitivity to site conditions is desired. What follows is 

a brief introduction to the chemical basis for HPO. 

Theoretical Basis for Hydrous Pyrolysis/Oxidation: 

Organic compounds in the environment are frequently metastable. Thermodynamically, they 

should oxidize to their mineral (stable) components, such as COZ, but the kinetics of these 

reactions are slow. Dolfing and Janssen (1994) used group contribution estimation techniques to 

calculate the free energies of formation of the aqueous and gas phase aliphatic chlorinated 

hydrocarbons. The estimates are for 25OC and 1 bar. Using these data, we can write possible 

hydrolysis and oxidation reactions involving compounds like TCE and calculate their 

thermodynamic driving force. For example, for a reaction written in the form: 

1 The Remediation Standards listed in the current Remedial Action Plan / Record of Decision (RAP/ROD) 
are as follows: pentachlorophenol: 17 mg&g in soil, 1 q/L in water 

XDD (eqv): 0.001 mgkg in soil, 0.00003 ugIL (3Oppq) in water 
Benzo-a-pyrene: 0.390 mg/kg in soil, 0.2 ug/L (2OOppt) in water (C. Eaker, pers. comm.) 
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Reactants = Products 

AGreaction = DGproducts - DGreactants 

We made such calculations for a number of potentially interesting aqueous oxidation reactions 

and found that for many of them, at 25OC, there was a significant driving force. This fact alone, of 

course, doesn’t mean that the reaction will, in fact, proceed as written for a number of reasons. 

First, this is an estimate of the thermodynamic driving force for the reaction at reference state 

conditions of temperature and pressure and with unit activities and tigacities for all species in the 

reactions. Second, we are not considering any kinetic inhibition of the reactions. Nevertheless, the 

calculations are a starting point for discussion. 

Consider the following aqueous phase reaction (at 25OC) involving naphthalene: 

C 1 OHg(aq) + 1202(aq) = 1 OC@(aq) + 4H2G 

AG = -1249.6 kcal/mol 

Under the conditions of temperature, pressure and activity/fugacity implied in the calculation, 

this reaction has a significantly negative free energy of reaction, i.e., it is energetically favored. 

Similar reactions may be written for many other PAH and chlorinated aromatic hydrocarbons and 

we have done these calculations as well. The results encouraged us to pursue experiments to 

investigate the hydrous pyrolysis/oxidation of Visalia pole tar.The potential for oxidizing these 

compounds is now obvious (only recently, owing to a lack of thermodynamic data precluding 

calculations), but the rate at ambient conditions is negligible. Other remedial methods have 

focused on the reductive destruction of these compounds principally because the activation 

energy for oxidative reactions is large. However, at 100°C, the activation barriers are small 

enough that the reactions proceed to completion rapidly. 
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Preliminary Experiments with Visalia Pole Tar 

Preliminary results of hydrothermal oxidation using dissolved 02 show that naphthalene and 

pentachlorophenol (model compounds for the components of pole tar) can be rapidly and 

completely degraded (given sufficient 02) to benign products at moderate conditions, easily 

achieved in thermal remediation. These are the two most abundant compounds in the main classes 

of compounds that comprise Visalia free product DNAPL. The initial emphasis was on 

determining the rate dependency on dissolved 02 at temperatures easily achieved in thermal 

remediation (100’ and 125OC). We found that at dissolved 02 concentrations as high or higher 

than the stoichiometric amount required to oxidize the dissolved naphthalene or 

pentachlorophenol, the rates were independent of 02 concentration. Figure 5 shows a 

comparison of the reaction rates of pentachlorophenol and napthalene (Visalia model 

compounds) to the rate observed under similar conditions for TCE. Note that for a given 

temperature, naphthalene oxidation is considerably slower than pentachlorophenol oxidation. The 

rates for Visalia compounds bracket the TCE value; this indicates that the overall reaction rates at 

Visalia will be appropriate for extrapolation of the results to TCE cleanup. 

Figures 6 and 7 show results from a napthalene and a pentachlorophenol run which contained 

enough dissolved 02 (air saturation) to completely oxidize the starting amount of the 

hydrocarbon. Note that in both the naphthalene and pentachlorophenol runs, we control pH at 

pH 7 using a dilute buffer solution. The amounts of COZ and chloride ion eventually produced 

suggest that “mineralization” is nearly complete. In these experiments, pentachlorophenol is 

observed to rapidly degrade at temperatures as low as 70°C. Oxidation of napthalene showed no 

byproducts other than COZ and chloride ion in the runs that had at least the stoichiometrically 

required amount of dissolved 02. Ephermeral intermediate products may have been present at 

low concentrations. 



Experiments using real Visalia Pole Yard pole treating chemical samples showed them to be 

amenable to in situ destruction, again given sufficient dissolved 02. Dissolved 02 reacted 

extensively with the compounds present in pole tar to form oxygenated products ranging from 

oxygenated intermediates, like phenols and carboxylic acids, to the ultimate product CO2. 

Figure 8 shows results from one of the preliminary experiments from a study of oxidation of pole 

tar compounds (Leif et al., 1998) found in the Visalia free product. In these runs, oxygen gas was 

added to the system to establish an initial concentration of 18.5 umols/g. The pressure was 

maintained at 500 psi to keep the oxygen, and any product gas, in solution. This low pressure 

has no effect on the chemical reactions being measured. In the run whose data is plotted in Figure 

8, free product pole tar was added to the Dickson autoclave in an amount exceeding the oxygen 

content of the water. This ensured that the oxidation reaction stopped before going to 

completion, allowing examination of intermediate products of the reaction. The temperature is 

increased as shown, until the reaction rate as measured by the production of carbon dioxide gas 

became rapid at 100°C. Most of the oxygen was consumed at this temperature. More complete 

analyses are given in Figure 9 and Table 1. The data are labeled as “partially reacted water”. All 

chemicals measured by EPA 8270 were reduced by the hydrous pyrolysis reaction. The only 

new products formed, other than COZ, were oxygenated phenols and carboxylic acids, which are 

innocuous compounds. 

We also evaluated the results of partial oxidation of the contaminants, both to gain insight into 

the reaction mechanism(s) and to confirm that the intermediates of reaction were benign. The free 

product was equilibrated with water by stirring overnight. The water was decanted and placed in 

the bomb (no free product present). The sample was initially heated in the presence of 

insufficient oxygen for complete oxidation (partially reacted water). The dissolved O2 readily 

reacts with the primary creosote compounds (such as napthalene, methylnapthalene, anthracene 

and fluorene), forming products ranging from partially oxidized intermediates, such as phenols 

and benzoic acid to the fully oxidized product, COZ. A separate experiment was conducted with 

sufficient oxygen to fully oxidize all the compounds. As seen in the results contained in Figure 9 
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and Table 1 - identified as “fully/completely reacted water”, none of the hydrocarbons or 

chlorinated hydrocarbons initially detected in the equilibrated (unreacted) contaminated water 

remained following the hydrothermal treatment. Suffkient oxygen was present to oxidize them 

all. Complete destruction of creosote was achieved at 120’ C. 



Table 1 

Destruction 50% >92% 

EPA Method 8270A, Calscience Environmental Laboratories, Inc, 2/l/96. 
Table 1. Results of hydrous pyrolysis/oxidation testing of water saturated with pole- 
treating chemicals. “Equilibrated Water” was stirred with an excess of free-product (from 
a Southern California pole-treating site) for three days. “Partially Reacted Water” is the 
result of reacting the free-product/water mix at up to 120 C until all oxygen was 
consumed, stopping the reaction. “Completely Reacted” used the decanted, equilibrated 
water (no free product) with an excess of oxygen. 
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In order to model the transport of the PAH compounds, thermodynamic properties of key 

constituents are required at the appropriate temperatures. We determined the high-tempreature 

aqueous solubility of a representative PAH compounds commen in the Visalia pole tar; fluorene. 

Figure 10 shows the experimental results; they agree well with the published data in the lower 

temperature range. 

Application of Hydrous Pyrolysis to the Visalia Cleanup 

The laboratory results indicated that hydrous pyrolysis can play a significant role in the final 

removal, or polishing of residual contaminant from the soil. This is generally viewed to be the 

most difficult part of a cleanup. Where groundwater is oxygenated (i.e., at the edges of the 

contaminated area, the up-gradient side in particular), hydrous pyrolysis will occur during the 

initial steaming of the site. After the majority of the product is removed from the site, this 

process continues. Oxygen can be added to the injected steam to promote the hydrous pyrolysis 

reaction after collapse of the steam zone. The injected oxygen dissolves in water held as residual 

saturation during the steam injection pulse, and can readily diffuse from that water into the rest 

of the aqueous phase after collapse of the steam zone. Thus, the supplemental oxygen can be 

readily delivered to the heated “reaction zone”. Because of the difficulty of extracting 

pentachlorophenol by vapor extraction, its destruction by hydrous pyrolysis was anticipated to 

be a significant factor in the final cleanup of the Visalia site. 

Hydrous Pyrolysis at Visalia: Field Experiments 

In order to evaluate the progress of the HP0 chemical destruction in situ, we conducted two field 

experiments at the Visalia site. We also developed field methods for sampling and analyzing hot 

water for contaminants, intermediates and products of reaction. Since HP0 is an aqueous-phase 

reaction, it is essential to capture the fluid chemistry for evaluation. At elevated temperatures, 

many of the key constituents are sufficiently volatile that traditional sampling techniques are not 

suitable. We developed two high temperature packer and pump systems capable of delivering a 



pressurized, isolated fluid stream to the surface, where in-line analysis can be performed (Figure 

11). In order to measure key chemical constituents, an in-line analytical system was developed 

for both dissolved oxygen and organic analyses (Figure 12). This system depends largely on a 

manifold maintaining pressures above hydrostatic on the fluid stream until analyses are 

performed (for example, this involved keeping pressure on the sample stream until a fixed volume 

sample was collected in a purge and trap collection mode for the gas chromatograph). 

For use at Visalia., an additional challenge posed was to protect the existing plastic monitoring 

wells from temperature-induced collapse. We modified the packer systems to provide circulating 

cooling fluids to both protect these wells and to permit sampling during steam injection. By 

separating the straddle packers, we were able to protect four plastic monitoring wells, placing the 

packers in position above the heated region. The two pump systems enabled sampling in two 

wells, which were screened in the intermediate aquifer. These systems have performed 

successfully to date (during the first year of steam operations), both protecting the wells and 

providing valuable fluid samples, thus demonstrating the capability of monitoring these processes 

using existing wells. This provides for historical consistency in evaluating the groundwater 

concentrations as well as a significant cost savings. 

Since the addition of air or oxygen to the contaminated region is a critical aspect of HPO, noble 

gas tracers (Xe, Kr, Ne and He) were used to track the movement of the steam (and subsequent 

condensation to liquid water) and other gases initially present in the steam. This has become 

particularly important as the HP0 testing is being conducted in parallel with a full-field steam 

mobilization. In most experiments in which some additive (such as nutrients or oxidative 

chemicals) is introduced into the subsurface after which the chemical contamination is observed 

to decrease, it is difficult to definitively attribute the decrease in contaminant concentration to a 

particular process. Introducing fluid into the subsurface can dilute and/or displace the native 

groundwater, contaminant destruction cannot be quantified without some means of identifying 

the fluids present. The tracers are utilized to identify those fluids directly derived from the 

injectate of interest, as opposed to native fluids or condensate from injection wells elsewhere in 
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the field. They permit us to follow the injected steam/water/oxygen pattern from a single 

injection well, measuring how well mixing occurs, how oxygen is consumed and carbon dioxide 

produced/transported, how the intermediate HP0 destruction products correlate with 

temperature and oxygen, and in identifying the isotopic content of the extracted carbon forms. 

Isotopic measurements made on samples of the extracted carbon forms with regard to both 

carbon 14 and carbon 13 determines the mass of carbon derived from contaminant oxidation as 

opposed to (modem) atmospheric gas origins. The combination of accurate fluid sampling and 

tracking of the injected fluids allowed us to determine the amount of in situ destruction occurring 

in the treated region. 

Modeling 

The subsurface conditions are complex, involving multiple phases and phase changes combined 

with mass and heat transport. We used advanced numerical modeling in order to interpret the 

results of the experiments. These calculations are based on a non-isothermal, unsaturated zone 

transport code (NUFT), which includes individual gas properties in the multi-phase system. 

Model calculations give tracer concentrations in time and space that are directly comparable to 

measurements. The experimental results show remarkably close agreement with the simulations. 

The modeling predicted steam and tracer movement to within an hour or two in most instances. 

Modeling also effectively predicted the time of “thermal breakthrough”, which occurs when 

sufficient heat has built up in the subsurface for vaporization of contaminants to begin, and 

“steam collapse”, which is the opposite phenomenon, reflecting the condensation of the steam 

zone (Figure 13). 

The 111 thermal/hydrological/HP0 reaction capabilities of the NUFT code permit us to make 

detailed predictions of the expected behavior at Visalia (Figure 14). Among the types of 

predictions we test are those concerning the relationship between mixing, presence of steam 

condensate, and HP0 reaction rate. These are the important parameters for determining that 

there is sufficient oxygen mixing with contaminated fluid (instead of displacing the contaminated 

13 



fluid with steam condensate) and that the hydrous pyrolysis reaction is proceeding in the 

contaminated fluids. 

Figure 14 shows some key results prepared for the Visalia test. Panel 14A shows the extent of 

the steam zone after 8 hours of injection at 3.4 bars injection pressure. The area where liquid 

water saturation is below 1 indicates presence of steam. At this point in the simulation, 

injection is stopped and the steam zone is allowed to collapse until no steam is present (all the 

heated zone is liquid filled again). The distribution of temperature 16 hours after steam injection 

ceases is shown in Figure 14B; the heated zone is slightly larger than the original zone containing 

live steam. Note that the collapse of cold water back into that zone did not noticeably shrink the 

zone, since the heat capacity of the soil is so much greater than that of the small amount of water 

flowing through it. The temperature decreases to the boiling point of water at the applied 

pressure. Panel 14C shows the extent of oxygen-saturated water at this point, assuming that 100 

ppm (by weight) of oxygen or air was injected along with the steam. The oxygen is fully 

distributed in the heated “reaction” zone, as well as in the area beyond the extent of the original 

steam zone where cold, condensed steam which is oxygen saturated was located. These 

predictions give us specific parameters to test in the field, and allow a more detailed 

understanding of the field experiments by delineating the type of phenomena (such as the cold, 

oxygen saturated leading wave) that our instruments may be expected to detect. 

First Experiment: Mixing and Dispersion 

A key question in the design of in situ HP0 systems is the degree to which the heat, oxygen and 

contaminant can be mixed. Strong dispersive mixing of oxygen, contaminant and hot water is a 

critical aspect in promoting HPO. Initial concerns focused on whether or not piston-like flow 

conditions would dominate, which would reduce the mixing zones crucial to the success of HP0 

as an in situ remediation technique. The first tracer experiment was designed to address 

hydrology issues of mixing and dispersion (Figure 15). 
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About 80,000 1 of xenon-tagged water was introduced to injection well S4 (Figure 4), screened 

from 80 to 100 ft (Table 2). This was followed by neon-tagged steam injection. The tracers were 

chosen based on their solubilities; high-solubility xenon will mimic the aqueous phase, where 

low-solubility neon will mimic the vapor phase. Sampling was conducted in wells MW36 (a 

plastic-cased monitoring well about 24 m away) and S13 (a steel-cased extraction well about 28 m 

away) until the steam front had passed beyond both monitoring wells. Steam injection ceased, 

and the front was permitted to collapse back to the injection well. The timing of these events can 

be found in Table 2. Fluid samples were evaluated for the presence of tracers, intermediates of 

reaction, contaminant concentration, and dissolved oxygen. 

1 Date and Time 

Table 2 

I Event I 

First Tracer Experiment: 
Mininp snd lJisnersian 

5/19/97 15:55 Xenon tracer injection begun 
5/20/97 13:30 Xenon tracer injection complete 
5/21/97 8:oo Steam and Neon injected into Well S4 
5123197 6: 15 Well S 13 exceeds 100°C (steam passes well) 
5123197 6:40 Iniection is halted and steam zone collanses 

Second Tracer Experrment: 
Hvdrnm Pvrnlvsis / Oxidatim 

6/17/97 8:00 

6119197 13:33 
6/20/97 10:37 

Steam, Krypton, and Helium tracer injection 
begins in Well S4 
Well S 13 exceeds 100°C (steam passes well) 
Iniection is halted and steam zone collanses 

Table 2. Time history of the two tracer experiments. 
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Large dispersive mixing of the tracers was observed (Figure 16). This is in good agreement with 

calculations when realistic random permeability field realizations are used in the subsurface 

model. Calculations using uniform media underestimate dispersive mixing by more than a factor 

of ten, in clear contrast to field measurements. We found that the ratio of tracer gas to natural air 

mixed into wafer was much greater than predicted by the model’s initial assumption of no mixing 

of the injected steam and native groundwater, showing the process to be more efficient than 

envisioned and favoring the success of HP0 in the field (Figure 17). In short, the results of this 

first experiment yielded excellent results favoring the success of HP0 in the field. 

Second Experiment: Hydrous Pyrolysis / Oxidation 

‘The focus of the second tracer experiment was on hydrous pyrolysis/oxidation. Compressed air 

was injected along with the steam, in order to enhance HPO. Both helium and krypton were 

injected along with the steam and compressed air; the tracer solubilities mimic the aqueous and 

vapor phases in a similar manner to the xenon and neon used in the first experiment (Figure 18). 

Once again, the gradual increase in tracer concentrations support significant mixing and 

dispersion. 

Oxidation Results 

Evidence of the progress of HP0 comes from a number of sources, including the disappearance of 

dissolved oxygen (consumed through the HP0 reactions), the appearance of oxidized 

intermediates, the production of carbon dioxide (a final product of HPO), and the isotopic 

provenance of the carbon it contains (indicating the destruction of contaminant rather than other 

carbon sources). In the second experiment, steam injection was supplemented with air injection, 

increasing the dissolved oxygen available for HPO. Positive evidence of HP0 was found on all 

counts (see below). A surprising finding was evidence of HP0 occurring during and after the 

first, hydrology-focused experiment, which did not include the supplemental air (and thus 

oxygen). 
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In order to evaluate the potential of commercially-available oxygen sensors to be used to monitor 

dissolved oxygen in the harsh conditions created in situ, we tested a suite of devices in-line during 

the experiments, including an experimental fiber-optic system developed for biomedical use 

Ferguson et al., 1998). In addition, we were able to measure dissolved oxygen with the 

Membrane Inlet Mass Spectrometer (MIMS) system (system design described in Kana et al., 

1994). We present a subset of these measurements here (Figure 19). Dissolved oxygen 

decreased in fluids after steam collapse, indicating the consumption of oxygen during HPO. 

Concentrations of oxidized intermediates in the Edison extraction wells increased dramatically 

when Edison shut off the steam in the western wells in mid July. For example, the proportion of 

fluorenone (a partial oxidation product of fluorene) increased markedly after steam injection 

(Figure 20). 

Simple oxidates included in the EPA 8270 method (benzoic acid, phenol, methyl phenols) were 

observed to comprise up to almost 1% of the extracted organics. These intermediates have a 

short lifetime, so a 1% concentration represents a large, but as yet unquantified, destruction rate. 

Mobilization of contaminants is readily apparent in measurements made in the MW36 sample 

stream (Figure 21). In addition, the concentration of oxidate intermediates increases immed iately 

post-collapse. 

Carbon dioxide, the final product of the HP0 reaction, was measured in the vapor phase present 

in both the injection well and in the primary extraction well used for LLNL’s testing. This steam- 

rich vapor consists of a steam-carbon-dioxide mixture with small amounts of air. The extraction 

well also contained large amounts of oxidized intermediate products. 

The combined results from the chemical and istopic measurements of oxidation at Visalia indicate 

that hydrous pyrolysis/oxidation of creosote compounds in ground water occurs readily at 

steam-derived temperatures of 100 to 110 “C. This results is consistent with the observed 
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laboratoy rates of degradation. The heated Visalia ground water system is observed to be 

saturated with both calcium carbonite (calcite) and dissolved air. Newly created inorganic carbon 

(carbon dioxide or bicarbonate) was determined by the change in isotopic composition of the 

ground water, with measurements of the vadose zone gas and precipitated calcite supporting the 

ground water analyses. During and directly after injection of steam into an oxygenated 

subsurface aquifer, 14C and 13C ratios were observed to change by approximately 20% toward 

the composition of the hydrocarbon contaminant at the site, implying a total carbon oxidation of 

12 and 7 ppm in two experiments. This large value requires that active exchange of fresh air was 

occurring in the aquifer to supply the added oxygen (36 and 21 ppm total, respectively) required 

to oxidize this amount of PAH-carbon (Aines et al., 1998). 

Relationship to Edison’s Remediation Results for the Entire Site 

The results of LLNL’s field experiments can be applied directly to the overall recovery in the 

Visalia field. Edison achieved full initial heating of the Visalia site by the end of July, 1997 

(approximately 500,000 cubic yards at a temperature of 100 “C or above). Uniform heating of 

both aquifer and aquitard materials was achieved (Figure 22). At this point, about 20,000 gallons 

of free-product liquid had been removed, which is currently stored in temporary tanks on site. 

Vapor and water streams continued to be saturated with product. Continued destruction by 

HP0 was indicated by high levels of carbon dioxide (0.08 - 0.12 % by volume) removed through 

vapor extraction. Initial destruction accounted for about 300 Ibs/day of contaminant being 

destroyed via HPO. At this point, Edison adopted a huff and puff mode of operation, where the 

steam is injected for about a week, and then injection ceases for about a week while extraction 

continues. Maximum contaminant removal is obtained during this steam-off period as the 

formation fluids flash to steam under the applied vacuum of about l/4 atmosphere (at 2500 

scfm). In September, 1997, Edison began providing supplemental oxygen as compressed air 

along with steam injection; in situ destruction rates increased to about 800 lbs/day. Oxygen 

concentrations in the central extraction well, S14, were still well below 1 ppm, indicating that 

HP0 was still limited by oxygen availability. 
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By evaluating the carbon balance throughout the system, we are able to quantify the extent of in 

situ oxidation of PAHs at Visalia. These analyses are described in detail in Aines et al., 1998; the 

following is a summary. Isotopic analyses of Visalia effluent samples determined that a 

substantial amount of the extracted carbon dioxide derived from contaminant oxidation (Figure 

23). Taking into account the difference between the isotopic signatures of the Visalia 

groundwater and free product contaminant, an estimate can be made of the amount of carbon 

dioxide generated by the oxidation of creosote; such an estimate was performed for the period 

between August 1 and October 14, 1997. By balancing the depletion of “modern” carbon, we 

estimate that 10,100 kg of the extracted carbon dioxide was generated by oxidation of organic 

contaminants. 

By evaluating the carbon sources and sinks in the Visalia field (Figure 24), a geochemical carbon 

balance can be calculated, based on carbonate solubility alone. This is nearly independent of the 

isotopic signature based estimate just presented. The background Visalia ground water will 

exsolve CO2 if heated. This amount of CO2 must be subtracted from the total to calculate the 

amount of CO2 from in situ oxidation. For the same time (from August through mid October, 

1997), the solubility constraints indicate that 9,300 kg of the extracted carbon dioxide was 

generated by oxidation of organic contaminants. The two estimates agree to within 8% (Figure 

25). 

Using these constraints, we are able to evaluate the overall recovery achieved throughout the 

Visalia field during the first year of operations. The results, shown in Figure 26, reflect the 

overall shapes of the predicted removal vs. in situ destruction rates. Initial recovery rates are 

quite high, peak and diminish. As the field heats up, HP0 begins, and continues at a fairly 

steady rate. 

As of June, 1998, over 700,000 Ibs of contaminant had been removed or destroyed; this accounts 

for about 95,000 gallons. About 16% of the total has been destroyed in situ via HPO. Air 
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injection has increased HP0 to 800 lb/day from the fall average of about 300 lb/day. Free 

product recovery is continuing slowly. Contaminant concentrations are dropping in the 

extraction wells; the site is cleaning from the periphery inward. 

Summary 

Through the Visalia field tests, HP0 destruction has been confinned in soil and groundwater at 

rates similar to those observed in the laboratory, under realistic field remediation conditions. 

HP0 appears to work as fast as oxygen can be supplied, at rates similar to those measured in the 

laboratory. These results were obtained during a full-scale remediation, with commercial 

partners. 

The predictive models used to design HP0 steam injection systems have been validated by using 

conservative tracers to confirm mixing rates, oxygen consumption, carbon dioxide release, and 

effects of real-world heterogeneity. The key parameters necessary to optimize in situ destruction 

are understood 

Field monitoring of the HP0 process is possible. Using inert tracers, the injected fluids can be 

accurately identified and tracked. The fluid chemistry matched that observed in laboratory tests. 

Model simulations were verified in the field. Accurate field measurements of the critical fluid 

parameters (destruction chemistry, oxygen content, steam front location) have been 

demonstrated, using existing monitoring wells and portable data systems with minimal capital 

cost. 

With respect to the Visalia Pole Yard cleanup, tremendous removal rates have been achieved. 

Over 900,000 lb of contaminants were removed or destroyed in a little more than one year of 

operations. Previous recovery amounted to 10 lb/week. HP0 steadily destroys contaminants in 

situ; up to 800 lb of PAH contaminants are being destroyed at Visalia by HP0 each day. 
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Figure 2. DUS and HP0 concept: removal and destruction work together. DUS mobilizes 
contaminants for rapid removal. HP0 destroys organics in situ. 
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Figure 5. Preliminary comparison of the rate of destruction of pentachlorophenol, TCE, 
and naphthalene under similar conditions. The majority of other Visalia contaminants 
were expected to fall within this general range. 
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Figure 6: Naphthalene destruction and carbon dioxide production during HP0 
experiment NAP14 (114°C) (from Leif et al., 1998). 
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Figure 7: Concentrations 01’ ~~~~~~t;~~l~lo~~o~~hcnol , 2,3,5,6-tetrachlorophenol, carbon dioxide 
and chloride ion during III’0 cxpcrinlcot N~I’O!, (137°C) (from Leif et al., 1998). 
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Figure 8: Oxygen consumption and carbo~l dioxide production during oxidation of 
pole tar (Polycyclic Aromatic Hydrocarbons) dissol\,ed in water, conducted in a 
Dickson autoclave. Neat BYS dissolved iu watct- is oxidized as it is heated to 
temperatures ranging from 70°C to 120°C (ft.on1 Leif et al., 1998). 
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Figure 9. Water equilibrated with Visalia free product was initially heated in the 
presence of insufficient oxygen for complete oxidation (partially reacted water 
results). Then, the experiment was allowed to continue with sufficient oxygen to 
fully oxidize all the compounds (fully reacted water results). 



700 

600 

500 

400 

300 

200 

100 

0 

t 

Aqueous Solubility of Fluorene 

approach from oversaturation 
approach from undersaturatlon 

_.!__ 

._:__ 

Q 

-I I I 

FLU6 

FLU4 

/ 

I I I 

/ 

j ’ ’ 

“!” 

2b .+bA . 

.: ________ _.___ 

A 
0 20 40 60 80 100 120 140 160 

Temp. (“C) 

Figure 10: Aqueous solubility measurements of fluorene vs. temperature (from Leif et 
al., 1998) 
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Figure 13. Temperature measurements made in the 513 extraction well show rapid rise 
on steam breakthrough, which occurred about 40 hours after injection began, as predicted 
by the NUFT models. Temperatures in the protected plastic monitoring well casings 
remained low. 



Figure 14. Simulation results for injection of steam and supplemental air. 
See text for explanation. 
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Figure 15: Conceptual design for the first tracer experiment. 
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Figure 16. Xenon arrival at MW36 during the first tracer experiment indicates 
extensive mixing and dispersion within the aquifer. Xenon concentrations rose 
gradually over a period of approximately 30 hours. The drop in concentration from 
15-20 hours occurred during a drop in injection pressure; a mini-collapse of the 
steam zone permitted the steam front to first approach the monitoring well, then 
recede from it. After injection pressure was restored, the steam front approached, 
then passed the monitoring well. If pure piston-flow displacement occurred, xenon 
would be expected to arrive during an approximately 2-hour window, with peak 
concentrations many times those observed (shaded zone). 
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Figure 17. Tracers permit the identification of the fluid sample source 
composition. 
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Figure 18. Helium and krypton arrival at MW36 during the second tracer 
experiment. Gradual increase in concentrations support continued mixing and 
dispersion. Decreasing dissolved oxygen reflects the oxidation reactions 
consuming oxygen as it contacts contaminated fluids. 



Oxygen Depletion During Experiments 
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Figure 19. Dissolved oxygen measured in MW36 during the field experiments. Measure- 
ments were made using three different methods; an experimental fiber optic sensor 
developed by Tufts University (Tufts), a commercially-available sensor (Orbisphere), 
and the Membrane Inlet Mass Spectrometer (MM!% 
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Figure 20: Ratio of Fluorenone to (Fluorenone + Fluorene) in groundwater recov- 
ered before and after thermal treatment. Pre-steam ratios are shown with a 
hatched pattern. Values obtained after thermal treatment are shown as solid bars. 
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Figure 21. Total oxygenates and PAH detected in MW36 EPA Method 827OC), mea- 
sured during and after steam injection through hexane extraction and by solid phase 
reaction, and abundance of oxidate intermediates. Both contaminant concentrations 
and oxidate intermediates increase immediately after steam collapse. Elevated PAH 
concentrations reflect enhanced mobilization due to DES. Oxygenate increases are 
consistent with partial hydrocarbon oxidation by HPO. 
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Vadose- and Saturated-Zone Samples 

14C (% modern carbon) 

Figure 23. Carbon isotopic signature of Visalia water and vapor samples measured after 
steam injection began fall between that of background water (upper right) and that of 
free-product contaminant (lower left), revealing the influence of contaminant 
combustion. Aggregate vapor value indicates the signature of vapor entering the 
treatment plant on 12/16/97 (combined eftluent from all extraction wells). The aggregate 
process water on the same day is also shown. The carbon values are corrected for 
atmospheric carbon (330 ppm CO* 114 pmc - 14.5 JC13). 
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Figure 24. Flow chart showing the carbon sources and sinks in the Visalia field 
(after Aines et al., 19%). 
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Figure 25. Geochemical and Isotopic balances for Visalia extraction, August - October, 
1997. 



Visalia Removal/Destruction 
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Figure 26. Visalia recovery from May, 19Y7-May, 1998. Contaminant removed obtained from total free product recovery, 
vapor and groundwater concentration(s) and flow rates. HP0 destruction estimated fmm extracted carbon dioxide in 
excessof geocbemical balance (inflow-outflow). 


