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Gas chromatographic analyses of creosote component

concentrations within test panels revealed an absence

of significant migration of components from the panels

after one year. However, levels of lower boiling point

components in creosote extracted from the wood were

substantially lower than those present in the original

creosote. Hydrographic differences between sites did not

appear to influence creosote component concentrations

within the panels during the exposure period.

Further exposure time will be necessary to develop

more precise patterns of creosote migration from the

panels and to allow more accurate assessment of the

effects of retention level and hydrographic factors on

marine borer attack.
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MIGRATION OF CREOSOTE FROM WOOD AND ITS EFFECTS ON
MARINE BORER ATTACK

INTRODUCTION

From the development of simple wooden tools to the

construction of giant metropolitan centers, wood has

played an important role in man's evolution. Throughout

history the destruction of wood products by various

organisms has plagued wood users. The deterioration of

wooden dikes that threatened to flood Holland in the early

1600's, the loss of 100 Spanish Armada ships in 1591, and

the crippling of Great Britain's Royal Navy that permitted

the United States to win its revolution were significant

disasters that underscore the importance of marine wood

degradation in history (Graham, 1973).

More recently, the loss of twenty-five million

dollars to marine borer damage in San Francisco Bay

between 1917 and 1921 illustrates the continued economic

importance of properly using wood in marine environments

(Hill and Kofoid, 1927). It has been estimated that

combined annual losses from attack by decay fungi and

marine borers exceeds 500 million dollars in the United

States alone (US Navy, 1965). These losses emphasize the

need for a better understanding of marine biodeterioration

agents and the conditions affecting the degradation of

wooden structures in marine environments.



Agents Of Marine Deterioration

Decay Fungi

Normally, sufficient moisture is present in marine

environments to create conditions favorable for decay

development in wood above the waterline, and internal

decay of preservative treated piles or decking is a common

occurrence when saw cuts or drying checks expose untreated

wood (Helsing, 1979). While conventional wood decay fungi

account for a large percentage of wood losses above the

waterline, lack of oxygen reduces their importance in

submerged piling. However, there are a number of fungi

capable of colonizing and softening submerged wood

(Leightley and Eaton, 1977) that have been theorized to

increase the ability of Limnoria tripunctata to colonize

wood (Geyer, 1983).

Marine Borers

Marine boring organisms are represented by two

phylla, Crustacea and Mollusca (Levi and Machemehl, 1977),

which are in turn divided into three broad groups:

Limnoria, pholads, and shipworms. Members of the genus

Limnoria are mobile, crablike crustaceans with several

pairs of legs and segmented bodies.

Shipworms and pholads are both clam-like mollusks.

However, shipworms eventually grow out of their shells,

2
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becoming worm-like as they burrow into the wood (Hochman,

1973). Pholads remain within their shells, which expand

to contain the growing organism. In addition to their

physiological differences, shipworms, pholads and Limnoria

are also easily separated by the manner in which they

attack wood.

While shipworms and pholads both attack piling

internally, they differ greatly in the type of damage

inflicted. Shipworms use a small pair of shells to rasp

long burrows in the wood, causing extensive damage

throughout the interior of the pile. While the shipworm's

head bores through the wood to expand the burrow and

obtain nutrients, its posterior remains at the entry hole

to exchange oxygen and dispose of wastes (Hochman, 1973).

Shipworms have minute entry holes that do not enlarge as

the organism grows and are poor indicators of the amount

of internal damage present. This concealed attack,

coupled with their wide distribution, makes shipworms a

serious threat to marine structures (Hochman, 1973;

Helsing, 1979; Levi and Machemehl, 1977).

In contrast to shipworms, pholads create pear-shaped

cavities that rarely extend more than a few inches from

the surface of a pile and have entrance holes that are

more easily detected (Helsing 1979). Pholads are limited

to warmer waters, causing severe problems in tropical

ports (Helsing, 1979).
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Members of the genus Limnoria, often called gribbles,

differ from pholads and shipworms by attacking the wood

surface, creating an extensive network of burrows that can

be easily eroded by wave action (Levi and Machemehl,

1977). Gribble attack causes annual pile diameter losses

of up to 2.54 cm in tropical waters, eventually resulting

in an hour-glass shape in the attack zone (Helsing, 1979).

Limnoria, which resemble sow bugs, range from 0.32 to 0.64

cm in length and have seven pairs of legs with hooked

claws that allow them to move along the wood surface

(Hochman, 1973). Unlike pholads and shipworms, Limnoria

are not confined to the same piece of wood over their life

cycle, and may spread to adjacent, unattacked material

(Levi and MaChemehl, 1977).

Limnoria tripunctata, although smaller than L.

lignorum and L. quadrapunctata has earned a reputation as

the most damaging member of the genus because of its high

feeding rate (Gonor, Unpub) and its ability to attack

creosoted wood (Levi and MaChemehl, 1977). Limnoria

tripunctata is found worldwide, including west coast bays

and estuaries as far north as British Columbia. While

there appears to be little physiological difference

between northern and southern populations of L. tripunc-

tata (Gonor, Unpub), only those populations south of San

Francisco Bay are known to attack creosoted wood.
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These findings suggest that the ability to attack

creosoted wood may be due, in part, to environmental

differences (Gonor, Unpub). The recently discovered L.

tripunctata infestations in creosoted piling in Coos Bay,

Oregon, may represent a new northern boundary of attack on

creosoted wood. While L. tripunctata activity is highly

dependent on water temperature, salinity, and oxygen con-

tent (Hochman, 1973), the relation between these variables

and the ability of this species to attack creosoted wood

requires further clarification.

Currently Applied Treatments

The preservatives used to protect wood in marine

environments from attack by decay fungi and marine borers

include creosote and coal-tar creosote, waterborne salts,

and, rarely, pentachlorophenol (Levi and MaChemehl, 1977).

Properly applied, creosote effectively prevents attack by

decay fungi and all marine borers except L. tripunctata.

Pentachlorophenol, a commonly used wood preservative in

utility poles, protects wood from fungal degradation but

has little effect on marine borers attack. Waterborne

salts such as ammoniacal copper arsenate (ACA) and chro-

mated copper arsenate (CCA) effectively protect against

fungi, shipworms, and Limnoria, but do not protect wood

against pholads. Because no single preservative effectiv-

ely prevents attack by all marine borers, American Wood
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Preservers' Association standards require dual treatments

for wood exposed where attack by both Limnoria tripunctata

and pholads occurs (AWPA, 1985). In dual treatments,

initial treatment with a waterborne salt is followed by

conventional creosote treatment. Creosote protects the

wood against pholad attack while the salt limits attack by

L. tripunctata. Unfortunately, dual treatments are expen-

sive, and the waterborne salt increases the brittleness of

the treated product (Levi and MaChemehl, 1977; Resch and

Parker, 1982). Thus, creosote treatments are preferred

because of their lower cost and less noticeable effects on

wood strength, and will see continued use limited only by

availability and inability to protect against L. tripunc-

tata in warmer waters.

Creosote

History

Although initially developed in 1830, creosote was

infrequently used because of its high viscosity and

handling characteristics. However, with the patenting of

the Bethell process in 1838 (Rhodes, 1951), coal-tar creo-

sote gained widespread acceptance as a wood preservative.

Even today, creosote continues to be the principal treat-

ment used to protect railroad ties and wooden piling

exposed in marine environments (AWPA, 1985). Although

extensively used, the reliability of this preservative has
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varied considerably due to the method of manufacture

(Baechler, 1968). This variation can be separated into

four phases. Prior to 1890, creosote was primarily

derived from horizontal retort tars formed at high tempe-

ratures. In the transition period, from 1890 to 1910,
coal tar from horizontal retorts was blended with in-

creasing amounts of either intermediate temperature coal-

tar distillates or petroleum oils. From 1910 to 1961

creosote was blended with substantial amounts of low or

intermediate temperature vertical retort tars and petro-

leum distillates. Presently, creosote applied in marine

exposures is similar to that used prior to 1890 (Baechler,

1968).

Generally, coal-tars produced at high temperatures

such as those from horizontal retorts, contain greater

proportions of the higher boiling aromatic hydrocarbons.

These fractions are the most desirable elements for pro-

tecting wood against Limnoria (Richards, 1952, 1956;
Vaughan, 1948; Mayfield, 1951). While an increased per-

centage of aromatic hydrocarbons in high temperature coal

tars should increase the effectiveness of creosote pro-

duced in this manner, there are also variations in the

proportions of components within the aromatic fractions of

different creosotes and these variations can markedly

affect the toxicity (Mayfield, 1951).



Manufacture of Creosote

Creosote's variation occurs because coal-tar is a by-

product of the carbonization of coal for steel manufac-

ture, and not an engineered primary product (Baechler,

1968). To produce coal-tar, coal is heated in a coke oven

at high temperatures in the absence of air (Allied Chemi-

cal, 1964). As the coal melts, it releases gasses that

percolate through the hot coke and coal bed, undergoing

reactions that produce gasses with characteristic proper-

ties dependent on oven temperature (McNeil, 1952; Allied

Chemical, 1964). These gasses are condensed as they

escape from the oven, forming coal-tar and ammonia liquor.

These condensates may then be further refined to retrieve

various fractions and commercial products such as benzene

(Allied Chemical, 1964). The refinement process involves

the removal of water and separation of the tar into a

series of oil fractions based upon boiling range (McNeil,

1952). Fractions distilling below 200 C, which account

for 10 - 15% of the distilled tar, are further refined for

use as raw materials in other products. Of the higher-

boiling fractions, pitch accounts for 45 - 60% while the

remainder consists of oils that are blended to create

creosote. As a result, creosote is an extremely complex,

variable, combination of over 400 compounds (McNeil,

8



1952). This complexity makes it extremely difficult to

identify creosote's toxic mechanisms.

Migration of Creosote From Wood

Previous work indicates that the effectiveness of

creosote depends not only on toxicity of individual compo-

nents to marine borers, but also on the ability of these

components to remain in the wood and provide long term

protection. Loss of creosote from wood, or "leaching" can

be attributed to several factors (Stasse and Rodgers,

1965; Hochman, 1967). Whole oil may be forced out by

compaction during pile driving or by mechanical expulsion

after the creosoted material is set in the water.

Mechanical expulsion may occur when swelling and capillary

action of the wood fibers as they absorb water displaces

any oil that exceeds the void volume of the wood at com-

plete hydration (Hochman, 1967). True "leaching" is the

gradual removal of the lower boiling, more water-soluble

components that continues after mechanical expulsion is

complete (Hochman, 1967; Stasse and Rodgers, 1965). Addi-

tional creosote losses can also occur by vaporization of

the lower boiling constituents, but this probably occurs

shortly after treatment, before the wood is placed in

service (Stasse and Rodgers, 1965).

The need to understand the effects of leaching on

creosote toxicity to L. tripunctata and other marine

9
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borers has led to numerous studies of the creosote compo-

nents lost, the rate of loss, and the original retentions

necessary to prevent attack.

While most studies have tested small wood samples

exposed in estuarine waters or leaching tanks, others have

utilized full-sized piling. Full-scale pile tests more

closely relate to in-service conditions, but the slow rate

of leaching from these timbers requires lengthy observa-

tion periods and prohibitive expense to establish test

sites. In addition, studies utilizing full-sized piling

sometimes produce more variable results. In one instance,

butt or tip sections of two Douglas-fir piles immersed for

eight years in cool estuarine water showed no apparent

loss of creosote while a third section lost 20% of origi-

nal retention from the outer 0.57 cm (Miller, 1977).
Marine piles in San Juan Harbor, originally treated to

retentions above 401 kg/m3, were found to have retentions

ranging from 247 to 298 kg/m3 in the intertidal zone after

six years of service. The short, six year service-life

was due to heavy L. tripunctata damage, demonstrating the

hazard these borers pose to creosoted piling in warmer

waters (Colley, 1967).

Many full-sized piling studies have used piling al-

ready in service to estimate the amount of creosote lost

over time. While it is feasible to sample piles already
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in service for leaching data (Colley, 1967), original

retention data is often either not available or not speci-

fic enough to be of use. This drawback can be partially

overcome by sampling the piles below the mudline on the

assumption that creosote characteristics in this zone

reflect the original retention and composition. However,

this assumption is not always correct, since downward

migration of the creosote may increase the proportion of

creosote below the mudline, and the smaller end of the

pile, which is driven into the mud, usually receives

higher than average initial retention (Baechler and Roth,

1960). Although piles with high retentions below the

mudline generally suffered less marine borer attack,

estimates of creosote loss by this method varied widely.

Authors concluded that if retention below mudline

reflected original creosote content, then pile retentions

regarded as fairly high provided inadequate protection

against L. tripunctata (Baechler, 1960,1961).

Problems encountered with larger specimens have

resulted in the use of smaller creosoted wood samples

which leach more rapidly and permit more specimens to be

tested, and have been used to determine the retention

levels that prevent borer attack and the sequence by which

creosote components leach from the wood (Miller, 1972,

1968; Drisko and Hochman, 1964).
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Previous leaching studies generally indicate that no

level of creosote retention effectively prevents L.

tripunctata attack in warm water ports (Richards, 1977).

Inner portions of pine posts treated to retentions of 321

- 385 kg/m3 of creosote per cubic meter retained a large

percentage of the initial retention after three years of

exposure, but a substantial amount of creosote was lost

from the outer 0.635 cm of the wood and all the posts

suffered substantial marine borer attack after eight years

(Gjovik, 1977). Warm water exposure of panels treated

with creosote to retentions of 513 - 609 kg/m3, 192 - 289

kg/m3 meter above AWPA specifications, resulted in severe

damage after six years, while similarly treated panels in

northern ports were scarcely attacked (Graham and Miller,

1968).

Investigations to determine the rate and order with

which components leach from creosoted wood have generally

taken place under simulated conditions or in warm water

ports. Accelerated leaching of creosoted southern pine

panels in fresh, flowing, 80 C water resulted in rapid

loss of naphthalene, followed by anthracene, phenanthrene,

fluoranthene, and finally pyrene (Sweeney, 1956). Simi-

larly, panels exposed for 86 months in North Carolina or

92 months in Texas lost 62 - 83% of constituents boiling

below 270 C, while losses of 14 - 59% and 0 - 50% oc-

curred in the 270 - 315 and 315 - 355 C boiling fractions,
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respectively (Stasse, 1959). Further tests, in salt water

tanks, demonstrated that panels originally treated with a

creosote formulation containing a high proportion of frac-

tions boiling above 355 C had less leaching, and that

subsequent leaching increased the percentage of high boil-

ing point fractions and decreased the level of lower

boiling point fractions (Leach, 1960). Analyses of panels

exposed in Wrightsville Beach, NC, indicated that preser-

vative levels remained constant after 3 to 4 years, but

most of the fractions boiling below 230 C were lost prior

to or shortly after immersion. After 6.5 years immersion,

31- 56% of the 230 - 270 C fractions and 21- 25% of

fractions boiling between 270 and 350 C were lost from the

samples (Stasse, 1967).

These studies suggest that more work is needed to

determine how environmental factors affect leaching

patterns and to accurately identify the migrating compo-

nents. Environmental conditions that affect creosote

leaching rate include wave action, current velocity, foul-

ing, and water temperature (Ingram, 1982). While previous

studies indicate that lower boiling point fractions are

rapidly lost from the wood, more recently developed tech-

niques generally show that substantial portions of these

fractions remain in the wood after prolonged exposure.

Creosote extracted from posts exposed for 9.5 years and
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panels exposed for 6.5 years contained measurable quanti-

ties of low boiling components when analyzed using both

gas chromatographic techniques and 5-ball column distilla-

tion (Colley, 1974). In related research, analyses of

creosoted southern pine piling exposed for 9.5 years were

compared to similarly treated but unexposed wood using gas

chromatographic techniques. Findings indicated that,

although the total aromatic hydrocarbons decreased in

exposed samples, the samples had similar compositions and

the relative levels of each component remained constant

(Lorenz and Gjovik, 1972). The more frequently used flask

distillation method inadequately represents the lower

boiling point constituents (Colley, 1974), and many pre-

vious studies employing this technique may have incorrect-

ly determined the constituents that leached from the creo-

soted wood.

Analysis of Creosote

During creosote's long history as a wood preserva-

tive, researchers have acquired extensive knowledge of its

properties. However, due to the complexity of the

material and inadequate analytical methods, much of this

early work is of poor quality. More precise analysis of

creosote composition is necessary to improve our under-

standing of salt water's effects on creosote fractions in

treated wood. Techniques used to analyze creosote include



15

silica gel chromatography, selective solvent systems,

distillation, spectrophotometry, and gas chromatography.

Silica gel column chromatography and selective sol-

vent systems were extensively tested for separation of

saturated hydrocarbons from the aromatic fraction in creo-

sote. These tests were performed to detect petroleum

products in coal tar creosote (Nestler, 1974). Physical

separation of molecules by adsorption using silica gel

chromatography effectively detected as little as one per-

cent of saturated hydrocarbon in mixtures of creosote with

petroleum oils, but quantifying these results required

samples of both the original petroleum and creosote

(Drisko, 1964; Drisko and Hochman, 1960). Selective sol-

vent separation uses differential solubility in solvents

such as B,B-oxydipropionitrile-petroleum ether and tri-

ethyleneglycol + furfural to separate saturated hydrocar-

bons from aromatic fractions. However, these selective

solvent partition methods usually report high saturated

hydrocarbon values and are better suited for identifying

relative levels of saturated and unsaturated hydrocarbons

(Drisko and Hochman, 1960; Burch and Colley, 1961). Al-
though silica gel chromatography and selective solvent

systems have been extensively used for creosote analysis,

neither is capable of identifying specific creosote compo-

nents and they are of limited value for determining the

fractions migrating from creosoted wood.
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The AWPA standard Al-flask distillation method of

creosote analysis (AWPA, 1985) has also been used exten-

sively for leaching studies; however, several studies have

demonstrated that this distillation method provides insuf-

ficient resolution of the lower boiling point fraction of

the distillation pattern, underestimating the size of this

fraction (Stasse, 1954; Committee P-2, 1957). The five-

ball column distillation method was introduced to improve

determination of components in fractions boiling below 315

C (Stasse, 1954) and is useful for analyzing components

boiling between 270 and 315 C, but somewhat unreliable for

fractions in the 210 - 235 degree boiling point range

(Committee P-2, 1957; Colley, 1974; Best, 1967).

Spectrophotometric methods used to analyze creosote

include ultra-violet and infra-red spectroscopy, both of

which can be used to identify specific creosote components

(Sweeney, 1956; Stasse, 1954). UV spectroscopy was used

successfully to identify thirteen components or groups of

components in creosote (Stasse, 1954), while IR spectro-

scopy detected eleven major compounds concentrated in the

11.0 - 14.0 um region (Sweeney, et al, 1956, 1958). These

methods are principally qualitative, and thus are of

limited use for analyzing creosote migration from wood.

Evaluation using an "aromaticity index" to compare ali-

phatic to aromatic carbon types found concentrations of
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each compound were proportional to optical density (Heiks,

1952); however, subsequent tests found no relationship

between service life of a creosoted pile and the aromati-

city index of the extracted oil, possibly because aromatic

and non-aromatic compounds leave the wood at approximately

equal rates (Drisko, 1962; Nestler, 1974). Similar

studies using IR spectroscopy found that the spectra of

creosote before and after leaching were so similar that no

conclusions could be drawn concerning migration of compo-

nents (Sweeney, 1956, 1958). In addition, only the major

creosote components produce spectra above background

absorption and these components are extremely difficult to

quantify, illustrating the limitations of UV and IR spec-

troscopy for analyzing creosote leaching (Nestler, 1974).

While no analytical technique is ideal for creosote,

recent studies suggest that gas chromatographic techniques

have several advantages. This method produces quantita-

tive results with less effort than distillation or frac-

tionation, and can be performed on creosote that is still

in the wood (McNeil and Vaughan, 1964; Vaughan and Grant,

1967; and Lorenz and Gjovik, 1972). Gas chromatography

separates mixtures into individual components by moving a

gas phase over a non-volatile liquid coated on an inert

solid or in a thin layer on the surface of a tube (Best,

1967). The sample, injected into the moving gas phase,

separates into various molecules that dissolve into and
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revaporize out of the liquid phase as they pass down the

column.

Gas chromatography has been used successfully to

identify a large number of creosote components; the elu-

tion time of each peak is characteristic for a particular

component, and the area of each peak is proportional to

the amount of component in the sample (McNeil, 1959;

McNeil and Vaughan, 1964). High resolution columns have

produced detailed information on the distribution and

composition of individual creosote components, while less

efficient columns equipped with integrators may print out

peaks at regular intervals and allow construction of simu-

lated boiling point distillation curves (Lorenz and

Gjovik, 1972; Vaughan and Grant, 1967). By selecting

liquid phases and controlling column temperatures, com-

pounds can be eluted essentially in order of boiling

point, and at temperatures proportional to actual boiling

point values (Lorenz and Gjovik, 1972). In addition, past

creosote analyses using five-ball column distillation and

gas chromatographic methods yielded similar results, with

gas chromatograph patterns valid for both original oils

and for creosote extracted from exposed marine specimens

(Colley, 1974).

The use of gas chromatographic techniques to analyze

creosote in small pieces of treated wood without extract-
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ing the creosote, or pyrochromatography, offers additional

advantages in leaching studies, saving the time and effort

of extraction and avoiding error due to unequal or incom-

plete extraction of individual components (Lorenz and

Gjovik, 1972). In addition, this method permits selection

of samples from predetermined locations on the test speci-

mens and can increase the sensitivity of analysis.

Although interference of pyrolyzed wood components in the

chromatogram can occur, this can be minimized using a

serum needle to insert tiny wood splinters into the injec-

tion port at temperatures which allow rapid volatilization

of creosote components without pyrolyzing the wood

(Vaughan and Grant, 1967).

While pyrochromatography has several advantages over

other methods of creosote analysis, it has drawbacks that

are inherent to gas chromatographic analysis of creosote,

including the inability to quantitatively detect phenols

in the presence of large amounts of aromatic hydrocarbons,

the inability to separate phenanthrene and anthracene due

to similar molecular structure, and the overlapping of

peaks that may occur with low resolution columns (Vaughan

and Grant, 1967; Nestler, 1974). Despite these limita-

tions, gas chromatography offers the best combination of

speed, accuracy, and ease of use of any analytical techni-

que. It is well suited for determining the creosote

components remaining in wood, even after marine exposures.



Summary

It has been estimated that combined annual losses to

marine structures from attack by decay fungi and marine

borers exceeds 500 million dollars in the United States

(Dept. of Navy, 1965). While pressure treatments with

creosote effectively protect wood from these biodeteriora-

tion agents in cool water ports, marine boring Limnoria

tripunctata often attack even heavily creosoted wood in

warmer waters. The reason for Limnoria tripunctata's

ability to attack creosoted wood is unclear, and there is

a need for more precise analysis of creosote's composition

to permit better understanding of phenomenon such as salt

water leaching of creosote fractions and the nature of

creosote's resistance to marine borer attack. Studying

salt water migration of creosote from wood may suggest

which components are responsible for resistance to L.

tripunctata attack, and more data is needed from cool

water ports where L. tripunctata, although present, are

not known to attack creosoted wood. While a great deal

has been learned about creosote during its long history as

a wood preservative, many early creosote studies are of

limited value due to the complexity of the material and

the inadequacy of analytical methods available. However,

developments in the use of gas chromatography suggest that

this technique is well suited for detailed analysis of

20
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creosote's composition and the effects of salt water

leaching on creosote fractions. The purpose of this study

was to employ gas chromatographic techniques to determine

the permanence of creosote components during marine expo-

sure of creosoted wood, and to evaluate the ability of

several creosote retention levels to protect against

marine borer attack in three west coast estuaries.



OBJECTIVES

Determine the permanence of creosote components dur-

ing marine exposure of creosoted wood and evaluate the

ability of several creosote retention levels to protect

against marine borer attack in three West Coast estuaries.
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METHODS AND MATERIALS

The effect of creosote retention level on marine

borer attack and the effects of marine exposure in several

West Coast ports on the migration of individual creosote

components were determined by immersing test panels

creosote-treated to five retention levels at three loca-

tions along the Pacific Coast.

Panel Preparation

Rough-sawn Douglas-fir sapwood boards (2.54 cm x

10.16 cm) were kiln dried to 8% moisture content and cut

into 61 cm long panels. These panels were then numbered

from 0 - 300 with stainless steel tags, end-sealed with

epoxy to prevent excessive end-grain penetration by the

preservative, and weighed prior to pressure treatment with

marine grade creosote (AWPA Standard P-13) using a 0.305 x
3.05 meters laboratory retort at Oregon State's Forest

Research Laboratory. The creosote was stored in a dry

kiln at 490 C to increase the solubility of higher boiling

point fractions.

The treatment cycle used was a full cell process that

included heating to approximately 88o C followed by

23

various periods of 63.5 cm of vacuum and 6.36 kg/cm2 cubed

pressure to obtain retention levels of 80, 160, 240, 321,



or 401 kg/m3 (Figure 1). Retentions were determined by

weighing each panel prior to and following preservative

treatment. A total of 30 panels were treated per reten-

tion level, yielding a total of 180 test panels, including

untreated controls. Difficulties in obtaining specified

retentions led to expansion of the 401 kg/m3 retention

level to include retentions ranging from 385 - 438 kg/m3.

In contrast, the 80, 160, and 240 kg/m3 meter groups were

within plus or minus 11 kg/m3 meter of the desired

retention, while the 321 kg/m3 retention level varied by

plus or minus 14 kg/m3. In many cases panels were

retreated to obtain higher retention levels.

Following treatment, a marine sealer was applied to

the panel ends to minimize leaching of creosote from

the end grain, and a plug was removed from the top and

bottom of each panel using a 0.953 cm plug-cutting drill

bit. These plugs were stored for later analysis.

Short pieces of chromated copper arsenate (CCA) treated

doweling were driven into the resulting holes to

protect any exposed wood from marine borer attack, and

the two plugs from each panel were used as a reference

of creosote composition prior to marine exposure. The

panels were bolted to pre-drilled, heavily creosoted

central supports to form racks, with washers serving as
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Test Panels.
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spacers to prevent direct contact between test panels

and the central support.

Site Selection and Panel Installation

Three West Coast harbors, Newport, OR, Coos Bay,

OR, and Port Hueneme, CA were chosen as exposure sites.

These sites represented both cool and warm water ports.

In addition, multiple sites were employed at Newport and

Coos Bay to allow for the effects of localized environ-

mental factors such as currents, salinity and temperature

on marine borer activity and creosote migration. Two

racks containing 30 panels (5 per retention) were sub-

merged per test site. Each rack of panels was weighted

with concrete to insure complete immersion at low tide,

and then secured to a dock structure using heavy-duty

nylon rope.

Sites

Newport: Represented a cool water port where

Limnoria tripunctata occur but do not attack creosoted

wood. On July 6, 1984, panels were immersed at two sites

in Newport's Yaquina Bay; the Marine Science Center dock

near the mouth of the harbor, and Riverbend Marina several

miles inland (Figure 2). Due to its proximity to the

harbor mouth, the Marine Science Center Dock provided a

cool water, high salinity site with minimal seasonal

26



27

variation in water temperature (from 9° C in winter to 130

C in the summer) (Frolander, 1964). The Riverbend Marina

site undergoes wide seasonal variations in water tempera-

ture and salinity, especially in the summer months when

water temperature may vary from 9 - 18 degrees centigrade.

Coos Bay: Limnoria tripunctata attack of creosoted

wood in Coos Bay would mark the northern most occurrence

of attack by this borer (Graham and Gonor, 1981), creating

an opportunity to further study conditions that allow L.

tripunctata to attack creosoted wood. Coos Bay offered a

variety of environments for marine borers and three of

these sites were selected to encompass the wide range of

water temperatures and salinities: Charleston Public Boat

Basin nearest the harbor mouth, an inland extreme in the

Coos River, and an intermediate location at the Chevron

Fueling Dock (Figure 2). It was expected that the

Charleston site would have the coolest water temperatures,

highest salinities and least seasonal variation. Condi-

tions at the Chevron Dock were probably slightly warmer,

less salty, and more variable seasonally, while the

upstream Coos River location was more likely to be charac-

terized by low salinities and highly variable seasonal

water temperatures (Frolander, 1964). In addition, the

Chevron Dock and Coos River sites were in areas of high

current velocity, while the Charleston site was in a



L tripunctata ..

L lignorum

Test Site X

Figure 2. Test Site Locations and Distribution of
Limnoria species in Yaquina Bay and Coos Bay
(Graham and Gonor, 1981).
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calmer marina. The panels were installed at the Coos Bay

sites in late June, 1984.

Port Hueneme: While Newport and Coos Bay are cool

water harbors, Limnoria attack is more severe in warm

water ports. For this reason a site at the US Naval Civil

Engineering Laboratory in Port Hueneme, CA, was chosen to

examine the effect of retention level on L. tripunctata

attack of creosoted wood. Panels were submerged at one

site in Port Hueneme in July of 1984, but had disappeared

upon the first inspection one year later. Thus, no tests

were possible at this site.

Inspection and Sampling

Inspections for marine borer attack and sampling

for creosote composition were conducted at each site in

Coos Bay and Yaquina Bay after 3, 6, 9, and 12 months

exposure. During each inspection panels were scraped free

of fouling organisms and examined for external evidence of

marine borer attack. Following visual inspection, two

plugs were removed from each panel and returned to the

laboratory for extraction and analysis of creosote compo-

sition. The sampling holes were plugged with CCA treated

doweling.

The one year inspection included evaluation of marine

borer attack using a rating system (Helsing, et. al.,

1984) in which a grid is placed over each panel and the
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number of grid units with evidence of marine borer attack

is totaled. A 10 cm by 20 cm section of 1.27 cm screen

was placed on the center one-third of each panel to assist

in quantifying the amount, type, and location of attack on

the panels. In addition, randomly selected panels were

removed from the racks to allow inspection for possible

marine borer activity concealed by the fastenings, since

Limnoria tend to attack more heavily in darkened crevices

and cracks (Gonor, personal comm.)

Analysis of Creosote Composition

Evaluation of changes in creosote composition that

occur due to marine exposure was a major objective of this

study, and a practical and accurate method was needed to

analyze creosote composition within the test panels. Pre-

vious studies suggested gas chromatographic analysis of

small pieces of treated wood without extracting the creo-

sote (pyrochromatography) (Lorenz and Gjovik, 1972;

Vaughan and Grant, 1967) but standardizing the volume of

wood slivers and selecting representative samples from the

test panels proved difficult in this study. Consequently,

a method was developed whereby plugs were removed from

each panel (Figure 3), and a cold solvent technique was

used to extract the creosote for gas chromatographic

analysis (Parrish et al., 1983).



SAMPLING PLUG REMOVED

AFTER:

0 MONTHS

3 MONTHS

6 MONTHS

9 MONTHS

5. 1 YEAR OF MARINE
EXPOSURE

2.54 cm

60.96 cm

10.16 cm

Figure 3. Panel Sampling Pattern for Removal of Plugs
for Creosote Analysis.
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Plugs removed from panels prior to exposure were

stored in 20 ml polyethylene scintillation vials, with 5

ml toluene added to assist in creosote extraction during

storage. However, the toluene evaporated from the vials

during storage, and plugs removed during subsequent

inspections were placed in cold storage, without solvent,

to retard loss of volatile constituents.

Extraction Procedure: Both plugs removed from each

panel at each inspection were chopped into small pieces

and placed in a 15 mm x 120 mm borosilicate test tube with

a teflon-lined cap. Ten ml of reagent grade J. T. Baker

chloroform were added to each test tube and the tubes were

shaken for 48 hours at room temperature to extract the

creosote.

Gas Chromatographic Analysis: A Varian Model 8000

autosampler was used to inject one microliter samples of

each creosote-chloroform extract into a Varian Model 3700

gas chromatograph equipped with a flame ionization detec-

tor. Separation was achieved using a 1.83 m x 0.32 cm

stainless steel column packed with SE-30 (5%) on 80/100

mesh Chromsorb G with nitrogen as the carrier. The oven

temperature was programmed from 70 - 3000 C at 10 degrees

per minute and was held at 3000 C for five minutes. The

injector temperature was set at 3000 C and the detector at

3100 C. Chromatograph integration was accomplished using
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an Apple Ile computer equipped with Chromatochart chroma-

tography software (Interactive Microware, Inc., State

College, PA).

A reference standard containing eight major creosote

compounds was prepared and tested each day to calibrate

the chromatographic response. Phenanthrene was used as

the reference compound for both phenanthrene and anthra-

cene which, due to similarity of molecular structure, were

inseparable with the liquid phase used. Since the liquid

phase eluted the components in order of increasing boiling

point and at temperatures proportional to their actual

boiling points (Lorenz and Gjovik, 1972) the standard

mixture allowed identification of many compounds in the

test extracts. In addition, a near-linear relationship

was found between peak height and concentration for each

reference compound, permitting determination of concentra-

tion of each compound in the extract (Table 1). Since

each plug was extracted in a uniform amount of solvent and

the injections were the same, it was possible to determine

the relative concentration of individual creosote

components as mg/ml of chloroform extract.

Data Analysis

Since large numbers of samples made analyzing all

chromatogram peaks impractical, eight compounds with a

wide range of boiling points were selected to represent



TABLE 1.

Coefficieqs (a and b) and Coefficients of
Determination (R ) in Regression of Reference Standard
Component Concentrations versus Chromatograph Peak Areas
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Component a

Area = a + b (Conc.)

b R2

Naphthalene

_

-4,492 4.063 x 107 0.9904

2-Methylnaphthalene 13,510 2.907 x 107 0.9662

Biphenyl 2,958 3.995 x 107 0.9967

Acenaphthene 2,365 4.091 x 107 0.9799

Fluorene 2,473 4.075 x 107 0.9839

Phenanthrene 7,319 3.516 x 107 0.9748

Carbazole 4,720 2.249 x 107 0.9358

Pyrene -2,038 3.768 x 107 0.9640
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the creosote components. External standards were used to

adjust these peak areas for operational variation and to

calculate the concentrations of these components in each

sample. This data was, in turn, used to evaluate the

effects of exposure period, original retention, and site

on component concentration within the panels.

Data from both Newport sites and the two Coos Bay

sites, which were each sampled five times, were combined

and a repeated measures 2-way ANOVA, blocked by site, was

performed with retention and exposure period as the treat-

ments (Neter and Wasserman, 1974). Because panels at the

Chevron Dock site in Coos Bay were sampled just three

times, this site could only be considered independently.

Effects of harbor were evaluated by using a repeated

measures 3-way ANOVA with retention, time, and harbor as

the treatments. In addition, a 2-way ANOVA with retention

and exposure period as treatments was used to analyze each

site individually.



RESULTS AND DISCUSSION

Evaluation of Marine Borer Attack

Inspection of the test panels for marine borer attack

indicated that even very low creosote retentions effec-

tively prevented attack, and only untreated control panels

were seriously damaged after one year of marine exposure.

Although at least one species of Limnoria has been re-

ported to inhabit each test site (Graham and Gonor, 1981)

(Figure 2), shipworms (Bankia setacea) were the most des-

tructive organisms during the first year of exposure.

Inspections after three months exposure at sites in

both Yaquina Bay and Coos Bay revealed no external evi-

dence of marine borer attack. Accumulations of fouling

organisms on panel surfaces were scraped off prior to

observation, and may have obscured minute entrance holes

in the control panels; however, no internal attack was

observed upon removal of sampling plugs. Panels at the

Chevron Dock site in Coos Bay were not inspected, since

racks could not be retrieved from the bay floor.

All creosoted panels were free from attack after six

months exposure, but shipworm attack of control panels was

noted at both Yaquina Bay sites and the Charleston site in

Coos Bay. Infested panels appeared unattacked externally,

but removal of sampling plugs indicated the presence of

internal shipworm attack. Control panels exposed in the
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Coos River, an upper estuary site in Coos Bay, exhibited

no external evidence of attack. Test panels at the

Chevron Dock location were not retrievable.

Three months later, examination of the test racks at

the Chevron Dock location revealed the presence of ad-

vanced Limnoria attack on the untreated control panels.

In contrast to other sites, only one of these control

panels exhibited evidence of internal shipworm attack.

Controls at other sites contained heavy shipworm infesta-

tions, but no attack was detected at Coos Bay's upper

estuary location. Plugs removed from panels at Yaquina

Bay's Riverbend Marina site also revealed evidence of

shipworm attack in one 5 kg/m3 and one 160 kg/m3

retention creosoted panel.

One year inspections included evaluation of Limnoria

attack using a grid rating system (Helsing, et. al.,

1984). Randomly selected creosoted panels were also re-

moved from the test racks to check for attack concealed by

fastenings, but no additional damage was found in these

areas. Limnoria attack was limited to panels exposed in

the two lower estuary sites in Coos Bay (Table 2), with

attack concentrated in control panels at the Chevron Dock

site. Although Limnoria attack was noted in panels

treated to 401 kg/m3 at both Coos Bay locations, this

attack was very sparse and shallow, with bore holes pene-

trating only about one millimeter into the wood surface.
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These bore holes may represent only unsuccessful attempts

by Limnoria to colonize the treated wood, and future

inspections will be necessary to determine if this attack

progresses.

The absence of Limnoria attack on control panels at

both Yaquina Bay sites and at the Coos River site was

notable, since previous reports (Graham and Gonor, 1981)

established the presence of Limnoria populations in these

TABLE 2.

Percentage of Panel Surface at Each Site
Containing Limnoria Attack After One Year Exposure

a. Panels previously destroyed by shipworms
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Retention (kg/m3)
Site 0 180 160 240 321 401

RiverBend
Marina a 0% 0% 0% 0% 0%

Marine
Center a 0% 0% 0% 0% 0%

Charleston a 14% 11% 5% 0% 3%

Chevron
Dock 100% 5% 6% 5% 0% 5%

Coos River 0% 0% 0% 0% 0% 0%
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areas (Figure 2). It is doubtful that changes in salinity

or water temperature eliminated populations of both L.

lignorum and L. tripunctata in Yaquina Bay, since the

combined hydrographic tolerance range of these two species

of Limnoria exceeds that of Bankia setacea (Hill and

Kofoid, 1927), which were present at both sites. Heavy

Bankia attack may have interfered with Limnoria coloniza-

tion of the untreated panels in Newport, in a manner

similar to the Charleston site in Coos Bay, where Limnoria

attack was detectable but insignificant on the exterior of

Bankia-infested control panels. In addition, the lack of

Limnoria attack at some sites may be explained by species

variation. Although L. tripunctata were present at one

Yaquina Bay site, L. lignorum populations dominated in

both Yaquina Bay sites and the Charleston site in Coos Bay

where attack of control panels was minimal, while L.

tripunctata was the dominate species on the heavily

attacked control panels at the Chevron Dock site (Graham

and Gonor, 1981) (Figure 2). Previous studies have noted

that L. tripunctata actively destroys wood over a wider

range of temperatures and has greater peak activity than

L. lignorum. The latter species often exists in waters

where surface temperatures are only optimal for boring in

midsummer. (Vind and Hochman, 1961). It is possible that

the slower attack rate of L. lignorum prevented detection
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of their attack of control panels prior to the destruction

of the panels by shipworms.

In contrast, neither species type nor competition

with Bankia explains the absence of Limnoria attack in

control panels at the upper estuary Coos River site. An

earlier study (Graham and Gonor, 1981) reported Limnoria

tripunctata populations in this area of the estuary, but

no attack by either Limnoria or Bankia was detected.

Instead, it appears that unfavorable conditions prevented

any type of marine borer attack at this site. Previously

collected salinity data (EPA, 1982) (Table 3) shows that

TABLE 3.

Quarterly Mean Salinities (ppt) for Water
Near Sites in Coos Bay and Yaquina Bay

Quarter Ending
March June Sept. Dec.

Riverbend
Marina 17.5 23 30.5 27

Marine
Center 24.5 29 31.5 29

Charleston 27 30 32 31

Chevron
Dock 14 19 29 22

Coos River 8 13 26 18

Source: EPA, 1982.
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mean salinity during the first quarter of the year was

only eight parts per thousand at this site, while Graham

and Gonor (1981) established that a minimum salinity of

ten parts per thousand was required for L. tripunctata

establishment in Pacific Northwest waters. Although no

specific data is available, high streamflow during 1985,

when this study was conducted, may have lowered salinity

levels even farther than those reported.

While the amount of Limnoria attack could be

quantified by viewing the panel surfaces, severity of

shipworm infestation was difficult to predict by external

observation. Because of this, shipworm attack could only

be detected by examining the two sampling plugs removed

from each panel. Shipworms (Bankia) destroyed all the

control panels in Yaquina Bay and at one site in Coos Bay,

but attack of creosoted panels occurred only at the River-

bend Marina site in Yaquina Bay (Table 4). This attack

was limited to two 80 and three 160 kg/m3 meter retention

panels, but demonstrates the importance of treating to

AWPA Standards specifications (321 kg/m3). Shipworm attack

of control panels at the Coos River site may also have

been prevented by low water salinity and high water tempe-

ratures, hydrographic factors to which Bankia are

sensitive (Hill and Kofoid, 1927; Neave, 1943; White,

1927, 1930). Although previous studies include many

conflicting findings, water temperature is regarded as the



single most important factor affecting Bankia breeding

(Hill and Kofoid, 1927), with ideal water temperatures

reported as 7 - 12 C (Neave, 1943) and below 10 C (White,

TABLE 4.

Number of Panels at Each Site With Internal
Shipworm Attack After One Year Exposure.

a. One of these panels was badly split,
exposing untreated wood.

1927, 1930). In addition, salinity requirements of Bankia

appear to be similar to those of Limnoria tripunctata

(Hill and Kofoid, 1927), and lack of L. tripunctata

activity at this site suggests that conditions were also

unfavorable for Bankia survival.

Shipworm attack of control panels at the Chevron Dock

site in Coos Bay may have been inhibited by early Limnoria

42

Retention (kg/m3)
Site 0 80 160 240 321 401

Riverbend
Marina 5 2 3 0 0 0

Marine
Center 5 0 0 0 0 0

Charleston 5 0 0 0 0 0

Chevron
Dock 1 0 0 0 0 0

Coos River 0 0 0 0 0 0



invasion and colonization of the wood (Graham, 1986).

Bankia attack of control panels at other sites was only

detectable after six months exposure (winter). Previous

studies report that peak Bankia activity occurs in fall

and spring (Neave, 1943; Black and Easely, 1948; Coe,

1941). Although these control panels were not inspected

until nine months after immersion, it is possible that

rapid L. tripunctata attack during the first three months

of summer exposure covered the panels surfaces with bore

holes before Bankia became active, preventing Bankia

settlement and colonization.

While the results indicate that properly treated

Douglas-fir has generally resisted attack, further expo-

sure time will be necessary to develop more precise

patterns of marine borer attack at the various sites.

Migration of Creosote From Panels

Gas chromatographic analysis of creosote content

in plugs removed from the test panels permitted compari-

sons between panels exposed for various time periods.

Since the creosote components eluted essentially in order

of boiling point (Lorenz and Gjovik, 1972) and corres-

ponded to our reference standards (Figure 4), it was

possible to reliably identify reference components in the

sample chromatograms (Table 5). These results were com-

parable to those previously reported (Lorenz and Gjovik,
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1972; Figure 5,A; Becker and Petrowitz, 1964; Figure 5,B),

allowing identification of other major components in the

creosote extracted from the test panels (Figure 5,C).

A comparison of chromatograms from the original creo-

sote to that of creosote extracted from the wood (Figures

5,C; 5,D) indicates that levels of lower boiling point

constituents extracted from the wood were substantially

less than those present in the original creosote solution.

Especially apparent were the lower levels of naphthalene

and the 2-methylnaphthalenes, which were major components

in the original creosote but minor components in creosote

extracted from the wood (Table 6). This effect was noted

for creosote extracted from panels at all the test sites,

and for each retention level (Figure 6). Only carbazole

and pyrene, the highest boiling constituents, were still

present in the wood at levels near those in the original

oil. A portion of this discrepancy may be attributed to
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Figure 4. Chromatogram of Reference Standards Used to
Identify Components in Creosote.
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TABLE 5.

Elution Times (min) for Reference Standard Components
and Components in Creosote Extracted From Test Panels

45

Component
in Sample

Chromatogram
(min)

Elution Time
Boiling
Point (C)

of
Ref. Stds.
(min)

Naphthalene 6.21 6.20 218

2-Methylnaphthalene 7.70 7.72 241

Biphenyl 8.76 8.77 256

Acenaphthene 10.03 10.07 279

Fluorene 11.21 11.23 293-295
Phenanthrene
+ Anthracene 13.32 13.35 340

Carbazole 13.75 13.79 355

Pyrene 16.57 16.57 393



B

ELUTION TIME (MINUTES)

Figure 5. Chromatograms of Components in Creosote -
A: Lorenz and Gjovik, 1977; B: Becker and
Petrowitz 1964; C: This Study, Creosote
Extracted From Test Panels; D: This Study,
Original Creosote (Continued page 47).
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ELUTION TIME (MINUTES)

LEGEND

MAJOR COMPONENTS

IN CREOSOTE

PEAK NO COMPONENT

1 - NAPHTHALENE

2 - 2-METHYLNAPHTHALENE
3 - 1-METHYL NAPHTHALENE

4 BIPHENYL

5 DIMETHYLNAPHTHALENES1

6 ACENAPHTHENE

7 DIBENZOFURAN1

8 _ FLUORENE
1

9 METHYLFLOURENES

10 - PHENANTHRENE

11 - ANTHRACENE

12 CARBAZOLE

13 METHYLPHENANTHRENES
1

14 METHYLANTHRACENES
1

15 - FLUORANTHENE1

16 PYRENE

17 BENZOFLOURENES1

18 BENZODIPHENYLSULFIDE2
19 CHRYSENE1

From Lorenz, L.F., and Gjovik, L.R. (1972)
From Becker, 6., and Petrowitz, N.J. (1964)

Is

17

19
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volatilization of lighter ends during the treating

process, since a crystalline fraction accumulated inside

the treating cylinder. In addition to treating losses,

vapor losses from the panels shortly after treatment

(Stasse and Rodgers, 1965) and prior to the original

sampling for creosote content, may have contributed to

lower levels found in the wood. In addition to volatili-

zation, incomplete creosote extraction from the wood and

losses of some volatile components during storage may have

contributed to the variations. The chloroform-cold extrac-

tion employed minimized volumes of solvent required and

provided uniform, if not complete, extraction. However,

the detection of the high boiling point carbazole and

pyrene constituents at levels near those in the original

oil suggests that extraction was fairly thorough. The

cold extraction may have helped conserve some of the

lighter ends which may be lost when some hot extraction

techniques are employed (Committee P-2, 1957).

Creosote Migration Analysis

Test panels in this study were exposed in two

estuaries- three sites in Coos Bay and two sites in

Yaquina Bay. One site in Coos Bay was sampled only

three times, and was analyzed independently. The

remaining sites were sampled five times, allowing a

combined statistical analysis, and permitting a



TABLE 6.

Composition of Original Creosote Compared to
Extracts From Creosoted Test Panels

Identified by comparison with chromatograms
of Lorenz and Gjovik, 1972
Figures do not add to 100% because of the
Presence of other creosote components.
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Component

Original
Creosote
Approx. %b

Creosote Extracted
From TestbPanels
Approx. %

Naphthalene 11.77 1.13

2-Methylnaphthalene 5.95 0.82

Biphenyl 1.05 0.51

Dimethylnaphthalenesa 2.82 1.26

Acenaphthene 6.89 4.58

Dibenzofurana 3.61 2.80

Fluorene 7.44 6.72

Methylfluorenesa 3.25 3.28
Phenanthrene
+ Anthracene 13.39 18.66

Carbazole 2.09 2.73

Methylphenanthrenesa 1.02 1.20

Methylanthracenesa 6.76 9.10

Fluoranthenea 6.72 9.63

Pyrene 5.50 7.66

Benzofluorenesa 2.57 5.50

Chrysenea 2.91 3.92
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comparison of changes in creosote components in panels

exposed in the two estuaries.

Combining results from both Yaquina Bay sites and two

of the Coos Bay sites revealed that after 3, 6, 9 and 12

months of marine exposure there were no significant de-

creases in levels of any creosote components. In addi-

tion, concentrations of naphthalene, 2-methylnaphthalene,

biphenyl, acenaphthene, and fluorene actually appeared to

increase significantly over the exposure period (Figure

6). This trend was also apparent for individual sites in

both estuaries, although increases in levels of biphenyl,

acenaphthene and fluorene were not always statistically

significant (Table 6). Application of Newman-Kuels mean

separation procedures revealed that these increases were

not uniform throughout all creosote retention levels.

While the 321 and 401 kg/m3 retention groups exhibited

increases, the 80, 160, and 240 kg/m3 retention groups had

no significant concentration changes (Figure 7). This

finding is in agreement with previous work which noted

that retention level affects creosote migration (Leach,

1960). In addition, it is apparent that the statistically

significant changes are limited, in most cases, to dif-

ferences detected between concentrations prior to exposure

and after one year exposure, with little change occurring

prior to nine months exposure.
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The absence of significant decreases in levels of

creosote components corresponds with previous studies

which found that the levels of major components in

southern pine piling and panels exposed for at least 9.5

years did not differ from those in unexposed, treated wood

(Lorenz and Gjovik, 1972; Colley, 1974; Parrish, Barger

and Bultman, 1982). Similarly, Miller (1977) found that

creosote content in two of three Douglas-fir piling im-

mersed in Yaquina Bay, Oregon, remained constant after

eight years (Miller, 1972, 1977). In addition, several

other reports have noted the longevity of creosote in wood

(Baechler and Roth, 1960, 1961; Webb, 1980).

TABLE 7.

Probability (%) that Major Creosote Component
Concentrations at Each Site Changed During
Exposure.

Charl- Coos Chevron Marine Riverbend
Component eston River Dock Center Marina

Naphthalene 100 100 100 100 100

2-Methyl-
naphthalene 100 100 100 100 100

Biphenyl 98 98 100 100 43

Acenaphthene 99 86 100 100 98

Fluorene 100 87 94 49 100
Phenanthrene
+ Anthracene 78 49 28 22 86

Carbazole 49 24 48 39 49

Pyrene 12 45 70 85 86
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In contrast, others have found significant losses in

creosote constituents, particularly lower boiling point

fractions, after various periods of marine exposure.

However, many of these studies employed small wafers or

very thin panels of creosoted wood (Miller, 1972; Sweeney,

Price, and Saunders, 1956). These conditions, when

coupled with elevated water temperatures employed in

leaching tanks, may accelerate creosote losses and may not

accurately reflect losses experienced in larger pieces of

creosoted wood (Miller, 1972; Sweeney, Price and Saunders,

1956). In other studies, however, substantial creosote

losses were reported from larger test specimens. After

3.5 years, creosoted 13 - 18 cm diameter southern pine

posts exposed at Key West, Florida, lost significant

amounts of creosote from the outer 0.6 cm of wood (Gjovik,

1977) while small panels 8 x 46 x 2 cm lost much of their

lower boiling point fractions after fifteen months expo-

sure in a room temperature leaching tank (Leach, 1960).

In addition, 8 x 36 x 2 cm southern pine panels and 11

to 14 cm diameter posts suffered substantial losses of

creosote fractions boiling below 355 C after one year

(Stasse, 1959; Stasse and Rodgers, 1965).

The variation in results obtained from leaching

studies using larger test specimens may be due to several

factors, including extraction and analysis techniques,

exposure periods, wood structure, and water temperature.
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In many early studies flask distillation was used to

extract creosote from wood (Baechler and Roth, 1960).

This method inadequately represents the lower boiling

point constituents (Colley, 1974) and previous studies

employing this technique may have inaccurately determined

the levels of these fractions in exposed wood. While this

technical flaw may account for some variation, most recent

studies have employed highly accurate gas chromatographic

techniques or 5-ball column distillation to monitor migra-

tion of creosote from wood (Gjovik, 1977; Stasse, 1967).

The effect of exposure period on creosote leaching

remains unclear. Gjovik (1977) noted creosote losses

after three and one-half years of marine exposure, but

found no losses after one year of exposure, while Stasse

(1959) reported significant losses during the first year

of exposure. In general, one would expect exposure period

to play an important role in the amount of creosote loss,

and studies reporting results of differing exposure

periods are difficult to compare.

Another factor, wood structure, greatly affects creo-

sote loss (Stasse and Rodgers, 1965; Stasse, 1967; Miller,

1977), with creosote permanence in wood increasing as wood

density increases (Leach, 1960). Although Douglas-fir and

the southern pines are similar in density, southern pine

sapwood is much more permeable and more easily treated to
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high retentions with creosote (Teesdale, 1914). Thus the

more difficult to treat Douglas-fir may also be more

resistant to leaching of creosote components from the wood

(MaClean, 1950). This difference in species may help

explain why this study and that by Miller (1977), using

Douglas-fir, noted no losses of creosote, while several

studies using creosoted southern pine have noted signifi-

cant creosote losses during marine exposure (Gjovik, 1977;

Stasse, 1959; Leach, 1960).

Differences in water temperature, as reflected

between warm and cool water estuaries, may also explain a

portion of the variation in leaching studies. This study,

as well as those by Miller (1972, 1977), was conducted in

relatively cool Oregon estuaries, while others reporting

creosote losses performed tests in warmer, southern,

waters (Gjovik, 1977; Stasse and Rodgers, 1965). The

effect of water temperature on creosote migration is sup-

ported by leaching-tank work in which migration of creo-

sote from panels increased substantially as water tempera-

ture increased from 20 - 40 C (Ingram, et. al., 1982).

It is apparent from this discussion that many factors

may affect the migration rate of creosote from wood. The

absence of substantial migration from panels in this study

may reflect the effects of analysis technique, exposure

period, wood species, and water temperature.
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The reasons for the apparent increase in concentra-

tions of the lower boiling point constituents (Figure 7)

also remains unclear, although the more volatile compo-

nents of creosote may have been lost from the sampling

plugs during the storage period prior to extraction and

analysis. All analyses for creosote content were per-

formed at the conclusion of one year exposure, and plugs

removed during early stages of the study were stored for

much longer periods than those removed at or near the

test's conclusion. However, the sampling plugs were

stored at 1.7 C to retard creosote volatilization, and it

appears unlikely that this was the sole reason for the

decline in this fraction. While gravitational migration

of creosote has been noted to alter creosote distribution

within test panels (Leach, 1960), panels in this study

were sampled at the top and bottom to compensate for

vertical movement of creosote components, and overall

creosote concentrations should not have increased. Simi-

lar increases in creosote concentration have been detected

after one year exposure of creosoted southern pine posts

in Key West, where overall creosote content of the wood

increased, even in the outer 0.6 cm of post circumference

(Gjovik, 1977). This trend reversed, however, after three

and one-half years of exposure (Gjovik, 1977), suggesting

that concentrations in this study may eventually follow

similar trends.



Hydrographic Effects

Hydrographic differences between Yaquina Bay and Coos

Bay did not appear to significantly influence creosote

migration, as general trends in both harbors were similar

(Figure 8; Figure 9). There were no significant declines

in concentrations of creosote components in either estu-

ary, but levels of lower boiling constituents appeared to

increase at both harbors. However, average naphthalene

levels from both Yaquina Bay sites were significantly
higher than those in Coos Bay over the year of exposure,

while average phenanthrene and anthracene levels were

higher in Coos Bay than in Yaquina Bay (Table 8). There

is no clear explanation for the difference between concen-

trations of these components in the two harbors, since

other components did not differ between the two sites.

Although differences between individual sites could

not be statistically tested, there were no significant

decreases in concentration of any component at any site

and several of the lower boiling point constituents

appeared to increase in concentration at each site (Table

7). Although the sites probably differed in hydrographic

factors including wave action, current velocity, water

temperature, and salinity, these factors apparently did

not play a significant role in creosote migration after

one year of exposure. These factors vary daily and

60
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TABLE 8..

Average Concentrations of Creosote Components
in Test Panels Exposed for One Year at Coos

Bay or Yaquina Bay.

Average Concentration (g/ml x 1000)

Significant at 5% confidence level
Significant at 1% confidence level

seasonally, and it may take several years before their

role in creosote migration becomes clear.
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Coos Yaquina
Component Bay Bay F-Ratio Prob > F

Naphthalene 1.515 2.366 23.84 0.04a

2-Methyl-
naphthalene 0.969 1.723 6.23 0.22

Biphenyl 0.238 0.316 2.01 0.432

Acenaphthene 1.722 1.579 0.18 > 0.50

Fluorene 2.456 2.729 8.94 b0.10
Phenanthrene
+ Anthracene 7.254 6.313 111.59 0.01

Carbazole 1.704 1.574 0.13 > 0.50

Pyrene 2.789 2.895 0.03 > 0.50



CONCLUSIONS

Marine exposure of test panels creosoted to various

retention levels indicates that the AWPA specified reten-

tion of 32 kg/m3 effectively prevents marine borer attack

in Oregon estuaries for at least one year. However,

several panels treated to 160 kg/m3 suffered internal

attack by shipworms (Bankia setacea), which were also the

most destructive borers of untreated control panels.

Limnoria tripunctata attack of the untreated controls was

significant at only one site, and these borers, although

known for their ability to attack heavily creosoted wood

in warm water estuaries, did not damage creosoted panels

during the first year of exposure. Water temperature and

salinity appeared to be important influences on the nature

and severity of marine borer attack at the various sites.

Monitoring of creosote component concentrations

within the test panels revealed an absence of significant

migration of components from the panels after one year.

Levels of lower boiling point constituents in creosote

extracted from the wood were substantially less than those

present in the original creosote, apparently due to vola-

tilization of lighter ends during treating, vapor losses

from the panels, and incomplete extraction of creosote

from the wood. In addition, similar patterns of creosote

concentration were noted at all sites, indicating that

66
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differences such as water temperature, salinity, turbidi-

ty, and current velocity did not strongly influence creo-

sote migration from the wood during the exposure period.

Further exposure time will be necessary to develop

more precise patterns of creosote migration from the

panels and to allow more accurate assessment of the

effects of retention level and hydrographic factors on

marine borer attack.
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