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ABSTRACT

A procedure is described for monitoring the uptake of
liquids under pressure, into small blocks of dry wood. Tests
with eight softwood species showed that rates of uptake in the
radial direction correlated well with the known treatability of

these species in relation to al i tion

with wood preservatives.

Several different patterns of radial penetration were
observed and it was found that the most important morphologica}
feature influencing these was the nature and condition of the
ray parenchyma cells, the crossfield pits in particular.

Examination of the structure of water-stored spruce
showed that the bordered pit membranes and tori had been
destroyed, probably by bacteria. It is suggested however, thet
the mein factor causing increased permeability in this material
wes the partial destruction of some of the crossfield pit
membranes.

The possibility of developing biological pre-treatment for

the preservation of poles of refractory species is discussed.
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Introduction

(a) General Background to Current Preservation Practices and

Problems
Throughout history, wood has provided msn with one of

his most valuable basic materials and even today the per
capita consumption of wood products (except for fuel) is
probably higher than at any stage in the past. In
undeveloped countries wood is normally in abundant supply
and tree species producing wood with any desired character-
istic (strength, durability, workability, beauty, etc.) can
be obtained by selective logging without trouble, and
without the need for much thought of conservation. As
countries become more developed,however, the forested area
is invariably depleted and sooner or later this necessitates
some measure of conservation. As the need for conservation
becomes greater,and the value of land and labour increase,
forestry becomes more of an economic excercise, and it is
no longer possible to produce a wide variety of timber species,

regardless of cost, to meet all the market requirements.

F tend to on those species which are the
easiest to handle silviculturally, and which will produce the
greatest volume of generally useful wood in the shortest time.
In the temperate countries of Europe and South America, where
this development has taken place to the greatest extent, the

woody plants which best fulfil these reguirements are the
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conifers, the so-called softwoods.of the timber trade. Even
in the sub-tropical countries of South Africa, South America
and Australsgia, forest management has concentrated on softwoods
to supply the bulk of timber requirements, and where fast
growing conifers have not ocourred maturally, exotic species
have been introduced, oftem with spectacular results in terms
of wood volume production. The main adventages of softwoods
for general utilization are their ease of sawing and machining,
their good strength to weight characteristics, and their
long fibre, making them particularly suitable for pulping
for the production of newsprint and paper containers. From
the forestry point of view the fastest growing conifers tend
to be pioneer species in the ecological sense, and this makes
‘them amenable to treatment as a crop which can be planted or
regenerated in pure stends. Although such monocultures
carry inherent risks of soil deterioration and epidemics of
pathogens, the economic benefits in establishment, tending
and harvesting are so great that this is, and continues to be,
the preferred silvicultural system for production forestry.
In such a system the seedlings are planted (or regenerated)
in close proximity to each other so that in theirerly stages
they grow in a slim upright form with little development of
lateral branches. Successive tending operations remove a

high percentage of the slower growing and worst formed trees



3=
8o that the full production potential of the site is
concentrated on the eighty or so trees per acre which will
form the final crop. These are harvested at the completion
of the economic rotation (usually when the current ennual
increment of timber volume falls below the mean annual increment
for the rotation) and this is generally well before the trees
have reached full biological maturity. One result of this is
that the final crop trees, which have been kept growing at
meximum rate throughout their entire life, contzin much less
heartwood than would be found in naturally occurring trees of
the same species at full maturity; the intermediate yields
from thinning operations produce virtually all sapwood. While
this is a desirable characteristic for the manufacture of
pulp, it renders the product quite unsuitable, in its native
state, for use as solid wood which may be exposed to biological
agents of deterioration such as decay fungi, wood boring insects,
or marine boring animals. Even where heartwood is present,
the type produced by most of the fast growing conifers has
very little natural dumbility. The heartwood of such species
as larch, Douglas fir, and some of the slower growing Pinus
species will last for several years exposed to the elements
provided it is not in contact with the ground, but only a few
relatively slow growing conifers (e.g. the western red cedar

of N. America and totara of New Zealand) possess sufficient
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quantities of a suitable, insoluble, toxic material in the
heartwood to allow it to be used under the demanding conditions

of ground contact.

To overcome this the forester looks to the scientist end
technologist to find methods of altering the properties of
the sapwood (and the non-durable heartwood) so that it can no
longer be destroyed with ease by fungi and insects.

With the exception of e few animals which bore into wood
for protection (e.g. marine borers of the family Pholadidae,
and some insects such as carpenter bees) most organisms which
destroy wood do so in order to utilize the cellulosic and/or
lignin fractions as nutrients. Thus it should be possible
theoretically, to protect wood from these organisms by chemically
modifying it so that it is no longer suitable as a food source.
This approach is being investigated currently by several
laboratories around the world but so far there is no indication
that it is a feasible commercial proposition., External
coatinge serve a two-fold purpose in providing a physical
barrier against the entry of organisms, and also by preventing
or minimizing the entry of moisture which is necessary for
their metabolism. The disadventages of external coatings (e.g.
& good paint system) are firstly expense, and secondly the
fact that protection is lost completely if the coating wears
off or becomes ruptured in service. The third alternative
is to impregnate the wood to some depth with & chemical that

is toxic or repellent to the organisms of deterioration. The
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desirable properties of such a chemical are often listed in
preservation literature as follows:- It should be toxic
(or repellent) to all agents of biodeterioration but harmless
to man and domestic animels. It should not adversely affect
wood strength or other physical properties, or impair its
machining, painting, gluing, etc. It should be chemically
stable, non-volatile, and resistent to leaching. It should
reduce, rather then incresse, inflammability, and should not
be corrosive to metal fasteners. Finally it should be
plentiful, cheap, and easy to impregnete into the wood.

No single chemical possesses all these attributes and it
is most unlikely that one ever will, but there is no doubt
that considerable progress has been made since the days when
the ancient Chinese attempted to preserve wood by soaking it
in strong seline solutions. Perhaps the most generally effective
preservative used in the past has been creosote distilled from
coal tar, and this is still widely used for the preservative
treatment of marine piles, poles, end railway sleepers. The
main disadvantages of creosote are its increasing cost, lack
of availability in some areas, its colour and oily nature
(creosoted wood cannot be painted and is dirty to handle) the
high cost of creosote impregnation plant, and the fact that
because of its odour and "dirtiness" it is unsuitable for
timber to be used in dwellings except for such uses as foundation

piles. As wood used in building construction is protected from



T

the elements by the exterior sheathing of the structure, or

by a paint system, resistance to leaching is not of paramount
importance and this simplifies the choice of chemical which
can be used. Boron compounds have been shown to give excellent
protection against wood boring beetles (the greatest hazard to
wood when liquid water is excluded) and treatment methods
which are cheap and effective have been developed for these

in Australia (mainly for protecting hardwoods from Lyctus
species) and New Zealend. In New Zealand diffusion treatment
methods were developed by Harrow(1954) & carr, (1955  for
hardwoods and softwoods up to four inches in thickness. This
so-called momentary immersion process requires only very simple
treating equipment, is effective for all species, and produces
treated timber that is safe and clean to handle and use.

The great disadvantage of boron treatment is its leach-
ability, and in addition to limiting its use to wood which
will be continually protected in service, care must also be
taken in storing the treated timber at the treating plant,
merchant's yard, and building site. Care must also be
excercised during the seasoning of boric treated timber as
kiln schedules designed to give optimum drying times will
cause migration of the salts to the surface layers and also

an over-all loss by steam volatilization.
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Thus even if a wood utilization enterprise has the
financial resources to install both creosoting and boron
treating facilities, there remain several areas of incomplete
technical fulfillment.

Probably the greatest single advence in wood preservation
wes the discovery by S. Kemesan of Dehra Dun Forest Research
Institute in 1933 that a solution containing arsenate, copper
and hexavalent chromium could be injected into wood to form a
highly stable and effective wood preservetive. This original
copper-chrome-arsenate formulation (named 'Ascu' by its inventor)
proved so superior to other water-borne preservatives which had
been developed up to that time (chromated zinc chloride, zinc-
meta-arsenate, acid copper-chromate, fluor-chrome-arsenate-
phenol, mercuric chloride to mention & few) that with minor
modifications it has become the most universally used
preservative today. In addition to the original trade neme of
"Ascu!, copper-chrome-arsenate formulations are now well known
by such proprietary names as 'Greensalt' 'Tanalith C',

'Boliden K33', and 'Celcure A'. The principal toxic ingredients
and mode of action is the same foremch of these preservatives
and they differ only in the relative proportions of copper:
chromate:arsenate, the chemicals used in the formulations
(sodium or potassium salts in some and oxides in others), and

in the nature of the commercial product (pastes - free flowing

salts - twin packs).
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The great advantage of copper-chrome-arsenate formulations
is the coupling of high resistance to leaching by water, with
a broad spectrum of biological efficiency against marine
boring molluses and crustaceans, wood boring insects including
termites, and decay fungi including soft rots. The one main
disadventage is that with normal commercial methods of
impregnation, it is difficult to obtain satisfactory penetra-
tion into some species of wood. This is especially the case
with large dimension timbers and particularly so with natural
rounds e.g. piles, poles and fence posts, the only really
economic outlet for the thinnings of softwood plantations
where pulping facilities do not exist in close proximity to
the forests.

Particular reference will be made in this introduction
to the conditions pertaining in New Zealand as the author has
worked in timber preservation in that country and is familiar
with these conditions.

Also, New Zealand has the highest per capita consumption
of trested timber in the world (over 11 cubic feet per head of
population per year) using epproximately 12 times as much as
the next highest country, Sweden, and 30 times as much as the
United States of America. In addition, New Zealand is theonly
country where all timber preservation is controlled by

Governuent resulation and strict inspection procedures exist
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to ensure that all treatment conforms to standards laid down

by an i t Timber ion
Authority. The full requirements of the Timber Preservation
Authority (TPA) are set out in a book "Timber Preservation in
New Zealand - Specifications" (Revised 1969).
Vacuum/Pressure Impregnation.

The vacuum/pressure, or fullcell, method of impregnating
wood with preservatives has remained practically unaltered
since it was patented by Bethell in 1838. The equipment
consists basically of a pressure cylinder (usually 4-6ft.
diemeter and 50-100ft. long) with a door at one or both ends
5o that the wood to be treated can be wheeled in on some form
of trolley. The only other essentials areavacuum pump, a
pressure pump, a storage tank for the treating solution, and
a mixing tank for preparing treating solutions of the desired
concentration. Timber to be treated is dried to a moisture
content below fibre saturation point (about 30% of the oven
dry weight with most species) so that the lumena of the cells
are devoid of free water, and then evacuated in the treating
cylinder. A vacuum (22 - 26 inches of mercury at sea level)
1s drawn and maintained for a period of 15 - 30 minutes. The
treating solution is then admitted and the pressure brought up
to a pre-determined figure (usually 200 p.s.i. gauge pressure)
and held until no further flow from the storage tank occurs.
This so-called "treatment to refusal” is nommally taken to be
satisfied at virtual refusal i.e. when the rate of flow falls to
& specified figure such as 2 gallons per 100cu.ft. wood over a

period of 10 minutes.
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The treating cylinder is then emptied of treating solution and
& final vacuum is applied to remove surplus liquid.

The plant and ancilliary equipment required for this
process is relatively inexpensive (c.f. creosoting plant
requiring air pressure and —heating), wood that is not too
refractory can be impregnated uniformly and well, and the
process is generally regarded as being the easiest preservation
process to control.

In specifying required concentrations of waterborne
preservatives in wood, the normal method is to state a weight
of dry preservative salt in relation to a volume of wood,

e.g. 1bs/cu.ft. or Kg/cu.m., and this is atteined in practice
by adjusting the concentration of the treating solution in
accordance with the expected liquid uptake of the wood being
treated. The final retention of preservative is then
celculated easily, by dividing the weight of salt used (volume
of treating soln. x conc.) by the volume of wood, which is
measured by the displacement of treating solution in the
cylinder of known volume. Because wood shrinks when dried
below fibre saturation point, the volumes of untreated wood
will vary slightly with moisture content, so for uniformity
the volumes are always calculated on the swollen volumes i.e.
the displaced volume at the completion of treatment. The
uptake of solution will vary with the density of the wood and
its moisture content at the time of treatment and this can be

calculated with a fairly high degree of accuracy as will be
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shown later in this thesis. In commercial practice the
expected uptake is estimated from general experience with
the species and type of wood; allowances being mede for the

presence of any impermeable heartwood in the chafge.

Problens arising with various softwood species.

With copper-chrome-arsenate preservatives it has been
shown thet the ultimate location of the salts is within the
wood cell walls (Belford et al. 1959; Petty and Preston, 1968)
and in this location the compounds formed are resistant.to
leaching by water. The exact mechanism by which the chemicals
become deposited throughout the cell wall is not yet clear
but it is certain that entry end fixetion take place within
a very short time of treatment. For this reason it is essential

that all decsy suscepbible wood must be penetrated, for unlike

the c ase with oily p: ives such as (which remain
as liquids in the cell luména), untreated wood that is exposed
by checking in service cannot gain protection from preservative
which may migrate over the exposed surface from adjacent
heavily treated areas.

Experience has shown that normal vacuum/pressure impreg-
nation with CCA solutions does not always achieve this desired
amount of uniform and even penetration, particularly in natural
rounds such as piles, poles and posts where a deep envelope

of well treated wood is essential. In the 1969 revision of
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the New Zealand T.P.A. specifications the species which may

be treated with CCA preservatives for these commodities are

limited to the following:-

(1)

(i1)

(iid)

Marine Piles - Pine species, except that treatment by
process specification P9 (oscillating pressure) is
restricted to Corsican and rediate pine.

Round poles - Pinus species (Austrian, Corsican,

loblolly, lodgepole, longleaf, maritime, muricata
patula, ponderosa, rediata, shortlesf, slash and
strobus) and keuri (Agathis australis).

Posts and sawn timbers for use in ground contact:.

As for (ii) i.e. kawi and Pinus species except that

some Pinus species (lodgepole, miricata, strobus,
slash and patula) are not approved for treatment as
sewn timber because of heartwood characteristics of
low durebility and untreatability. Several other
species of softwoods have been critically examined
by the T.P.A. and some of these have been approved
for treatment at various times in the past. These
include Douglas fir (Pseudotsuga menziesii), larch

(Larix decidua), pa (&

p2),
redwood (Sequoia sempervirens), Lewsons cypress
(

paris lawsoniana), sugi (Cryptomeria jeponics),
kahikatea (Podocarpus dacrydioides), Totara
(Podocarpus totera), teneksha (Phyllocladus trichomanoides)

rimu (Dacrydium cupressinum).




P/T.(No.42-51.)
Air seasoned

Vacuum/Pressure treated Douglas Fir

Photograph 1

Seotions out from the centre of Douglas fir fence posts
after with copp rsenate solution.
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None of these is now approved for the treatment of wood to
be used in the sea, or for ground contact, or other high
decay hazerd use. The exotic species listed (Douglas fir,
larch, macrocarpa, Lawsons cypress, redwood and sugi) are
proscribed because treatment trials have shown that
penetration of the treating solutions is either very shallow,
(even in the sapwood) or is very irregular and varies from
one charge to another or even from one piece to another in a
seemingly uniform charge, (see photograph 1). With the New
Zealand indigenous species listed the uptake of treating
solution is normally good (approaches saturation, albeit at

a slower rate than with Pinus species), but the distribution

of the salts in the treated wood is irregular; copper in
particular appears to be "screened out" and concentrated in
a narrow peripheral zone. Several other exotic species such

as the spruces (Picea abies and P. sitchensis) are excluded

from the approved list because their reputation for treatment
in their countries of origin is so notorious that no-one in
New Zealand has even bothered to attempt treating them.

The main purpose of the research covered by this thesis
has been to try and find some reasons for the differences in
treatability exhibited by these various species, and to suggest
Where possible how the treatability of the refractory species

might be improved.



a.

Background and literature survey.

Although there has been a considerable amount of research
over the last sixty years on the subject of wood permeability,
very little of practical value has emerged, and the basic
reasons for variations inease of treatment are almost as
obscure as ever. One possible reason for this lack of success
is that the problem has been spproached from two completely
different angles with little mutual apprecistion of the
fectors involved. On one hand practical wood treaters have
attempted to improve the treatment of different species and
commodities by purely empirical methods such as variations
of time, pressure, vacuum, temperature etc. with little
knowledge of the wood structure problems involved, while on
the other hand laboratory research workers have studied
fine structures, pore size, and directional permeability with
little thought of the practicalities of commercial treatment.

The first approach has resulted in some improvements in
treatment but these have been small in comparison with the
large amounts of time, trouble and expense that have been
consumed. The worst espect of this approach is that there may

be a continuing expenditure on problems thet are insoluble with
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the equipment being used. The second approach hes suffered

mainly through over generalization in attempting to apply the
findings of investigations carried out with small specimens

under abnormal physical conditions. Because of this, promising
theories have often given contradictory results in practice and
much time has probably been lost in pursuing irrelevant details.
An example of this mey be the vast amount of time spent on
studying the bordered pit pairs in coniferous tracheids and

their relationship to longitudinal flow rates. From the time of
the first work by I. W. Bailey (1913) this structure has been
studied by numerous research workers in attempts to show its
precise structure, function, behaviour, and effect on permeability.
This work has included several studies on the mechanism and effects
of pit aspiration (I. W. Bailey, 1913, 1916; Griffin, 1919, 1924;
Scarth, 1928; Sutherland, 1932; Phillips, 1933; Stone, 1936,
Johnston and Maass, 1930; Henriksson, 1957; Kishime and Hayashi,
1962; P. J. Bailey, 1966; Krahmer and COté, 1963; Thomas, 1967,
1969; Liese and Bauch, 1967; Comstock and COte, 1968). From

these it is now accepted that pit aspiration is caused by surface
tension forces exerted by the cell water as wood is seasoned, and
that it can be avoided, or at least minimised, by drying by solvent
exchange through a series of water miscible liquids with low

surface tension. It has been
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demonstrated also that solvent exchange drying results in
greater longitudinal permeability to both gaspes and liguids
under laboratory conditions but it has not been shown conclusively
that pit aspiration is en important factor in commercial
treatment. Furthermore, no-one has yet put forward a feasible
suggestion as to how pit aspiration could be overcome on &
commercial scale. Henriksson (1952) considered the "value
action" of unaspirated bordered pit pairs in green wood and
from eguations of cabulated closing pressures, developed the
theory of the Oscillating Pressure Method for the pressure
treatment of green timber. Experience with this process in
New Zealand (McQuire, 1964) showed however that these equstions
were not valid, and that with the only species in which
treatment vas completely satisfactory (Pinus species) the
penetration wasmdial end not axial. Pre-treatment of green
wood with mercuric chloride hes been claimed to fix the torus
of the bordered pit peirs of trachieds in an unaspirated
condition, but this was tried by the author with no
improvement in treatebility. Freshly cut Douglas fir posts
were treated by vacuum sap replacement using a solution of
EgCl, and then were peeled and seasoned. Vacuum/pressure
treatment with CCA solution at 200 p.s.i. resulted in an

unsatisfactory of (phot th no. 2) which

was not detectably superior to the similar posts thet had not

been pre-treated. According to Stone (1936), pre-steaming green



PIT (No.62-71.)
Sap replacement
with HgCl,

Vacuum/Pressure treated Douglas Fir.

Photograph 2

Sections cut from the centre of Douglas fir posts pre-treated
with HgCl, and pressure treated with CCA preservative.



P/T.(No.52-61.)
Steamed.
Air seasoned.

Vacuum/Pressure treated Douglas Fir

Photograph 3

Sections cut from the centre of Douglas fir posts which had
been pre-steamed, air dried, and pressure treated with CCA
preservative.
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wood causes 2 slight dncrease in the percentage of pits
aspirated during seasoning but in the same series of triels
with Douglas fir in New Zealand this treatment resulted in a
noticeable improvement in the uniformity of preservative
penetration (Photograph no. 3).

The pre-occupation with bordered pits has come about
probably because most laboratory studies on the permeability
of wood in different grain directions have shown that flow
rates in an axial direction are greater (and often very much
greater) than in either of the transverse directions. This
has led to the assumption that it is axial penetration which
is important in preservative treatment. What has been generally
neglected or overloocked in these considerations is an assessment
of the effectiveness of any such pemetration, and also a
comparison of the areas offered and distances involved for
various directional flows in commercial treatment.

A sinple definition of “effective penetration" is

impossible because it depends on the type of commodity (its
size, shape, importance, unit value, use to which it is put,
ease of replacement etc.) and the preservative being used.

In general it may be said that decay susceptible timber must
be penetrated, and particularly with highly fixed preservatives
such as CCA salts, this penetrated zone must be uniformly and

evenly treated. With large section members an envelope of
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treated wood will normelly suffice provided this is deep
enough that the underlying wood will never be exposed during
normal service life. Thus preservation specifications with
CCA salts gemerally require an over-all retentionof salt
(1bs dry salt per cubic foot) plus 2 minimum penetration at
some fixed point such as the mid point or ground line in
poles or posts. Recently there has been a swing towards end-
results type specifications in which a definite minimum
retention of one or more of the toxic components that can
be checked by chemicelanalysis is required within any part
of the treated zone. A pole specification of this type might
read "Penetration must be continuous and uniform to & depth
of 1 inch (or 80 of the sapwood depth whichever is the
greater) and the retention must be such that chemical enalysis
of any part of a zone from % inch to 1 inch from any surface
must show a loading of at least 0.24% CuO equivalent as a
percentage o £ the oven dry wood weight in 9@/ of samples taken.
A specification such as this places & great premium on
radial penetration in round poles. Considering a pole (which
for illustrative purposes can be taken as a cylinder) of length
20 feet, diameter 9 inches, with a required depth of penetra-
tion of 1.0 inches, the areas available for penetration during
treatment, and the distances the solution will have to travel

in an axial and mdial direction are as follows:-
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Area for radial penetration = T x 9 x 20 x 12 = 6,800 sq. ins.
U e " aop (TR 45 mre P i bb ag, 1ns,
Ratio of radial area : axial erea = 136 3 1
The distances the preservative solution would need to travel
are - Radial = 1 inch
Axial frem both ends) = 120 inches

Ratio of axial distance to radial distance = 120 : 1

Thus the advantages of radial penetration over axial
penetration are great, but nevertheless there has been very
little attention given to this and many workers have dismissed
it out of hand. Stamm, 1967 in surveying the literature on
directional flow in softwoods quotes Johnson and Maass (1930)
as stating that flow in the fibre direction is 50 to 100 times
as great as across-the-fibres (without differentiating between
radisl end tangential flow). He then summarises his article
by stating that flow ie 100 to 200 times greater along the
fibre than in the transverse direction. No mention is made
here of species, whether this applies to heartwood or sapwood ,
or what the moisture content or method of seasoning was. Hut
and Gemat: (1936) summarized the current thought on radial
permeability at that time by stating that "even under the best
conditions, the rays probably play only a subordinate role in
the impregnation of softwoods." This general opinion has
persisted until the present time and the third edition of
Hunt and Garratt (1967) states that "except in softwoods that

possess unobstructed resin ducts ( in fusiform rays) preservatives
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must pass through many cell walls and pits in moving a
relatively short distance across the grain either radially

or tangentially." Some workers have not agreed with this
contention however and the experimental results of others do
not support it.

Scarth (1928) considered that radial resin canals were
important "trunk routes" for penetration into sapwood and
this was also the opinion of Cox and Irwin (1953) and Kishima
and Hayashi (1950). The latter acknowledged however that
resin canals are not important pathways for preservative
treatment because of their small number in relation to
over-all wood volume. Schulze and Theden (1948) considered
the rays of Pinus sylvestris wood to be permeable but Buro
and Buro(IFY) stated that only the ray tracheids and radial
resin canels were permeeble; not the ray parenchyma. Koljo
(1953) showed radial penetration in pine to be ten times as
great as in spruce, and Schulze (1960) found a higher
percentage of ray area in easier treated spruce. Fleischer
(1950) compared wood from sections of Douglas fir that had
proved easier and harder to treat than normal and found that
there were more reys and more fusiforn rays in the @sier
materiel. He also found more rings per inch, larger tracheids,
and more "apparently unaspirated” pits, but as the standard of
treatment of even the "easier" samples was not very good,
these correlations mey be meaningless. Wardrop and Davies

(1961) examined the flow paths in various grain directions in
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Pinus radiate and considered that ray parenchyme cells were
preferred to the ray tracheids.

Koran (1964) examined permesbility in various grain
directions in Douglas fir using £ inch cubes, and found that
permeability in different directions changed somewhat with
different temperatures and pressures. At 100 p.s.i. the
sapwood was almost as permeable tangentially as exially and
these were twice as great as radial permeability at 70°F but
only about 10% higher at 212°F. At atmospheric pressure end
70°F longitudinal permesbility was three times that of the
redial direction which was slightly more than tangential, while
at 212°F radial permeability was double tangential and only
25% below axial. Different permesbilities under different
conditions were also shown by Erickson and Estep (1962) who
found the relative flow rates in unseasoned Douglas fir heart-
wood in the directions tangential : radial : axial io be about
1 : 14 : 63. When this wood was seasoned the axial flow rate
was unaltered while mdial decreased by 50% and tangential increased.
Sargent (1960) examined radial penetration in Douglas fir,
hemlock, sitke spruce, balsam fir, western white pine (soft
pine) and loblolly pine (hard pine). His general conclusions
were that the degree of ray penetration obtained correlated
closely with the accepted treatability of the species concerned.
He considered ray tracheids to be generally more permeable than

ray parenchyme and ascribed this to the "resin-like" material
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which often covered the end walls of the ray parenchyma cells.
An attempt to correlate depth of penetration of ray perenchyme
with cell lengths showed a periodicity of approximately the
right order but did not prove conclusively that the end walls
were a barrier to pemetration. A barrier apparently existed
at the late wood - earlywood boundary in some rays but no
explanation of this was found. A visual dynamic microscopic
observation of creosote movement under low pressure in an
axial direction demonstrated the intercommunicating nature
of rays and exial tracheids, and showed that axial tracheids
were sometimes penetrated inadirection opposite to the
general flow direction, via a ray. This is demonstrated also
in & film made by Hickson's Timber Impregnation Co., showing
a dyed aqueous solution moving through Scots pine sapwood
under pressure.

Liese and Bauch (1967) examined the radial perfleability
of Douglas fir, spruce, larch, and Scots pine, and found a
correlation betweexybenatrnbility and percentage of ray tracheids
present. Haysshi and Kishima (1965) compared permeability in
the axisl and redisl directions for Pinus denmsiflora

paris obtusa and Cryptomeria japonica and found that

radisl penetration in the Pinus samples was twelve times that

in the other two. Radial penetration in Pinus was as great as

axial penetration in the other two species. They were unable

to find any difference in penetrability between ray tracheids
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end ray parenchyma. Choong, Tesoro and Skaar (1966) examined
the transverse air permeability of six softwoods ( and nine
hardwoods) and obtained a good correlation between this and
treatability with creosote. In these experiments, transverse
movement of creosote could be either radial or tangential.
Pinus echinata and Taxodium distichum were found to have much

higher transverse permeability then the other softwoods Viz.

Lerix occidentalis, Picea sitchensis, Pseudotsuga menziesii,

and Abies balsamea.

(b) Methods used in determining permesbility.

The simplest technique for comparing the permeability of
two or more samples of wood is to submerge the samples in a
liquid and remove them after a set time, weigh them and compare
ligquid pick-up as either an absolute guantity or in relation
to the weight or volume of the sample. If the solution is
coloured some information on the depth of penetration can be
obtained also frou this. The method is suitable for dry wood
only, but in the context of work aimed at finding information
relevent to vacuum/pressure treatment this limitation is quite
scceptable. By sealing all but one of the faces of the wood
sample it is simple to limit penetration to one grain direction
and this was the method used by Heyashi, Nishimoto and Kishima
(1967). These workers further refined the technique by
attaching the wood semple to a weighted platform and suspending

this from a direct reading balance. With this apparetus they
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were able to plot uptake as mg. liguid per cm2 of surface area
against time. The disadvantage of this technique is that
uptake can be measured only at normal atmospheric pressure
and the blocks are filled with air which must diffuse out from
the cells before the liguid can penetrate.

Graham (1964) used a simple “sink-float" test to compare
the permeability of his Dougles fir samples. Small specimens
of dry wood (e.g. ¥ inch cubes or semples made longer in the
axial direction) are evacuated in 2 vacuum desiccator and
then liquid is admitted while the samples are still under
vacuum. A perforated plate is used to prevent the samples
rising to the surface and they are held (floating) against the
underside of this. Air is then admitted to the jar and the
time taken for individual samples to sink is noted. This
uptake will not represent total ssturation of the wood because
of the higher density of wood substances but if the basic
density (%:E‘Lv‘;;—iﬁ)' and initial weight and moisture
content are known, the actual uptake can be calculated. For
most wood species the sinking point in water will correspond
to an uptake of 75 - 85% of the maximum possible uptake.
Unidirectional penetration cen be obtained in this method
also by sealing all but one (or two) of the faces. This
technique is en improvement on that used by Hayashi and co-
workers in that by using an initial vacuum to remove the air im

the wood, the conditions come nearer to those perteining in
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pressure treatment. Although it would not be possible to

increase the above atmospheric in a vacuum
desicator it would be a relatively simple matter to construct
a chamber (with a siting window, or wholly from perspex) so
that positive air pressures could be exerted after the vacuum
was released, and noting the "sink time" of individual samples
when subjected to various pressures. The disadventage of this
technique is that, even with refinements of pressure, there is
only one uptake/time observation possible i.e. when the sample
just commences to sink.

Koran (1964) used ¥ inch cubes (of Douglas fir) sealed on
five sides with several coats of a solution of cellulose
acetate in acetone to determine unidirectional uptake of
creosote under various pressures and at various temperatures.
No mention is made of an initial vecuum so presumably this was
not used; creosote is normally applied by the Lowry or Rueping
process where the ligquid is injected against atmospheric or
raised air pressure in the wood in order to recover surplus
0il at the completion of the treatment. No siting or uptake
monitoring devices were used and treatment was finished after
a pre-determined time (8 hours) whereupon the blocks were
removed, weighed, andthe uptakes calculated as a percentage of
the upteke in those blocks which were considered to be saturated.
The obvious disadvantage of this method is that there is no
means of judging how the penetration is proceeding during

and imental runs must be mede for every
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size and species to determine en optimum time for each set
of conditions.

A completely different school of thought has attempted
to determine the permeability of wood by measuring the flow
rate of liquid or gas through wood specimens. The simplest
of these utilizes a hydrostatic head of water with the wood
sanple fixed in a tube leading from the bottom of this reservoir.
Water emerging from the other end of the sample is collected
in a graduated vessel and volumes collected are plotted
against time. These volumes can be expressed in absolute
terms for standard sized specimens or related to the length
and cross-sectional ares of the specimen. Hayashi et al. (1966)
increased tlepressure differential across the specimen by
connecting the outflow end to & vacuum pump; a desirable
consequence of this modification is that the sealing sheath is
forced more tightly around the specimen. They measured
"permeation rates" as cc/cm’ against time. Hartmann-Dick
(1954) further increased the pressure differential by using
a pressure of two atmospheres applied to & Thiessen bacterial
pressure filtering apparatus in which the porcelain filters
were replaced with discs of wood. He obtained "filtration
values" for verious wood samples using an equation

mls. liquid x disc width (mm.)
sectional area (cm?) x time (min).

Filtration Value =

P. J. Bailey used regulated water mains pressure and compressed
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nitrogen to force water through round discs of Douglas fir
clamped into a metal holder with O-rings. He also used a
back pressure (compressed nitrogen) to vary the differential
in relation to the applied pressure. The wood discs were all
made to a standard size and flow rates were measured as
mls/min and plotted against time. The same apparatus was
used by Petty (1967) but in this case the main object of the
investigation was to calculate pore sizes in bordered pit
membranes using non-swelling liquids and gagses.

Choong, Tesoro and Skaar (1966) used gas flow through thin
sections of dry wood to calculate the permeability of six
softwoods (see Part 1(a)) and nine hardwoods. In their
apparatus the wood sections were cemented to the end of a
cylindrical glass tube and all the exposed wood except the
area corresponding to the orifice of the tube was coated with
paraffin wax., The pressure differential was obtained by a
vacumm on the exit side of the specimen and flow rates were
measured by the rate of rise of ligquid in an inverted graduated
cylinder (in an open liquid tank) on the entry side. Measure-
ments could only be made until the air initially present
between the liquid and the specimen was exhausted. Permeability

was expressed as Darcy units from the equation:

L v s o)

where K is the permeability constant of the specimen.
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o

= vol. air ccs/sec
L = thickness of specimen (cm)
A = area (cn?)
Pl- P2 = Pressure drop across the specimen in atmospheres.

Swith and Banks (1970) used gas flow through wood specimens
to determine permeability and pore size and were able to separate
the viscous (Poiseuille) component of the total flow from the
slip (Knudsen) flow of the gas molecules. They used hydrogen,
nitrogen, helium, neon, end krypton, and checked the pore sizes
obtained by using artificial pore-sized constrictions made by
sandwiching various micropored filters between sections of finely
pored diffuse-porous hardwoods.

Although the results from these flow rate investigations
provide a general measure of the permeability of the wood specimens
used, and there is some agreement between the permeabilities
obtained and the known treatability characteristics of the species,
the approach has several serious disadvantages. Where gases are
used to measure flow rates the moisture content of the wood will
alter with time until it reaches equilibrium with the system and
this will depend on the relative humidity and temperature of the gas.
Progressive changes will alter the flow rates and the only practical
way to avoid this is to use dry gas and oven dry wood, a condition
that is never encountered in normal wood preservation. Smith and
Banks state that liquid flow can be predicted from these (gas flow)

data with some gualifications:
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(1) ILiquid pressure may cause pit sealing with some species.
(2) Swelling liquids may alter the characteristics of the

medium.
A very real problem with flow rate measurements is the
difficulty of effectively sealing the wood specimens so that
the flow is restricted to one grein direction and short
circuiting is prevented. In this respect the systems used
by Heyashi and co-workers, and Choong and co-workers are the
most effective in that extermal pressures tend to reinforce
the seal by pressing it tightly against the surfaces of the
wood., Where pressure is exerted against the seal it seems
almost impossible to prevent some short circuiting by the
liquid. When sections of very refractory wood were prepared
for radiel and tangential pemetration in the apparatus
designed by Bailey, the use of dyed solutions showed that
movement often took place around the O-rings instead of
directly across the specimen.

Perhaps the greatest criticism of flow rate measurements
is that once a flow path has been established liquid will
continue to move through this (unless it becomes blocl_tod by
pressure on pits, particles in the solution, or air embolisms)
and large areas of the wood may remain unpenetrated. If any
artificial openings, (e.g. checks or splits caused by drying
or specimen preparation) exist, the resdings will be ebnormally

high and this will also be the case with species that have
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large unobstructed resin canals running in the same direction
as the liquid movement. Even where resin canals or artifacte
do not exist the flow may not be uniform over the whole area

of the specimen; Petty (1967) (using dyed styrene which was
later polymerised in the cells) showed that even in green wood
having a nininum number of aspirated pits, longitudinal flow was
not uniform and a considerable number of the tracheids appeared
to be non-conducting. In air dry spruce wood, where the majority
of the earlywood bordered pits were aspirated, longitudinal
penetration of reduced basic fuchsin solution was almost wholly
through the latewood tracheids and even in this region not all
of the cells were conducting, (Petty 1970).

For these reasons, permeability as determined by flow rate
measurements may not bear a very close relationship to treatability
with preservative solutions such as copper-chrome-arsenate where
uniform and even penetration to a condition of virtual saturation
of the wood is essential.

It was therefore decided to develop a piece of apparatus
which would measure uptake of solution into solid blocks of wood,
in any desired grain direction, and record the rate of uptake
continuously from the time of initial penetration right through

to complete saturation.
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(c) Upteke monitoring Apparatus - Development, use and method
of assessing results.

In commercial vacuum/pressure treatment uptake is
monitored and measured by periodic readings of the solution
level in a graduated storage vessel. This method was examined
as a possibility for a laboratory - size piece of equipment
but rejected because of difficulties in making accurate
measurements on that scale. When passing from initial vecuum
to pressure after admitting the solution, the level in the
fine, calibrated tube, was found to fluctuate violently for
some considerable time, and with permeable samples about
60 - BO% of the uptake had taken place before the level
settled down enough for an accurate reading to be made.
Expansion and contraction of the apparatus under pressure and
vacuum was another factor mitigating against making accurate
uptake readings to the desired scale of % 0.1 mls. of solution.

The only other possibility was to develop a piece of
equipment in which the wood sample itself could be weighed
continually during impregnation, and the weights recorded.
Attempts to find a mass transducer, displacement transducer,
or strain gauge, which might perform this function were
unsuccessful as none could be located that would be guaranteed
to stand up to the environmental conditions of vacuum and
pressure while immersed in a liquid, especially one which

might have corrosive properties.



Photograph 4

Uptake monitoring - complete except for

vacuun pump and nitrogen cylinder.



Photograph 5

Impregnating vessel with block attached to the supporting
platform.



Uptake

shutter cutting” off one
of twin light beams

measuring apparatus
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The system finally adopted uses light beams directed
across the treating cylinder to signal changes in buoyancy
in small wood blocks as they absorb liquid. A general view
of the complete apparatus (except for the nitrogen cylinder
and vecuum pump) is shown in photograph 4, end a close-up
of the treating cylinder with a wood block (2 x 2 x 2 em.)
held on the support platform by a rubber band is shown in
photograph 5. A schematic diagram of the whole system is
shown in Fig. 1, and Fig. 2. is a photocopy of a recorder
trace covering a complete treatment schedule.

The blocks are supported on a metel spring which is
attached to the back of the cylinder, end which can be
adjusted before treatment by means of a centreing screw,
Attached to the spring is a shutter which cuts across one of
a pair of twin light beams (the object beam) and which
increases or decreases the intensity of that beam as the
spring moves downwards or upwards with changes in the density
of the block. At the commencement of a treatment, the initial
position of the shutter is determined by the dry weight of
the block, and as every block is different an adjustment of
the spring centreing screw is necessary to zero the scale on
the electronic box (photograph 4). The recorder trace is
zeroed also by an adjustment to the galvanometer. Thus the
zero line on the recorder represents the dry weight of the
block before treatment and during the vacuum part of the

schedule. When liquid is admitted to the chamber containing the
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block, the block is reised until the upward movement is restrained
by the spring. This movement of the spring (and shutter)
decreases the intensity of the object beam light and hence
increases the differential signal to the recorder. By
adjusting the output signal from the electronics the trace
deflection from this signal is made to cover more or less
the full scale deflection of the recorder, i.e. to the upper-
most point on the trace in Fig. 2. As the block absorbs
liquid, it increases in density and this increasing downward
force on the spring increases the object beem intensity. Thus
@ gradual uptake of liquid is registered on the chart as a
gradual decrease in the differential signal to the galvanometer.
The light source is a microscope lamp powered by a
smoothed DC supply of 6V. In the earliest trials AC power
was used but this resulted in a very broad indistinct trace
on the UV recorder so the supply was changed to DC. The light
beam is divided into two identiml beame before it enters the
chamber by a pair of shielded perspex rods; similar rods on
the opposite side of the chamber receive the beams and focus
then on to a pair of OCP 71 germanium phototransistors. The
electronics consist of a zero control on the phototransistors,
@ differential amplifier with emitter follower, and a 100 ohm
variable resistor output control. The amplifier provides a
200mv beam differential signal to the galvanometer of &
variable speed UV recorder. Chart speeds range from 0.2 inches

per minute to 5 inches per second in eight steps which can
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be changed by push button during operation.

When first used, the wood specimen was evacuated in a
completely dry chamber, but this was unsatisfactory because
the differential scale altered drastically through absorption
of 1light by the liquid when the chamber was filled, Modifica-
tion of the electronics to give a ratio instead of differential

signal would have been & major ing, so the

was modified. In the modified form the light beams always
pass through liquid and the block is held above the liguid level
during the vacuum period on a platform attached to a vertical
extension of the spring (see photograph 5.). A vertical
cylinder was added to the apparatus to accommodate this.
This meant that it was no longer possible to draw a very
high vacuum, but as the vacuum in commercial treatment does
not exceed about 26" Hg at sea level, this was not thought to
be a serious loss.

Because the germanium phototransistors are affected by
temperature, and also because they have a sharp absorption
peak in the infra-red part of the spectrun (100% transmission

at 1.55pm but only 10% at 1.6pm) the spparatus was very

e to any re ch: Although it has been

housed in a temperature controlled room it has been necessary
to gero the phototransistors frequently when carrying out
treatments. For future work the germanium phototransistors

are to be replaced with silicon phototransistors (BPX 25)
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which will not be affected by fluctuations in temperature and

which have & much broader spectral response (40% at 0.4 pm
and 60% at 1.0 pm with a broad peak at about 0.9 ym). This
will give a much steadier output, and although linearity of
response may be reduced slightly, preliminary trials indicate
that this will be negligible over the range used.

For a complete treatment the sequence of operations is
as follows:-

i) The wood specimen is fixed to the platform, the top
section of the treating vessel is screwed on, and
valves 1, 2, 3, 6, and T are closed. Valves 4 and
5 connecting the pressure tank and the top of the
treating vessel to the vacuum pump are open.

ii) The vacuum pump is switched on and the vacuum
modulated to 26" Hg by adjusting venting valve 7.

iii) At the completion of the vacuum eycle, valve 2 is
opened and the liquid siphons from the pressure
tank to the treating vessel while the vacuum is
maintained throughout the system.

iv) When the treating vessel is full (as shown by liquid
passing through a siting glass in the line by valve 5)
valves 4 and 5 are closed and the vacuum pump is
switched off.

v) When the phototransistors have been zeroed and the
output slgnal is stable, valve 3 is opened and the

system is vented to atmosphere.
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vi) When the venting to atmospheric pressure is complete
(sbout # min.) valve 3 is closed and valve 1 is slowly
opened to admit nitrogen to the pressure tank and
‘bring the system up to the reguired pressure.

vii) At the completion of the pressure period (i.e. when
the recorder shows the wood is saturated, or when
no further upteke is being obtained, or at a pre-
determined time) valve 1 is closed and valve 3 opened
to vent the system to atmosphere.

viii) When venting is completed valve 2 is closed, valves
5 and 6 are opened and the liguid drains from the
top cylinder containing the specimen. If it is
desired to ascertain that no further pemetration
takes place, the vacuum pump can be switched on
before valves 5 and 6 are opened so that the treating

vessel can be drained under vacuum.

© Specimen preparation

Specimens to be used in the uptake measuring apparatus
were prepared from flat sawn, even grown, sapwood boards
(free from kmots, compression wood or other defects) that had
been conditioned to an equilibrium moisture content of about
10% in a constant temperature and humidity room set at 25°c
and 50%RH. The boards were rip-sawn and thicknessed into
sticks 2cm x 2cm in cross-section, and these were then sawn
into 2cm cubes with a very fine tooth cross-cut saw. Every

block was numbered so that the board, stick, and position



-36-

within the stick were known. After a further period in the
conditioning room to ensure constant weight had been reached,
the blocks were weighed to the nearest 0.0l gramme. Every
third block from each stick was then oven dried at 105°C to
determine oven dry weight and moisture content (moisture
present as a percentage of the oven dry wood weight). These
blocks were then saturated with water in a vacuum desiccator,
the swollen dimensions were measured with a micrometer, and
the swollen volumes were calculated to 0.0leccs. Moisture
contents and basio densities (SR OEY NIEMY) yorg recorded
for these blocks, and then for the other blocks interpolated
along the sticks. The blocks which had been oven dried and
saturated were then discarded and the remainder were stored
in the conditioning room until required.

When the blocks were required for uptake tests they
were weighed and then sanded down on all faces except those
to be exposed to the liquid., Bdges and corners were rounded
off slightly to give better adhesion of the sealing compound
at these points. In the early trials, four faces were sealed
so that liquid could penetrate from two opposing faces, but
in all later treatments (as reported in the results section
of this and future chapters) five faces were sealed so that
penetration was restricted to one face. In the case of radial

penetration the outer face (that which was furthest from the
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pith in the tree) was the one left unsealed.

The first sealing compound fried was exproxy resin, but
although this provided a strong, waterproof coating with good
adhesive properties, it was rejected because curing times
proved too critical. Curing at elevated temperatures was
undesirable because this would have affected the moisture
content and may also havealtered the permeability. Room
temperature curing took at least a day, and if it proceded
too far the resin became brittle and fractured when the wood
absorbed water and began to swell. Cellulose acetate dissolved
in acetone (as used by Koran, 1964) provided a much quicker
setting seal which did not become brittle, but was found to
be insufficiently strong to withstand high liquid pressures
when applied over the end grain of species with large diameter
early wood tracheids e.g. Sequoia sempervirens. The best
sealing compound for the purpose was ABS polymer dissolved in
methyl ethyl ketome. This compound adhered well to the wood
(provided the first coat was applied in & fairly dilute, low
viscosity condition) and set very quickly so that the whole
process of applying three coats teokonly about half an hour.
The final seal was strong and elastic enough to withstand liquid
pressures of 100 p.s.i. over the largest tracheids and resin
cenals, and to accommodate tangential swellings of up to %
without rupturing. All species were tested with the seal by

coating all six faces of test blocks and submitting them to a
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vacuum cycle followed by 100 p.s.i. liquid pressures.

Assessment of uptake

Because blocks of different species to be examined in the
series would vary in density, and possibly moisture content,
(both of which factors would influence the amount of liquid
that could be absorbed) it was decided that all assessment
would be in relation to the maximum possible uptake of each
block. This was calculated from the simple basic equation:-

maximum volume

volume of volume of
of liguid which wood

swollen volume _ - moisture

can be absorbea °F P1o°K substance  initially present
oow T S
) density of wood (W - oow)

substance

where ODW = oven dry weight of the block
ED = Basic density = YR dry weight

swollen volume
W = weight of the block.

The density of wood substance is & subject that has been
debated for many years and figures ranging from 0.73 (Jayne
and Kause, 1963) to 1.54 (Wengaerd, 1969) have been proposed.
Values below 1.0 cannot be entertained seriously and most
workers accept values of 1.44 to 1.54. Lower values of 1.44
to 1.47 are found when the density is measured in non-polar
displacing media, and the general conclusion is that these
liquids cannot pemetrate the small void spaces in the dry cell

well, but that water can. With water as the displacing medium,
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the wood substance density values obtained by several workers
have been consistently around 1.53 - 1.54 and as the treatments
in these triels were all with water or dilute aqueous solutions,
it was decided to use the figure of 1.54.

Thus the maximum possible uptake of a block of oven dry wood
= ODW

From this:

max. saturated weight of an oven dry block

- oW (1 - 0.65)

As the oven dry weight and basic density were calculated for
every block, the maximum saturated weights were known, and it

was & simple matter to weigh a block just before treatment, and
subtract this from the meximum saturated weight to determine

the meximum possible upteke. This was complicated slightly

by the necessity to sand the blocks to obtain a perfect seal

with the ABS compound, and the complete procedure and calculations

required were as follows:-

a) BD = basic demsity )recorded oz

b) ODW = oven dry weight ; $Ask Nidaks
¢) W, = weight of block immediately before preparation
for treatment.

¥ - O 00
oW

d) MC = moisture content =

e) Wy(b)= weight after sanding

£)  ODW(b)= oven dry weight after sanding (calculated from
e) and
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&) saturated weight of sanded blook = ODW(b) (1 + 2k - 0.65)
h) maximum uptake of sanded block =(g) -(e)

i) W, = weight of blook after coating with sealer
) W = weight of block after treatment

k) Uptake = W, - W,

3 2

1) TUptake as a percentage of maximum possible = -8% x 100

Two sources of error are possible in these calculations.
The first results from the original interpolation of basic
densities and moisture contents from along the sticks. However,
as the blocks are fairly small, and every third one along the
stick was used to determine these values accurately, the error
is unlikely to be large. The second possible error lies in
the assumption that neither moisture content nor basic demsity
are affected by the sanding.

Although errors from either, or both, these sources
should be small, they could have a significent effect on
calculations made on blocks of only 8eces total volume, and in
practical terms it is probably reasonable to consider uptakes
anywhere in the region of 90% of the mlculated maximum as

representing virtual saturation.

Calibration of Uptake monitoring

The initisl mlibration of the recorder was made with &

series of weights on a lever attached to the platform which
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supports the block in the treating vessel. By adjusting the
output control to the galvanometer it was possible to calibrate
the recorder to ensure that with the largest blocks and uptakes
the scale deflection would not be too great for the chart width;
a suitable scale proved to be approximately one chart division
per gramme weight. A permanent calibration was impossible
because with blocks of different initial weight the zero-
control had to be adjusted and this slightly altered the
calibration.

At the completion of each treatment the block was
weighed and this provided an accurate determination of the
over-all uptake. Uptake calidbration was then made simply by
dividing the total movement of the trace during the uptake
period by the total uptake weight. Uptekes as absolute units
of weight and as percentages of the maximum possible uptake
could then be calculated for any time scale point on the trace.

These calculations &re valid only if it is certain that
the calibration did not shift during the course of the treatment
and to check this, calibration checks were made comparing
density changes in the block during filling and during treatment.

a) Filling calibration

Exposed weight - (' ) = weight of block + weight of exposed
part of support

b, 4 weight- (W,) = W) - (volume of block + volume of
o= g Y previously exposed holder)
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change in weight = W, - W,

= Volume of block + exposed holder
(measured in ccs, expressed as grammes)

Calibration = divisions on chart/change in weight

b) (Treating calibration

Weight before absorption ('5) = weight of block - volume

Weight after absorpti - TNt
gh er absorption (W4) treated weight volmh

Change in weight - '3 - '4

Calibration = division on chart/change in weight

As the calculations in these check calibrations take
account of changes in block volume as well as changes in weight
the results from a) end b) should be identical. In practice
they were gemerally within I 2% and the treatment was rejected
if the difference was greater than 10%.

The calibration for determining weight uptake by the
block at various times does not take swelling into aceount
and this introduces an error into the calculations. A comparison
of uptake and swelling rates showed these to be very close,
however, (Appendix II) and as the change in volume (meximum
measured about 9%) is small compared with the change inweight
(up to 126%) the error at any particular time could not be

great enough to affect the results to any marked extent.
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d) Species used in Permeability Tests

In selecting the type of material to be examined it was
decided to restrict this to the sapwood of softwood species
that are commonly used for poles etc, and those which have
fairly well established treating characteristics. It was
desired also to cover as many different structural types
as possible, particularly with regard to ray structure. The

species finally chosen were Pinus radiata, Pinus nigra (Corsican),

Pseudotsuga menziesii, Seguoia sempervirens, Cryptomeria

Japonica, Cupressus macrocarpa, Podocarpus dacrydioides,
Agathis australis. Air dried sapwood of all these species
was obtained from New Zealand and details of the source,
seasoning and gross physical characteristics (demsity, rings
per inch etc.) are shown in Appendix I. Table 1 (derived
from Greguss, 1955 and Patel, 1967) shows details of the
microscopic structure of these species and also of Picea

sitchensis which is introduced in a later part of this thesis.

The treatability ratings are based on Timber Preservation
Authority assessments in New Zealand and on the author's
personal experience of treatment triels with these species at
the commercial level.

It is stressed that it was never intended that these
trials should provide a treatability classification of the
species being examined. To do this would necessitate testing

numerous samples of different origin, age, seasoning and preparation
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this was quite beyond the scope of the present work. It
was hoped however that this range of species would exhibit
permeability characteristics which would be correlated in a
general way with the kmown treatability of the species, and
which could be explained by a detailed examination of the

structure of the samples themselves.

e) Results of Permeability Tests.

Tests were made on the three grain directions for each
of the eight secies, and at least 2 - 3 replicates were used
for each treatment. In almost every case the replicated
treatments gave nearly identical uptakes with time. The only
times when there was a marked divergence in the results was
on rare occasions when penetration had taken place between
the seal and the wood or through an area that had not been
adequately sealed. When this occurred further replicates
were treated until it was certain that the results were
reliable. The treatment scheduled used in each case was
as follows:-

i. Initial vacuum 15 minutes at 26" Hg.

ii. Filling under vacuum. Filling took approximately

% minute, and the system was held under vacuum
for a further period of about % - % minute to
stabilize and to zero the phototransistors.

iii. Venting to atmosphere - % minute
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iv. Pressurizing. The rate was adjusted so that the
total time from vacuum to 100 p.s.i. was 1 min.

v. Pressure period. All treatments were terminated
after 1 hour if saturation had not been achieved
by that time.

Results are shown graphically in Figs. 3, 4, and 5.

Longitudinal Penetration

As expected, penetration in this direction was very
rapid and with each of the 8 species virtual saturation was
reached in under 3 minutes. (Fig 3.). Agathis, Podocarpus,

Pinus nigra and Pinus radiata are shown to reach saturation

slightly faster than the other species but this may not be
significant and it would be necessary to use longer specimens

to e stablish the validity of this observation.

Tangential Penetration

Penetration was very much slower in this grain direction
(Fig. 4.) and only with Pinus nigra was saturation achieved
within the hour. It would be expected that tangential
penetration would follow the same pattern as longitudinal if
the accepted pattern of penetration (i.e. from tracheid to
tracheid via the bordered pits) is correct. The results do
not conform to this pattern; nor are they in line with the

order of treatability as shown in Table 1.
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Rediel Penetration

Uptake rates in the radial direction were much more
veriable then in either of the other two grain directions
(Pig.5) and results fall into three distinct groups

A -Virtual saturation reached in under five mihutes - Pinus
radiata and Pinus nigra.

B - Thirty percent saturation reached in under ten minutes -

Agathis australis and dacrydioides.

C - Thirty percent saturation not reached in one hour.

Sequoia sempervirens, Pseudotsuga mengiesii

Cryptomeria japonice, and C

The most striking aspect of the radial penetration results
is the close agreement between these and the treatability ratings
in Table 1. Group A contains the only two species which are
rated as very easy to trea t. Group B contains the two

indigenous New Zealand species A.australis and P.dacrydioides ,

the former being the only softwood species (except Pinus species)

that is approved by the New Zealand T.P.A. for treatment as poles,
posts etc. with waterborne preservatives, and the latter being the
species which was removed from the approved list only in 1966
because of copper screening. Group C contains the other four
species and these have all been subjected to commercial

treatment trials but mot approved because of poor or variable

treatment results.
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Discussion of Results.

Table II shows the relative amounts and sizes of some of
the component tissues which might affect penetration in the

verious grain directions. Agathis australis and Podocarpus

decrydioides are known to have the same type of bordered pit
structure (i.e. with no well defined or thickened torus) and the
length to diameter ratio of the tracheids of these two species
may acoount (at least partially) for the relative differences
in longitudinal and tangential penetration. The large size

of Sequoia tracheids, both length and diameter, mey assist
longitudinal and tangential penetration in this species,

but from Table IT it would be expected that Cryptomeria would
be much less permeable, particularly in the tengential direction.
The results do not support this and obviously some other

factor such as the percentege of pits aspirated, or resistance

of the d pit to undexr

must be important. Pinus nisra has tracheids of a large average
diameter and this could contribute to its greater tangential
permeability, particulary as the density and percentage latewood
are both high, indicating meny thick-walled cells probebly

with unaspirated bordered pits. Purthermore, P.nigra has

very high radial permeability and as pathways in different

grain directions have been shown to be inter-comnecting

in some Pinus species by Sargent (1960) and in the film
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made by Hicksons Timber Impregnation Co., this may have some
influence on penetration in both the longitudinal and tangenttial

directions. The relatively poor lity of Pinus radiata

in the tangential direction was unexpected, although the
small average tracheid diameter would tend to mitigate against

high permeability in this direction. Pseudotsugas menziessii

and Cupressus macrocarpa both show some correlation between
tracheid size and uptake fates in the tangential direction.
The most interesting results were those obtained for
radial penetration, and there is no correlation at all betweem
these and any of the data in Table II. Nor is there any
correlation between radial uptake and the presence or absence
of horizontal resin canals as has been postulated by some
workers. The two Pinus species both possess horizontal resin
canals but Agethis and Podocarpus do not. Pseudotsuga on the
other hand does have resin canals. The only feature listed
in Table I which is common to the four most radially permeable
species, and not the others,is the possession of ray parenchyma

with thin horizontal walls.
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Table IT Some physical ch; stics of the wood used in
Uptake tests
W [@ [&]®m [ ® [ (@)
No. of tra-
Traghaid, of cyidsteste
5 ) gg| size netrated
2o[&_ |83 g2 gy v
Species o = [28| 38
e | wf [ES| B8
58 | &2 |§8| &2 "
25 |25 |32 8 H
& [&7|gs| gl |8 ¥
AN I 1 o el
B[S (2 |
§2 |8 §
ol Y L
Pinus nigra |0.432 | 7.6 |43 |4.7 [4.8 | 41 [4.2 [400
Pinus radiata |0,419 | 6.0 |38 |47 [5.3 |30 [3.8 [670
Pseudotsuga |4 450 | 6,3 (48 [4.4 4.7 [ 35 [4.3 [ 570
menziesii & % 2 2 k:
peassts 0.256 | 3.6 |15 | 6.4 |5.8 | 45 [3.4 |4s0
sempervirens . 5 - * S
Cryptomeria
T bomica  [0:296 [13.0 [26 [3.2 |4.8 | 27 |42 | 750
Cupressus [
o oeapa  [0:338 | 4.6 |@0 | 5.7 4w | 35 [s.0 | 570
Podocarpus
ariyiistien 0.358 [13.0 (19 [8.6 [4.5 | 46 |&4.4 | 440
Agathis 8 [6.5] 3 |3 8
e 1ie  |0.840 [13.0 [22 |9, .5 .1 | 580

(1) Basic density - This figure is the mean of the basic

densities calculated for every third

block along the sticks.

(2) Rings per inch- From a ring count on the 2 cm. cube blocks.

&
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Percentage latewood. A very approximate figure obtained
by measurement of the denser zones on a sanded cross-
section. Figures in brackets represent very indefinite
latewood zones.

Percentage ray tissues. Taken from low power photomicro-
graphs of tangential sections. Ray tissue including
parenchyma, tracheids end resin canals were cut out

and weighed.

(5) & (7) Tracheid lengths. From measurements of tracheids

isolated by macerating with triethylene glycol and
phenol sulphonic acid (Burkart 1966). The phenol
sulphonic acid was increased from 0.5% to 3.5% to

reduce macerating times to 10 minutes.

(6) & (8) Tracheid widths, From counting the number of tracheids

over one annuzl ring (or 5 mm. whichever was the
greater) in a radial row in a microscopic cross-

section.
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PART 2

of Redial Penetration

Discussion of methods for tracing pathways

The most desirable method for tracing the pathways of
liquid penetration would be some dynamic system whereby the
actual flow could be followed visually. This method was used
by Sargent (1960), and also by Hickson's Timber Impregnation
Co. in following the course of longitudinal flow through
Pinus wood. In each case a radial face of a block of wood
was machined to provide a smooth surfece which was coated
with a film of clear plastic. The other faces were then
sealed so that penetration had to take place through one
end and the liquids (creosote in Sargent's experiments and
dyed aqueous solutions in Hickson's) were forced through
under a low hydrostatic pressure. The movement of the liquid
could then be observed through the plastic film with the aid
of a microscope, and if desired it could be recorded on ciné
film. This technique was tried in the course of this work
and the results quoted by Sargent and shown in Hickson's
£ilm, were reproduced with longitudinal flow in pine wood.
It demonstrated clearly that the movement was predominantly
along the axial tracheids in the direction of the applied
pressure, but in many instances the flow was arrested and
then moved laterally through the rays, apparently through the

ray parenchyme cells. From the rays the flow would then
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return to axial flow through dher tracheids although
occesionally in a direction opposite to that of the applied
pressure.

Unfortunately, this technique did not give satisfactory
results when used with less permeable wood species, or when
the flow was other than in the longitudinal direction. Under
these conditions the seal was inadequate for the required
pressures.

Smith and Redding (1964) solved this problem by constructing
a small pressure cylinder in which the normal door was replaced
by a transparent viewing door. Specimens were fixed to the
inside of this door with clear resin, and the penetration of
preservative could be observed while the whole system was
under pressure. Low power magnification could be used, but
the thickness of the double perspex door precluded the use of
magnifications greater then about X 30. More detailed study
could be made when the specimen was removed from the cylinder
after various degrees of penetration had been achieved however,
and this is undoubtedly a very useful technique when such
equipment is available.

The other alternative. is to impregnate the wood with a

solution that can be detected in situ when the sample is

subsequently sectioned. Provided the impregnation has been
only partiel, an examination of the sections may demonstrate
the route the solution was taking. This approach wes attempted

first by I. W. Bailey (1913) who used a suspension of carbon
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black. This work showed that longitudinal penetration followed
the natural pathways which exist in the living trees, i.e.
along the tracheids and through the bordered pits.

Dyed aqueous solutions have been used by several workers
in the field including Buro and Buro (1959), Kishima and
Hayashi (1960), Wardrop and Davies (1961), Hayashi and Kishima
(1965) and Liese and Bauch (1967). Buro and Buro used a blue
filtering dye to trace the pathways of radial penetration in
vacuum treated pine wood and found the dye to be located in
the ray parenchyma cells when the wood was sectioned and
examined under a microscope. They claimed however, that
penetration had been through the ray trachieds and that the
dye had moved from these cells to the parenchyma cells only
after impregnation had been effected. The basis for this
assertion was their finding that when blocks of wood were
treated with hot paraffin wax, subsequent examination showed
this to be located only in the tracheids, and that when the
ray tracheids were blocked in this manner no penetration of
the ray parenchyma cells was possible if the blocks were
re-treated with dyed aqueous solutions. When this experiment
was repeated during the course of the current work however,
the results quoted by Buro and Buro were not observed and
photograph 6 (Pisius radiata radially impregnated with paraffin
wax and section examined between crossed polars) shows clearly

that the wax has penetrated the ray parenchyma.
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Wardrop and Davies (1961) used dyes, and also double
treatments so that the two solutions would react and form
insduble precipitates which would not be removed or altered
during specimen preparation, and which could be detected under
the microscope. Treatments used were copper sulphate followed
by dithio-oximide, ferric chloride followed by potassium
ferrocyanamide, and Coppick and Fowler reagents.

The same approach was used by P. J. Bailey (1965) who
treated with silver nitrate followed by hydrazine hydrate.
This treetment hed the advantaege that the precipitate was
visible under both the optical and electron microscopes.
Double treatments are not so suitable however when impregnation
is to be halted at a particular point so that the course of
penetration at that time can be studied.

Kishima and Hayashi (1960) examined several dye solutions
including red ink, blue-black ink, acid fuchsin, eosin,
safranin, methylene blue, and melachite green, and concluded
that the most satisfactory was a 1% solution of acid fuchsin.
This dye showed no tendency to be {iltered out by the wood, and
did not creep over unpenetrated areas after treatment.

With aqueous dyes the problem is to cut sections thin
enough for the microscopicalexamination, end mount them,
without using eny liquids which might re-dissolve the dye.

This was overcome by using a modification of a dry sectioning
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technique suggested by Fleischer (1950). The technique is
to stick cellotape on to a microtomed surface and then cut a
section with the cellotape attached. With this method it
was found possible to cut quite good sections down to about
6):, thickness without them breaking or curling., Fleischer
examined his sections while they were still attached to the
cellotape but this results in a considerable loss of clarity.
It was found possible to remove the cellotape by first drying
the sections completely over a desiccating agent, and then
immersing them in xylene. Xylene does not dissolve fuchsin
dyes at all but after a few minutes the sections float free
from the cellotape and can be transferred to a slide and
mounted in Canada balsam. The optimum thickness for radial
a tangential sections prepared in this mamner.was found to
be about 15p and 25 au respectively.

To determine the pathways of penetration it was essential
that only partial saturation of the test blocks should be
obtained. Preliminary tests indicated that an uptake in the
vicinity of 20% of the maximum would be the most generally
satisfactory. From Fig. 5. it can be seen that with the
permeable species this would be achieved with only a very
short pressure period which would be difficult to control
with any precision. Trials were therefore carried out with
the two pine species, and also Agathis and Podocarpus, to see

if a similar, but slower, uptake could be obtained by venting
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to atmosphere after vacuum but not applying any positive
pressure. The results of this test, Fig. 6, showed that
both the pine species could be treated quite adequately by
this method and that the absence of applied pressure, and
the slightly longer time to reach 20% saturation, would make
it much easier to stop the treatment at the desired point.
As the acid fuchsin dye solution absorbed more light in the
permeability apparatus, the output to the recorder was reduced
considerably, and it was difficult to calibrate the recorder
80 that the point corresponding to 20% uptake could be

marked ly. In an to this, basic

fuchsin decolourised with sodium metabisulphite was tried
and the first full series of dye treatments used this. The
dye markings were not as positive or clear as with acid fuchsin
however. As the uptake times were the same as those establi-
shed earlier with distilled water, a further series was
treated with a 1% acid fuchsin solution and in this series the
uptake period was controlled largely by the times indicated in
Figs. 5 and 6. The actual uptakes were checked by weighing
when the bloelks were removed and the results are shown in
Teble 3. (overleaf).

The majority of the photographs used in the foregoing
section were taken with samples and sections prepared from
the acid fuchsin treatments, but a few are included from the
first series using basic fuchsin. There was no discernible
difference between the two dyes with either total uptake or

penetration pathways..



Photograph T

Radial penetration of dye solution into blocks of
(a) Pinus radiata, (b) Pinus nigra.

Photograph 8
Radial penetration of dye solution into blocks of (a) Agathis
sustralis, (b) Bodocarpus dacrydioides.



Photograph 9
Radial penmetration of dye solution into blocks of (a)
Pseudotsuga menziesii, (b) Sequoia sempervirens,

Photograph 10
Radial penetration of dye solution into blocks of (a) Cryptomeria
Jjaponica (b) Cupressus macrocarpa.
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Table 3- details and radial uptakes with dye solutions
Toi- Tptake as
Species Pressure pated Ac:u %
tine Hme | axinum
Pinus nigra Atmospheric | 0.6 mins. |1.0mins. 23
Pinus radiata Atmospheric | 0.5 mins. | 0.5mins. 19
Agathis australis 100 p.s.i. 4.0 mins. 5 mins. 22

Podocarpus dacrydioides | 100 p.s.i. 3.0 mins. 4 mins. 13

Pseudotsuga menziesii 100 p.s.i. [42.0 mins. | 35 mins. 26

Sequois sempervirens 100 p.s.i. [28.0 mins. |35 mins. | 20
Cryptomeria japonica 100 p.s.i. |52.0 mins. |45 mins. | 24
Cupressus macrocarpa 100 p.s.i. [60% mins. |45 mins. | 15

Results of Radial Penetration. - Trials with Dye Solutions.
Photographs nos. 7 - 10 inclusive show the gross
penetration of acid fuchsin into the blocks when penetration
was restrieted to the radial direction., The most striking
result of this trial is the complete penetration of the

Pinus rediata block, photograph 7(a). This was achieved with

en uptake corresponding to only 19% of the maximum possible
uptake. A high proportion of the rays are penetrated even
at the face most distant from the exposed face, but only the
outer millimeter shows complete and uniform penetration of

both rays and tracheids. The precentage of rays and tracheids
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which show dye penetration falls off gradually as the distance
from the exposed face increases but it is noteble that the
outermost layers of tracheids in each growth ring show penetra-
tion. Two axial resin canals which have been exposed on the
sectioned surface also show dye penetration.

In photograph 7(b) the pattern of penetration in Corsican
pine appears quite different although the pressures, times, and
uptakes were similar. There is obviously some penetration of

the rays from the advance face but this does not exceed l-2mm.

As with Pinus radiata, the latewood bands appear to become

penetrated more easily but the difference is le

pronounced,
and the outer 5 - 6mm. show complete penetration of all tissues.
Photograph 8(a), (Agathis sustralis), shows a penetration

pattern somewhat intermediate between the two pines, but the
rate was considerably slower, and higher pressures were used.
Penetration appears uniform to a depth of four millimeters,

and as this represents 20% of the total depth, the uptake in
this region must have been virtually complete. The extra 2%

would be accounted for in the advance penetration in the rays.

In p 8(p), ( dacrydioides), there
appears to be very little ray pemetration in advance of the
heavily penetrated area, although examination with a lens
shows that there is a definite penetration to about 0.4mm.
in almost all the rays. The apparently uniformly penetrated
area extends to a distance of about 3.8mm. from the exposed

face and this a depth of p on equivalent to
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1% of the total penetration. As the uptake was only 13%

of the maximum possible, and the depth of penetration was
fairly uniform throughout the block, this indicates that
complete saturation was not obtained in the visuslly penetrated
area at this stege.

In photograph 9(a), it appears that the Douglas fir
block has been penetrated completely to a depth of 6 mm. and
that this zone is preceded by a zone of ray penetration
extending a further 1 - l.5mm. Six millimeters represents
30% of maximum penetration and this figure is only slightly
greater than the uptake precentage. As the penetration was
particularly even in this sample however, this difference could
mean that some of the tracheids in the penetrated area were
not completely filled with solution.

Photograph 9(b), Sequoia sempervirens shows very little
ray penetration even when magnified, and the depth of penetra-
tion and uptake figure indicate that the wood is virtually
saturated right to the extremity of the penetration. A slightly
greater depth of penetration at one edge of the block suggests
that some solution may have forced a path between the wood and
the seal at this point but this is unlikely to have altered
the general picture very much.

In photograph 10(a) Cryptomeria japonica shows a pattern

of penetration very similar to that of the preceding redwood.
The depth of penetration indicates complete saturation of the
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penetrated area but this is slightly uneven and there is
slight evidence of penetration between the wood and the seal
at one point.

Photograph 10(b) Cupressus macrocarpas shows very even
penetration but the depth indicates incomplete saturation;
20% penetration as against only 15% uptake. The margin of
the penetrated area shows a faint and indistinct advance

penetration.

Microscopical study of dye penetration.
Pinus radiata.

The penetration of dye elong the ray parenchyma can be
seen clearly in the radial longitudinel sections of photographs
11 and 12. Photograph 11 shows a small ray with two rows of
parenchyma cells and two rows of ray tracheids, one on either
side of the parenchyma. In this section the dye can be seen
passing through what appear to be parenchyma cell end walls
without any obvious impedence. One of the four parenchyma cells
shown has thickened walle but this also appears to be pemetrated
as readily as the thin walled cells surrounding it. It is
notable that there is no trace of dye in the ray tracheids in
this area, nor is there any evidence of movement of the liquid
into the earlywood axial tracheids through which the ray is
passing at this point. Photograph 12 shows a ray comsisting
of only one parenchyma and several ray tracheid cells immediately

beyond & heavily penetrated latewood area. The lower permeability
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of the ray tracheids is demonstrated very clearly in this

P! Ph ph 15 is a al longitudinal
section ocut from near the face most distant from the exposed
face, Penetration of the dye (in this case basic fuchsin)
has taken place in the majority of the mys but there has been

little transverse movement into the axial tracheids.

Pinus nigra.

In photographs 14 and 15 radial penetration along the
ray parenchyma but mot the ray tracheids is again obvious.
Photograph 14 shows the limit of penetration in a ray and a
feature of note here is the uniformity of penetration of the
solution in the individusl ray cells. Photograph 15 shows a
ray at a point & little further removed from the limit of
penetration and in this the movement of solution from the
rey parenchyma to the adjacent axial tracheids is demonstrated.
At the limit of penetration, a tangential longitudinal section
(photograph 16 - basic fuchsin) shows that although not all the
rays have been penetrated at this stage, there is still a

lateral movement from a ray to an adjacent axial tracheid.

Agathis australis
Photograph 17 is a radial longitudinal section showing

a penetrated ray in the region of a latewood-earlywood boundary.
The ray tissue (parenchyma only in this species) appears to

be very disordered, with no distinct end walls to the individual
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cells. The dye solution has apparently penetrated the ray
quite readily but the pemetration from ray to axial tracheids
is irregular and there is no indication that movement is any

easier into the latewood than the earlywood.

Podocarpus dacrydioides

Photographs18 and 19 are radial longitudinal sections at
the limit of penetration showing that in this species, advance
penetration of the rays is reduced considerably. In photograph
18 advance penetration covers only eight tracheids and in
photograph 19 the number covered is eleven. These photographs
also demonstrate two other features which were not found in
the pines or in kauri. The first is the apparent penetration
along the intercellular spaces between the ray parenchyma cells.
Photograph 20, a tangentisl longitudinal section cut across the
limit of penetration, shows that the penetration through
intercellular spaces is not very pronounced however, and that
penetration also takes place through the lumena of the cells.
The second feature is the apparent preferential penetration of
axial parenchyma over axial tracheids. This is seen in both
the radial longitudinal sections and also in the low magnifi-
cation tangential section - photograph 21.
Pseudotsuga menziesii.

Douglas fir is generally considered to have an intermediate

permeability rating in the family Pinaceae, being more readily
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treated than the spruces, firs and larches, although considerably
more refractory then the pines. This was attributed by Liese
and Bauch (1967) to its more abundant end more essily penetrated
ray tracheids.

Photograph 22 certainly indicates that in some cases
penetration can take place along a& ray tracheid and from this
can move into both adjacent axial tracheids and also (either
directly or via the axial tracheid) into adjoining ray
parenchyma. Photograph 23 shows that in some instances the
opposite is apparently true and here penetration along the
ray parenchyma is well in advance of ray tracheid penetration.
In some cases penetration seems to move uniformly along the
ray parenchyms cells while in others it appears to move along
the ray parenchyma intercellular spaces, and then back into a
parenchyma lumen further along the ray. The resinous contents
which Sargent (1960) considered as a major barrier to ray
parenchyma penetration in this species, perticularly when the
end walls were coated, can be seen in these photographs but

there is not an excessive amount present.

Cryptomerie japonica.

In this species, advance pemetration along the rays is
still further reduced and covers only three or four tracheids
as shown in photographs 24 and 25. At the limit of pemetra-
tion the dye appears to be located within the parenchyma cell
walls or in the intercellular spaces so a series of tangential

longitudinal sections were cut to resolve this question.
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n
In photograph 26 ray penetration 1s/(ndvmce of the area of
heavily treated tracheids, but the parenchyma walls are solidly
stained. Further slong the rays the amount of staining becomes
less, (photograph 27), and at the extreme limit of penetration
photograph 28 illustrates conclusively that the initial ray
penetration is through the intercellular spaces between the

rey parenchyma cells and the tracheid walls.

Sequoia sempervirems.

The pattern of radial penetration in Seguoia is very
similar to that in Cryptomeria but the amount of advance
penetration is still less, and the penetration through inter-
cellular spaces is even more pronounced in the radial sections

- see photograph 29. In photograph 30 (a tangential longi-
tudinal section cut near the limit of penetration) two rays
are shown, In one the penetration has just commenced through
the intercellular spaces while in the other it is fairly
advanced and the dye solution appears to have moved from it
into the adjacent axial cell. Transverse movement from this
cell to adjacent tracheids appears to be impeded by the pit
membranes. In photograph 31 the bordered pits appear to be
unaspirated and dye solution is shown moving from one tracheid
to its neighbour. It is impossible to tell from this section
whether the solution has penetrated the tracheid from the

heavily stained ray, or from the tracheid on the other side,
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or from another ray not in the field of view. The other ray
shown towards the bottom of the photograph is in an early stage
of intercellular space penetration and its adjacent axial cell
must have been penetrated from some other source. In photograph
32 the ray cell, which is only partially penetrated, lies
adjacent to a heavily penetrated axial cell. From the nature
of the stained contents of this cell it is presumed that it,
and the similar cell in photograph 30 are axial parenchyma
cells. Dye has penetrated the openings of the crossfield pits
(if this term is applicable to pits between ray and axial
parenchyma cells) but appears to be prevented from entering

the lumena of the ray cells by intact membrenes.

Cupressus macrocarpa

Penetration of the intercellular spaces is still more
pronounced in Cupressus and there appears to be practically
no advance penetration except along these passages, see
photographs 33 and 34. In photograph 34, and in the two
tangential sections (photographs 35 and 36) which were cut
near the limit of pemetration, it is seen that solution not
only penetrated the ray intercellular spaces, but also moved

out into the intercellular spaces bekween the axial tracheids.



Photograph 11

Pinus radiata RLS. Acid fuchsin dye in ray parenchyma
cells. X 400

Photograph 12

Pinus redista RIS. Acid fuchein dye penetrating ray
parenchyma cells but not ray tracheids. X 440



Photograph 13

Pinus rediata BLS. Basic fuchsin dye in the region of
extreme penetration. X 150

photograph 14

us nigra RIS. Limit of penetretion of acid fuchsin
solution in a ray. X 200



Photograph 15

Pinus nigra RIS. Acid fuchsin solution penetrating axial
tracheids from ray parenchyma. X 140

Photograph 16

Pinus nigra TIS. Limit of radial penetration of basic
fuchsin solution, X 200



Photograph 17

Agathis australis RIS, Acid fuchsin psnet:stinn through
ray parenchyma.



Photograph 18

Podoc: s da ioides RIS. Radial penetration of acid
fuchsin solution. X22f

Photograph 19

Podocarpus dacrydioides RIS. Radial penetration of acid
fuchsin solution. X 220



Ehotograph 20

oc&gg dacryiodies TIS. Uniform penetration of acid
fuchsin in a ray at the limit of penetration. T00

Photograph 21

Podocarpus dacrydioides TIS. Acid fuchsin in rays snd
axial parenchyma near the limit of penetration. X 140



Photograph 22

Paoudotsugs mensiosii RIS. Radial penetration of scid
Tuchsin, 14,0

Photoy 2

Pseudotsuga menziesii RLS. Radial penetration of acid
fuchsin. X 140



Photograph 24
Cryptomeria japomica RLS. Limit of radial pemetration X 40

Photograph 25
Oryptomeria japomice RLS. fimit of redisl penetration X 440



Photograph 26

Cryptomeria japonica TLS. Section through tay - the
limit of penetration, X 900

Photograph 2
omeria ca TLS. Similar to Photograph 26, but
Tomoved Trom heevily treated erea. X 400



Photograph 28

Cryptomeria japonica TLS. Extreme limit of panatrntion. Dye
Tocated mainly in imtercellulsr spaces. X 1450



Photograph 29

Sequoia sempervirens RLS, Limit of radial penetratiom.

X 440

0

-aph

Photo;
rvirens TLS. Section near the limit of radial

Sequoia s

X 450,

penetration.



Photograph 31

Sequoia sempervirens TLS. Redistribution of dye solution from
ray cells. X 360

Photogra) 2

Sequoi: %nl TLS. Penetration of an axial cell
in advance an adjacent ray. X 900



Photograph 33,
Cupressus macrocarpa RLS. Limit of radial penetration X 140

Photograph 34

Cupressus macroc: RLS. Limit of penetration showing dye
in intercellular spaces. X 140



Photograph 35

Cupressus macrocarpa TLS. Section nesr the limit of radial
penetration, X 140

Photograph 36
Cupressus macrocarpa TLS. Section at the limit of penetration
showing dye in the intercellular spaces of ray p enchyla cells
and axial tracheids.
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PART 3

Factors affecting penetration of agueous solutions in the
Radial Direction

The following methods and techniques were used to examine
the structures which might have some bearing on the radial
penetration of liquids into the wood specimens used in the

previous permeability and pemetration studies.

Optical microscopy

As it was essential to preserve the wood structure with
as little damage as possible, no preparation techniques such
as boiling in water or other liquids were used. Blocks were
made with & cutting face of no more than 4mm square and these
were sosked in distilled water until more or less saturated.
Sections were cut with a sledge microtome, stained with
safranin, end either mounted in 20% glycerol or dehydrated
through ethanol and mounted in cansda balsam. To protect
the ray structure of some species the blocks were embedded
before sectioning. For ordinary sections of 12-25p poly-
ethylene glycol (PEG) was used; blocks were saturated,
transferred through a series of PEG solutions to pure PEG
and then left to harden. After microtoming, the PEG was
dissolved out and the sections were stained and mounted as
usual. Thin sections of l-4p were cut on an ultramicrotome

or pyraBitome after embedding in resins as described for



(v)

-67-
electron microscopy. For this material, staining was usually
carried out on sections of about 100 p thickness before they
were embedded in the resin, and was normally a one hour
treatment with 0.3% KMn 0,. ti in ate

4
or methacrylate mixtures were removed from the resin with

xylene and mounted in Canada balsam for viewing., With epoxy
resins, the techniguéof Mayer, Hampton and Posario (1961)

was used to remove the resin in some cases, but more generally
the sections were mounted in lens immersion oil and viewed
with the resin still intact.

Interference microscopy

The development and use of this technique for examining

the crossfield pits has been published (McQuire 1968) and
only & brief account will be given here. Samples were soaked
in distilled water as for (a) and radial longitudinal sections
of 6 p were cut with a sledge microtome. Sections were then
trimmed with a sharp scalpel (under a binocular microscope)
to expose suitable rays on the edges of the sections. This
was necessary as the interference microscope used in the

work was of the laterally sheared beam type, and observations
free from distortion could be made only on the edges of
specimens. Sections were mounted in 20% glycerol (refractive
index 1.3683) and with a 40X objective it was quick and simple
to determine whether the crossfield pit membranes were intact
or ruptured, Observations were made most easily with white

light from a tungsten lamp; here the presence of membranes
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caused interference colours which contrasted strikingly with
the background colour. ¥or photography in black and white,
best results were obtained with a mercury vapour lamp and
monochromatic filter; either the pits or the background were
extinguished to give maximum contrast. The only occasion upon
which this technique can give epparently false results is when
the membrane is of such a thickness that, with a particular
difference in refractive index between membrane and mounting
medium, a path difference of almost exactly one whole wave-
length is obtained. This happened with Douglas fir as seen
in Photographs 65 and 66 . Here the section has been
mounted successively in 20/ glycerol (n = 1.3683) and liguid
paraffin (n = 1.47). Double mownting in this manner makes
it possible to measure both the membrane thickness and its
refractive index and with the Douglas fir a thickness of 2.1}1
and refractive index of 1.60 was obtained.

Cutting sections of 6)1 from un-embedded wood with a sledge
microtome must impose a considerable strain on relatively thin
tissues such as the crossfield pit membranes and it cannot be

stated definitely that are not

artefacts. However, it is still possible to draw comparisons
between species and samples. With some species, e.g.Cupressus
macrocarpa and Sequoia sempervirens, the crossfield pits were
never (or exceedingly rarely) found open, and this indicates
that the membranes are strong emough to resist eny such

preparation forces. With the pine species the crossfield pits
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in the earlywood were often open, indicating that the membranes
were either broken previously or were easily ruptured during
preparation because of their large diameter and relative
thinness. The universality of open pits in pine latewood
indicates that they are very easily ruptured, or more probably,
were already broken, possibly by the stresses set up as the
thick-walled latewood tracheids dried out when the wood was
seasoned originally.

Electron mi using replicas

(i) Two stage replicas =- The method developed and most
commonly used in the Astbury Department of Biophysics is
the cellulose acetate film technique. A piece of cellulose
acetate sheet moistened with acetone is pressed on to a
clean split or microtomed wood surface and allowed to
set. It is then peeled off, shadowed with heavy metal (at
an angle of 20 - 30°), and coated with a film of evaporated
carbon about 2008 thick. The carbon surface is scored
with a razor blade into squares about the size of an
electron microscope grid, and the whole replica is trans-
ferred to an acetone bath to dissolve the cellulose acetate.
The carbon replicas float free and are gathered on grids.
Some of the replicas shown in the accompanying photographs

were prepared in this manner.
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Dr. Seehan (personal communication) of the Forest
Research Institute, Reinbek, uses methyl methacrylate
for forming the first replica by brushing partially poly-
merised resin monomer on to the surface and then allowing
polymerisation to complete at room temperature. After
shadowing with metal and coating with carbon, the replica
is then backed with a layer of fairly viscous gelatin
solution, and a strip of paper is attached to one edge
with the gelatin . The gelatin is allowed to dry
completely (over night) and then the methacrylate is
dissolved be suspending the replica in three successive
baths of solvent, (over night in the first bath). The
gelatin backed carbon replica is then cut into small
squares with scissors, (particular areas cen be selected
easily at this stage) end the gelatin is removed by
floating the replicas, carbon side up, on a bath of
water at 50°C. The carbon replicas continue to float on
the surface and to ensure complete removel of the gelatin,
are transferred with a glass rod to two further water
baths at temperatures of 55°C and 60°C. After about
15 minutes in each water bath, the replicas are picked
up from the surface on & grid. The Agathis bordered pit
replica shown in photograph55 was prepared in this manner.

Gelatin backing, and the subsequent procedures

described above, are just as applicable to cellulose
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acetate as methacrylate replicas, and the majority of
the cellulose acetate replicas shown in the photographs
were prepared using this hybrid technique. The advantage
over the non-backed cellulose acetate replica technique
is that the final cleared replica is much easier to pick
up from a water surface than from an acetone bath and
fewer are lost.

The main disedvantage ofany of the two-stage replica
technigues is that they are suitable only for solid
surfaces. Where there are holes in the surface (e.g.
perforated crossfield pits, or the spaces between the
fibrils of the margo of bordered pit membranes), the
liquid plastic will penetrate and solidify. When the
film is peeled off these protrusions remain as elongated
whiskers which interfere with uniform shadowing, tend to
weaken the replica, and make interpretation of the

structures difficult.

Direct Replicas - With this technique (in which the

wood surface is shadowed and coated directly) small

holes and spaces do not become coated,and thus show their
true identity in the replica. In the technique described
by CBté, Koran and Day (1964) the replica is backed with
high melting point paraffin wax after shadowing and coating,
and the wood is then removed by successive treatments with

72 sulphuric acid and macerating mixture (equal parts of
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10% chromic acid and nitric acid). The replica is then
mounted on a grid and the wax dissolved away by condensed
benzene vapour in a solvent boiler. Attempts to use

this technique resulted in successive failures mainly
because the molten wax penetrated openings in the carbon
film and around its edges, thus coating the wood and
protecting it from the acids. On c?ne'- recommendation
polystyrene was tried instead of wax and this resulted
in some improvement.

The most successful direct replica technique used
was that described by Puritch (1970). In this technique
thin slices of wood (about 100 s thick) are shadowed and
coated, and then placed, wood side down, on & 2% solution
of cellulase enzyme for two days. They are then transferred
to the chromic/nitric acid macerating mixture for 2 days,
washed in water, and picked up on grids. Theoretically
cellulase enzyme will not attack lignified tissues and
this is apparently borne out if the replicas are examined
under crossed polars after the cellulase treatment.
Modifications were therefore tried in which the cellulase
was replaced by dilute organic acid, pure water, or was
ommitted completely. Although all these modified procedures
produced some satisfactory replicas, and the problem of
mould growth on the enzyme was overcome, the results were
generally inferior and less reproducable than when the

cellulase was used.
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All the two-stage and direct replica techniques
discussed above were used with varying degrees of success
on radial wood surfaces, but none was satisfactory for
examining either transverse or tangential surfaces.

This lack of success was caused by the large surface holes
made by the tracheid lumena in the transverse sections,
and the ray cell lumena in the tangential sections. One
possible means of overcoming this difficulty was to use
freeze-etching, but attempts to use this technique were
completely unsuccessful. The main reason for this may
have been the impossibility of obtaining a clean fracture
across frozen lignified wood cells with the ejuipment
available.

All the replicas reproduced in this thesis were
shadowed with gold/palladium.

Electon mi using thin td

As very high magnification and resolution were not
required in this study, section thicknesses in the region of
700 - 10008 were gemerally satisfactory. This still required
the use of sn ultramicrotome and resin embedding however, and
methyl/butyl methacrylate, styrene/butyl methacrylate, epon,

and araldite were all tried. The usual procedure adopted was

soaking the specimens in distilled water, cutting 100)1 sections

on a sledge microtome, fixing/staining in cold 0.3% Kiin 04)

dehydrating in ethanol or isopropyl elcohol, and embedding in
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resin. Where this procedure gave satisfactory contrast, no
additional staining procedures were used. When contrast was
poor, post staining with uranyl acetate and lead citrate was
tried but this did not produce a very noticeable improvement.
Although the later sectioning was with a diamond knife, the
bulk of the work was done with glass knives and with these a
much improved performance was obteined when the knives were
made from 80° rhombi rather than from squares.

As with the optical mi specimen on, no

softening procedures that might have affected the wood micro-
structure were permitted and this reinforced the inherent

difficulty of producing good thin sections of wood.
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Structural of each species in relation to

Denetration.
Pinus radiate

From the photographs of the penetrated block, and the
coloured photomicrographs of dye penetration, it is clear
that liquids can pass elong the ray parenchyma cells for
considerable distances with very little apparent obstruction.

The tion photograph ( 57), end also

ol ph 11, show cell end-walls, but either
these must be perforated, or the liquid by-passes them though
simple pits or discontinuities in the thin cell walls,into
adjacent parenchyma cells. Thin optical sections (2p), cut
through the ray cells of epoxy resin embedded material, show
that the non-thickened walls are very fragile and would be
ruptured easily. Photographs 38 and 39 show the extremely
thin walls and absence of birefringence in these cells. Even
in the thickened cells, the area in the vicinity of the
crossfield pits remains thin, as seen in photograph 39. The
electron micrograph of a section cut through a crossfield pit
(photograph 40) shows that in this instance the crossfield pit
membrane is intact but is very thin and the ray parenchyma
wall has partially collapsed and pulled away. In the inter-
ference micrographs (photographs 41 and 42) it is seen that
some of the earlywood pit membranes, and all the latewood

membranes are ruptured. As stated in the section on method,
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ruptured membranes may be artefacts but nevertheless, their
presence demonstrates that the membrenes are weak and easily
broken. The speed of liguid uptake in the radial directionm,
particularly when only a vacuum to atmospheric pressure
treatment is used, supports the hypothesis that the crossfield
pit membranes in the latewood are open in the dry wood, while
in the earlywood some are open and the remainder are easily
ruptured.

In Pinus radiata therefore, the pattern of penetration
appears to be primarily along the ray parenchyma cells with
lateral movement through open crossfield pits into the adjacent
latewood tracheids. When these cells are more or less full
of solution, the pressure begins to build up and membranes
between the ray parenchyma cells and earlywood tracheids
rupture allowing penetration of these cells to be effected.
Although the permeability of heartwood was not included in
this study it is known from commercial experience that the
treatability of radiata pine heartwood can be extremely
verisble. In some cases it can be treated. completely (albeit
with more difficulty than sapwood), but in other cases penetra-
tion can be effected &nto the rays alone, or not at all.
According to Balatinez and Kennedy (1967) the rays in hard
pines do not mature completely until heartwood formation has
commenced so there may be a structural difference between

sapwood and heartwood ray parenchyms cells. Bauch, Liese and
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Scholz (1968) show that the torus of the bordered pits of

softwoods becomes lignified in the heartwood and it is

probable that some similar chemical change takes place in the
crossfield pit membranes. Thus the development of heartwood
could alter the permeability in three gradual steps.

1. The thickened parenchyma cells would have a greater
resistance to seasoning strains, and fewer crossfield
pit membranes would be ruptured during drying. Another
factor influencing this would be the generally slower
drying and reduced shrinkage of heartwood. At this stage,
impregnation would still be possible, but it would be
slower as more of the membranes would have to be
ruptured.

2. As the crossfield pit membrenes became lignified, they
would become more difficult to rupture; until the stage
was reached where it would be possible to force liquid
along the reys but not into the adjacent tracheids.

3. In the final stege of mature heartwood formation a build
up of resin in the rays would preclude all penetration.
It should be relatively simple to test this hypothesis

with radiata pine heartwood of varying age and from different

sites, and this will be done in future work.

Pinus Migra
Radial penetration in Corsican pine seems to take exactly

the same pathways as in radiate pine but with even less



-78-
obstruction between the ray parenchyma cells and the axial
tracheids. Radial and tangential longitudinal sections cut
from sapwood embedded in polyethyleme glycol (photographs 43
and 44) show a considerable degree of disorder in the thin-
walled parenchyma cells, with no apparent barriers to movement
along the rays. The ray tracheids, however, are much more
nearly intact and the encrustion of the bordered pits (as
shown in photograph 45) would explain why the ray tracheids
are less permeable than the ray parenchyma in this species.
The crossfield pits in Corsican pine are of the large
fenestriforn type, and it would be expected that these would
be easily ruptered. Photograph 46 shows the very large pit
openings with only fragments of membrane visible in the
earlywood region. In photographs 47 and 48 a very character-
istic pattern of rupture is evident, in the latewood,and it
seems highly probable that this has taken place during the
drying of the adjoining thick-walled axial tracheids.

The pattern of radial penetration in Pinus nigra therefore

seems to be along the ray parenchyna cells end directly into
the axial tracheids of the latewood band. As penetration
progresses from the latewood to the earlywood, fewer open
crossfield pits are encountered but a slight pressure rise,
caused by the liquid having to force its wey through a somewhat
disordered ray parenchyme system, is sufficient to rupture the

thin membranes covering the very large crossfield pit apertures.
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In this manner, complete saturation of all the tissues would
be achieved with only a relatively small amount of advance
penetration along the rays as shown in photograph 7(b).
Agathis australis (Kauri)

This species is fer removed phyllogenetically from the
Pinus species but the pattern of radial penetration appears

to be almost identical to that found in Pinus nigra. Keuri

does not have ray tracheids hence any penetration of the rays
can take place only through ray parenchyme. In photographs
49, 50, 51 and 52, the structure of the reys is seen in
transverse, radial longitudinal, and t angentisl longitudinal
sections. From these it is seen that the cells are thin-
walled, non-birefringent, and disorgenised to a considerable
extent. The interference micrographs 55 and 54 indicate that
the crossfield pits are open in both the earlywood and latewood
but these may well be artefacts as the thin and partly
collapsed parenchyma cell walls could be torn away from the
pit apertures very easily during the sectioning of unembedded
naterial.

When redial penetration takes place in this species it
appears likely that the liguid could be forced free from the
confines of the parenchyma cells and fill the ray spaces
between the partially collepsed parenchyms cells. From here
it would penetrate the axial tracheids throughthe unobstructed
crossfield pit apertures in the radial walls of the tracheids.

The bordered pits between adjacent tracheids of Agathis species
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do not have a well-defined and thickened torus as in most
coniferous species (see photograph 55), and it is possible that
these could be by normal

If liquid moved from a rey into one axial tracheid as suggested
above, the collapse of the membranes of the bordered pits on the
radial walls would permit transverse and vertical movement

into other tracheids in the same tangential plane. This
mechanism almost certainly operates in the latewood bands of
the pines, where the majority of the pits ere unaspirated,

but the relatively low tangential permeability of kauri (see

Fig. 4) that the pit are not very

easily ruptured and that most of the tracheids are probably
penetrated directly from an adjacent ray.
Podocarpus dacrydioides

Podocarpus decrydioides exhibits the next highest radial
permeability after the two Pinus species and kauri, but in this
case there is no marked penetration along the rays. Photograph
56, a tangential longitudinal section, shows that the ray
parenchyme cells are all intact, and this is illustrated even
more clearly in photograph 57 in which & T.L.S. is viewed
between crossed polars. In radial longitudinal section
(photograph 58) further proof is seen that the ray perenchyma
cells are entire and without any suggestion of disorder.

Parenchyma cell end walls which look very robust and impermeable
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are also clearly visible in this photograph. When 6 - Tp

radial longitudinal sections were examined under the interference

mi [¢5 59) it that all the crossfield
pits were open and this was established as factual by re-
mounting the section in a medium of different refractive index.
When the crossfield pits were studied by electron
microscopy however, the picture appeared.to be quite different.
Ruptured crossfield pit membranes were found occasionally, as
seen in photograph 60, but in most cases the membranes were
intact as shown in photograph 61. In this photograph, the
encrusting layer (formed on the inside of parenchyma cells
from the dried remnants of the cytoplasm and other cell contents)
is pertly stripped off revealing the membrane as a continuation
of the parenchyma cell wall. Thin sections of araldite
embedded wood also showed the crossfield pit membrane to be
intact (photograph 62) in all of several sections examined.
In this photograph it is seen that the membrane is exceedingly
thin and flimsy, and as the crossfield pits have a relatively
large diameter it is not surprising that the membranes were
ruptured when 6 - Tp sections were cut from unembedded material
with a sledge microtome. If the crossfield pit membranes are
s0 easily ruptured by sectioning it is feasible to consider
that they would be ruptured easily by the pressure involved

in treatment. The mechanism for radial penetration might
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therefore be as shown in Fig. 7 i.e. solution passing along
ray cell "b" is impeded by the end wall of that cell and
pressure builds up. At a certain point the membrane covering
crossfield pit 'b' ruptures, end the liguid flows into axial
tracheid A, When this is filled and pressure again builds
up crossfield pit '¢' is ruptured and flow is initiated in
both directions in ray parenchyma cell c. From here,
penetration of tracheid B can be effected when the membrane
of ¢" is ruptured and finally the liquid can regain entry to
parenchyma cells of row b by rupturing the membrane at b".

If pressure is required for penetration in this mamner it

would be expected that in the

would result in correspondingly higher uptake rates; this is
shown to be the case in Fig. 8. The possibility of lateral
re-distribution from penetrated axial tracheids depends upon
the degree of pit aspiration, and the strength of the seal

in the aspirated pits. When unsealed blocks of all species

were vacuum for density it was found
that Podocarpus dacrydioides was the slowest to sink, but in
pressure impregnation it had much faster uptakes than most
species particularly in the tangential direction. These
facts suggest that a large proportion of the bordered pits are
aspirated but the membrane:is easily ruptured by pressure.
Members of the podocarpaceae have bordered pit membranes

without thickened tori and photographs 63 and 64 show that in



-83-
both the latewood and the earlywood, the pits are aspirated.
Although these pits are aspirated it is obvious that the
membranes are not strong structures and very little pressure
would be required to rupture them, particularly in the case
of the earlywood pits, most of which showed the partial
fracture (seen in photograph 64) around the margin of the
pit orifice. lLateral re-distribution as shown in the transverse
section diagram  in Fig. 7. would therefore be highly
probable.

If the pattern of radial penetration in Podocarpus is as
suggested here, it follows that the treating solution must
follow a fairly tortuous path through axial tracheids and
bordered pits, as well as through ray parenchyme cells and
crossfield pits. During this time the solution is in intimate
contact with the cell walls of many different tissues and this
could possibly account for the filtering or screening of the
metallic constituents of copper-chrome-arsenate solutions

during vacuun/pressure treatment.
Pseudotsuga menziesii (Douglas fir)
Radial penetration is restricted to such an extent in

Douglas fir that this species is generally considered refrac-

tory in relation to vacuum, In p!

22 end 23 it is shown that the ray parenchyma cells are intact
and have end walls which tend to form barriers to penetration.
Ray tracheids apparently constitute en important pathway for
radial pemetration but this is not invariably so; photograph 65
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shows two rows of ray tracheid/axial tracheid pits that are
all aspirated and P. J. Bailey (1969) showed that these pits
were often encrusted. When the crossfield pits were examined

under the ni it that they were

ruptured (photograph 66) but when the sections were remounted
in a medium of different refractive index(as desoribed in 3P)
it was obvious that the membranes were still intact, (see
photograph 67). Replicas of ray tissue viewed in the electron
microscope confirmed that the crossfield pit membranes were

generally intact, and 68 shows the ap of one

such pit from the axial tracheid side. The random orientation
of microfibrils which is characteristic of primary cell walls
is seen clearly in this replica.

Thus it would appear that radial penetration through the
rays is restricted considerably in this species with only the
intercellular spaces and some ray tracheids forming more or
less unobstructed pathways. DMovement from the rays to the
axial tracheids is also impeded by the relatively thick
crossfield pit membranes, 8nd the aspirsted, often encrusted,
bordered pits between ray and axial tracheids. To exemine
the possibility of lateral re-distribution of liquids if and
when there was a breakthrough from rays to axial tracheids,
the bordered pits were studied in both the earlywood and the
latewood. In the earlywood tracheids, the observations of

other workers were confirmed, and photograph 69 shows a typical
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tightly aspirated bordered pit. Latewood pits are normally

less aspirated and this was found to be the case in the material
uged in this study. Photograph 70 is a highly magnified
electron micrograph of the pit margo just beyond the border

of the torus ; the spaces between the fibrils are shown
distinctly. Although large particles of solids, and air
embolisms, could be trapped by such a network, water or
solutions could pass through quite readily. ILateral re-
distribution would therefore be quite possible in the latewood
bands but not in the earlywood, and a penetration pattern such
as this is frequently seen in commercially treated rounds of
Douglas fir. In commercially treated wood the initial radial
penetration is more likely to be through radial seasoning checks
than through the rays however, and the resulting pattern of
penetration is irregular, as seen in photograph 1. Partial
penetration in which only the latewood bands are treated is
acceptable with creosote under some specifications (provided
that the penetrated bands are continuous and uninterrupted)

but it is not e with b

Cryptomeria japonica

This species was not studied in detail as it was thought
that the work done with Sequoia would suffice for the family
Taxodiaceae to which both species belong. Table 1 shows that

both species have a similar general structure, and the electron

nicrographs of Harada (1964) in which the nature of the crossfield
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pit was first revealed, show a structure in Cryptomeria
Japonica which is almost identical to that found in the
Sequoia sempervirens studied here. The uptake patterns shown
in Figs 3, 4 and 5, and the patterns of penetration shown in

photographs 24 to 32 are also very similar for the two species.

Sequoia sempervirens (Californian redwood)

In photograph 71 the general structure of Seguoia rays
is seen in both latewood and earlywood regions. The horizontal
and end walls of the rey parenchyma cells are all intact with
no sign of collapse or disorder, and there is no change in
wall thickening or pitting at the latewood/earlywood boundary.

Some ray tracheid tissue is also visible in this section but

it is of the i and type rep by

Greguss (1955) for this species. When the crossfield pits

were with the i mi it was found
that the membranes were all intact in both the earlywood end
the latewood, - see photographs 72 and 73. This was confirmed
by electron microscope studies using both replicas (photograph
74) and thin sections of resin embedded material (photograph
75).

In photographs 29 and 30 it is seen that redial penetra-
tion in advance of the heavily treated area takes place along
the intercellular spaces. These intercellular spaces (see
pgotograph 76) appear to form relatively unobstructed passages

of considerable length, but they are of small size (less than 2p
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across) and liquid movement would be retarded by friction.
Back (1969) has suggested that these intercellular spaces may
form part of the gas canal system of living trees, allowing
interchange of oxygen and carbon dioxide from the parenchyma
cells. He states that there are pits connecting the inter-
cellular spaces and the parenchyme lumens, but that these are
often blind pits. No intercommunicating channels of any type
were found in the Sequoia wood, so presumably the gases must
diffuse across the relatively thin parenchyma cell walls. If
this is so, and there are no open pathways from the inter-
cellular spaces to the parenchyma lumena, then liquid must
also diffuse through the cell wall in order to fill the
parenchyma cells. Liquid movements from the ray parenchyma
cells to the axial tracheids would follow if the pressure
built up to & sufficient extent to rupture the crossfield
pit membranes. This does not seem to occur however, as
sections cut from the middle of the heavily treated area
were found to have the crossfield pit membranes still intact
when examined under the interference microscope, see photograph
77. This would also appear to rule out any possibility of
redial penetration of the type suggested for Podocarpus.

The other possibility is that liquid moves through the ray
parenchyma cell wall itself and through the crossfield pit
apertures in the tracheid walls without rupturing the

membranes. Photograph 30 could be interpreted as showing



-88-
this type of liquid movement from the intercellular space to
the parenchyma wall and hence to the tracheid lumen.

The prospects for much lateral redistribution also seem
poor in Sequoia as the latewood percentage is low, the earlywood
bordered pits are aspirated, and the tori relatively thick
and impermeable - see photographs 78 and T9.

In photographs 30 and 32, cells having the gemeral

of axial are seen to be penetrated in
advance of nearby axial tracheids and it is possible that
these could be penetrated directly from the intercellular
spaces. From these cells liquid could then move to other
axial cells, and also to other rays, as suggested in photographs
31 and 32. There is no indication in the photographs of dye
penetration,that the liquid moves from one axial cell to
another through the bulk of the cell wall but this possibility

cannot be ruled out.

Cupressus macrocarpa

The samples of Cupressus macrocarpa were the least
permeable of any used in this series of tests. The ray
tissue of this species consists of only parenchyma cells but
these are very robust and thick-walled as shown in photograph
80, and the electron micrographs. The simple pits between
adjacent ray cells are only constrictions in the wall with

almost one micron of cell wall left intact, see photograph 81.
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The end walls of the parenchyma cells are intact, and while

they do not appear to be particularly robust (see photograph 82),
they would not permit an easy passage of liguids and would require

considerable to be ph 83 shows an

intact crossfield pit membrane of considerably greater thickness
than any seen in the other species. The membrane appears to
have been damaged during specimen preparation but even
allowing for this it is seen to be thick and somewhat convex.
Photograph 84 is & replica of the inside wall of a ray parehchyme
cell and the outline of a crossfield pit can be seen on the
surface which is covered with the dried remnsnts of the cell
contents, When radial longitudinal sections 6p thick were
examined under the interference microscope, the crossfield pit
membranes stood out very clearly (see photograph 85) and at
higher magnification (photograph 86) the convex nature of the
membrane is indicated by the variations in phase difference
across the membrane.

From these considerations of ray structure it would not
be expected that liguids could move easily along the rays, and
in photographs 33 and 34 it is seen that advance penetration
is virtually non-existent except for that which takes place
along the intercellular spaces. A feature of this penetration
not e¥ident in the other species, is the penetration of the
intercellular spaces between the axial tracheids;:this appears

to originate directly from ray intercellular space penetration.
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It is not possible to see however whether the liquid which
has penetrated the spaces between the tracheids is able to
move into the lumens of these cells through either the pits
or the walls. Iateral redistribution would be minimal in
this species because of the small smount of latewood tissue
and the tightly aspirated pits in the earlywood as seen in

photographs 87 and 88,
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Photograph 38

Pinus radiata TLS. Epon embedded 2u section X 480.

Photograph 39

Pinus radiata TLS. Same section as in Photogr
viewed between crossed polars. X 4



Photograph 40

Pinus radiate TIS. Through crossfield pit. Electron

micrograph of epon embedded section. X 13,800



Photograph 41

Pinus radiata RIS. latewood. Interference photomicrograph.
X 75¢

Photograph 42

Pinus radiate RLS earlywood. Interference photomicrograph.
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dding in
X 240

TLS latewood. section cut after embe

Pinus nigra
Jolyethylene glycol.



Photograph

»800

X 18

Encrusted ray tracheid bordered pit.

Cellulose acetate replica.

Pinus nigra.



Photograph 46

Pinus nigra RLS. earlywood. Interference photomicrograph.
X 960



Photograph 48

Pinus nigra RLS latewood. Interference photomicrograph.
X 750
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FPhotograph 49

Agathis australis TS showing rays passing mrough an
earlywood/latewood boundary.

Photograph 50
Agathis sustralis T.S. viewed between crossed polars. X300
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Photograph 53
Agathis australis RLS. Interference photomicrograph. X600

Photograph 54

Agathis sustralis RIS. Interference micrograph of very
narrow crossfield pit (width 0.8p). Background colour,
blue. X 2300



Photograph 55

Agathis stralis.
Bordered pits. Methylmethacrylate two-stage replica.
X 11,500




Photograph 56
Podocarpus decrydioides TLS. X 240

Photograph &'
Podocarpus dacrydioides TLS. viewed between crossed polars.
X 600
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Photograph 60

Podocarpus dacrydioides. Direct replica showing a
Tuptured crossfield pit membrane. X 23,000



Photograph 61

Podocarpus dacrydioides. Direct replica. The outline of
@ crossfield pit can be seen through the membrane and the
encrusting layer which has been partly stripped off.

X 18,600
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Photograph 63

Podocarpus dacrydioides. Direct replica of a latewood
bordered pit. X 23,000



Photograph 64

Podocarpus dacrydioides. Direct replica of an earlywood
bordered pit. X 12,500



Photograph 65

Pseudotsuga menziesii. Aspirated bordered pits between ray
tracheids and axial tracheids. Direct replica. X 5,500



Photograph 66

Pseudotsuga menziesii RIS. Interference micrograph of 6m
Section mounted in 20/ glycerole. X 750

Photograph 67

Pseudotsuga menziesii RLS, Same material as in Photograph 65
but remounted in liquid paraffin. X 750



Photograph 68

Pseudotsuga menziesii. Crossfield pit. Direct carbon
Teplica. X 12,500



Photograph 69

Pseudotsuga menziesii., Aspirated bordered pit in the
earlywood. Direct replica. X10,000



Photograph 70

Pseudotsuga menziesii, Part of the margo of an unaspirated
Tatewood pit. Direct replica. X 75,000
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Photograph 72

Sequis sempervirens RLS. Interference micrograph of
earlywood. X 480

Photograph

Sequoia sempervirens RLS. Interference micrograph of
latewood. X 480



Photograph 74

Sequoia sempervirens. Cellulose acetate replica of a
croesfield pit showing the border and the warty layer of
the tracheid wall. X 187700



Photogreph 75
Sequoia sempervirens. Section through a ray parenchyma cell

showing the crossfield pit membrane. KMnO 4 fixed/stained,
epon embedded. X 8,600,



Photogragh 76

Sequoia sempervirens. Section through a ray showing the
intercellular space between two ray parenchyma cells and
the wall of an axial tracheid. Stained with KMnO,,
embedded in epon. X 14,000



Photograph T

Sequoia sempervirens. Interference micrograph showing
intact crossfield pit membrenes in the heavily treated
area. X 750,



Photo; h_78

Sequoia sempervirens. Section through an aspirated bordered
pit. Stained with Kin0,, embedded in epon. X 18,000.




Photograph 79

Sequois sempervirens. Bordered pit aperture and the
surface of the appressed torus. Cellulose acetate replica.
X 18,500.
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Photograph 81

Cupressus macrocarpe RLS. Section showing a simple pit in
horizontel wall between two ray parenchyme cells. Stained
with mno4, embedded in styrene/methacrylate. X 10,800



Photograph 82

Cupressus maorocarpa RLS. Section through a ray parenchyma
end wall, Preparation as for Photograph 80. X 10,800.



Photograph 83

pa. TLS. Section through a crossfield pit
h 80.

with intact. on as for
X 11,500



Photograph 84

Cupressus macrocarpa. Cellulose acetate replica of the inside
wall of a ray parenchyma cell showing the outline of a crossfield
pit. The remnants of cell contents litter the surface. X 12,000



Photograph 85
Cupressus macrocarpa RLS. Interference micrograph.
X 750

Photograph 86

Cupressus macrocarpa RLS. Interference micrograph.
X 1,900



Photograph 8§

Cupressus macrocarpa. Replica of an earlywood bordered
pit. X 9,000



Bhotograph 88

aspirated bordered

Cupressus mecrocarpa. Section through an
Pit. Preparation as for Photograph 80. X 10,800,
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PART 4
Possibilities for ‘the penetration of preservative

into Refractory species

Most attempts to improve the permeability of wood have
relied on mechanical or physical methods and these have not
been notably successful.

One of the oldest techniques is mechanical ingising,
and this is still used with a number of commodities such as
railway sleepers (which are incised on all faces) and poles
(which are normally incised only in the ground line area).
The incisions are made with a truncated triangular steel
knife in most cases, and the resultant incisions are about
£ inch deep and - 1" long in the direction of the grain.
Incising can be done by hand, using a hammer with several
knives protruding from the face, or mechanically, by forcing
the timber between revolving drums, into which the knives
are set. During preservative treatment the preservative
penetrates the incisions easily, and is then forced out,
along and across the grain, to produce elongated lensoid
pockets of penetrated wood around each incision. The ineisions
must therefore be spaced so that the treated pockets coalesce
to form a completely treated envelope. This will happen only

with species which have a high 1 lity,

With species of low tangential permeability such as Cupressus
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MACTo » the incisions would have to be very closely
spaced and this would not be practicable. If the incisions
were made across the grain instead of along it, fewer cuts
would be required because longitudinal penetration would
cover a much greater area from each incision. Incisions in
this direction would be much more difficult to make, however,
and as they would cut across the fibres the strength of the
pole would be drastically reduced.

Thus for incising to be effective, safe, and ecomomic,
it is essential that the species being treated should have
a considerably greater permeability in the tangential than
the radial direction. From Figs. 3 and 4 it is seen that
this applies to only Podocarpus dacrydioides, and to a lesser
Sequoia and Cryptomeria. Even with these species it would be
necessary to establish uniform tangential penetration of both
the latewood and earlywood bands, especially if the treatment
was with a highly fixed waterbourne preservative such as
copper-chrome-arsenate.

Higher treating temperatures and pressures usually
improve penetration but the nature of the wood and the
preservatives limit the extent to which these can be increased.

It has been demonstrated that the radial permeability of

dacrydioides is 1y as the
pressure is increased from 0 - 200 p.s.i. (see Fig8 ) but
it is unlikely that this species could stand much higher

pressure without the cells collapsing. Hardwoods such as
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Bucalyptus species are creosoted at pressures of up to 1000p.s.i.

in Australia but with Douglas fir it has been found nec

ary
to restrict and to about 160

pes.i. and 180°F to prevent damage to the wood. With preserva-

tives such as or pentachl 1-in-0il, p ion

is greatly improved at elevated temperatures because the

viscosity is lowered and the hot oil tends to dissolve resins

and other The of copper-

chrome-arsenate preservatives cemnot be increased by any
significant degree however, because solutions containing
chromates become unstable at temperatures above about 120°F.
The Queensland Forest Products Laboratory (Australia) has
claimed that penetration and uptake are improved if a very
high vacuun is maintained for an extended period at the commence-
ment of vacuum/pressure treatment, but this would not be
expected frou the results of Petty(1969 ), and semi-commercial
trials carried out by the Australian Commonwealth Scientific
and Industriel Research Orgenisation did not confirm it.
Pre-steaming, either before seascning, or before treatment,
is enother technique which has been tried in an attempt to

improve treatebility. McQuire (1964) found that pre-stesming

freshly cut radiata pine much better by the
Oscillating pressure method, and while a slight reduction in the
moisture content was the main beneficial result, it was suggested
that some physical or chemical effects may elso have been

important. Bember and Johnstone (1968) used pre-steaming to
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inprove the permeability of radiata pine heartwood, and
showed that this treatment affected the ray structures.
Photomicrographs of steamed and unsteamed rays showed that the
steaming had caused a partial collapse of the parenchyma cells
leaving large irregular intercellular spaces. As mentioned
in Part 1 of this thesis, steaming produced a slight, but
definite, improvement in the treatment of Douglas fir posts,
but the standard obtained was still wnsetisfactory. Prolonged

steaning at higher and would

improve subsequent treatment but this would beachieved at the
expense of wood strength. In the relatively mild steaming
schedules used to prepare wood for OPM treatment it was found
that there were losses of up to 20% in some strength properties

(McQuire 1966) and greater losses than this could not be

tolerated in load-bearing commodities such as poles.

In the last two decades there has been considerable
interest in biological methods of improving permeability, but
the organisms responsible have not always been identified, and
hypotheses put forward to explain their mode of action have
been inconclusive and generally unproved.

Attention was first focussed on the possibility of
improving permeability biologically by Blew (1952) and Lindgren
and Harvey (1952). Blew showed that fungus infected pine
posts absorbed considerably more preservatives than cemtrol

posts which had been treated with an anti-stain chemical before
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seasoning, but the relative merits and demerits of the various
fungal species was not known. Lindgren and Harvey used a pre-
seasoning spray with 3% sodium fluoride and this resulted in a

profuse growth of the mould Trichoderma which inhibited the

development of other fungal species, particularly the wood
decaying basidiomyceftes. Even so it was found that the
Trichoderma infected pine posts absorbed approximately 10 times
as much light oil preservative during & 5 minute sosk es did
control posts treated with sodium pentachlorophenate and ethyl
nmercury phosphate to prevent all fungal growth. Lindgren

(1952) similar i in the lity of

pine blocks innoculated with Trichoderma in the laboratory but
attempts to increase the permeability of other species were
less successful.

Graham (1954), and Lindgren and Wright (1954) carried out
a series of soaking, hot and cold bath, and pressure treatment
trials on Douglas fir posts which had been given various pre-
treatments to encourage or to prohibit mould growth, In general
the infected posts treated much better than the clean controls
but those specifically innoculated with Trichoderma were less
permeable than some others which had been naturally infected.
licroscopical examination of the heavily moulded posts showed
an almost complete breakdown of the ray tissue and as these
cells are lignified in Douglas fir it is possible that some

degradation of the wood tracheids might also have taken place.



Pre-treatment
(No1-11)
NaF. Sprayed

Vacuum/Pressure treated Douglas Fir.

8

Photograph 89

Douglas fir post sectioms. Pre-treatment - NeF_spray.
Treatment - Vacuum/Pressure

with CCA preservative,
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Perry (1955) carried out similar laboratory tests with
blocks of Douglas fir wood and found that treatment with NaF
plus a spore suspension of Trichoderma increased the uptake of
solution in dip tests. When a large scale test with Douglas fir
posts was carried out however the results were unexpected.
Three basic treatments were used, - no treatment, sprayed with
2 NaF, and sprayed with 2% NaF plus Trichoderma spore suspension.
Each of these was subdivided into two groups - cevered with
tarred paper and not covered, and each of these was again sub-
divided into two groups - close piled and open piled. Both the
treated groups which had been close piled and covered,treated
much better then usual, but the surprising result was that the
group which had no treatment but had been close piled and
covered, treated twice as well as any other. There was no
visible sign of the presence of any decay fungi and the increased
absorptiveness was ascribed to some hitherto undetected native
mould. With hindsight, it seems almost certein that this increase
was caused by bacterial action.

Schulz (1956) improved the uptake of creosote/fuel oil in
pressure treatment of spruce posts by a factor of 3 - 5 X by

inducing Trichoderma growth, but a similar test with Douglas fir

in New Zealand failed to produce a marked improvement (photograph8).
The reason for this difference was probably that the Dougles

fir posts were put on seasoning racks after spraying and although
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under shade, dried too quickly for the fungi to become well
established. Schulz incubated his spruce posts at 80°F and
9T% relative humidity initially, and then gradually reduced

the humidity to allow them to season.

Thus although fungal infection was shown to increase
permeability with several wood species, the increase was not
always sufficient to ensure really adequate treatment, and
there was always the risk that demaging decay fungi might

become established., When subsequent treatment was with
creosote, the heat and volatile constituents of the preservative
would sterilize the wood beyond the limit of actual penetration,
but this would not be so with waterborme salts.

Tlle (1957) published the first report dealing with

permeability increases caused by ponding and stated that

Ip; was with spruce, silver

fir and Douglas fir. Stutz end Stout (1957) found an increase

in porosity in ponded Pinus ponderosa, Pim bertiena and

Pinus monticola, and stated that this was brought about by

bacteriel action on the ray cells. Since 1957 several workers

have the 1ity of wat tored wood and in every

case & iderable in the lity of sapwood has

been reported.
A very full bibliography, with abstracts, has been prepared
by Unligil (1969) covering all forms of water storage and

Trichoderma infection in relation to the penetrability of wood,
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and only the most pertinent papers will be referred to here.

The majority of these published works deal with Pinus species

but some cover other more refractory species, and these also

report marked in lity. Forest

L (Princes Ri ) 1960 sitka
spruce, Douglas fir, and Japanese larch that had been stored in
a log pond for periods of 3, 6, and 20 months, and found that
uptakes improved considerably for ponding periods up to six
months ; after 6 months the improvement was much less marked.
Klem and Halvorsen (1963) found that a complete and uniform
sapwood penetration was obtained in Norway spruce that had
been sunk in rivers end lakes for periods of 18 - 150 years ;
no significant changes were found in any other properties of
the timber. Liese and Karnop (1968) studied pine end fir
permeability after summer and winter ponding, and found that
increases of ten times were obtained after four weeks summer
storage. Winter storage caused only a slight increase in the
permeability of pine, and had practically no effect on fir.
Vekin et al.(1968) carried out large scale trials with spruce

poles, and concluded that water storage without bark was one
of three treatments that would guarantee subsequent preservative
treatment to the standard required for transmission poles in
Russia., The other two treatments recommended were infection
with "safe" fungi, and moist storage with bark still on. Apart

from the first published paper by Ille (1957), no mention is
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made of alternative types of water storage (such as under
sprinklers) for the refractory species. Pine wood held
under sprinklers has been examined by some workers however,

and these (including Suolahti 1961, and MacPeak 1963) have

D lity i quite le with fully
ponded material.

In 1967 the Irish Institute for Industrial Research and
Standards ponded some Sitke and Norway spruce poles to examine
the effect of this treatment on sep replacement treatment.
The results of this test were disappointing but when some of
the material was pressure treated with creosote the results
were so spectacular that further trals were initiated. After
hearing of these results from Dr. Dunleavy (Head of the Forest
Products Department I.I.R.&D.) the author requested that
samples of ponded and unponded sitka spruce be made available

for 1 lity and detailed mico-

scopicel examination.

History of the sitka spruce test material

The trees were from Killeshandre Forest, County Cavan.
They were planted in 1934 (at a spacing of 6' x 4') and were
felled in 1968 during a fourth thinning operationat that
time the stand was considered to be slightly overstocked at
about 500 stems per acre and the current annual increment was
beginning to fall off. The trees were cut to the size of
"standard" poles, 9 metres long with & minimum top dismeter

(inside bark) of 15cm., and minimum butt diemeter of 20.4cm
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inside bark. After peeling, the poles were mede into rafts
of about 10 poles each, and ponded in one of the small
Killeshandra lakes. The lake forms part of a river system,
and the water is fresh and apparently well aerated judging
fron its popularity for fishing. The poles were removed from
the lake in March 1969 (after ponding periods of 4 - 11 months)
and were open stacked on well ventilated racks to season.
Freshly felled trees were peeled and seasoned st the same time.

Samples cut from the sapwood and heertwood of one ponded

and one pole were f to Leeds ty in

August 1969. The exact ponding time of the pole from which
the sample was cut was not known, but it was somewhere between
6 - 11 months.
Commercial treatment trials

Two charges of poles (both of which contained ponded
and fresh poles) were treated by P.D.M. Ltd, Kilteel Polefield,
in October 1969. Treatment was with creosote by the Rueping

process and charge details were as follows:)

Charge A Charge B
moisture content (sapwood)
fresh poles 25% 25%
ponded poles 35 35%
charge volume (cu.ft.) 342 237
Initial eir pressure 40p.s.i. 40p.s.i.

o
Storage tank temperature 190°F 190°F
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Charge 4 Charge B
Treating temperature 150°F - 165%F 150°F-173°F
Treating pressure 147p.s.1.(max) 140p.5.i.(max)
Pressure period 140 minutes 120 minutes
Final vacuun (over night) 24 ins. 24 ins.

Nett absorption 22.261bs/eu £t. 15.541bs/cu £t.

The appearance of the poles after treatment was the same for
both charges and was stated on the charge sheets as "Ponded
poles-very dry on surface, penetration full sapwood. Unponded
poles~oil on surface, penetration approx 4" to}" even penetra-
tion plus irregular patches around seasoning cracks".

The charge sheets do not mention the number of ponded
and unponded poles in each charge, and as no poles were
weighed before and after treatment, there is no way of knowing
the comparative retentions of the two groups. The nett
absorptions given seem abnormally high even for well treated
sapwood and, if correct, must indicate a very heavy loading
in the treated zome. The uniformity and depth of penetration

are illustrated in photographs 90 and 91.

L tests on lity

Using the same apparatus and methods described in Part 1
of this thesis, the permeability was determined in all three
grain directions for the sapwood and heartwood of both the
ponded and fresh samples. Results of these tests are shown

graphically in Figs. 9, 10 and 11, (longitudinal, tangential
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Photograph 90

Picea sitchensis, Cross sections cut from the centre
of ponded and fresh poles after pressure

treatment with creosote.
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and radial penetration for ponded and fresh sapwood) and Fig. 12
(penetration in all three directions for ponded and fresh
heartwood) .

As with the other species examined, the longitudinal
penetration in the small 2 x 2 x 2 cm. blocks was very rapid,
but nevertheless Fig. 9 shows a significent increase in the
uptake rate in the ponded material.

In Fig. 10 the tangential permeability is shown to be
increased to a very merked extent by ponding and is comparable
in fact to the longitudinal permeability of the unponded
material.

Redial permeability is increased by similar amount in the
ponded sapwood and Fig. 11 shows that virtual saturation wes
achieved in under five minutes. From the correlation between
redial permeability end treatability which was esteblished for
the other species examined, this increase would emerge as the
most important benefit derived from the ponding.

From Fig. 12 there is no indication that ponding has
had any effect on heartwood permeability in any grain direction.
The permesbility of the fresh material is slightly higher
in fact, due probebly to the slightly lower density end greater
ring width in these particular samples. The sbsence of any
increase in heartwood permeability after ponding is in accord

with the findings of other investigators - Vasilev (1965),



-103-
Forest Products Research Laboratory (1965), and Liese and
Karnop (1968).

Pathways of on and the effect of 1 factors

on liquid movement

It is generally agreed that in all softwoods, longitudinal
penetration takes place along the axial tracheids, with the
bordered pits as the main communicating pathway between one
tracheid end the next in series. The same general pattern

of movement elso applies to tangentisl penetration, i.e. from
one tracheid to the next through the bordered pits in the
radial walls. In this case the rate of movement is much
slower however because the distance across the tracheid lumen
is much shorter than the longitudinal distence. Thus the
bordered pits constitute the main obstruction to smooth
liguid flow in both the longitudinal end tangential directions
and if large numbers of the bordered pits are aspirated, the
flow is impeded.

In latewood, pit aspiration is ususlly prevented by the
thickness of the cell walls, and the torus remains in a more
or less central position when the wood is seasoned. This fact
explains the greater tangentisl snd longitudinal penetrability
of the latewood bands of most softwood species. Photograph 92
shows an unaspirated latewood bordered pit in the sapwood of
the unponded sitks spruce. In the earlywood of the fresh

sapwood the pits were aspirated with the tori pressed firmly
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over the pit apertures as shown in the electron micrograph

of & direct carbon replica (photograph 93) and in the stereo-
scan electron micrograph (photograph 94). In the ponded
material however the tori and entire pit membranes were absent.
Careful examination of the earlywood of many preparations of
ponded sapwood failed to locate any trace of a torus or membrane.
The techniques used to examine these pits included interference
micréscopy with thin sections of epoxy resin embedded wood

(o 95), the St ( 96) and electron

microscopy with direct and cellulose acetate replicas. Knuth
(1964) states that bacteria destroy the tori and disrupt the
remaining membrane of pine wood; Greaves (1969) shows examples
of pit attack in pine by bacteria; Knuth, McCoy and Duncen (1965)
show bacterial attack on pine pit membranes; Lutz, Duncen and
Scheffer (1966) mention bacterial activity in the pits of
water sored southern pine; and Liese and Karnop (1968) state
that in ponded Scots pine and fir the tori become granulated,
or disintegrate, or occasionally are seen lying eccentrically
in the pit chamber because (presumably) of the destruction of
the border fibrils. Thus most workers who have studied water
stored wood and bacterial action report some measure of attack
on the pit membrane snd torus, and the complete destruction of
these elements, in the sapwood of the ponded spruce examined

in this study, is without doubt the cause of the phenominal
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in al lity. The ion of the
torus, which consists mainly of pectin in thesapwood region,
is believed to be caused by the action of pectinase producing
bacteria. Microscopical examination of sections cut from
spruce wood after ponding for two months in lake Killeshandra,
showed large numbers of bacteria in the cavities of almost all
the pits in the sapwood (see photographs 97 and 98). Iiese
and Karnop (1968) note that one of the first menifestations
of bacterial attack is the reduced staining ability of the
tori to pectin indicators. Suolahti end Wallen (1958) found
a correlation between pectin decrease, and permeability increase,
in pine that had been exposed to bacteria and fungi, and
Knuth and McCoy (1962) considered hydrolysis of pectic
compounds by bacteria to be the major factor responsible for
increased longitudinal permeability in ponded pine. Vasilev
(1965) isolated bacteria from ponded pine and Norway spruce
and found that these were capable of utilizing sugars with a
low degree of polymerization, pectins, and (apparently) stored
starch, but they did not affect the ligno-cellulose complex,
This could explain the lack of any increase in permeability
in the ponded heartwood as Bauch, Liese and Scholz (1968) have
shown that lignin (and additional aromatic compounds) are
formed in the tori during heartwood formation. Nicholas and
Thomas (1968) were able to degrade the torus of pine sapwood

pits with pectinase solution, but found that enzymes had no
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effect on tori in the heartwood. They considered the reason
to be poor accesibility caused by extractives forming an

incrusting layer over the pit membranes.

ion of the pit would not be
expected to affect radial permeability and the reason for the
marked increase in this direction probably lies in chenges in
the ray tissues. Several workers have remarked on the eerly
bacterial colonization of rays in ponded wood and photographs
99 and 100 show concentrations of bacteria in the rays of
sitks spruce after 2 months ponding. Damage to the ray
parenchyma cells of pine wood has been reported by Ellwood and
Ecklund (1959), Knuth (1964), Greaves and Levy (1965), ILutz,
Duncan and Scheffer (1966), and liese and Kernop (1968). With
pine sapwood, the final outcome of bacterial attack on the ray
parenchyma cells is an almost complete disintegrationof these
tissues, particularly in the multiseriate rays containing
radial resin cenals. This would certainly improve radial
permeability but nothing approaching this state of disintegra-
tion was found in the ray cells of the sitka spruce examined in
this work. Photographs 101, 102, 103, 104, 105, 106, 16%, 108,
109 and 110 are comparable pairs of photomicrographs of fresh
and ponded sepwood seen in radisl, transverse, and tangential
section. These photographs show that there has been no
noticeable degradation of the ray tracheids, or parenchyna

cells, or of the radial resin canals, and certainly no collapse
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% 1adad on as has been rep for pine rays. Liese

eand Karnop (1968) found that bacterial attack on pinewood rays
commenced at the crossfield pits and then proceded to the remainder
of the parenchyma cell walls until all these were eventually
destroyed. With fir samples however, only the crossfield pit
membranes were attacked, the remainder of the cell walls being
unaffected so that the structure of the rays was preserved.

The crossfield pits of both fresh and ponded sapwood were therefore
studied using the verious microscopic techniques described in

Part 3, and also the "St " electron mi

with small blocks of solid wood which had been split to expose
radial faces. In photographs 111 and 112 the interference micro-
graphs indicate that in the ponded material the majority of the
crossfield pits have been ruptured. In 111 (freshwood) only

one pit in the field is open and from the immediate surrounds

it is obvious that this has been cut during specimen preparation.
In the ponded material over 50% of the pits are open, and in
only one of the five rows of ray cells shown in the field are

all the membranes intact. The St electron ni

of fresh and ponded wood deuonstrate this partial destruction
of the crossfield pit membranes even more clearly. In
photograph 113 only one pit in the field is open and this could
be the result of specimen preparation. In photographs 114, 115
and 116 the majority of the pits are open and while some of these

holes could be made by specimen preperation, it is obvious that
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others are not. Photographs 117 and 118 show higher magnifi-
cation micrographs of such pits where the parenchyma wall is
complete end undamaged around the pit orifice. That not all
ponded crossfield pit membranes are ruptured is shown in
photograph 119. Photographs 120 and 121 (fresh and ponded wood
respectively) are direct replicas showing the pit apertures and
membranes viewed from the direction of an axial tracheid, the
secondary wall of which has been split during sample preparation.
The nature of the perforation in the membrane of the ponded
wood is similar to that seen when using other techniques.

To determine the actual pathway of 1liquid movement during
radial penetration, blocks of fresh and ponded sapwood were
treated with acid fuchsin, and sectioned as described in Parb 2.
Photograph122 shows the general pattern of penetration in the
solid blocks. In (a) (fresh material - 20f% uptake after 40
minutes at 100 p.s.i.) the penetration is seen to be very even

with no advance penetration of the rays. In (v) (ponded sample -

17% uptake after 2 mins. &t ic ) slight penet
tion of the rays can be seen.

Photographs 123 and 124 show dye penetration in fresh
sapwood and these confirm the opinion of Liese and Bauch (2967)
that the parenchyma cells are difficult to pemetrate and that
radial penetration tends to be by way of the rey tracheids.
Even so, the ray tracheids do not appesr to be very easily

penetrated and several show 1little or no advance penetration of
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the dye solution. Photograph 125 demonstrates that the end
walls of the parenchyma cells in the ponded wood still comstitute
a berrier to penetration but photograph 126 shows that there is a
general penetration of the ray parenchyna and ray tracheid cells
in advence of the region of heavily treated axial tracheids.
These photographs suggest very strongly that the radial penmetra-
tion in the ponded wood is of the same type thet was proposed
for Podocarpus dacrydioides. As the bordered pit membranes and
a large number of the crossfield pit membranes have been destroyed
by bacteria and do not have to be ruptured by pressure, it would
be expected that penetration and redistribution would be more
rapid in ponded spruce than in Podocarpue and this was borne out
by the radiel permeability measurements shown in Figs. 5 and 1l.
The lack of any increase in the radial permeability of
ponded heartwood must be due to some change that takes place n
the crossfield pits during heartwood formation. Balatinecz and
Kennedy (1967) have shown that in spruce the ray parenchyma cells
mature and become lignified in the sapwood at & fairly early stage,
but it is possible that lignification does not extend to the
crossfield pit membranes which may remain largely pectin. During
heartwood formation, some change mey take place similar to the
heartwood lignification of the tori (as described by Bauch, ILiese
and Scholz,1968) so that bacterial enzymes are no lomger sble to

attack the membrane.
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The greatest danger with fungal pre-conditioning to
increase permeability is that basidiomycete fungi may become
established, or that the moulds may themselves act as soft

rot orgenisms and cause a reduction in the mechanical strength
of the wood. This denger does not appear to be present when
wood is subjected to bacterial attack by ponding for the length
of time necessary to bring about an adequate increase in
permeability and treatability, The photographsof radial,
tangential,and transverse sections of ponded spruce show no
sign of attack on the axial tracheids, and preliminery
nechanical tests showed no loss of strength. Fig.l3 shows

the result of a small laboratory-scale test for stiffness ;
this property being one which is markedly affected by even

the earliest stages of biological degradation. Tiny beams

cut from the centre of the growth rings of both fresh end
ponded wood, were supported at each end and tested for stiffness
by applying o set load to the centre. The deflection was
neasured to the nearest 0,001 inches on & dial gauge micrometer.
By plotting deflection against bd> it is seen that there does

not appear to be any noteble difference between the two samples.
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Photograph 94

Picea sitchensis Stereo-scan photomicrograph of esrlywood
A bordered pits from fresh wood, X 3,200



Photograph 95

Picea sitchensis Interference photomicrograph of resin embedded
ponded material X 750

Photograph 9%

2sis,  Stereo-scan photomicrograph of am earlywood

Picea sitch
bordered pit from ponded sapwood. X 3,800



_Ehotograph 97

R.L.S. showing bacteria in sapwood bordered
pits after two months ponding, X 1,200

Picea sitchemsis,

Photograph 98

Picea sitchensis. R.L.S. Bacteria in ponded pits. X 1,890




Photograph 99

Picea sitchensis. R.L.S. Bacteria in ray perenchyma cells
after two months ponding. X 1,890

Photograph 100

Picea sitchemsis, R.L.S. Bacteria around the crossfield pits
1,890

Picea sitchensis
of ponded sapwood.



Photograph 101
Picea sitchensis. R.L.S. Fresh Sapwood X 375

Photograph 102

Picea sitchensis. R.L.S. Fonded Sapwood. X 1%

Picea sitchensis.
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Photograph 103

Picea sitchensis. R.L.S. Fresh Sapwood. Section through a
multiseriate ray with resin canal, X 190

Fhotograph 104

Picea sitchemsis. R.L.S. Ponded Sapwood. Section through a
multiseriate ray with resin cemal, X 120



Photograph 105

Picea sitchemsis. T.S. Fresh Sapwood. X 290
|7
A ;
| @', 2 j Pl = =
Pnotograph 106
x 190

Picesa sitchensis. 7.5, Ponded Sapwood.
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Picea sitchensis.

T.L.S. Eerlywood,
Fresh Sapwood.
X 120

Photograph 108
Ponded Sapwood, X 120

Picea aitchensis. T.L.S. Earlywood.
Picea sitchensis,



Photograph 109

Pices sitchensis. T.L.S. Fresh Sapwood. Section through ray.

X 1,150

Photograph 110

Ponded Sapwood., Section through ray.
X 740

Picea sitchensis, T.L. S.



Photograph 111

Picea sitchensis. R.L.S. Interference photomicrograph with
light background, Fresh sapwood. X 750

Photograph 112

Pices sitchemsis. R.L.S. Interferemce photamicrograph with
dark background, Ponded sapwood. X 7!



Photograph 11

Picea sitchensis. Stereo-scan photomicrograph of fresh wood ray.

X 740

Photograph 114

Picea sitchensis, Stereo-scan photomicrogreph of ponded Wood Tay.
Picea sitchensis.
X 880



Picea sitchensis. Stereo-scen., Ponded wood ray. X 440

Photograph 11 6

Ponded wood T2y

Picea sitchensis. Stereo-scen. X 440



Photograph 11

cen sitchensis, Stereo-scam. Ruptured crossfield pit in
ponded sapwood.

4,100

u“""

Photograph

Stereo-scen, Ruptured crossfield pit in
ponded sapwood. X 1,300

Pices sitchens!

Picea sitchens3s



Photogra

Stereo-scan, Imtact crossfield pit membranes
in ponded sapwood. X 1,700




Photograph 120

Picea sitchensis. Direct replica of a crossfield pit in
fresh sapwood. X

11,300

Photogr aph 121
Plosa sitchensis. Direct replica of & crossfield pit in
ponded sapwood. X 11,300



Photograph 122

Penetration of acid fuchsin into ‘blocks.

Picea sitchensis.
(a) Fresh. 20 uptake in LO minutes at 100p. 8.1, 8.
(b) Ponded, 177 upteke in 2 minutes at




Photo 12

Picea sitchensis. R.L.S. Radial penctrati.on of acid fuchsin
Eloes S50 i fresh sapwood. x 175



Photograph 2k

Radial pemetration of acid fuchsin
IREESEE= in fresh sapwood. X 140

Picea sitchemsis. R.L.S.



Photograj 12

Picea sitchensis. Puatratmn jupeded by a perenchyma cell
ISR B end wall, ponded sapwood. X 600



126

Photograph

Picea sitchemsis. R.L.S. Redial pemstration of acid fuchsin
into ponded sapwood. X 140
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PART 5
Conclusions

The species of wood used in these investigations were
selected because they covered amnge of known treatability
characteristics. The first objective was to examine laboratory
techniques for determining wood permeability to see if any
system could be found which would give results in line with
known treatability characteristics, particularly in the
treatment of natural rounds (such as poles) with water-borne
preservatives. This was achieved with a piece of apparatus
which recorded rates of uptake in 2 centimetre cubes of
sapwood that were sealed to restrict penetration to one grain
direction. Rates of uptake in the radisl direction showed
great variation between the eight species tested but these
could be grouped into three classes of radiel permeability

which correlated well with e grouping based on treatability.

Group I High permesbility. Pinus radiate end Pinds nigre.
These two species are known to treat very readily by
vacuum/pressure end in these tests virtual saturation
was obtained in under 5 minutes with a treating pressure
of 100 p.s.i.g. (pounds per square inch gauge pressure).

bility. Agethis australis and

Group II Intermediate

Podocarpus dscrydioides.
exceeding 50% of the possible meximua in under ten ninutes

Both these species had uptakes
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treatment at 100 p.s.i.g. Both species are known to treat

ly well with preservatives although Podocarpus
dacrydioides is not for with h
dacrydioides Pp

arsenate preservatives in New Zealand because experience has

shown that the final distribution of the preservative compo=

nents is unsatisfactory.

Group TIT Refractory species. This group included the
remainder of the species - Pseudotsuga menziesii, Sequoia

sempervirens, Cryptomeria japonica, .

These species are all classed as refractory in commercial
treatment, and in the laboratory tests none had uptakes
exceeding.  30% of the possible maximum after treatment for
one hour at 100 p.s.i.gs

These results could be grouped more simply by taking the

uptake as & percentage of the possible maximum after a set

period. A sugar for evaluating
treatability in this manner is to coat 2 x 2 X 2 cm. blocks on
five sides so that penetration is restricted to the radial
direction, weigh the blocks, subject them to 15 minutes

vacuum followed by 10 minutes treatment in water at a pressure

of 100 pesei.ge, remove the blocks and re-weigh them, and

finally calculste the uptaks es a percentage of the possible

maxipum. The classification would be made on the following basis.

Group I Basily treated. Uptakes in excess of 50f.
Group II Intermediate treatability, Uptakes of 25 - 50%.

Group I1
Group IIT Refractory. Uptakes less than 256
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A system such as this would require only very simple
apparatus consisting of a vacuum pump, & smell pressure vessel,
end & cylinder of compressed mitrogen. Several blocks of the
same, or different species, could be treated simultaneously
and a comparison of the treatebility, or en assessment of the
variebility, could be made very quickly end simply. The same
apparatus and procedure would be quite satisfactory in comparing
the effectiveness of verious pre-treatments designed to imorease
the permeability of pole-type Wood.

When the pathways of radial penetration were studied by
using interrupted treatments with dye solutions, it was found
that several quite distinct systems operated with the different

species. In the most permeable species (Pinus radiate, Pinus

nigra end Agathis australis, the solution moved freely along

the parenchyma cells of the rays. These cells are thin-walled
and were often partially collapsed in the material used in
these tests. Movement from the ray parenchyme cells to the
axial tracheids took place through the crossfield pits which
Were easily ruptured by pressure, or were already ruptured in
the dry wood. TIn the two pine species there was strong evidence
that the crossfield pit membranes of the latewood region were
already ruptured (probably 2s a result of stresses set up
during drying) and this would sccount for the preferential

penetration of the latewood bands. In Podocarpus dacrydioides
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the parenchyma cells of the mys were thicker-walled and had
end walls intact o that a free movement of liquid along the
rays was not possible. The crossfield pit membranes were thin
and easily ruptured however and it is thought that liquid
moved under pressure from rey cells to tracheids, and then
back again to other ray cells. The bordered pit membranes
of Podocarpus were also thin and easily ruptured and this
would undoubtedly assist penetration by allowing rapid tangen-
tial re-distribution. This pattern of penetration is much

slower and more tortuous than that seen in the Pinus species

and Agathis, and it is possible that it contributes to the
premature precipitation of CCA salts (particularly copper) in
Podocarpus dacrydioides wood. The seme pattern of radial
penetration is suggested for sitka spruce that had been stored
in water for several months. With ponded spruce the uptake
rate was much faster than in Podocarpus end this is explained

by the fact that a considerable proportion of the crossfield

pits were already and the of the
pits were entirely absemt. Work is still proceding on the
nature snd mechanism of this pit membrane degradation but
there seems little doubt thet it is brought about by bacterial
sction. Water storage did not improve the permeability of the
heartwood but the effect on the sepwood was so spectacular
that it is a definite commercial possibility for improving the
3 of poles and other round wood commodities.

treatabilit;

Similar improvements in permesbility have been claimed for other
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types of biological pre-treatment but ponding is considered
superior to these because it is easier to control and safer,
Bacteria do not appear to cause any loss of strength in the
timber during the required ponding period, and the maintenance
of virtual seturation precludes infection by any wood destroying
fungi. Full ponding may not be possible in some areas because
of a lack of suitable lakes and the cost of excavating artificial
log ponds, but it may be possible to obtain the same results
by the use of sprinklers. Other workers have shown that
sprinklers have the same effects as ponding on the permeability

of Pinus species and there seems no reason not to expect similar

results with other more refractory species. Unpublished work

by Princes Risborough Forest Products Laboratory indicates that
temperature is important for initial colonization by bacteria

but not so much for their later development. If this is so it
would appear economically feesible to devise a system whereby
poles could be stacked first under a sprinkler using re-circulated
warmed water (possibly enriched with bacterial culture) and

later transferred to ambient temperature sprinklers or even

into block stacks well covered with polythene.

The Institute for 1 and of
Ireland is currently investigating optimum ponding times at
different seasons for sitke and Norway spruce poles, but so far

there is no information on the minimun period required under
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idesl conditions. Wood samples teken from sitka spruce poles
which had been ponded in Ireland for only two winter months
(January end February) were found to have heavy bacterial
infestation in the bordered pits andmys, but permeability
measurements have not yet been carried out on this material.
If the effect is as rapid as these samples indicate,it is
possible that a considerable amount of the wood produced by
normal commercial operations becomes infested, and in warm
hunid climates this could well explain the reputation some
species have for variable treatability.

In unponded spruce and Pseudotsuga menziesii, radial
penetration was sevemly restricted and the preferred pathways
were ususlly the ray tracheids, The crossfield pits of both
species were found to be obstructed by pit membrenes and the
bordered pits of the earlywood tracheids were aspirated. The
latewood pits were unaspirated and this would allow lateral
redistribution of liquid if some of the crossfield pitgin
this region were ruptured, It is possible that the membrenes
of crossfield pits in the latewood region are more easily
ruptured because of seasoning stresses and this (aided by
lateral redistribution) would explain the spparent barrier to
ray pemetration at the latewood boundary remarked on by

sargent (1960).

In Cryptomeria jeponica, Sequoia semw ervirens, and

Cupressus MAaCrocarpa, radial penetration was still further
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restricted and the only advance penetration of the rays was in
the intercellular spaces between the ray parenchyma cells. In
Cryptomeria and Sequoia the liuid appeared to move through
the parenchyma cell wall, to the cell lumen, and also to the
region of the crossfield pit aperture. From here it apparently
penetrated the axial tracheids without rupturing the crossfield
pit membranes. In Seguoie it appears possible that axial N
parenchyma cells may have played some role in redistribution
from the rays but it was not possible to establish this definitely.
In Cupressus there was & movement of liquid from the intercellular
spaces in the rays, to the intercellular spaces between the
axial tracheids, but there was no evidence seen of movement
from these to the tracheid lumena.

Thus in these three refractory species, the pathways of
radial penetration are still somewhat obscure but it appears
that some movement through cell walls may be involved and this
would probably explain the relatively slow rates of uptake. As
far as is known no ponding or other biological pre-treatments
have been attempted with these species. The pit membrames are
fairly robust, but not appreciably more so than in spruce, and
i bacterial attack could destroy these there seems no reason
why water storage could mot affect a similar improvement in

treatability.
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APPENDIX I

Ori Preparation, and sical properties of the Wood Semples.

Pinus radiata

Origin - Kahgaroa Forest, New Zealand.

Tree age - 35 years.

Sawing and seasoning - Cut from butt log, air seasoned completely
under cover.

Mean basic density - 0.419.

Mean moisture content - 13.07% (after conditioning)

Number of rings per inch - 6.0

Approximate percentage of latewood - 38%

Pinus nigra (Corsican)

Origin - Kaingaroa Forest, New Zealand.

Tree age - 30 years

Sawing and seasoning - Air dried, details unknown.

Jean basic density - 0.432

Mean moisture content - 10.7j%

Number of rings per inch - T.6

Approxinate percentage of latewood - 43

Pseudotsuga menziesil

origin - Keingaros Forest, New Zealand.

Tree age - 40 years

_ as for Pinus radista

Pinus raca®:s

sawing end seasoning

Mean basic density - 0.400



Mean moisture content - 10.9%

Number of rings per inch - 6.3
Approximate percentage of latewood - 48%
Sequoia sempervirens

Origin - Compartment 20, Forest, New Zealand

Tree age - 58 years

Sawing end seesoning - as for Pinus radiata

Mean basic density - 0.256

Mean moisture content - 10.1%

Humber of rings per inch - 3.6

Approximate percentage of latewood - 15% (plus a distinct zone
of intermediate type of 45%)

Cryptomeria japonica

Origin - Compartment 3, Whakarewarewa Forest, New Zealend.

Tree age - 55 years

Sawing and seasoning - as for Pimus radiate

Mean basic density - 0.296

Mean moisture content - 8.9%

Number of rings per inch - 13
Approximate percentage of latewood - 26%

Cupressus macrocarpé
Origin - Compartment 12, Vhakarewarewa Forest, New Zealand.

Tree age - 31 years

sewing and ning - as for Pinus radiata

Mean basic density - 0.338



Mean moisture content - 11.5%

Number of rings per inch - 4.6

Approximate percentage of latewood - 205‘} e

Agathis australis

Origin - Herekino State Forest, Kaiteia, New Zealand.

Tree age - 150 = 200 years

Sawing and seasoning - Air dried, other details not known.

Mean basic density - 0.440

Mean moisture content - 11.T%

Number of rings per inch - 13

Approximate percentage of latewood - 22%

Podocarpus dacrydioides

Origin - Punakitere S.D., Northland, New Zealand.

Tree age - 40 - 50 years.

Sewing and seasoning - Trees cut and air dried as femce posts.
Seasoned partly under cover.

Mean basic demsity - 0,358

Mean moisture content - 12.9%%

Number of rings per inch - 13

Approximate percentage of latewood - 15% (very indistinct)

Picea sitchensis

Origin - Killeshandra Forest, Cavan, Eire.

Tree age - 36 yesrs

Sewing and seasoning - Cut s poles. half of which were ponded

for 6 - 11 gonths, Air seasoned on racks

outside.



Fresh Sap.
Mean basic density 0.317
Mean moisture content 12.9%
No. of rings per inch 5.0

Approx. % of latewood 30%

Ponded
Sep.

0.348
13.4%
6.4

30%

Fresh
Heart.

0.328
14.8%
2.9

21%

Ponded
Heart.

0.352
13.4%
8.0

29%



APPENDIX IT

Uptake rate compared with swelling rate for vacuum

treated unsealed blocks of Pinus radiata.

Swelling as % of
Time Uptake as %
i total in the tan-
minute
. : L gential direction

Vacuun 26"Hg o 0 0
Water admitted 10 [ ]
Block covered 10.5 0 5
Vented to atmosphere 11 [} 20
11.5 44 36
12 73 49
12.5 81 66
13 88 89
14 92 95
15 94 98
16 96 98
18 98 dog

Total Uptake represented spproxinately 125% of the untreated

weight of the block.

Total swelling in the tangential direction represented approxi-

nately 65% of the total swelling which represented approximately

9% of the untreated volume of the block.



TN
Presumably blocks increase in weight as soon as they are
wetted but because swelling commences immediately the density

does not alter significently, and the chenge does not register

on the recorder.
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