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FOREWORD

The ADVANCES IN CHEMISTRY SERIES was founded in 1949 by
the American Chemical Society as an outlet for symposia and
collections of data in special areas of topical interest that could
not be accommodated in the Society’s journals. It provides a
medium for symposia that would otherwise be fragmented
because their papers would be distributed among several
journals or not published at all. Papers are reviewed critically
according to ACS editorial standards and receive the careful
attention and processing characteristic of ACS publications.
Volumes in the ADVANCES IN CHEMISTRY SERIES maintain the
integrity of the symposia on which they are based; however,
verbatim reproductions of previously published papers are not
accepted. Papers may include reports of research as well as
reviews, because symposia may embrace both types of
presentation.
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PREFACE

WOOD HAS PLAYED A MAJOR ROLE throughout human history. Even the
earliest humans used wood to make shelters and later to cook their food.
Wood also provided tools and weapons. Collective society learned very early
the great advantages of wood, which we still recognize today: its strength,
workability, wide distribution, renewability, and aesthetics.

To study the uses of wood is to study human history. There is a great
need to preserve the wood in the many forms that remain from ancient to
modern times, not only because it will be interesting to future generations,
but to use it to study the cultures and climates throughout history and to
study the wood-aging process itself.

For this book, archaeological wood will be defined in its broadest sense:
Any wood that gives information about human development, culture, or
climate conditions, or that is used to study the aging process of the wood
itself shall be referred to as archaeological wood. This includes woods that
are sometimes called historical and prefossilized woods. More restrictive
definitions are used in some of the chapters. This different usage reflects
the perspective of the individual author. The purpose of preservation of
archaeological wood is to save the artifacts for future viewing, study, and
reference.

The microstructural, physical, and chemical properties of archaeological
wood discussed in this book apply to materials coming from a wide range of
environments: wet environments such as bogs, fresh water, and salt water;
dry environments such as tombs and dwellings; and variable environments,
including historic buildings and outdoor artifacts that exist where weathering
has taken its toll.

Present techniques for preserving archaeological wood range from art
forms (some have even been referred to as witchcraft) to science. Many
methods have been based on empirical approaches rather than hard scientific
data. We need to study the changes in microstructural, physical, and chem-
ical properties that occur during the aging process as a result of the envi-
ronment surrounding the artifact. Familiarity with these changes will lead
to an understanding of the mechanisms of degradation. Armed with knowl-
edge of these mechanisms, modern scientists are led along logical paths to
develop preservation techniques that will allow the wood to remain, as
closely as possible, in its found state, without major modification of its chem-
istry. Some techniques will cause major changes in the wood’s chemistry,
and these procedures will need to be carefully recorded for future reference.

xi
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We hope that this book will provide some understanding, from a sci-
entific perspective, of archaeological wood, its properties, its chemistry, and
its preservation.

We dedicate this book to all past, present, and future scientists who
proudly consider themselves archaeological wood preservationists.
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Scope and History of Archaeological
Wood

Mary-Lou E. Florian

Royal British Columbia Museum, 675 Belleville Street, Victoria,
B.C. V8V 1X4, Canada

Archaeological wood may be defined as dead wood, used by an extinct
human culture, that may or may not have been modified for or by
use, and that was discarded into a specific natural environment. Such
wood has now been removed from this environment, taken out of the
sequence of chemical and physical changes that would ultimately have
transformed the wood either to a fossil or to dust. The condition of
archaeological wood could be near normal or extensively altered. Age
alone is meaningless in terms of deterioration, which depends on the
type of wood, the environment, and time. Twentieth century society,
with a new awareness of the value of the objects of the past and with
new technology for handling them, is preserving this wood for pos-
terity. This chapter will present a brief overview of the variable
environments of discard, their effects on the properties of the wood,
and 20th century attitudes toward technology of wood preservation.

WE CAN ONLY IMAGINE THE DEPTH OF EMOTIONS experienced by those
who were there when the Swedish warship, the Wasa, broke the surface of
the water after 333 years of marine burial. Hearts must have been bursting
and tears flowing. The sight of the ship must have conjured up many different
thoughts in the people watching: thoughts of its preciousness as an object
of antiquity and the incredible tie it forms between the people of today and
those of 333 years ago; thoughts about the ship and its fund of information
about past ship-building technology; and thoughts of the boat as a museum
object and the challenge involved in displaying it.

There must have been thoughts of the excavation procedure, the en-

0065-2393/90/0225-0003$08.50/0
© 1990 American Chemical Society
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gineering feat of raising a 1200-ton ship, the technology of diving, and the
thrill of the finds.

Surely a few thought about the material, the wood, now archaeological
wood; about the physical and chemical state of the wood and the task of
conserving this waterlogged wood; about how the unique burial environ-
ment, through some fluke, allowed this wood to evade the natural cycle of
deterioration for 333 years; and about the secrets hidden in the wood, such
as information about its age and the environment in which it lived, secrets
revealed in its unique growth patterns.

I am sure that the most overpowering emotions stemmed from the
feeling that this ship is a link to human society of a different century. At-
tractive as the social aspect is, the topic of this book is wood, archaeological
wood. We see the Wasa as a heritage and research object, as a cultural and
environmental informant. More basically, it is deteriorated material that we
have retrieved from a specific environment. The ship must now be preserved
in the new environment in which we have placed it.

Over the years attitudes toward objects or “finds” have changed. In the
past, archaeological excavations were done for looting and for curiosity. Today
such projects are undertaken with scientific discipline to obtain accurate
information about human material culture and interrelationship with the
environment. Sophisticated scientific techniques are used to extract this
information, and legislation is in place to protect archaeological sites and
objects. Conservation is now a standard procedure to prevent the object’s
deterioration after excavation and potentially to preserve it for posterity.

In the past, “after the wreck was excavated, the conservation department
was consulted.” Now conservators are occasionally a part of the core group
before excavation. The conservator’s task is to ensure that the objects are
protected during and after excavation, are handled appropriately, are secured
for transport, are stored correctly and undergo analysis prior to conservation
treatment, and are appropriately treated and stored or exhibited.

What Is Archaeological Wood?

For this introductory overview chapter, I will define archaeological wood as
dead wood, used by an extinct human culture, that may or may not have
been modified for or by use, and that was discarded by intent or accident
into a specific natural environment. This may be too narrow a definition.
Often, living and dead trees that have been culturally modified in the past
(such as Australian aboriginal carved trees, bark-stripped western redcedar
trees, and trees showing survey marks) are categorized as archaeological.
Ancient living trees such as the bristlecone pines, the giant redwoods, and
other species are also categorized as archaeological.

Archaeological wood is excavated most commonly from marine and wet
terrestrial burial sites. However, surface finds may be related to recently
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exposed sites or to unique environments such as the Arctic and Australia.
Wood is found in ancient structures that are still standing, such as the
pyramids and Chinese temples. The environments that preserve ancient
wood vary from wet to dry, and thus archaeological wood ranges from
waterlogged to desiccated.

Buried archaeological wood is the same as ancient wood (often called
paleontological wood). Both have been deposited in natural environments
and have undergone changes there. Normally these changes would even-
tually turn the wood to dust, humus, or coal, or would mineralize it, de-
pending on the environment of the burial site. But occasionally the wood
appears to be stabilized in a strata, like a buried time capsule. It reaches an
equilibrium within the strata’s unique environment that allows the wood to
apparently survive.

Most archaeological buried waterlogged wood is in the early process of
diagenesis. Diagenesis is the natural process in which sedimentary materials
are slowly compacted and eventually will form rock. In this natural process
of change, 2000 or even 25,000 years is a short period.

The chemical and physical state of archaeological wood may vary from
near normal to disintegration. This variability may even be present in a
single piece of archaeological wood because of centripetal degradation, with
which the inside of the piece of wood is near normal and the exterior is
degraded. The variability can be explained by any number of factors, such
as the wood species, the history of use and fabrication, the time buried, and
the burial environment.

Characteristics of Archaeological Wood

Purpose of Analysis. The chemical and physical characteristics of
archaeological wood are analyzed for two basic reasons: to understand the
process of deterioration and to assist in designing a logical conservation
treatment to stabilize the wood. For example, depending on its condition,
when wet or waterlogged wood is dried, it may go through drastic dimen-
sional changes because of cell wall and cell collapse or shrinkage. This change
must be prevented to retain the integrity of the object.

Chemical Changes. Various chemical changes may have occurred in
archaeological wood. Such wood may be normal chemically (that is, contain
the same ratios and amounts of the basic chemicals, the biopolymers lignin,
cellulose, hemicellulose, and pectin, and the extractives and inorganic chem-
icals) or it may have altered amounts and ratios of the chemicals. Archaeo-
logical wood can be solely cellulosic or lignitic, or any combination of these.
The organic chemicals may be replaced by inorganic chemicals, and the
wood may be mineralized.

Archaeological wood that is dry when excavated does not present the
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problems involved in drying waterlogged wood. The intensity, in terms of
analysis and treatment of dry wood, has been very little compared with that
of waterlogged wood. Therefore, the following discussion will center on
waterlogged wood.

Squirrel and Clarke (I) compared analyses published between 1977 and
1987, of archaeological waterlogged oak from boat remains of various ages.
Their samples, ranging from the 1st to the 17th century A.D., included the
Mary Rose, the boat they were researching.

The analyses (1) showed that as water content within a sample increased,
the relative amounts of cellulose decreased and of lignin increased. However,
there were exceptions. Comparisons were also made between the outer and
the central portion of each sample. Generally, the outer portion showed the
greatest moisture, inorganic content, and loss of biopolymers. The central
portion showed, in some cases, near-normal amounts of the chemicals. The
exceptions were probably caused by the varying burial environments of the
archaeological woods or by lack of standard methods of analysis.

Method Standardization. Hoffmann (2) discussed the need to stan-
dardize the methods of analysis in 1981. He recommended the use of the
standard procedures designed for analysis of fresh wood by the Technical
Association of the Pulp and Paper Industry (TAPPI). Although some minor
problems with the methods would be expected because of modification of
degraded chemicals, he felt that the procedures would give an adequate
characterization of archaeological wood. Hoffmann encouraged the use of
these analytical methods so that in the course of time enough analysis would
be done to confirm relationships between analysis and response to specific
treatments.

Seifert and Jagels (3), using the TAPPI standards recommended for
archaeological wood, undertook extensive chemical analysis of wood ele-
ments of different wood species. Their samples came from the Ronson ship’s
bow excavated from a landfill in the New York Harbor after a burial of
approximately 240 years.

There were problems in the analysis. The authors stated, “Summation
of the chemical constituents should yield 100%. Most of the totals exceed
100%. This indicates a problem with one or more aspects of the analysis . . .
the lignin analysis may be suspect. Cellulose may also be too high.” High
iron content was found in some samples, and this may have influenced the
analysis.

The TAPPI methods were designed for normal wood chemicals. A
method of characterizing and quantifying degraded chemicals would seem
more appropriate and may solve some of these problems.

Altered Chemicals. Hedges et al. (4) used a more refined analysis for
the altered chemicals present. They analyzed for individual saccharides of
the three polysaccharides (cellulose, pectin, and hemicellulose) and for the
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phenols of lignin. This approach led to a greater understanding of degradation
information, which may be vital in understanding potential conservation
treatments.

Hedges et al. (4) analyzed buried white oak (approximately 25,000 years
old) and red alder and Sitka spruce (2500 years old). All of these samples
were considered to be in the dynamic process of diagenesis. The oak was
excavated in a drill hole, 100 m deep in sediment off the continental slope
of Louisiana. The alder and spruce were excavated from a deposit contem-
poraneous with a 2500-year-old archaeological site on the Hoko River bank
on the Olympic Peninsula of Washington State. This wood, even though not
artifact material, illustrates the changes that would affect archaeological wood
of this age in this environment.

Remarkably, the spruce showed no significant losses or degradation of
biopolymers. The alder, taken from the same excavation horizon as the
spruce, was significantly altered, as was the oak. The simple phenols of lignin
and the neutral sugar products of carbohydrates were quantified by capillary
gas chromatography. The results from the buried wood were compared to
those of their modern counterparts.

The sugar and phenol analyses showed that there were chemical deg--
radation and losses. In the alder and oak, respectively, 90 and 98% of the
polysaccharides and 15 and 25% of the lignin was lost or degraded. Ap-
proximately 75% of the degraded biopolymers had been lost from the two
samples.

The analyses showed that the vanillyl and p-hydroxyl lignin units were
the most stable, followed by the syringyl lignin groups. Of the neutral sugars
analyzed, arabinose, galactose, fucose, and rhamnose are least degraded,
followed by glucose, mannose, xylose, lyxose, and ribose, the most degraded.

The biopolymers in decreasing order of stability are lignin, pectin,
a-cellulose, and hemicellulose. Hedges et al. (4) suggested that the inferred
order of polysaccharide preservation may be related to the ultrastructure of
the wood cells and not to intrinsic chemical stability.

Wayman et al. (5) reported some unique patterns of cellulose retention.
In a sample of wood buried for 10 million years, 22% of the cellulose was
retained. In another sample of wood buried 30 million years, 30% of the
cellulose was retained. In a third sample 100 million years old, there was
no cellulose; only lignin remained.

Inorganic Materials. During petrification, the types of inorganic sub-
stances that replace organic substances will depend on the burial environ-
ment. Phosphates and silicates have been found in petrified wood from the
marine environment, and calcium minerals in samples from terrestrial and
cave environments. High iron contents are always associated with ship-
wrecks. All these impregnates will influence the analytical methods and
conservation treatments.

The conservator should know the location of the inorganic materials. In
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some cases iron compounds may be located throughout the cell wall. Other
times it can be precipitated in specific regions, such as in bordered pit
membranes (Figure 1), where it would influence the permeability of the
wood.

Moisture Content. In a specific circumstance (a treatment problem of
a group of oak timbers), the moisture content and the amount of internal
sound wood core were used instead of chemical analyses to assess degradation
(6). The wood condition has been classified as follows: Class I, the most
deteriorated wood, contains over 400% water ([weight of water] / [oven-dry
weight of wood] X 100) and virtually no core; Class II is 185-400% water,
with a core present; and Class III is less than 185% water, with only the
surface degraded. The analyses included moisture contents and the pin test
to determine the extent of sound wood.

In degraded wood the biopolymers may be altered (4, 5). There may
be losses in bound water, losses or increases in side chains, and bonding
and depolymerization. With other changes the chemical characteristics may
be altered, crystallinity may be lost, solubilities and rates of oxidation and

Figure 1. Light microscopy photomicrograph of radial section of white oak

(Quercus alba group) from unidentified marine wreck from New Brunswick,

Canada. Iron salts have precipitated inside pits (5-pm diameter) on the radial
walls of small vessels and in ray parenchyma cells.
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hydrolysis may change. These alterations will be expressed as loss of strength,
permeability, hygroscopicity, and other physical changes.

To summarize, the analytical information of archaeological or ancient
wood shows variability in chemical changes and losses that may result from
the burial environment, the wood species, sapwood or heartwood, outer or
inner wood, anomalies in growth, and certainly the methods of analysis. The
stability of wood biopolymers has been found to be (in decreasing order):
lignin, pectin, cellulose, and hemicellulose. As a rule, increase in moisture
content indicates increase in degradation.

Future Directions. Hoffmann (2) wrote in 1982, “It is hoped that in
the course of time enough analysis will be done to confirm relationships
between analysis and response to specific treatments.” In 1987, Grattan
and Clarke (7) stated, “We are able to analyse wood chemically and give
it a detailed biological description, but at present it is very difficult, ex-
cept in the most general terms, to understand what this predicts for the treat-
ment.”

Other information may help to solve treatment problems in the future.
One important chemical constituent has been:overlooked: the protein, ex-
tensin, associated with the primary wall (8). Extensin is a structural protein
similar to collagen. It may have a quinone tannage, which gives the strongest
known cross-links to protein and makes it insoluble. Extensin is located
(1-5%) in the most persistent part of the cell wall, the middle lamella—
primary wall complex. Its presence there must have something to do with
the persistence of this complex.

Pectin analysis also needs more refining and emphasis. Pectic substances
are a group of related substances (protopectin, pectin, and pectic acids),
each with specific chemical characteristics (9). Both the protopectin and the
pectic acid, pectinic acid, form insoluble complexes with metals, especially
calcium. These too, like the protein, are concentrated in the persistent
middle lamella—primary wall complex.

The most significant information in the gross analytical studies is the
fact that lignin, even though altered, is the chemical constituent present in
highest amounts in the most degraded woods.

Lignin makes up to 15-35% of fresh wood, with 60—-80% of the lignin
located in the secondary wall. The middle lamella—primary wall complex
has the higher concentration (0.6-0.9 g/g), as compared to the secondary
wall (0.2-0.3 g/g). In the cell wall, lignin, hemicellulose, and pectin fill the
interstices between the cellulose microfibrils. Lignin may be bound to hemi-
celluloses, the most unstable of the biopolymers in wood, and thus hemi-
cellulose loss would expose the lignin to chemical changes.

The popular polyethylene glycol (PEG) treatment forms hydrogen bonds
mainly with the carbohydrate polymers. In archaeological wood (10), the
carbohydrate polymers, cellulose and hemicellulose, may no longer be pres-
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ent or, if present, only in reduced amounts. Future treatments should be
designed for lignin, the major biopolymer that remains.

The colloidal nature of biopolymers has been overlooked. In waterlogged
wood, lignin must be in the form of a colloidal hydrated gel, which on drying
must cause some dimensional changes. We should be looking into colloidal
chemistry for answers to dimensional stability of this colloid (9).

Micromorphological Changes. Chemical analyses are gross anal-
yses. Wood is a tissue, a complex of cells. Its integrity is dependent on tissue
and cell integrity and thus cannot be understood by gross analyses alone.

The story of histological analyses involves techniques, light microscopy,
fluorescent microscopy, polarizing microscopy, scanning and electron mi-
croscopy, and selective staining and removal of the wood biopolymers. His-
tological analyses of degraded wood show the results of the chemical losses
and changes reflected on the cellular and tissue level (2, 4, 11, 12). On the
cellular level, changes in thickness of specific layers of the cell walls, fungal
lytic troughs, bacteria pitting, and inorganic precipitates are observed. On
the tissue level, selective losses such as parenchyma cells of the longitudinal
and radial wood rays, separation of growth rings, and tracheids are observed.

Cell types may show variable resistance to degradation. For example,
a piece of oak from a Late Middle Ages marine wreck in the Netherlands
was completely waterlogged. Histological examination using polarized light
shows that very little crystalline cellulose is present (Figure 2). The re-
maining crystalline cellulose is associated with the middle lamella—primary
cell wall complex and the tyloses of the large vessels (13). The tyloses of the
vessels are intact (Figures 3 and 4), show no changes, and even have air that
was trapped there during the wood’s growth hundreds of years ago. Adjacent
to these cells are fiber cells with only amorphous chemicals. These fiber
cells are hydrated and swollen to the extent that there is no longer a cell
lumen. On drying, the vessels do not collapse or shrink, like those of the
adjacent fibers. Other examples of cell type variation can be seen in Figures
5 and 6.

Variations may also occur within one cell. An example is the electrolytic
action of iron oxide on surfaces of cell walls, which causes autooxidation of
the cellulose beneath it (Figures 7A and 7B).

Fluorescence microscopy shows the location of lignin in the cell walls
(14). This technique was developed as a method for determining PEG pen-
etration. The presence of PEG inhibits the fluorescence of the lignin when
the tissue is reacted with cobalt thiocyanate (15).

Scanning electron microscopy (SEM) before and after histochemical ex-
traction of lignin with peracetic acid has shown the location of cellulose and
lignin and the persistence of the middle lamella—primary wall complex in
archaeological wood buried for 2500 years (11).

In the past, information about the micromorphological changes and lo-
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Figure 2. Polarized light micrograph of transverse section of white oak

from Krabbendijke, a marine wreck from the late Middle Ages in the Neth-

erlands. Persistent birefringent crystalline cellulose is restricted to the primary
wall-middle lamella complex of fibers and small vessels.

cation of remnant polymers has been mainly descriptive and used for doc-
umentation. This information has value in determining responses to drying
and permeability.

Responses to Drying. Waterlogged wood, if allowed to dry without
treatment, may go through dramatic dimensional changes and distortions.
The information on the chemical losses and micromorphological changes can
explain this dramatic response to drying and changes of physical strength.

Barbour and Leney (16) demonstrated that dimensional changes result
from two distinct actions, shrinkage and collapse. Shrinkage occurs in the
cell wall, and collapse means the folding over of the cell walls against each
other (Figures 8-10). Collapse occurs as a result of capillary drying tension
above the fiber saturation point. Cell wall shrinkage occurs below the fiber
saturation point because of desorption and resultant dimensional change.

Florian (13) has shown that the drying and subsequent shrinkage of the
amorphous chemicals that often fill and bulk the lumen (Figure 11) of very
degraded waterlogged wood cells also may contribute to cell wall collapse.

Shrinkage in badly degraded wood is isotropic and may result in radial,
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Figure 3. Scanning electron micrograph of transverse section of air-dried

waterlogged white oak from the marine wreck Krabbendijke, late Middle Ages,

Netherlands. The fibers and small vessels have collapsed, but the large vessels
show minimal collapse and intact tyloses.

tangential, and longitudinal cracks that cause cuboidal cracks and exfoliation.
Collapse is expressed by longitudinal cracks oriented radially or tangentially,
and by depressions and distortions.

The most devastating aspect of drying is that the forces of drying vary
within one piece of wood. The more degraded surface undergoes more
dramatic changes than the core. This variation sets up new drying stresses
from the differential strengths. Sometimes the reverse occurs. For example,
oil-penetrated archaeological wood from a Thule site shows less dimensional
change on the surface than on the inside. This condition reflects the greater
amount of water in the core than on the surface, where the water has been
replaced by the oil (Figures 12—-14).

Changes in Physical Strength. Strength characteristics will ob-
viously be altered to variable degrees because of losses and changes of
structural chemicals and loss of cell and tissue integrity.

In many situations, the strength of archaeological wooden objects is not
a concern. There are exceptions. If the object is a weight-bearing component,
strength must be considered. For example, the strength of the ribs of the
Wasa was determined to ensure that they have enough residual strength to
support the superstructure. Strength is also a problem with ancient wooden
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Figure 4. Scanning electron micrograph of longitudinal section of air-dried

waterlogged white oak from the marine wreck Krabbendijke, late Middle Ages,

Netherlands. The fibers and small vessels have collapsed, but the large vessels
show minimal collapse and intact tyloses.

buildings. For example, 900-year-old timbers in the Chinese temples have
lost 30-50% of their mechanical strength, probably as a result of loss of
molecularly bound water. The wood has become deformed by stress, but
its tissue integrity has not altered.

What are the strength changes in dried waterlogged archaeological
wood? Physical mechanical strength characteristics can be altered to variable
degrees by loss of structural chemicals or tissue integrity. For example, a
6000-year-old oak sample from the Somerset Levels, England, is completely
waterlogged. The intrusive action of the water has dissolved most of the
crystalline structural chemicals, and the wood is now a cellular network of
amorphous chemicals (Figures 15A and 15B). On drying, this wood had little
mechanical strength; it became distorted because of cell wall shrinkage,
shrinkage of the amorphous materials, and collapse of cells as a result of loss
of water bulking and adhesive forces in tissue. Distortion and cracking also
occurred because of differential strengths of adjacent tissues and cells (such
as thin-walled parenchyma cells adjacent to thick-walled fiber cells) (Fig-
ure 16).

Surfaces of wood may be exposed to weathering or to soft rot if they are
in contact with the ground prior to burial. On excavation, these surfaces will
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Figure 5. Polarized light microscopy photomicrograph of wet mount of wa-

terlogged wood from a prehistoric habitation site, 100 B.C.-100 A.D., Japan.

The hydrated wood shows differential degradation of cell types. Only a few
isolated cells have retained birefringent cellulose.

have lost their tissue integrity and will exfoliate as shells of cells shrink and
collapse on drying. This is the situation of spruce wood from a 1200-1400
A.D. wooden trackway excavated from a bog in Norway (Figures 17 and 18).
This wood also shows loss of tissue integrity because of selective loss of pectic
substances and lignin from the middle lamellar region (Figure 19).

Environmental Influences on Degradation

In the history of stabilization of archaeological wood, there have been few
if any efforts to describe the burial environment and relate it to the condition
of the wood. The first chapter on the marine environment in Pearson’s
textbook (17) on conservation of marine archaeological objects is an important
step forward.

We are all aware of the influence of environmental factors. Prior to burial
and during early stages of burial, some degradation may occur because of
selective enzymatic hydrolysis by a specific anaerobic microorganism. Deg-
radation may also result from ultraviolet adsorption of photochemically sen-
sitive chemicals, such as lignin. Degradation after burial may be a result of
ground water leaching and the acid-base and oxidizing-reducing charac-
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Figure 6. Light microscopy photomicrograph of Chamaecyparis nootkatensis

from the 2500-year-old-wet terrestrial Lachane site, Prince Rupert, B.C.,

Canada. The histological transverse preparation shows the deterioration of

the S; and S; cell wall layers of a few isolated tracheids. The fracturing of

these cell wall layers in the normal tracheids is an artifact of the histological
preparation.

teristics of this water. Other factors include temperature, pressure, and
various environmental parameters.

Inherent characteristics of the wood will influence its environmental
interaction (e.g., the wood species; the presence of heartwood or sapwood,;
the plant part such as root, branch, or wood; and anomalies in growth) (18).

Certainly the environmental history of use and method of fabrication of
an object will influence its environmental interaction. Weathered surfaces,
the orientation of the tissue on the exposed surfaces, mechanical damage
from pounding or stress, and changes caused by heating will influence the
degradation patterns.

Changes in archaeological wood result from specific interactions between
the wood and the burial or discard environment. Thus it is important that
the parameters of the burial environment be recorded.

The Marine Environment

We may think in general of marine or terrestrial wet and dry sites, but
microenvironments within these provide unique conditions. Microenviron-
ments in a marine burial site may include anaerobic sediments, aerobic
sediments, sediment-seawater interface, and others (19) (Figure 20). Dif-
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Figure 7. Light microscopy photomicrograph of iron-impregnated waterlogged
southern hard maple wood, from the historic marine wreck, the Thos. J.
Lipton, Gambier Island, B. C., Canada. A. An opaque iron oxide precipitate
can be seen on the the surface of the irregular upper edge of the wood fragment.
B. Polarized light photomicrograph of the outlined area. Below the iron oxide,
the cellulose of the fibers has been dissolved or hydrolyzed with acid formed
in electrolytic activity. Normal birefringent cellulose is present on the other
side of the front of hydrolysis.
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Figure 8. Artist’s conception of collapse in a
sample block. A. Fibers much as they appear
after freeze-drying. B. How the same cells ac-
tually collapse tangentially. C. How the cells
would appear if they collapsed radially rather
than tangentially. (Reproduced with permis-
sion from ref. 16. Copyright 1981 International
Council of Museums.)

ferent patterns of degradation will occur in each microenvironment. Fungal
activity will occur at the sediment—seawater interface. Aerobic or anaerobic
bacterial activity will occur in the sediment, depending on the oxidizing or
reducing characteristics of the sediment (Figure 21). No microorganisms will
be active more than 1 m deep in the sediment.

Depending on the salinity, temperature, and depth of the seawater,
certain teredo species will riddle the wood. Such patterns of degradation
can also indicate past environmental history. For example, a ship originating
from warm waters may have specific teredo species that are not endemic to
the cold waters in which it was wrecked. Such anomalies can indicate trade
routes.

Smaller environments can exist even within one of these microenviron-
ments. For example, within one piece of wood associated with metal, there
can be regions of an electric field that would cause hydrolytic or alkaline
degradation of cellulose or lignin.

Seawater is basically uniform around the world. The major variations
that do occur are in regions located close to land and are often influenced
by terrestrial water runoff. Most of the underwater archaeological sites are
located in these regions. This situation may change with the advent of deep-
diving technology.
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Figure 9. Scanning electron micrograph of transverse surface of air-dried

normal undegraded alder wood, for comparison with Figure 10. (Repro-

duced with permission from ref. 16. Copyright 1981 International Council of
Museums.)

Seawater is a strong buffering solution of salts. The salts present must
influence the chemical changes of the colloidal biopolymers that occur in
marine archaeological wood.

Terrestrial burial environments also are variable and may have microen-
vironments. Preserved wood is commonly found in acid peat bogs, but rarely
found in shell middens. Is this because of different degradation rates or
different use patterns of past human environments? We have to be cautious
in our interpretations.

If a tally was taken as to what burial site characteristics give the best
preservation, the obvious characteristics would be rapid burial at a depth
that would eliminate light, oxygen, and anaerobic bacteria. The rapid burial
would be in sediment. In a sense, this would package the wood and prevent
physical or mechanical damage, as well as slowing the rate of water move-
ment.

Archaeological wood degradation patterns are specific for specific burial
sites. Wood in the marine reducing environment, a few centimeters deep
in the sediment, will show typical bacterial damage and iron salt precipi-
tation. The region of ground contact of terrestrial wood will have the surface
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Figure 10. Scanning electron micrograph of transverse surface of degraded

alder wood approximately 2500 years old from terrestrial Hoko River wet site,

Olympic Peninsula, Washington. The wood shows both collapse and shrinkage.

Compare with Figure 9. (Reproduced with permission from ref. 16. Copyright
1981 International Council of Museums.)

degraded by soft rot. Weathered wood will have the characteristic surface
layer of cellulose cell shells associated with a fungus, and ponded wood (logs
floating in fresh water) shows losses of pectic substances and enlarged pits.
Thus micromorphological changes can be used to interpret the environ-
mental history of archaeological wood.

Treatments for Archaeological Wood

Ethics. Conservators are professional people, often with graduate de-
grees from university programs in conservation, and are thus knowledgeable
about the material, treatments, and storage. All their decisions are tempered
by their professional ethics. Conservation treatments must not destroy the
integrity of the object, its aesthetics, and its research potential. In addition,
the treatments should be reversible. These seem to be impossible con-
straints, but Grattan and Clarke (7) point out that most small objects can be
treated while still adhering to a truly ethical approach.

The decision for conservation treatment may be based on the need to
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Figure 11. Light microscope photomicrograph of Thuja plicata from 2500-year-
old wood from the wet terrestrial Lachane site, Prince Rupert, B.C., Canada.
The histological transverse preparation shows the sequence of deterioration
of the S; and S; cell wall layers of tracheids. In the first stages the presence
of enlarged pits associated with dark amorphous material suggests bacterial
activity. The amorphous remnants of the cell walls cause shrinkage on drying.

prevent dimensional change, to preserve research information, to stabilize
for longevity, and even in preparation for exhibits where aesthetics are
uppermost. These decisions are usually made by the curator of the object,
but preferably with the consensus of the conservator.

Waterlogged Wood. Conservation treatments for waterlogged wood
have been designed mainly to prevent the dramatic dimensional changes
caused by cell collapse and cell wall shrinkage during drying. Waterlogged
wood varies so much because of degree of degradation and permeability,
growth anomalies, species differences, and history of use that it is impossible
to have one general treatment. It seems that each piece of wood has its own
requirements.

Over the years since the first recorded treatment of archaeological wood
with alum by C. F. Herbst, in the middle of the 19th century, a number of
types of treatments have been used: impregnation and bulking, polar solvent
drying, slow air-drying, freeze-drying, and in situ polymerization.

Impregnation and bulking involves replacing the waterlogging water
and filling the cell wall and lumen and all cavities in the wood with an inert
chemical to prevent drying stresses. The chemicals used have been the
water-soluble alum, PEG, and sugars. Polar solvents have been soluble rosin,
sodium silicate, tetraethoxy silicate (TEOS), wax, and resins.
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Figure 12. Light microscopy photomicrograph of transverse section of Picea

sp. from a 1200 A.D. Thule site, Herschel Island. The preparation was stained

with an oil stain, Sudan I11. The stained oil is seen as dark deposits, mainly
in the latewood tracheids.

Polar solvent drying by using acetone and alcohols involves the slow
replacement of the waterlogging water with increasing concentration of the
solvents. The low surface tension of the solvents lowers the capillary tension
forces that cause collapse during the evaporation of the waterlogging water
from the wood.

Slow drying by simple air-drying or drying in situ under constraint
prevents some shrinkage and drying stresses. Freeze-drying involves the
freezing of the waterlogging water. The water is then sublimed, and subli-
mation eliminates the contractive forces of evaporating water.

In situ polymerization involves the use of monomers that are used as
impregnants. When the monomers are inside the wood, they are polymer-
ized by the use of hardeners, vy radiation, or other free radicals.

Development of PEG Treatments. The history of preservation or con-
servation treatments is a story of success and failures that has been related
in detail by Grattan and Clarke (7). This history of conservation treatments
is told in the context of the dedicated people who strived to stabilize this
unpredictable material. A few of their names are mentioned in the following
paragraphs on treatments.

By far the most common treatments have used PEG. The development
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Figure 13. Scanning electron micrograph of transverse section of air-dried

Picea sp. from a 1200 A.D. Thule site, Herschel Island. The fractured surface

shows oil-swollen secondary cell walls of latewood tracheids separated from

the primary wall complex. This is shown in detail in Figure 14. The earlywood
tracheids appear normal.

of PEG treatment is a saga of molecular weights, percents, temperatures,
relative humidities, and ships (7).

In the late 1960s and early 1970s, Brorson-Christensen, the National
Museum of Denmark with the Skuldelev Viking ships, and Barkman with
the Swedish warship Wasa developed PEG treatments for the waterlogged
wood of these ships. The treatments were sprayed or painted on the wood,
or the wood was immersed in a solution of PEG 3350 (molecular weight).
Christensen categorized the wood in classes, according to degradation, and
a specific regime was designed for each class. Class III, the most degraded,
was treated according to the Moren and Centerwall standard aqueous PEG
3350 tank method treatment (20). In some treatments, Christensen deviated
from the use of aqueous solutions to use the polar solvents 2-methyl-2-
propanol and butanol, and also developed the technique of freeze-drying
after treatment. Butanol was used instead of water to facilitate the transport
of PEG into the wood. In the late 1970s De Jong, in the Netherlands,
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Figure 14. Same as Figure 13, but enlarged.

developed PEG treatments with low molecular weights (1000-1450) and
used Christensen’s polar solvent, 2-methyl-2-propanol. However, he used
slow drying, not freeze-drying, after the treatment (21).

The next major ship was the Cog, a large medieval merchant ship, 24
m long, 30 tons of wood. It was immersed in a tank of PEG 200 and will be
treated later with PEG 3000 or 4000. Conservator D. Noach calculated that
it would take 25 years for penetration (7).

The long time required for penetration makes the treatment expensive.
In the past, enzyme and chemical pretreatments have been used in an
attempt to decrease this time, but without success. Lower molecular weights
of PEG were also tried.

Grattan of the Canadian Conservation Institute has done work on com-
parisons of many variations in pretreatment and treatments and has con-
tributed to a better understanding of penetration and freeze-drying pre-
treatments (7).

Low-molecular-weight PEGs, such as PEG 400, are being used in con-
junction with freeze-drying. Ambrose showed that the PEG 400 alters the
freezing behavior of water and thus reduces the damaging volumetric ex-
pansion (22). Other impregnants are also being suggested because of the
hygroscopic characteristics of PEG 400.
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Figure 15. Wet preparation of waterlogged Salix sp. wood from Somerset

Levels, 6000-year-old Sweet Track site, England. A. Light microscopy pho-

tomicrograph. The hydrated wood cells contain amorphous cell wall remnants

that can be seen by comparison with Figure 15B. B. Polarized light microscopy

photomicrograph. The birefringent primary wall-middle lamella complex can
be seen in the hydrated wood cells.
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Figure 16. Scanning electron micrograph of air-dried waterlogged Salix sp.
wood from Somerset Levels, 6000-year-old Sweet Track site, England. Collapse
and shrinkage have occurred on drying.

PEG treatments have shown erratic results, lack of or slow penetration,
and hygroscopicity. Thus, recent trends have been away from use of PEG
treatments.

Sugars are now being tested for conservation of waterlogged wood be-
cause of their antishrink properties in wood and their ability to lower the
vapor pressure of the waterlogging water. Sucrose-treated wood has the
appearance, weight, and much of the strength of nondegraded wood. Sugar
methods require more research because of reported erratic responses (7).

International Comparative Waterlogged Wood Project. Grattan and
Clarke (7) expressed concern that conservators were working in isolation and
that the lack of a standardized approach to research, analyses, and methods
of evaluation made it impossible to extrapolate from the published infor-
mation to other pieces of archaeological wood. Because of this concern,
Grattan and Schweingruber initiated the International Comparative Water-
logged Wood Project in 1983. In this project conservators from all over the
world analyzed or treated the same eight waterlogged archaeological wood
samples in their own laboratories. The results of the project were presented
by the participants at a meeting in Fremantle, West Australia, in September
1987. A review of the project has been published (23) and the proceedings
from the Fremantle Conference are forthcoming. A videotape and the sam-
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Figure 17. Light microscopy photomicrograph of transverse section, wet prep-

aration of 1200-1400-year-old waterlogged Picea sp. wood from wooden track-

way excavated from a bog site in Central Norway. Soft-rot bore holes are
present in the S, layer of tracheid walls.

ples will be kept at the University of Trondheim under the care of Roar
Saeterhang. It was a significant example of cooperative effort to try to solve
the problems of lack of communication between conservators dealing with
waterlogged wood.

Dry Wood. Archaeological dry wood does not have the problems of
waterlogged wood. Thus, the intensity of research in terms of analyses and
treatments has not been comparable. Strength characteristics are considered
if the wood is a weight-bearing member. The solution to loss of strength for
such components is replacement or reinforcement with epoxy or similar
materials.

Some dry archaeological wood may be riddled by insect activity and
require consolidation. Hillman and Florian (24) have described a sandwich
type of deterioration of boards of a bentwood box. The boards are virtually
a sandwich of paper-thin outer surfaces between which the wood is com-
pletely riddled with lyctid beetle galleries and tunnels filled with frass. This
porous material is easily. consolidated.

The weathered surface of archaeological wood, still in the natural outdoor
environment, is often considered as a candidate for treatment. Before treat-
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Figure 18. Scanning electron micrograph of transverse surface of air-dried

1200-1400-year-old waterlogged Picea sp. wood from wooden trackway ex-

cavated from a bog site in Central Norway. The insides of the tracheid walls

appear fibrillar because of losses by soft-rot lytic troughs. The porous nature

of the cells has prevented major collapse, but isodiametric shrinkage has oc-
curred.

ment, an understanding of this surface is imperative. The weathered surface
is a result of a sequence of events leaves less than a millimeter of almost
pure cellulose cell shells. These ultraviolet-light-resistant shells protect the
sensitive lignin beneath. This delicate surface is consolidated by a ubiquitous
fungus, Aureobasidium pullulans (25). This fungus utilizes mainly hemicel-
luloses and produces a gel that could help to hold the cells together (26).

The rates of weathering of this surface have been recorded for some
wood species. Often these rates are for milled wood, not logs in the round.
The rates are low—a few millimeters in a hundred years.

Surface treatments have been formulated for kiln-dried or freshly milled
wood in service. The success of these treatments is in their ability to make
a continuous waterproof region that is almost impossible with a weathered
surface. Also, these surface treatments need continuous refinishing main-
tenance, which causes surface losses. Many treatments incorporate a fun-
gicide that will interfere with the consolidating fungus, and the delicate
surface will exfoliate more rapidly.

Maybe in the future there will be successful nonintrusive treatments
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Figure 19. Scanning electron micrograph of tangential surface of air-dried

1200-1400-year-old waterlogged Picea sp. wood from wooden trackway ex-

cavated from a bog site in Central Norway. Shrinkage has caused separation
of the tracheids.

for weathered wood in a natural outdoor environment. However, the most
appropriate treatment now is to protect the wood in the natural environment
from excessive wind and rain, but not from sunlight. This can be done by
altering the natural environment around it or by building wind and rain

shields (27).

Storage of Archaeological Wood

I have not been able to find any references in the literature that report
whether archaeological wood after excavation and treatment can support
biodeteriorating organisms, insects, or microorganisms.

In sediments or soil, a hierarchical sequence of succession of organisms
is involved in breakdown of organic materials. Once the altered archaeolog-
ical wood is removed from the sequence of successions, dried and treated,
and placed into a new environment (such as a museum), museum pests such
as wood beetles may not infest this wood.

The literature reports uses of biocides in conservation treatments, often
during storage. We are now aware of the health hazards of biocides. Should
we be using these without a demonstrated need for them? The smell of the
storage tank water is no reason to expose oneself to carcinogens, mutagens,



Published on May 5, 1989 on http://pubs.acs.org | doi: 10.1021/ba-1990-0225.ch001

1. FLORIAN Scope and History of Archaeological Wood 29

Artefact/seawater/atmosphere
interface

Artefact/seawater

/7 Artefact/ sediment/seawater

] y { ! I/I'W I interface

\ 4 Artefact/sediment/interstitial
\ / water interface

N Artefact/sediment/interstitial
water interface below 50 cm

Figure 20. Microenvironments in a marine burial site. Each interface (i.e.,

artifact—seawater—atmosphere interface, artifact—sediment—seawater inter-

face, etc.) has specific environmental parameters that dictate a specific type

of deterioration. (Reproduced with permission from ref. 9. Copyright 1987
Butterworths.)

or toxic chemicals and the wood to interventive chemicals that may increase
its deterioration.

Some excavated wood has been reburied after thorough research of the
object and also of the reburial site. Jespersen (28) stated that “there was no
room for extended storage of 34 tons of wood” in her museum. Her solution
was “long-term storage in nature”: reburial. A detailed geological and
microbiological analysis of potential sites was undertaken to locate a suit-
able environment. A future analysis of this long-term storage will be most
interesting.

Alternatives to Excavation

In the past, some precious objects have been destroyed by disastrous treat-
ments that were the state of the art at the time and done with best intentions.
Today conservators proceed with caution and carefully test all treatments.
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Figure 21. The specific microenvironments defined by specific En (oxidizing

or reducing ability) and pH support specific microorganisms and oxidizing or

reducing chemical activity. (Reproduced with permission from ref. 9. Copy-
right 1987 Butterworths.)

Often the treatments are expensive and require extensive physical facilities
that are difficult to acquire. Although conservators are impatient and have
an insatiable curiosity, waiting is sometimes best. They are preventing ex-
cavation of vulnerable materials that cannot be stabilized at this time.

In September 1988, Ireland announced a moratorium on excavation of
the Spanish galleons that lie off her coast. Such sites as these, the Titanic,
and others are being recorded with sophisticated magnetic resonance and
other methods of imagery.
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The Future

With regard to archaeological wood, its variations, its need for stabilization,
and the treatments available, there are still many unanswered questions and
needs for better treatments.

Chronological age means little in terms of preservation. The magic of
the age is in reference with past societies. It is exciting to see a climbing
pole with wear marks made 300,000 years ago.

Changing attitudes toward the object or finds have already been dis-
cussed. Larger and larger objects that require special conservation treatment
are being excavated.

Conservation ethics have changed. A present concern is the use of the
object for research. Most analytical methods are destructive. Any intrusive
treatment, even as simple as using an algicide in storage water for water-
logged wood, can alter the research potential of the object (for example,
distort the “C date). And what about yet-to-be-devised analyses? Many
treatments alter the aesthetics of the object, and many treatments are not
reversible. Conservators with their code of ethics may seem to have put
unusually unrealistic constraints on methods of stabilizing archaeological
wood, but this is not necessarily the case.

The future for archaeological wood is bright. People are aware of its
value and significance as material culture of the human past. Conservators
are aware of the variable nature of the material of the object.

Conservators and wood scientists together will be doing meaningful
analyses to provide usable information for determining logical stabilization
and preservation,

The contributions in the following chapters hold the key to the future
of archaeological wood.
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Cross sections of waterlogged archaeological woods generally show
two or more distinct zones of progressive degradation. Light and
electron microscopy, supported by chemical analysis of the respective
tissues, demonstrate an abiotic chemical degradation process ad-
vancing from the wood surface inward. Following an excessive swell-
ing, the secondary cell wall starts to loosen because of hydrolysis of
carbohydrates. The cell walls lose their fluorescence and birefring-
ence. Finally the residual lignin skeleton collapses, and only a gran-
ular debris is left. Tertiary walls, and especially the system of
compound middle lamellae, are quite resistant and keep up the orig-
inal dimensions of the tissue as long as this is completely filled with
water.

WATERLOGGED ARCHAEOLOGICAL WOOD refers to wood that has been
excavated vy archaeologists—regardless of size, species, age, or state of
preservation—and is more or less completely filled with water. It is under-
stood implicitly that the wood has been waterlogged for a considerable time,
from decades to millions of years. Even very old wooden artifacts are often
marvelously well preserved when excavated from below the water table, but
they are very unstable once exposed to the ambient climate. They shrink,
warp, and crumble in a frightening way, destroying the joy that only hours
or days before lit the faces of the excavators.

Obviously, this kind of archaeological wood must have a structure dif-
ferent from that of fresh wood. The conservator who has to find a way to

0065-2393/90/0225-0035%$08.75/0
© 1990 American Chemical Society
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The Structure of Wood Cell Walls

Very long cellulose chain molecules built of up to 15,000 glucose units
combine to form strands with a largely crystalline structure. Sur-
rounded by shorter carbohydrate chain molecules (hemicelluloses) and
lignin (an amorphous high-molecular-weight polymer of aromatic com-
pounds), cellulose strands form fibrils. In the growing cell, fibrils are
laid down onto the middle lamella, which separates the newly formed
cells, in discernible layers (p, primary wall; S,, S,, S;, outer, inner,
and terminal secondary walls, respectively). This principle is the same
for all cells, but the thickness of the individual cell wall layers may
differ among cell species. Within and between fibrils, the void spaces
and capillaries in the cell walls can be filled with water or air. During
heartwood formation, they can partly be filled with secondary extrac-
tives.

CELL WALL LAYERS FIBRILS

S3 — inm Hemicellulose

WOOD CELLS o

10um—

Cellulose

Lignin

CELLULOSE CHAIN MOLECULE

stabilize such wooden artifacts must know the structure and even the ultra-
structure of the material in order to choose or develop tailor-made conser-
vation methods. For more than 60 years botanists and wood scientists have
published physical, chemical, light microscopic, and electron microscopic
data about degraded wood, fossil wood, and wood in the process of carbon-
ization. Rosemarie Kommert gave a comprehensive and detailed synopsis
of the relevant literature up to 1975 (I). Only relatively few recent publi-
cations deal with the visual evidence of the natural chemical degradation of
waterlogged wood (2-8).

The objective of this chapter is to follow the process of abiotic chemical
degradation as it takes place within a piece of wood by examination of a
series of tissues taken at increasing distances from the wood surface. Chem-
ical analysis of the tissues under investigation is indispensable for interpre-
tation of the optical evidence. Standard analyses for the main wood
constituents were made of the respective tissues to supplement the micro-
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scopic evidence and to determine which constituents are still present and
which have been degraded from the structures examined. Four hardwoods
and one softwood have been investigated to see if there are variations among
species.

Degraded wood can be quite tricky to section. The micrographs shown
are typical of what can be obtained in a conservation laboratory where mi-
croscopy is only one of many occupations.

Materials and Methods

Several archaeological excavations provided samples of waterlogged Euro-
pean oak (Quercus sp.), European ash (Fraxinus excelsior L.), Dutch elm
(Ulmus campestris L.), white-poplar (Populus alba L.), and European spruce
(Picea abies (L.) Karst). The timbers were 400-2000 years old and had been
covered by marine sediments. Cross sections were cut from timbers 10-20
cm in diameter and samples were taken from macroscopically discernible
zones of different states of degradation, as well as from the border between
these zones (Figure 1). ,

For light microscopy, small cubes were embedded in polyethylene glycol
2000. Sections of 12-15 wm were cut, taken off with scotch tape, double
stained with chrysoidine—acridine red and astra blue on the tape (9). After
the sections were mounted on glass slides, the tape was dissolved off with
xylene. The sections were examined in translucent and polarized light. For
fluorescence microscopy a blue UV illumination was provided with a com-
bination of a 450—490-nm exciter filter and a 520-nm barrier filter. For
scanning electron microscopy (SEM), samples were fixed in 5% glutaral-
dehyde-0.1 M sodium cacodylate (pH 7.2), postfixed in 1% osmium tetrox-
ide—0.1 M sodium cacodylate (pH 7.2), dehydrated in ethanol and acetone,
dried in a critical point drier (Polaron), gold coated, and examined in a
scanning electron microscope (Joel T 20 and T 35).

Chemical analysis for the main constituents of wood was carried out on
tissues taken from the different zones of each wood sample and on fresh
wood of the same species according to the standards of the Technical As-
sociation of the Pulp and Paper Industry (TAPPI Standards Nos. 12, 15, 203,
204, 207, 212, and 222). Chlorite-holocellulose was determined as proposed
by Wise et al. (10). Results are listed in Table I and Figure 1. In the cases
where the sum of the determined constituents is less than 100%, this dis-
crepancy reflects the presence in the wood of soluble degradation products
of carbohydrates or acid-soluble lignin fragments that are not retained on
the filters used in the analysis. The density R, (g/cm®) is based on dry weight
and waterlogged volume, and can be calculated from the maximum water
content (u,,) by the formula:

100
R = —— —
& U, t+ 66.7
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density  vol% of waterlogged wood
Rg To 20 3o 4o

o109

0.229
0.480

0.580

Rg lo 20 3o 4o

0163

0.228

o0.bo3

0.334 [ B fresh wlood

Picea
Figure 1. Cross sections of waterlogged archaeological woods showing zones

of slight and heavy degradation, and the composition of the main wood con-
stituents. Squares indicate where samples were taken for microscopy.

Structure of Waterlogged Archaeological Wood

Freshly cut cross sections of waterlogged archaeological wood display some
sort of zonation in most cases. Two or more zones can be distinguished by
differences in color or hardness (checked by pricking with a pin). Where
there are no different zones visible, either the wood will be very soft through-
out or it will be about as hard as fresh wood. In the latter case there will
probably be a very thin zone of softer tissue around the hard wood, even if
it is only 1-2 mm thick.

The harder portions of the cross section often have a woolly appear-
ance attributable to fibers protruding from the surface. The softer por-
tions tend to look very clean-cut, indicating that the fibrous structure
of the tissue has undergone a thorough modification (Figure 2). The
tensile strength of the fiber cells has disappeared. You can easily extract
water from such a tissue by squeezing the wood in your hands. The
zoning pattern of archaeological wood, a hard core surrounded by softer
tissue, suggests that the degradation process proceeds from the surface
inward.
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density vol®. of waterlogged wood
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Po pu lus lign. holocellulose extr. ash

Figure 1.—Continued

European Oak. In fresh wood, lignified cell walls appear red after
the double staining with chrysoidine-acridine red and astra blue. They do
not absorb the blue stain. Under polarized light, sound tissue shows bright
birefringence, which results from the crystalline arrangement of cellulose
chain molecules in the cell walls. When the tissue is illuminated with UV
light, a strong yellow-green fluorescence arises from all parts of the cell
walls. On microscopic sections from the hard inner core of archaeological
oak, the secondary cell walls of all cell types take on the astra blue stain.
The whole tissue looks brown to blue. This can be interpreted as an indication
that the secondary cell wall ultrastructure has been loosened so much that
now the larger molecules of the astra blue (MW 1000) can enter. In fresh
wood only the smaller molecules of the red dye (MW of chrysoidine, 249;
acridine red, 465) find a way into the cell walls. The loosening of the cell
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Figure 2. Oak with a central portion of “woolly” appearance surrounded by
clean-cut highly degraded heartwood and sapwood.

wall structure is mainly a result of swelling. However, chemical analysis
reveals small losses of carbohydrates in this state, probably caused by hy-
drolysis of hemicelluloses. This hydrolysis, too, enhances the accessibility
of the interior of the cell walls.

Bednar and Fengel (11) deduced some modification of the cell wall
constituents from the increased density in transmission electron microscopy
(TEM) of secondary cell walls in this state. Especially in fiber cells, the
swelling of the S, layer can be so extensive that it bulges into the lumen
and sometimes even fills it completely. This swelling starts from the lumen
side of the S, and stops at the S,—S, boundary (Figure 3).

The fluorescence of woody tissue reacts very sensitively to structural
changes. The swelling of the S, is reflected by a reduction in fluorescence.
Often the examination of fluorescence images gives more information than
translucent light microscopy. Figure 4 shows swelling in the cells indicated,
although it is not so clearly seen in the normal light (cf. Figure 3).

In the inner region of the soft parts of wood surrounding the hard core
we find the S, and S; layers of fiber cells shrunken and detached from the
S, (Figure 5). These residues show no fluorescence and no birefringence.
They contain nearly no carbohydrates and represent the degenerated lignin
skeletons of the S,. Mostly they appear to be granular and amorphous, but
sometimes a lamellation is seen, or a mixture of both (Figure 6). Degraded
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Figure 3. Oak; swollen S, in fiber cells, heavily stained and bulging into the
lumina.

aba

Figure 4. Same as Figure 3; fluorescence image, swelling of S disturbs the
natural fluorescence. Beginning of process seen in cells indicated.

i
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Figure 5. Oak; S; and S; heavily degraded, shrunken, and detached from
middle lamellae (ML) and S,.

Figure 6. Oak; lamellation in swollen and degraded S; of fiber cells. ML and
S have vanished through overexposure during the development of the photo
to make the lamellation visible.
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S, in the other cell types still adhere to the compound middle lamellae
(CML) and S|, and are thus less conspicuous.

In this state the S, layers still contain crystalline cellulose, as can be
seen from their birefringence (Figure 7). Such a tissue has lost half or more
of its original substance, the losses being mainly carbohydrates. Finally, in
the softest parts of the wood cross section, even the S, have vanished (Figures
8 and 9). What remains is a fragile system of middle lamellae that is easily
ruptured during the preparation of microscopic sections. S, residues are still
found in the lumina of fiber cells, either in a dense coagulated form or
beginning to dissolve into cloudy structures. The high alkali solubility of this
tissue indicates that the lignin macromolecules are breaking down. The S,
however, is often found still intact.

Parts of the original amount of lignin have vanished, and only minute
amounts of carbohydrates are present (cf. Figure 1). In all, only one-seventh
of the original wood substance is left. Barbour and Leney (5, 6) have pub-
lished exciting scanning electron micrographs that show that the small
amounts of carbohydrates present in what is virtually a lignin skeleton of
the former wood structure form a thin continuous sheet in the middle la-
mellae. This sheet contains cellulose in crystalline form and stays intact until
the wood is degraded to a density R, of about 0.1 g/cm® or less. Fengel (12)
has shown cellulose microfibrils to have survived for 20 million years in a
very degraded Taxodioxylon wood from a lignite deposit. Taxodioxylon is a
conifer thought to be closely related to redwood (Sequoia sp.).

Figure 7. Same as Figure 5; nondegraded S, show bright birefringence.
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Figure 8. Oak, heavily degraded; system of ML with ruptures and residues of
secondary cell walls.

F, -
- g

Figure 9. Oak, heavily degraded; dissolving lignin skeletons of S: in system of
ML; S; layer still intact (arrow); RC, ray cells; scanning electron micrograph.

With the support of the water filling it, the frail system of middle lamellae
maintains the structure and shape of the wood. Waterlogged timber that is
this deteriorated can even be handled—with great care. When the last
structural carbohydrate film in the middle lamellae breaks down, the deg-
radation of the wood structure can be considered finished. What remains of
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the lignin has no structural strength and will crumble under the slightest
impact.

To get an idea of the dynamics of the chemical degradation in the various
cell types and how the process advances into the wood, it is helpful to look
at the borderline between the areas of slight and heavy degradation. The
distinct degradation front is parallel to the wood surface, and it is not visibly
influenced by the anatomical planes of the wood. In polarized light under
crossed nichols, the transition from the area of strong birefringence to that
with practically no birefringence at all is quite sharp (Figure 10).

A closer look reveals only slightly swollen fiber cells in direct contact
with cells that have heavily degraded secondary cell walls. Relatively sound
looking cells may even be totally surrounded by degraded ones without
being affected (Figures 11 and 12). In the sample of Figures 11 and 12, even
the S, seems to have been degraded at the same time as the S.

The breakdown of the swollen fiber cell wall is a process that proceeds
from cell layer to cell layer. Apparently the carbohydrates in one cell must
be almost totally dissolved before the next cell is attacked. Individual cells
or small clusters of cells may remain relatively intact for some time behind
the degradation front. This phenomenon could result from small differences
in the degree of lignification, packing density of the lignocellulose complex,
and content of extractives incrusting the cell wall.

At the degradation front the transformation of the cell walls is so sub-

%
o

ek T

Figure 10. Oak; slightly degraded tissue with birefringence (right) and heavily
degraded tissue without birefringence (left).
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Figure 11. Oak; degradation front between slightly (right lower part) and
heavily (left upper part) degraded tissue; light micrograph.

Figure 12. Same as Figure 10'- fluorescence image.

American Chemical Society
Library

1155 16th St., N.W.
Washington, D.C. 20036
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stantial that the only structures that react to UV light are cell corners and
middle lamellae, pit membranes, and a thin lining in pit chambers (Figure
13). Barbour and Leney (5, 6) reported a similar resistance of intervessel pit
membranes in heavily degraded red alder (Alnus rubra Bong). Fengel et al.
(13) found intact-looking pit membranes in 20-million-year-old Taxodioxylon.

Cell corners, CML, and pit membranes are structures with heavy in-
crustations that mask and protect a relatively low content of structural car-
bohydrates. They are thus quite resistant to a hydrolytic attack.

Degradation begins first in latewood vessels and parenchymateous cells.
They may lose their birefringence long before degradation begins in neigh-
boring fiber cells (cf. the dark areas surrounded by birefringent areas in
Figure 10). Large springwood vessels have the most resistant cell walls of
all cell types in oak. They may show a bright birefringence indicating a high
content of nondegraded crystalline cellulose even several millimeters outside
the degradation front (Figure 10).

European Ash. A section from the interior of waterlogged ash looks
red and blue after double staining. The secondary cell walls of fiber cells
are swollen and blue, whereas the walls of the large springwood vessels and
of the parenchyma cells surrounding the vessels have absorbed only the red
stain. The cell walls of the thick-walled latewood vessels and of the tracheids
look red, with areas showing some blue discoloration.

Figure 13. Oak; heavily degraded tissue; only cell corners, ML, a lining in pit
chambers, and pit membranes react to UV light with fluorescence.
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Under UV light the initial phase of cell wall degradation becomes quite
clear (Figure 14). The secondary cell walls of springwood vessels and par-
enchyma cells appear bright yellow, indicating a nonswollen state. In most
fiber tracheids the fluorescence changes from yellow to green, a sign of
loosening of the ultrastructure. This process starts in the middle of the S,
and spreads, but does not affect the S, (Figure 15). The tertiary wall, how-
ever, is finally included in the swelling. In the thick-walled latewood vessels,
the transformation of the S, and S, starts from the lumen and spreads in a
diffusionlike pattern (Figure 16).

In fiber cells, the process seems to have advanced farther. The S, and
S; emit green fluorescence that has already disappeared in some areas, a
result indicating a degradation of the cell wall. This degradation starts at the
S-S, interface in cell corners. It spreads along the interface into the S,
leaving the S, unaffected.

No separation of the S, from the S; occurs at this stage (Figure 17). The
same pattern of degradation occurs in fiber tracheid walls once they are
swollen. The tissue examined here has lost about one-third of its initial
substance, all losses being carbohydrates.

We have not come across this pattern of initial cell wall degradation in
other woods. However, the pattern is in accordance with the well-known
fact that at the S-S, interface the ultrastructure is not as densely packed
as in the rest of the secondary cell. This condition especially applies to cell
corners. In addition, this area is rich in hemicelluloses, which are the car-

Figure 14. Ash, slightly degraded; fluorescence image; SWV, springwood vessel; -
P, parenchyma cells; T, tracheids; F, fiber cells; R, ray cells.
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Figure 15. Ash, as in Figure 14; fluorescence image; swelling of the S; of fiber
tracheids is indicated by a shift of the fluorescence from yellow to green (here:
from white to grey).

Figure 16. Ash, as in Figure 14; fluorescence image; swelling of S, and S in
latewood vessels (LWV ) advancing from the lumina.
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Figure 17. Ash, as in Figure 14; left-light micrograph, right—fluorescence
image; the loss of fluorescence in the S of fiber cells, in cell corners, and along
the S-S, interface, is an early indication of beginning cell wall degradation.

bohydrates easiest to hydrolyze (14). The S,-S, interface is a weak area in
the cell wall and prone to be degraded first.

In ash, as in oak, there is a quite well defined interface between slightly
degraded and heavily degraded tissue. This plane is parallel to the wood
surface in both ash and oak, and on the whole it is not influenced by the
anatomical features of the wood (Figures 18 and 19).

Along the degradation front, there is a substantial breakdown and dis-
solution of carbohydrates of both S, and S;. About 90% of the carbohydrates
still present in the slightly degraded tissue are dissolved here. The residual
lignin skeletons of the secondary cell walls appear granular and are detached
from the compound middle lamellae. In SEM preparations they often appear
as a very flimsy network (Figure 20).

In the thin-walled fibers located between the springwood vessels, cell
wall degradation leads to a loss of crystalline cellulose earlier than in the
thicker-walled latewood fibers. They start to lose their birefringence before
the main degradation front approaches.

The cell walls of springwood and latewood vessels retain crystalline
cellulose for some time after the degradation front has passed. The same
applies to clusters of parenchymateous cells in the earliest springwood and
around vessels (Figure 19). In ash these cells have quite thick walls that
obviously are more resistant than fiber cell walls. Together with the very
thick walls of the latewood vessels, they are finally broken down from the
lumen side (Figure 21).
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Figure 18. Ash; degradation front between slightly (right lower part) and
heavily (left upper part) degraded tissue; light micrograph.
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Figure 19. Ash, same as Figure 18; birefringence image.
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Figure 20. Ash; heavily degraded S, skeletons seen as flimsy networks; SEM
photo.

In very degraded ash the residual system of compound middle lamellae
seems to be quite strong. It may be distorted by physical impact on the
wood, but mostly there will be fewer ruptures than in comparable oak (Figure
29).

Dutch Elm. Like oak, elm is characterized by discrete areas
with thin-walled vessels, tracheids, and parenchyma cells, and areas of
thick-walled fibers. Large earlywood vessels line the border of annual
rings.

In sections from the interior of a piece of wood that had been water-
logged for centuries, the fiber walls did not absorb any blue stain, so this
indication of a general swelling of cell walls is absent. The whole tissue
seems to have taken up more of the red pigments than fresh wood does;
even the birefringence is a strong red. There might be a slight loosen-
ing of the cell wall ultrastructure, but not enough to give access to the blue
stain molecules.

The cell walls of vessels, tracheids, and parenchyma cells, however,
have lost their birefringence to a large extent. At higher magnification these
cell walls look degraded; dark granular lignin residues adhere to the middle
lamellae (Figures 23 and 24). Single fiber cells in the state of advanced
degradation, with tubelike dense secondary cell wall debris detached from
the middle lamellae, occur preferentially in the vicinity of the tracheid areas
(Figure 25).

The tissue discussed here has already lost about half of its carbohydrate
content, more than one-third of its initial material. It is hard to imagine that



Published on May 5, 1989 on http://pubs.acs.org | doi: 10.1021/ba-1990-0225.ch002

ARCHAEOLOGICAL WoOD

Figure 21. Ash; a pair of latewood vessels being broken down from the lumina,
surrounded by heavily degraded tissue.

Figure 22. Ash, heavily degraded tissue; the system of ML distorted but without
ruptures.
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Figure 23. Elm, slightly degraded; alternate areas of latewood vessels and
tracheids, T; fibers, F; springwood vessel, SWV.

Figure 24. Elm, same as Figure 23; birefringence image; lack of birefringence
in tracheid areas indicates cell wall degradation.
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Figure 25. Elm, slightly degraded; individual heavily degraded fiber cells near
tracheid area.

such an amount could originate only from the relatively thin walls of the
vessels and parenchyma cells and the few degraded fiber cells. Perhaps some
hemicelluloses have been dissolved from fiber cell walls without the resulting
voids being large enough to let the blue stain molecules enter. A general
reduction of the fluorescence might be an indication in this direction.

In elm there is no distinct interface between slightly and heavily de-
graded wood, although macroscopically there may be a difference in color.
There is a transition zone where the degradation of fiber cells increases
rapidly. Clusters of degraded cells develop, grow, and then form larger areas
of degraded tissue (Figure 26).

In this transition zone we find secondary cell walls that take up blue
stain, which indicates that they are strongly swollen. But evidently this state
does not last very long. Breakdown of carbohydrates seems to set in im-
mediately, with a detached granular lignin skeleton left behind (Figure 27).
This thorough degradation starts at the lumen and comprises the whole
secondary cell wall (S, and S,). The residual system of compound middle
lamellae is very frail and brittle and is easily ruptured.

White-Poplar. Poplar is a diffuse porous wood composed of vessels
surrounded by fiber cells. There are rays, and a few axial parenchyma strands
along the border of the annual rings, but on the whole it is a more homo-
geneous wood than the species examined so far.



Published on May 5, 1989 on http://pubs.acs.org | doi: 10.1021/ba-1990-0225.ch002

2. HOFFMANN & JoNES Structure and Degradation of Waterlogged Wood 57

Figure 26. Elm, transition zone between slightly (left) and heavily (right)
degraded tissue.

Figure 27. Elm, transition zone; totally degraded cells next to nondegraded
ones; lignin residues granular and detached from ML system; SEM photo.

In the interior of the archaeological piece of poplar discussed here, the
tissue has already lost half of its carbohydrates. Vessel cell walls have been
degraded, and the walls of earlywood fibers are in the process of being
broken down. The latewood fibers, however, do not take on any blue stain
and do not look swollen (Figure 28). The breakdown of the secondary cell
walls clearly proceeds from the lumen side. In the initial phase it is restricted
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vessels with degraded S; springwood fibers with S; being degraded from the
lumen side (arrows); latewood fibers (LW ) still unaffected.

to the S, and S,. In the vessels, where all of the S, has been transformed
to a dense, granular debris, nonaffected S, layers are discernible. Again,
one cell might undergo complete degradation while the neighboring cell is
not affected at all. In poplar, as in elm, the substantial breakdown of cell
walls does not occur along a well-defined frontline. In the transition zone
the areas of slight and heavy degradation intermingle in diffuse cloudy pat-
terns (Figure 29).

In the case of poplar, the border of the annual rings influences the
progress of degradation. The latewood is obviously much more resistant than
the earlywood. Polarized light also reveals that not all vessel cell walls are
degraded at an early state. Some keep their birefringence longer than the
surrounding fiber cells (Figure 30). In the end nearly all carbohydrates have
been dissolved, and the lignin residues of the secondary cell walls start to
disintegrate. '

The tissue in Figure 31 consists of only 14% of its original substance;
2% of the carbohydrates are left, presumably in the middle lamellae. Its
density is only 0.09 g/cm?®. Nevertheless, in the waterlogged state, it still
looks like wood.

European Spruce. Spruce is a coniferous wood composed of only
tracheids (thin-walled in the springwood and thick-walled in the latewood),
parenchyma cells in the rays, and thick-walled epithelium cells around resin
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Figure 29. Poplar, transition zone between heavily degraded (left) and slightly
degraded (right) tissue. The wood surface is vertical some distance outside the
picture to the left; birefringence image.

Figure 30. Poplar, heavily degraded; vessels and individual fiber cells still with
birefringence, surrounded by tissue totally broken down.
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Figure 31. Poplar, heavily degraded; only 14% of the original wood substance
is left. The density, R,, is 0.09 g/cm?.

canals. Even after centuries of waterlogging, there are no signs of extensive
swelling of secondary cell walls. But a weakening of the S, is indicated as
now and then cell walls are split in this region, probably as an artifact arising
from the sectioning of the sample (Figure 32).

The degradation of secondary cell walls starts from the lumen and trans-
forms the cell wall structure directly to the well-known granular residue
(Figure 33). In the wood examined here, no cell walls had taken up astra
blue stain. This lack of color indicates that there was no extensive swelling
prior to degradation. In a series of electron micrographs, Fengel (15) dem-
onstrated the same degradation pattern very clearly in a fossil spruce. It
seems that the density of the S, is loosened somewhat while the S, is being
degraded to an electron-dense debris. Then the S, too, is degraded. When
the degraded secondary cell wall shrinks and splits off from the middle
lamellae, the granular residue is still sheathed with a smooth lamellar struc-
ture on the outside (maybe a last lignin-rich layer of the S,) and on the
lumen side by the residue of the S; layer (Figure 34).

There is no distinct degradation front in spruce. The process starts in
individual cells. Most tracheids are broken down within a range of several
annual rings (Figure 35). For a very long time the parenchymateous cells of
the resin ducts survive unchanged, and so do the ray cells.

The degradation of secondary cell walls also affects the bordered pits.
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Figure 34. Spruce, heavily degraded; the S ; skeletons are sheathed with smooth
lamellar structures and S; layer residues. SEM photo.

v 5 S Bl —
- " -v
]
!

e

-

&

=

Figure 35. Spruce; transition zone between slightly (right) and heavily (left)
degraded tissue; degraded cells appear black.

The pit chambers are reduced to what ontogenetically is called the initial
pit chamber, and the pit membranes are dissolved or detached. Fengel (15)
reports pit membranes in fossil spruce to be quite resistant. However, in
tissues where all secondary cell walls have been degraded we have not seen
any pit membranes in bordered pits.
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Conclusions

The degradation pattern of waterlogged oak as described in this chapter is
based on the examination of dozens of timbers from excavations in sea water
and rivers, from peat bogs and clay soils. The survey of the other species,
however, is restricted to the samples presented here. This study is only a
first attempt to broaden our knowledge about the degradation behavior of
wood to include all the species that archaeologists and conservators need to
handle. Similarities in the observed degradation patterns, together with the
evidence already published, allows us to draw a general sketch of what
happens during the degradation of waterlogged wood.

In deciduous species, swelling of secondary cell walls loosens the ultra-
structure of the lignocellulose complex, and hydrolysis of hemicelluloses
begins. This process seems either to spread quite rapidly or to occur about
simultaneously throughout the piece of wood. In spruce, no swelling was
observed.

Then the cellulose in the inner layers of the secondary cell walls, the
S, and S, is attacked either from the lumen side or from the S,-S, border.
Its crystalline structure is broken down, and the chain macromolecules are
degraded and dissolved. The residual lignin skeleton degenerates to a gran-
ular debris that might shrink and come loose from the S,, which is still intact
and adheres to the middle lamellae. The thin S, is then degraded, until
finally only the system of compound middle lamellae remains.

The substantial degradation of the secondary cell walls begins at the
surface of the wood and slowly proceeds into it. The process develops to its
final stage in individual cells independent of whether the same takes place
in adjacent cells. Completely degraded and nondegraded cells are found
next to each other.

There are slight differences in resistance between cell types. These are
not exactly the same in all species. Sometimes vessels and parenchyma cells
are more resistant than fibers, sometimes less. The distribution of different
types of carbohydrates and lignins varies among cell wall layers and among
cell types. Hedges and his group (16) have been able to correlate differences
in resistance of cell types and cell components with the resistance toward
degradation of the main cell wall substances composing them. p-Hydroxyl
and vanillyl lignin structural units are the most resistant, followed by syringyl
lignin units, followed by pectin, then a-cellulose, and finally hemicelluloses.

On the whole, the total breakdown of secondary cell walls proceeds as
a front parallel to the wood surface. The interface between degraded and
nondegraded areas is sharp in oak and ash, and more diffuse in elm and
poplar. In spruce it resembles a transition zone several millimeters thick,
in which more and more cells become affected until the whole tissue is
uniformly and completely degraded.

Nothing exact can be said about the speed with which the degradation
proceeds into the wood. This speed depends on the burial conditions of the
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individual piece of wood, on the chemical nature of the ground water at-
tacking it, and on the wood species. Wood species differ in anatomical struc-
ture, in permeability, and to some degree in chemical composition. The
nature and the amount of extractives that incrust the cell wall ultrastructure
help to mask and protect the carbohydrates against hydrolysis, and probably
also play an important role in degradation.

In the end, all that is left of the former wood is the frail system of middle
lamellae containing small amounts of still-crystalline cellulose. Disintegrat-
ing lignin residues are enclosed in this cellular and brittle wood skeleton.
As long as it stays waterlogged—that is, bulked with and supported by
water—this structure has a certain physical strength. It still carries the
anatomical characteristics of the wood it once was.

The degradation pattern outlined in this chapter has several implications
with regard to the conservation of waterlogged archaeological wood. De-
pending on the state of tissue degradation, it may need only a treatment to
block off the extensive shrinkage that swollen and minimally degraded wood
undergoes on drying. Other specimens will need physical strengthening and
treatment to avoid the collapse of highly degraded tissue.

Timbers that contain both slightly and highly degraded tissue need
special attention. The wood in the two zones behaves differently and will
tend to split along the degradation front during conservation treatment. In
many cases such timbers will need a double treatment, with separate steps
designed for optimal stabilization of the respective wood zones.
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Structure and the Aging Process of Dry
Archaeological Wood

Thomas Nilsson and Geoffrey Daniel

Department of Forest Products, Swedish University of Agricultural Sciences,
Uppsala, Sweden

This chapter is based both on results reported in the literature and
on recent studies of the effect of aging on the structure of dry ar-
chaeological wood. Various insects cause major structural breakdown
in dry wood, but enclosure of wood or the presence of toxic extractives
in wood appear to have protected many artifacts from attack by
insects. Under dry conditions, the effects of age on wood structure
appear minimal up to an age of 4400 years. Structural changes are
observed only at the ultrastructural level when using transmission
electron microscopy. Delaminations in the middle lamella region or
in the secondary cell walls are the most commonly reported phenom-
ena. Fissures and loosening of fibers have also been observed.

WOOD CELLULOSE AND HEMICELLULOSES represent a rich nutrient
source that can easily be exploited by numerous insects and wood-degrading
fungi and bacteria. The third main wood component, lignin, affords some
protection to carbohydrates, particularly against purely cellulolytic micro-
organisms.

All wood-degrading fungi and bacteria need water for their life processes
and as a medium for the distribution of their degrading enzymes. Wood with
a moisture content below fiber saturation will not be degraded by micro-
organisms. Insects that feed on or nest in wood are, however, fully capable
of more or less complete destruction of the structure of dry wood.

Wood never (or very rarely) stays dry in nature. As a part of the carbon
cycle, dead trees are degraded by an immense variety of microorganisms
and insects. Even wood that is only intermittently wet is degraded, albeit

0065-2393/90/0225-0067$06.00/0
© 1990 American Chemical Society
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at a slower rate. Only when waterlogged under completely anaerobic con-
ditions, or when frozen, does wood escape significant degradation by bio-
logical agents.

Wood has been used by humans for a very long time. When they started
to build shelters and later more elaborate houses into which wooden artifacts
were brought, an environment was created in which wood could remain dry
for at least as long as the dwelling lasted. Religious belief has contributed
more than anything else to keeping very ancient wood dry. Such wood comes
almost exclusively from temples, pyramids, or tombs. The oldest samples
of dry wood seem to be 4000-5000 years old, not a remarkable age, con-
sidering the fact that some living trees are reported to be more than 4500
years old.

Extreme care must be taken when observing the structure of reputedly
dry wood. There are no means to ascertain that the wood has been dry
throughout its history. Leaks, flooding, or other events may have soaked
the wood on one or more occasions. Fairly wet conditions and the presence
of desert bugs in the chamber containing the-Cheops boat No. 2 prove that
not all apparently dry sites have been protected from moisture (1). Occasional
wetting of wood may lead to microbial attack that could be misidentified
later as structural changes due to aging. Seasoning of timber prior to its use
also represents an opportunity for microbial attack to produce structural
changes.

We have always observed at least some fungal hyphae in the samples
of dry wood examined here, indicating infection and growth of fungi within
wood at some stage. A good knowledge of microbial decay patterns will help
to discriminate between structural changes of microbial origin and those
likely to be the result of a nonbiological process.

Very few published reports deal with structural changes in wood caused
by aging. These reports are reviewed in the first part of this chapter. The
sparsity of available information forced us to undertake further studies, which
are reported in the second part of the chapter. The third part contains a
brief review of the known structural changes in dry wood resulting from
insect attack.

Review of Earlier Studies

A fairly large number of reports deal with structural changes in ancient
woods, extending to petrified wood. Only a few reports, however, concern
dry wood.

Tickholm (2) reports that the wooden artifacts found in the tomb of
Hetepheres, Cheops’ mother, had shrunk by 10%, but no details of structural
changes were mentioned. Several other authors (3-5) have mentioned that
ancient dry wood has been in a remarkably good condition, also without
providing any details.
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Narayanamurti et al. (6) examined a piece of teak that was 1800 years
old. The wood originated from a beam in a Buddhist monastery. Parts of
the wood were described as being so soft that it broke during attempts to
cut it. Fungal attack was noted in some parts of the wood. It is not clear
from the report if the authors suggest that the fiber deterioration, illustrated
in two micrographs, was caused by fungal attack or by aging. In our opinion,
the appearance suggests microbial attack. X-ray diffraction studies indicated
no difference between recent and ancient wood.

Chowdhury et al. (7) reported on the results of a study of four samples
of ancient wood from India. One of the samples, teakwood, was taken from
a Buddhist cave, where it had been exposed to atmospheric conditions for
2200 years. Chemical analyses showed a reduced cellulose and pentosan
content. Light microscopic studies suggested that the only difference be-
tween the ancient and recent wood was helical fissures in the fiber walls of
the former. A significant difference, however, was found in the birefringence
of the two samples. The birefringence, considerably lower in the ancient
wood, indicated a loss in crystallinity of the cellulose.

The most extensive and careful study of the ultrastructure of ancient
wood was carried out by Borgin et al. (8). Three of the examined samples,
each more than 4000 years old and originating from pyramids in Egypt,
represented wood that presumably had been kept dry. The timber species
were Juniperus phoenicea, Pinus pinea, and Acacia nilotica. Their ages were
approximately 4100, 4300, and 4400 years, respectively. The samples were
examined by using light microscopy, transmission electron microscopy
(TEM), and scanning electron microscopy (SEM). Fracture studies were also
carried out. No attack by microorganisms was observed in any of the samples.
Borgin (9) had reported earlier that the ancient samples of Pinus pinea and
Acacia nilotica were macroscopically indistinguishable from recent wood.
The only difference was a slight change in color.

Changes in the ultrastructure of ancient Juniperus phoenicea were ap-
parent, although the macroscopic structure was intact (8). The most typical
change was separation of the inner layer in the wood cell walls (S,) from the
outer layer and the primary cell walls (S,—P). The microfibrils in S, were
loosened and wavy. Fracture studies indicated failures in the middle lamella
region. Large amounts of phenolic substance were observed in the paren-
chyma cells.

The wood of Pinus pinea was reported (8) as being “almost intact”.
Microtomy for the SEM studies showed that the cell walls often bent over,
making it difficult to obtain a smooth surface. Weakening of the middle
lamella was evident by the separation of individual tracheids or rows of
tracheids from each other. TEM studies revealed delamination in the middle
lamella—S, region, where the fibrils in S, were loosened.

The wood of Acacia nilotica also appeared macroscopically intact, but
TEM studies revealed delamination and fissures in S, and the middle lamella.
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Loosening of fibrils was also evident in this sample. Fractures occurred not
only in the middle lamella region, but also in the fiber walls. Vestures in
vessel pits were similar to those in recent wood.

The authors state (8) that “the amount of crystalline material in almost
all samples had been reduced.” Presumably, this includes one or more of
the samples from the pyramids. The examined samples had been selected
because they appeared macroscopically sound. The changes observed at an
ultrastructural level were attributed to a weakening of the wood material.
It was further suggested that the stresses involved during preparation for
microscopy (i.e., trimming and cutting) could result in the delaminations
and cracks observed. Such effects were, however, rarely observed with sam-
ples of new wood.

The authors stated (8) that the middle lamella and the matrix of the cell
wall is effected by chemical changes such as oxidation and hydrolysis to a
higher extent than the cellulose microfibrils. Ultrastructural changes would
then be expected to occur in areas rich in hemicelluloses, lignin, or pectic
substances. Later, Borgin et al. (10) found that the lignin in the ancient
wood samples had been oxidized. A decrease in lignin content was evident
when the samples were analyzed by a hydrochloric acid procedure.

Recent Studies

Materials and Methods. The ancient wood samples were donated
by R. Rowell (Forest Products Laboratory, Madison, Wisconsin, U.S.A.)
and J. Amber (British Museum Research Laboratory, London, United King-
dom). All the samples were assumed to have been kept dry according to the
information available. The macroscopic structure of all the samples appeared
intact. Some characteristics of the samples are provided in Table I. Recent
wood samples for comparison were obtained only for Douglas fir.

All samples were examined with light microscopy. Sections were stained
with either aqueous safranine or a solution of Chlorazol Sky-Blue (Imperial
Chemical Industries, Ltd., U.K.) in lactophenol. Polarized light was occa-
sionally employed.

For TEM small sticks (~3.0 X 5.0 X 0.5 mm) of the various wood
samples were removed with a scalpel from the specimen material. They
were immediately placed in freshly prepared aqueous 1% w/v KMnO, and
left for 1 h at room temperature. After continuous washing with distilled
water to remove leachable KMnO,, the samples were dehydrated by using
ethanol and then an ethanol-acetone series (10% steps). They were flat
embedded in Spurr’s epoxy resin after infiltration (11). Resin polymerization
proceeded at 70°C for 24 h. Then selected material was sectioned with an
ultramicrotome (Reichert FC4). The sections were collected by using form-
var-coated copper grids. Additional samples were infiltrated and embedded
directly in Spurr’s resin without pre-KMnO, staining or dehydration. After
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sectioning these samples were poststained by using 1% w/v KMnO,. Ob-
servations were made with a transmission electron microscope (Philips 201)
at varying acceleration voltage.

For SEM small wood pieces (0.5 X 0.5 X 0.5 cm) were removed from
the sample material with a razor blade and then mounted on aluminum stubs
with double-sided cellophane tape. After coating with gold (Polaron Sputter
Coater), samples were examined by SEM (Cambridge S150) at 10 or 20 kV.

Results. Light microscopy revealed hyphae and bacteria in all of the
ancient wood samples. Profuse growth was, however, not seen. Only a few
of the samples showed signs of actual microbial degradation.

Sample No. 1 was a small piece of unidentified hardwood taken from
an Egyptian mummy coffin dating from 1000-2000 B.C. Light microscopy
revealed that the wood was degraded by soft rot. Fungal hyphae were com-
mon, and typical chains of soft-rot cavities were seen within the fiber walls.
Holes in S, representing cavities were commonly observed by TEM of
transverse sections (Figures 1 and 2). Enzymatic activity appeared to have
affected only the immediate regions around the holes. Figures 3 and 4 show
that the ultrastructure of the cell walls at a distance from the cavities is
similar to what could be expected for recent wood. The middle lamella and
all wall layers appear intact. A fibrillar structure is clearly seen in Figures
3 and 4. No marked loosening of wall layers and no delamination was ob-
served. The middle lamella and the vessel wall in Figure 2 appear to be
quite porous, a condition suggesting loss of wall substance.

Figure 1. TEM photo showing structure of wood fibers from an Egyptian
mummy coffin 1000-2000 years old and the presence of soft-rot cavities (c)
within both the S; and S, layers. Bar: 1.0 um.
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Figure 2. Higher magnification of the soft-rot cavities from Figure 1. Fun-

gal hyphae were absent, but regions of previous enzymatic attack (arrows)

are apparent as more darkly staining regions surrounding the cavities (c).
Bar: 1.0 um.

Figure 3. TEM photo showing aspects of the microfibrillar structure of fiber

and vessel walls (vw) from the Egyptian mummy coffin. An occasional increase

in the electron-lucent appearance of some of the vessel wall layers suggested

a loss of wood substance and a possible increase in porosity. (ML, middle
lamella; MLC middle lamella corner). Bar: 1.0 um.
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Figure 4. As for Figure 3, but showing a more detailed photo of the second-

ary cell-wall layers of a fiber. The fibrillar structure generally appeared

quite intact, with no obvious delaminations between secondary wall layers.
Bar: 2.0 um.

The two samples of Douglas fir (Nos. 2 and 3, Table I) were studied by
using light microscopy and SEM. Slight soft-rot attack was observed in the
outermost parts of the youngest sample (No. 3), an indication that the wood
had been wet at some time. The SEM studies suggested that the wood
structure was indistinguishable from recent wood. Details like bordered pits
(Figures 5-8), pit membranes (Figures 9 and 10), crossfields, and spiral
thickenings on the tracheid walls (Figures 11 and 12) were identical to those
in recent wood. Thus, no effects of aging were revealed.

The hardwood sample from Jordan (No. 4) was identified as a species
of the genus Pistacia. The wood had remarkably well-developed tyloses in
the large-sized vessels (Figure 13). Tylose cell walls were very thick and
contained pits. Numerous crystals and spherical bodies were observed within
the tyloses (Figures 13-15). Iodine staining indicated that the spheres rep-
resented starch grains that were exceedingly well preserved.

TEM studies of transverse sections of the Pistacia wood show that the
ultrastructure was well maintained (Figures 16 and 17). Swelling of the wall
layers, indicated by wrinkling of the S, layer, was a common feature (Figures
16 and 17). The middle lamella and all the wall layers, where a well-preserved
fibrillar structure was observed, appeared to be intact (Figures 16 and 17).
Although separation was occasionally noted within the middle lamella region
and the cell wall layers, no distinct loosening at interfaces can be observed
in the micrographs presented here. However, splitting of the middle lamella
cell corner, caused by sectioning, was often observed (Figure 16).
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Figure 5. SEM photo showing structural aspects of fibers from 1127-year-old

Douglas fir sample from Chaco Canyon, New Mexico. Little difference could

be seen between bordered pits (Bp) from this sample and those from recent
Douglas fir samples (cf. Figures 7 and 8, see page 76). Bar: 5.0 um.

Figure 6. Same as Figure 5. Bar: 2.0 um.

The ultrastructure of the Acacia wood (No. 5, Figure 18) appeared to
be as well preserved as that of the Pistacia wood. However, splits and checks
occurred more often in the Acacia samples (Figures 18 and 19). Most oc-
curred in the middle lamella and S, regions, but they were occasionally
observed within the S, cell wall layer (Figure 19).
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Figure 7. SEM photo showing bordered pits (Bp) from recent Douglas fir
sample. Compare with Figures 5 and 6. Bar: 5.0 um.

Figure 8. Same as Figure 7. Bar: 2.0 um.

Figures 20 and 21 give examples of the ultrastructure of transverse
sections of ancient Tamarix wood (No. 6). A well-maintained ultrastructure
was observed, although cracks and splits occasionally occurred.

Structural Changes in Dry Wood Following Insect Attack. A
fairly large number of insects are capable of using dry wood as a food resource.
Well-known examples are the longhorn beetle (Hylotrypes bajulus), the
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Figure 9. SEM photo showing bordered pit membranes from recent Douglas

fir sample. Little difference could be seen between the structures shown here

and those in Figure 10. Both had well-preserved margos (M) and tori (T).
Bar: 1.0 um.

.
-
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Figure 10. SEM photo showing bordered pit membranes from 1127-year-old
Douglas fir sample. Compare with Figure 9. Bar: 1.0 um.
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Figure 11. SEM photo showing spiral thickening (ST) in sample of Douglas
fir from Chaco Canyon. No obvious differences were apparent between this
sample and the recent wood shown in Figure 12. Bar: 4.0 um.

e &
bl MR A5 5 B S

Figure 12. SEM photo showing spiral thickening (ST) in sample of recent
wood. Compare with Figure 11. Bar: 4.0 um.
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Figure 13. SEM photo showing structural aspects of the hardwood sample
Pistacia (1997-2020 years old) obtained from the Temple of Dhushares, Jordan.
Note the characteristic tyloses (T) produced into vessels (v). Bar: 20.0 um.

Figure 14. Same sample as Figure 13. Note the association of the tyloses (T)
with spherical starch bodies (SB). Bar: 4.0 um.
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Figure 15. Characteristic crystal (CR) structures found associated with the
vessel tyloses from Pistacia. Bar: 0.5 um.

Figures 16. TEM photo showing the well-preserved fibrillar structure of fibers

of Pistacia from the Temple of Dhushares, Jordan. Wrinkling of the S; was

frequently seen, suggesting some swelling of the S cell-wall layers. Delami-

nation at the cell-wall-layer interfaces, S—S; and S-S, was only rarely ob-

served. Splitting (SP) during sectioning of the middle lamella cell corner (MLC,
right) was more frequent. Bar: 2.0 um.
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Figure 18. TEM photo showing the structure of fibers from the hardwood

Acacia (3250-3420 years old) from the Tomb of Tjanefer (Thebes). Checks

(CH) were frequently noted within the middle lamella (ML) and S, cell wall
regions and to a lesser extent within the S; itself. Bar: 2.0 um.

common furniture beetle (Anobium punctatum), and several different termite
species. Powder-post beetles (Lyctus spp.) do not utilize the wood substance
but feed on starch present in ray parenchyma cells. Some insects, like the
carpenter ants (Camponotus spp.), excavate nests in wood but do not use it
as a source of food.
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Figure 19. Similar features as shown in Figure 18. Checks (CH) and splits
(SP) were frequently noted within the middle lamella (ML) and S, cell wall
regions and to a lesser extent within the S; itself. Bar: 2.0 ym.

Figure 20. TEM photo showing the structure of Tamarix fibers (3150-3400

years old) from the Tomb of Roma, Thebes. Unlike Acacia, checks (CH) within

the secondary cell wall layers and middle lamella regions were less often seen.
Bar: 2.0 um.
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Figure 21. Closer view of sample shown in Figure 20. Unlike Acacia, checks

(CH) and splits (SP) within the secondary cell wall layers and middle lamella

regions were less often seen. Splitting (SP) through sectioning of the middle
lamella corners (MLC) was more frequently observed. Bar: 2.0 um.

In contrast to the small changes brought about by aging of dry wood,
insect attack leads to macroscopically visible changes resulting from disin-
tegration and removal of substantial quantities of wood substance. Various
descriptive expressions (such as pin-holing, grub holes, powder-posting, and
honeycombing) have been used for different types of insect attack in wood.

The damage caused by the longhorn beetle, the furniture beetle, and
Lyctus species is characterized by extensive tunneling by their larvae
throughout the wood structure (Figure 22). The tunnels vary in size, de-
pending on insect species. They are characteristically filled with a flourlike
powder, the disintegrated but unutilized wood substance (Figure 22). Ex-
tensive boring reduces the wood to a very fragile powdery structure. The
surface of attacked timber is generally damaged by numerous exit holes of
the adult insects.

Damage to wood structure by termites and carpenter ants has been
described as honeycombing. The attack is caused by adult insects, not by
larvae. Softer parts of the wood structure are generally preferred to harder
and denser parts. This preference is particularly evident in softwoods, where
the earlywood is preferentially degraded. The attack results in an extensive
network of continuous galleries separated by thin fragments of wood (Figure
23). In contrast to the damage caused by beetle larvae, little or no wood
powder can be found in the excavated parts.

Most types of dry timber are attacked by insects. Sapwood is preferred
to heartwood, especially if the latter contains toxic extractives. Some ancient
timbers have escaped attack by termites because of their content of extrac-
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Figure 22. Extensive tunneling is caused by larvae of the furniture beetle. The

surface of the timber is generally characterized by the presence of small exit

holes that lead to larger tunnels filled with disintegrated powdery wood sub-
stance (arrows) resulting from larval activity.

tives, which have proven toxic to termites even today (3, 4, 12). Dry wood
from ancient Egypt has presumably been protected against insect attack by
an effective enclosure of the wood in the various pyramids and tombs.

Discussion

Studies on structural aspects of aging are very limited in the number of
samples and number of timber species examined. The results available today
indicate that only minor changes occur in dry wood, even at the ultrastruc-
tural level, after 3000-4000 years. However, there may be a variation in the
effects of aging, depending on timber species. Chemical differences in timber
composition (for instance, type and content of extractives) could possibly be
important in the aging process.

Oxidation, hydrolysis, photodegradation, and other chemical changes
are likely to play a role in the aging process. With the exception of photo-
degradation, the chemical changes are not likely to lead to a substantial
removal of cell-wall substrate in localized areas, as is the case with attack
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Figure 23. An extensive network of galleries (arrows) produced by carpenter
ants during attack on dry wood.

by most wood-degrading microorganisms. These organisms cause thinning
of cell walls; they produce bore holes and discrete holes or cavities within
wood fiber walls that are easily detected even with an ordinary light micro-
scope. Photodegradation may lead to fairly large voids in the wood micro-
structure (13, 14). However, ultraviolet light will not penetrate more than
75 pwm into the wood (15), so any effects will be limited to the outermost
fibers. Photodegradation is important in the weathering process of wood (see
chapter 11) but will most likely not, in the absence of abrasive activities, be
significant in the aging process of dry wood. No reference to photodegra-
dation has been found in earlier reports on ancient dry wood.

The action of other chemical changes will not be strictly localized to
specific areas within the wood structure. They are more likely to affect all
wall layers, although certain parts (like the middle lamella) could be more
significantly affected. The chemical changes result in a slow degradation of
wood components. The products of degradation will, in the absence of mi-
crobial consumption or leaching, still be present unless the conversion pro-
ceeds to CO, and water. Loss of birefringence of the cellulose indicates a
reduction in crystallinity, as reported by Chowdhury et al. (7) and Borgin
et al. (8). Depolymerization of cellulose will probably not significantly affect
the visible structure of the cellulose microfibrils unless the degradation has
proceeded very far.

Visible changes in wood structure will be small. This expectation is
supported by the results of Borgin et al. (8) and the present studies. Deg-
radation processes during aging of dry wood obviously lead to a certain
weakening of the wood structure. This weakening is revealed by the cracks,
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delaminations, and loosening of wall layers as a result of the stresses involved
during preparations for microscopy (i.e., trimming and sectioning).

In spite of limited research, it seems safe to conclude that the structure
of dry wood, in the absence of insect pests, will be remarkably well main-
tained for at least 4000 years.
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of Archaeological Wood
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The literature on physical and mechanical properties of archaeolog-
ical wood is reviewed. The density of wood changes in response to
dagents of deterioration. Measurement of density and its relationship
to other wood properties are discussed. Sorption characteristics are
affected by the aging process and by deterioration. Deterioration in
turn leads to changes in normal shrinkage and, eventually, the in-
troduction of collapse shrinkage. Mechanical properties also change,
and these changes are not usually distributed uniformly through the
thickness of wood objects.

ARCHAEOLOGICAL WOOD IS DEFINED HERE as old wood that bears some
traces of past cultural activity and that has been buried or otherwise removed
from normal service for a period of time. This material may be divided into
dry and waterlogged wood in recognition of the circumstances leading to its
preservation. In both cases destruction by decay fungi has been avoided
because an essential element required for their activity has been eliminated,
namely, moisture in the case of dry wood and oxygen in the case of water-
logged wood. Aging processes for both dry and waterlogged wood are dis-
cussed in other chapters in this volume.

Subfossil or fossil wood is closely related to waterlogged archaeological
wood. Fossil wood may have undergone the same aging and deterioration
processes as waterlogged archaeological wood and differs only by the absence
of any effects of cultural activity. Fossil wood tends to be older, and therefore
it may be useful in extending the time scale beyond the points that are
possible with archaeological wood. Collectively, the two types can be re-
ferred to as buried wood.

0065-2393/90/0225-0087$06.75/0
© 1990 American Chemical Society
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The counterpart to dry archaeological wood is old historical wood, which
covers a more limited time scale. Dry archaeological wood has not been
investigated nearly as much as waterlogged wood because it is much rarer.
A clear distinction must be made, however, because the deterioration proc-
esses are not the same. Waterlogged wood, for instance, typically will lose
its hemicellulose fraction first, followed by cellulose, and finally by lignin,
which is most resistant (1). In dry wood exposed to weathering, on the other
hand, lignin will be degraded first (2). Dry wood taken from Egyptian pyr-
amids has shown evidence of preferential degradation of lignin by oxida-
tion (3).

Density

The density of archaeological wood will at best be equal to the values for
recent wood; at worst, it will approach zero as the wood nears total destruc-
tion. In general, density will be somewhere between these limits. The degree
to which the density deviates from values of recent wood is a measure of
the extent of deterioration. However, it is not unusual to find archaeological
wood that has significantly lower strength properties than recent wood with-
out showing any reduction in density (4, 5).

Aside from such initial influences as decay or mechanical damage during
use, the deterioration of either dry or wet archaeological wood will be related
to the specific conditions of its environment, as well as to the length of time
it has been exposed to them (5). No doubt the archaeological wood that is
found, whether in a very dry tomb in Egypt or as waterlogged wood that
might be discovered any place in the world, represents a very biased sample
in the sense that only the most resistant wood in the most favorable circum-
stances will be able to survive. For buried wood, survival appears to be most
likely in peat bogs or heavy loam or clay soils (5).

Measurement of Density. Density of wood is expressed in a number
of different ways, and a short explanation may be in order. The density of
cell wall substance is generally assumed to be constant, so the density of a
piece of wood obtained by measuring its overall weight and volume becomes
a measure of wood porosity. Wood density is therefore related to many other
wood properties. These relationships would become obscured if the moisture
contained in wood were included in the measurements, especially in the
case of wood above the fiber saturation point.

Some of the more common ways of expressing wood density are: (1)
based on oven-dry weight and volume, where the question of moisture
content does not arise; (2) based on weight and volume at 12% or some other
level of moisture content, where the weight of the contained moisture is
included; or (3) based on oven-dry weight and volume in the water-saturated
or green condition, which is especially appropriate for degraded waterlogged
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wood that is prone to excessive shrinkage during drying. The last of these
formulations, sometimes referred to as basic density, has been termed con-
ventional density in International Standards Organization (ISO) standard
3131 (6).

All of these measures refer to wood as a whole. Thus, they include wood
substance, any contained water, and also void space. Weight determinations
are therefore easily made, but volume measurements are more difficult. The
usual method is to use a water-displacement method that requires a wax
coating when dealing with dry wood. A particular problem arises with se-
verely degraded archaeological wood because it often shrinks excessively.
Density based on oven-dry weight and volume, or based on weight and
volume at 12% moisture content, is not very meaningful when the den-
sity measure is intended as an indicator of other wood properties. Density
based on oven-dry weight and wet volume is therefore most appropriate.
When determining conventional density, it is possible to dispense with
volume measurements altogether by using the maximum moisture content
method (7).

The maximum moisture content method is based on the assumption that
the density of cell wall substance is constant for all species. A value of 1.5
g/cm? is usually assumed. Because waterlogged wood is by definition at or
near its maximum moisture content, the method requires making certain
that all air is replaced by water so that the wood is truly at its maximum
moisture content. This step can be done by vacuum—pressure impregnation,
after which the moisture content can be determined by oven-drying. The
conventional density can then be calculated by:

Gy = (M /100 + Vis)™

where G; is the conventional density in grams per cubic centimeter and
M., is the maximum moisture content in percent. Some evidence suggests
(8, 9) that the density of the cell wall substance of deteriorated waterlogged
wood is lower than that of recent wood, but the differences are small. Es-
pecially in wood with very high maximum moisture content, such differences
do not affect the calculation significantly.

The use of conventional density is to be preferred over density based
on weight and volume at 12% moisture content (air-dry condition) because
differences in shrinkage may obscure other effects. For instance, Kommert
found that a series of oak finds from 700 to 1600 years old did not greatly
differ in their air-dry density from recent wood, although strength was sig-
nificantly reduced (10). This result suggests that there had been deterioration
without mass loss, However, the same material was also found to shrink
significantly more than recent wood (11). Thus, if the comparison had been
made by using conventional density, the waterlogged wood would have
certainly been found to have a significantly lower value than recent wood.
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“Measurements on archaeological live oak, for instance, indicated a mass loss

of only 8-10% when the comparison was made with density values of oven-
dried wood, whereas the mass loss was 26% when calculated from conven-
tional density measurements (12). Other authors have expressed similar
preferences for using conventional density (1, 13, 14).

Survey of Density Values. Taniguchi et al. (8) investigated the ac-
cessibility (by the hydrogen—deuterium exchange method) and the cell wall
density of waterlogged Japanese red pine (Pinus densiflorus) dating to be-
tween 1192 and 1333 A.D. and of horse chestnut (Aesculus turbinata) from
the period between the 2nd century B.C. and the 4th century A.D. In both
species the accessibility was higher and the cell wall density lower when
comparing waterlogged to recent wood. The effect was more pronounced in
the Japanese horse chestnut, where the cell wall density as measured with
the density-gradient column method was reduced from 1.44 to 1.38 g/cm®
for the most severely affected portions. In another study (9), 16,000-year-
old waterlogged Japanese ash (Fraxinus mandshurica) was found to have a
cell wall density of 1.45 g/cm® in the more severely degraded part, as
compared to 1.54 g/cm® for recent wood of the same species. Such reductions
in cell wall density can be thought of as a result of degradation and leaching-
out of carbohydrates from within the three-dimensional lignin network.

Oak is probably the most common species among archaeological finds.
This fact is not surprising because oak is widely available, has excellent
properties suitable for many uses, and is very durable. Table I shows a
collection of density values for buried oak. For the most part the data are
for European (white) oak. The ages of the samples as listed are averages
when based on radiocarbon dating or minimum values for less precise de-
terminations spanning centuries or millennia. Density values are not uni-
formly based, as they range from the density of oven-dried wood to
conventional density, as indicated. Percentage residual density based on
density of recent wood was calculated from values given by the original
authors. Table II shows a similar collection of data for buried softwoods and
hardwoods other than oak.

The data of Table I, for samples that range in age from 50 to 8500 years,
clearly show that age alone is not a good indicator of the mass loss to be
expected. This finding is also reflected to a more limited extent in Table II.
Residual density values range from 20 to 140% for oak and from 18 to 113%
for the other species. Archaeological wood might be higher in density than
recent wood for several reasons. For instance, there is a natural variation
in wood properties, and we are comparing specific archaeological samples
to mean values of recent wood. Thus individual samples could show mass
loss and still have a density higher than the average of recent wood. The
sample of oak 1100 years old with a density of 872 kg/cm? is an example; it
had unusually wide growth rings, which in oak generally means higher
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Table 1. Density of Buried Oak Wood

Density

Age, Old wood,  Residual,*

years kg/m?® % Basis®  Ref.
50° 767 95 3 49
300 410 75 3 3
330 sap 122 21 3 20
330 heart 462 80 3 20
440 265 49 3 41
440 397 74 3 41
570 sap 150 32 3 43
570 heart 504 94 3 43
700 547 88 2 10
800 661 106 2 10
800 681 109 2 10
810 490 89 3 1
810 530 96 3 1
900 660 102 1 4
900 760 111 2 38
1000 sap 130 20 3 3
1000 heart 620 91 3 3
1000 465 75 2 10
1100 636 102 2 10
11004 872 140 2 10
1500 530 96 3 3
1600 200 36 3 1
1600 400 73 3 1
1600 600 96 2 10
3000 320 49 1 51
4700 665 96 2 52
4700 709 103 2 24
8500 650 97 1 39

“Density of old wood relative to that of recent wood.

#], Oven-dry (OD) weight and volume; 2, weight and volume at
12% moisture content (MC); 3, conventional density (OD weight
and green volume).

Live oak.

“Wide growth rings.

density. Next, a high ash content is found in much archaeological wood (see
Chapter 5), which may be interpreted as mineral deposition in the early
stages of silicification. With only one exception, where the residual density
is 100% or more, the comparison was made on the basis of oven-dried or
air-dried wood, where greater shrinkage of archaeological wood can obscure
any mass loss that has occurred.

Table II has been divided into softwoods and hardwoods. Residual den-
sity values for softwoods tend to be higher than those for hardwoods, but
considering the wide diversity of conditions under which these woods had
been kept, a categorical conclusion regarding the relative resistance of the
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Table II. Density of Buried Wood of Species Other Than Oak

Density
Age, Old Wood,  Residual,*
Species years kg/m? % Basis®  Ref
Softwoods
Abies alba 900 443 98 2 23
Cunninghamia lanceolata 2100 427 113 2 53
Juniperus communis 2000 540 113 2 53
Picea abies ’ 900 220 58 3 3
Picea abies 100,000 230 61 3 3
Pinus spp. 900 490 100 1 4
Pinus sylvestris 300 240 " 56 3 3
Pinus sylvestris 900 280 65 3 3
Pinus sylvestris 900 450 105 3 3
Pinus sylvestris 900 260 60 3 3
Pinus sylvestris 10,000 450 105 3 3
Pseudotsuga menziesii 70 410 92 3 54
Taxus baccata 2400 520 72 2 53
Hardwoods
Alnus rubra 2500 157 42 3 55
Betula odorata 8300 115 21 3 56
Betula spp. 590 9 19 3 20
Betula spp. 3000 190 31 1 51
Bischofia polycarpa 6570 421 90 3 53
Fagus spp. 570 150 27 3 43
Fraxinus mandshurica 16,000 9
Inner portion 400 58 2
Outer portion 290 42 2
Tilia spp. 3000 216 44 1 51
Ulmus spp. 900 410 64 1 4

“Density of old wood relative to that of recent wood.
b1, OD weight and volume; 2, weight and volume at 12% MC; 3, conventional density (OD
weight and green volume).

two groups is not justified. Values for the relatively resistant oak were not
included in Table I1. Some species of hardwood may be less resistant because
of an initially high pentosan content (15). The sapwood of durable species
such as oak is much more susceptible to degradation than heartwood, as are
such nondurable species as beech and alder (14).

Sorption Characteristics

Among the major components of wood, hemicellulose is the most hygroscopic
and lignin the least hygroscopic, with cellulose in an intermediate position
(16). The normal pattern of deterioration in waterlogged wood is parallel in
that hemicellulose is attacked first, followed by cellulose, and lignin is the
most stable (see Chapter 5). Accordingly, one might expect that waterlogged
archaeological wood with a high lignin content would be less hygroscopic
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than recent wood. Available data show that this is not the case and that the
opposite may be true (17). The latter exception can be understood in terms
of the increase in accessibility already mentioned and the breakup of the
crystal structure in the remaining cellulose.

Dry wood appears to age differently. A study of a variety of species
ranging in age from less than 1 year to 3700 years showed that there may
be a decrease in hygroscopicity with age, but that the effect is small if it
exists at all (18). Hinoki (Chamaecyparis obtusa) taken from a 1300-year-old
temple did, however, exhibit much lower equilibrium moisture content
(EMC) values than recent wood (19).

Figure 1 shows sorption isotherms for old deteriorated oak from the
Bremen Cog and for recent oak. EMC values for recent oak are consistently
less than those for old wood, the difference being greatest at relative humidity
values greater than 80%. The fiber saturation point (EMC value at approx-
imately 100% relative humidity) of the old wood was more than 50%, a result
that explains why waterlogged wood has been found to begin shrinking at
equally high moisture content levels (17, 20).

A similar sorption isotherm has been published for 2500-year-old wa-
terlogged alder (21). EMC values were consistently about twice as great as
comparable values for recent wood over the entire hygroscopic range. Ad-
ditional data collected in Table III include EMC values at or near 100%
relative humidity for fir, alder, and a series of oak finds. In many cases the
residual density values are greater than 100%, probably because of enhanced
shrinkage affecting the determination of air-dry density rather than a com-
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Figure 1. Desorption isotherms for old oak wood from the Bremen Cog and
for recent wood. (Adapted from ref. 17.)
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Table III. Sorption Characteristics of Buried Wood

Density EMC at 98-100% RH°
Age, Residual,® Old Wood, New Wood,

Species years % Basis® % % Ref.

Abies alba 900 98 2 26.8 23.2 23
Quercus spp. 570 94 3 52.0 32.0 17, 43
Quercus spp. 700 88 2 34.3 30.8 22
Quercus spp. 800 104 2 36.0 30.8 25
Quercus spp. 800 106 2 36.7 30.8 22
Quercus spp. 800 109 2 34.5 30.8 22
Quercus spp. 900 111 2 29.5 23.0 38
Quercus spp. 1000 75 2 36.4 30.8 22
Quercus spp. 1100 102 2 36.3 30.8 22
Quercus spp. 1100 140 2 38.7 30.8 22
Quercus spp. 1600 96 2 33.3 30.8 22
Quercus spp. 4700 103 2 32.0 30.8 24
Alnus rubra 2500 42 3 60.0 30.0 21, 55

*Density of old wood relative to that of recent wood.

b1, OD weight and volume; 2, weight and volume at 12% MC; 3, conventional density (OD
weight and green volume).

‘RH is relative humidity.

plete lack of deterioration. However, it does indicate that the deterioration
of most of the oak and the fir has not been nearly as severe as the old oak
of Figure 1 and the alder (second and last entries, respectively, in Table
III). Thus, most of the equilibrium moisture content values at 100% relative
humidity are only slightly to moderately higher than those for recent wood.
Although the authors concluded in most instances that the hygroscopicity
of the archaeological wood was not significantly different from recent wood,
in every instance the EMC values for the old wood are greater than for
recent wood (22-25). The collective evidence therefore suggests that the
hygroscopicity of buried waterlogged wood does increase, sometimes dra-
matically, but that the amount of increase depends significantly on the extent
and probably also the mechanism of deterioration. Age alone has no dis-
cernible effect on changes in hygroscopicity in the series of oak finds ranging
as far as 4700 years old (Recent Stone Age).

Shrinking and Swelling

Little appears to be known regarding the shrinkage of archaeological wood
stored under dry conditions. Hinoki from historical structures in Japan up
to 1300 years old showed a significant decrease in tangential shrinkage with
age (19), but the findings on hygroscopicity of other old timbers would
suggest little if any change in shrinkage coefficients over time (18).
Shrinking and swelling are of particular concern in the case of old wa-
terlogged wood because it often shrinks significantly more upon drying than
recent wood. This shrinking can result in the virtual destruction of objects
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during drying, because the wood may be too weakened to resist drying
stresses adequately. Serious fractures, severe distortions, and collapse can
therefore occur. The safe drying of waterlogged wood objects is one of the
most challenging problems in the conservation of archaeological wood arti-
facts (26).

In recent wood, shrinkage during drying does not begin until the free
water contained in the cell cavities and capillary spaces has evaporated and
the moisture content falls below the fiber saturation point, which is ap-
proximately equal to the moisture content in equilibrium with 100% relative
humidity. Shrinkage thus results from the removal of the adsorbed water,
also called bound water. Normal shrinkage does not occur uniformly, and
this variation gives rise to stresses at several levels. The tendency to shrink
with loss of bound water is greater perpendicular than parallel to the cellulose
microfibrils. Stresses develop between individual cell wall layers because of
differing microfibril orientation.

Stresses may also occur because rays restrain radial shrinkage of other
tissues, or because low-density, low-shrinkage earlywood is dominated by
high-density, high-shrinkage latewood. These and other morphological fac-
tors, such as differences in structure and composition of radial and tangential
cell walls, are responsible for shrinkage anisotropy and warping. Stresses
can occur if these are prevented from taking place freely. Finally, drying
will always proceed from the outside of an object, so that there will be
stresses between the surface layers and the interior (27).

Healthy recent wood generally has sufficient strength to withstand the
various drying stresses with no more than moderate changes in dimension
and shape and without excessive checking, provided there is some reasonable
control of drying conditions. In severely deteriorated waterlogged wood,
two key changes lead to excessive shrinkage and fracturing, no matter how
much care is taken in drying.

One of these changes is that the degradation of the carbohydrates is
accompanied by a reduction of the crystallinity of the remaining cellulose.
Reduced crystallinity not only leads to increased hygroscopicity, but it also
allows shrinkage parallel to the cellulose microfibrils. The proportionally
greatest increase in shrinkage is therefore in the direction parallel to the
grain (26).

Second, the strength of the cell walls has also been reduced, and they
are therefore less resistant to drying stresses. In particular, cell walls may
have become so thin and weak that they can no longer resist the surface
tension of receding free-water columns in the cell cavities and thus they
collapse. The effect is most pronounced in the tangential direction, where
shrinkage of as much as 65% has been observed in waterlogged beech (17).

Shrinkage or swelling data for the three principal directions of buried
wood, as well as comparative values for recent wood, have been collected
in Table IV. Recent wood values were taken from the publications cited,
and no attempt was made to provide recent wood values when not provided
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Table IV. Shrinkage or Swelling of Buried and Recent Wood

Shrinkage or Swelling, %

Quercus spp., H -
Quercus spp., H -
Quercus spp., S -
Tilia spp. -

40 33.0 10.0 10.0 10.6 4.8 0.4
41 47.0 11.0 13.0 10.6 4.8 0.4
24 47.0 140 12.0 9.4 4.0 04

- 71.4 258 9.0 - - -

Age, DRZS,:;J,-;‘; i 0Old Wood Recent Wood

Species years % T® R L T R L Basis Ref.
Abies alba 900 98 104 45 10 86 39 07 3 23
Acacia spp. 30,000 - 96 7.2 4.6 - - = 3 57
Acer spp. - - 362 146 7.1 - - = 2 48
Alnus spp. - - 454 20.7 6.3 - - - 2 48
Betula odorata 8300 21 67.2 32.3 15.6 - - = 1 56
Betula spp. - - 475 249 79 - - - 2 48
Bischofia polycarpa 6570 90 84 438 - 81 45 - 2 53
Fagus spp. 570 27 67.5 8.5 16.0 12.0 6.0 0.3 2 43
Fraxinus spp. - - 32.1 12.5 6.1 - - - 2 48
Gliricidia spp. 1700 - 33.0 33.0 13.0 - - -1 58
Picea abies 900 58 84 4.6 - 46 22 - 1 3
Picea abies 100,000 61 57 44 - 46 22 - 1 3
Picea spp. - - 26.0 13.0 6.0 - - - 2 59
Pinus sylvestris 300 56 56 3.1 - 48 26 - 1 3
Pinus sylvestris 900 65 44 2.8 - 48 26 - 1 3
Pinus sylvestris 900 105 46 2.0 - 48 26 - 1 3
Pinus sylvestris 900 60 56 2.6 - 48 26 - 1 3
Pinus sylvestris 10,000 105 76 4.8 - 48 26 - 1 3
Quercus spp. 300 75 20.0 6.2 - 53 30 - 1 3
Quercus spp. 570 94 20.0 9.5 - 106 48 04 2 43
Quercus spp. 570 32 58.5 18.5 11.5 9.4 4.0 04 2 43
Quercus spp. 700 88 124 71 10 79 40 06 3 9
Quercus spp. 800 104 15,1 80 07 79 40 06 3 25
Quercus spp. 800 106 151 80 1.0 7.9 4.0 0.6 3 9
Quercus spp. 800 109 119 64 09 79 40 06 3 9
Quercus spp. 900 111 20.8 11.5 - 11.3 53 - 3 38
Quercus spp. 1000 20 62.2 16.4 - 53 30 - 1 3
Quercus spp. 1000 75 130 69 40 79 40 0.6 3 9
Quercus spp. 1000 91 17.1 6.8 - 53 30 - 1 3
Quercus spp. 1100 102 138 93 12 7.9 40 06 3 9
Quercus spp. 1100 140 249 91 11 79 40 06 3 9
Quercus spp. 1500 96 158 6.6 - 53 30 - 1 3
Quercus spp. 1600 96 160 78 13 79 40 06 3 9
Quercus spp. 4700 96 119 80 05 89 43 04 1 52
Quercus spp. 4700 103 123 59 10 79 40 05 3 24

2 59

2 59

2 59

2 48

2 48

Ulmus spp. -

- 389 135 6.9 - - -

“Density of old wood relative to that of recent wood.

T, tangential; R, radial; L, longitudinal.

°1, shrinkage from waterlogged to air-dried; 2, shrinkage from waterlogged to oven-dried; 3,
swelling from oven-dried to 100% RH.

or to reconcile differences in recent wood values for the same genus. Values
for Bischofia polycarpa were calculated from shrinkage coefficients by as-
suming a fiber saturation point of 30%.

Table IV shows that the old wood, with the exception of two Scots pine
finds, always shrinks more than recent wood. Age alone does not emerge
as a sole factor by which increases in shrinkage can be estimated. Increases
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in longitudinal shrinkage are most dramatic, with a number of observations
of more than 10% shrinkage, yet the shrinkage of recent wood does not
exceed 0.6%. Although the radial and tangential shrinkage values of old
wood can also increase substantially, the increase is not in the same pro-
portion. As a result, the degree of shrinkage anisotropy of the most severely
deteriorated buried wood is substantially reduced. Some samples show a
ratio of tangential to longitudinal shrinkage of little over 3, but a factor of
at least 10 is characteristic of recent wood. These observations are consistent
with loss of cellulose and decrystallization of the remaining cellulose, as the
physical organization of the semicrystalline microfibrils is the principal factor
determining the anisotropic nature of wood (28).

The largest shrinkage values in Table IV are associated with low values
of residual density. Increases therefore appear to be related to the degree
of deterioration. This cannot be a simple linear relationship of direct pro-
portionality. Even old wood with little or no apparent mass loss (residual
density values of about 100%) can exhibit significant increases in shrinkage.
De Jong (29) found that the longitudinal and tangential shrinkage of water-
logged oak was related linearly to maximum moisture content.

Figure 2 is a plot for volumetric shrinkage of waterlogged oak (I). It
shows that at the same maximum moisture content level (indicating equal
values of conventional density and thus no mass loss), the waterlogged wood
nevertheless would have more than twice the shrinkage of recent wood.
Although there may have been no net mass loss, some wood substance could
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Figure 2. Volumetric shrinkage of archaeological oak wood as a function of
maximum moisture content. (Adapted from ref. 1.)
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have been lost with simultaneous compensation by the deposition of min-
erals. In either case, structural changes do occur.

The data of Table IV were used to calculate a shrinkage (or swelling)
ratio by dividing tangential, radial, and longitudinal shrinkage values of old
wood by the respective value for recent wood. A shrinkage ratio of 2 thus
indicates a doubling of shrinkage of the archaeological over the recent wood.
The results have been plotted in Figures 3, 4, and 5.

There is considerable scatter in the data, as is hardly surprising because
of the variety of species, conditions of exposure, manner of measuring the
shrinkage, and the different bases for expressing density. The trend for
increasing shrinkage ratio with decreasing residual density (increasing mass
loss) emerges quite clearly, particularly for longitudinal shrinkage (Figure
3) where the increase is the greatest, followed by tangential shrinkage (Figure
4), and finally radial shrinkage (Figure 5), where the effect is the least.

Mechanical Properties

The effect of aging on mechanical properties of dry wood has received rel-
atively scant attention. In general, dry conditions of storage or use inhibit
most agents of deterioration. Except in the case of insect attack, no major
changes in mechanical properties are expected under dry conditions (14).
Tests of old teak wood that had been in service in a Buddhist monastery for
1800 years showed it to be 14% higher in density and 47% higher in compres-
sion strength parallel to grain (hereafter simply referred to as compression

60

Shrinkage or swelling ratio
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Residual density, %

Figure 3. Longitudinal shrinkage ratio of old and recent wood as a function
of residual density, from the data of Table IV.
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Figure 4. Tangential shrinkage ratio of old and recent wood as a function of
residual density, from the data of Table IV.
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Figure 5. Radial shrinkage ratio of old and recent wood as a function of residual
density, from the data of Table IV.
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strength) than recent wood (30). This case is clearly another example of the
dangers inherent in comparing individual samples of old wood to species
averages of recent wood, and thus does not allow any conclusions beyond
noting that it is consistent with the expectation of little deterioration.

Tests of a 500-year-old sample of Pterocarpus spp. taken from an altar,
on the other hand, indicated some reduction in bending strength and stiffness
and possibly also in compression strength, although the data were somewhat
inconsistent (31). More extensive tests were made of samples from a roof
beam of Picea abies that had been in service for 300 years. After adjustment
for differences in density, the old wood had the same or slightly higher
tensile, compression, and bending strengths and somewhat lower impact
bending strength than recent wood (32).

A sample of Pinus pinea from the Pyramid of Teti, dating to 2350 B.C.,
was compared with recent wood of the same species. When density differ-
ences are taken into account, the old wood had about the same bending
strength and stiffness in compression parallel to the grain. Bending stiffness
and maximum crushing strength were higher in the old wood. Work to
maximum load was lower in static bending and higher in compression parallel
to grain when density differences were taken into account. The sum total of
the results showed that the wood was remarkably well preserved (33).

Results of systematic studies by Kohara (19, 34) are summarized in
Figure 6. They show that in the case of hinoki, a softwood, bending and
compression strengths increase over the first 200-300 years of exposure and
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Figure 6. Bending and compression strength of hinoki and keyaki as a function
of time during dry exposure. (Adapted from ref. 19.)
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subsequently decrease gradually, so that after about 1500 years the strength
is again the same as it had been in the beginning. He attributed this behavior
to initial increases in cellulose crystallinity, a process that becomes complete
in about 300 years. A continual degradation of carbohydrates is responsible
for the subsequent decrease in strength. Keyaki, a hardwood, did not show
any initial increases; it degraded continuously and at a greater rate than the
hinoki. Measurements of the same hinoki timbers used by Kohara gave a
plot of the piezoelectric modulus over time very similar to those for strength
(35, 36).

Table V lists values taken from the literature of maximum crushing
strength in compression parallel to the grain, and static bending strength
and stiffness (modulus of rupture and modulus of elasticity) of buried wa-
terlogged wood. In virtually every case, values of residual strength are lower
than those of residual density. Therefore, strength losses are not directly
proportional to mass losses, and degradation of the quality of the remaining
substance also takes place. The few exceptions are for material where there
has been little or no apparent mass loss. It may be tempting to attribute the
disproportionate strength losses to the accumulation of mineral deposits,
which would contribute to density but are not likely to have major effects
on strength. However, the deposits do not occur in quantities sufficient to
explain more than a fraction of the additional losses in strength.

Early degradation of carbohydrates might indicate that tensile strength
and bending strength would be affected more than compression strength
parallel to the grain. The data of Table V, however, show about the same
residual strength values for compression and bending strength, amounting
to an average of 53.2 and 51.4%, respectively (comparing only material where
both tests were made). Modulus of elasticity and modulus of rupture values
are reduced to about the same extent. The literature on the effects of early
stages of decay also indicates that modulus of rupture and modulus of elas-
ticity are affected about equally, but that the effect on compression strength
parallel to the grain is less (37).

Buried oak 900 years old that was in an excellent state of preservation
showed a relationship between density and compression strength that was
the same for old and recent wood (38). Subfossil oak 8500 years old gave
different results, the regressions of compression and tensile strength having
about the same slope for subfossil and recent wood. However, the strength
of the subfossil wood, which had an ash content of only 1.5%, was much
less at equal levels of density (39). The data of Table V are plotted in Figures
7 and 8, showing the residual compression strength and residual modulus
of rupture, respectively, as a function of residual density. The loss in strength
is proportionately greater than the mass loss. The curves shown in the figures
were drawn arbitrarily and forced through the point of 100% residual strength
and density. The relationships are quite similar for both properties, and
it does not appear that results were different for green or air-dried mate-
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Figure 7. Residual compression strength parallel to grain as a function of
residual density, based on data in Table V.
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rial. The same type of relationship was found for more limited data of oak
only (I).

Impact bending strength or shock resistance is recognized as being
generally most sensitive to early stages of degradation, including decay (37)
and thermal degradation (40). Available data on impact bending strength,
along with a few other miscellaneous properties of waterlogged wood, are
shown in Table VI. Although there are some very low values of residual
impact bending strength, there are also some astonishingly high ones. Hoff-
mann et al. (I) attributed high impact bending strength values to low stiffness
values, and increases in plasticity may contribute as well (12). The average
residual impact bending strength value from Table V1 is 68%, and the average
of the matching residual bending strength values from Table V is an almost
identical 67%. This agreement indicates that the mechanisms of fungal decay
and thermal degradation are not the same as those affecting buried wood.

The deterioration experienced by archaeological wood is not generally
uniform. Damage in the Mary Rose was distributed in patches (41), and it

Table VI. Residual Values of Impact Bending Strength and Other Properties
of Buried Wood

Residual Values Compared
to Recent Wood

Impact Other
Age, Density, Bending, Properties,
Species years MC° % % % Ref.
Abies alba 900 AD 98 71 - 23
Bischofia polycarpa 6570 AD 90 75 80 (shear) 53
Bischofia polycarpa 6570 AD 90 - 74 (hardn.) 53
Bischofia polycarpa 6570 AD 90 - 77 (comp. perp.) 53
Bischofia polycarpa 6570 AD 90 - 95 (tens. perp.) 53
Pseudotsuga menziesii 70 G 92 60 - 54
Quercus spp. 330 G 71 27 63 (hardn.) 50
Quercus spp. 700 AD 88 43 - 10
Quercus spp. 800 AD 106 86 - 10
Quercus spp. 800 AD 109 93 - 10
Quercus spp. 900 AD 111 - 115 (hardn.) 38
Quercus spp. 1000 AD 75 21 - 10
Quercus spp. 1100 AD 102 50 - 10
Quercus spp. 1100 AD 140 121 - 10
Quercus spp. 1600 AD 96 57 - 10
Quercus spp. 1600 G 36 3 - 1
Quercus spp. 1600 G 73 124 - 1
Quercus spp. 4700 AD 96 76 65 (tens. par.) 52
Quercus spp. 4700 AD 96 - 68 (hardn.) 52
Quercus spp. 4700 AD 96 - 95 (shear) 52
Quercus spp. 4700 AD 103 118 - 24
Quercus spp. 8500 AD 97 144 73 (tens. par.) 39
Quercus virginiana 240 G 85 - 46 (hardn.) 12

“Moisture content. AD is air-dry; G is water saturated.
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is quite common for deterioration to be confined to surface layers of larger
members (1, 17). Figure 9 shows how the bending strength of Douglas fir
of excavated pilings in the ground for 70 years undergoes substantial increases
with distance from the exposed surface (42). Although in this case the changes
were presumably all within the sapwood, similar differences between inner
and outer portions of oak heartwood have also been found (I, 43).

Nondestructive Evaluation

Treatments of deteriorated wood, which are often indispensable, especially
for waterlogged wood, must be tailored to the particular properties and state
of deterioration of each object (44). Therefore, it becomes highly desirable
to find appropriate methods of nondestructive evaluation. Some preliminary
experiments with ultrasonic pulse measurements appeared to be sensitive
to the loss in degree of anisotropy accompanying loss of crystalline structure
in cellulose (45). However, most published efforts appear to have been
focused entirely on hardness measurements (41, 46—48).

Hardness measurements are not always truly nondestructive, and much
depends on the particular method chosen. A special method that does not
cause any damage has been reported but not described in detail (48), but
other methods may leave some dents or needle holes (47). The latter, al-
though quite unacceptable in some cases, might be considered virtually
nondestructive in particular situations, especially with larger objects. An
example is the survey conducted on timbers of the Mary Rose using a needle
impact hardness tester (Pilodyn instrument) (41).
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Figure 9. Bending strength of matchstick specimens as a function of distance
from pile surface. (Adapted from ref. 42.)
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Kazanskaya and Nikitina (48) found that their special hardness test
showed good correlation with maximum moisture content and also with
shrinkage of waterlogged wood. Masuzawa et al. (46) used a hardness test
method intended for rubber testing and found it to be useful as a nonde-
structive method for waterlogged wood. Measurements on waterlogged Jap-
anese horse chestnut (Aesculus turbinata) dating from the 2nd or 3rd century
A.D. gave linear relationships between hardness and maximum moisture
content and between radial and tangential shrinkage, as well as a semilog-
arithmic relationship between hardness and compression strength. All re-
lationships are statistically significant at the 1% level. Maximum moisture
content values ranged from 333 to 1053%, with an average of 643%. These
values correspond to a range in conventional density from 89 to 250 kg/m?
(recent wood about 440 kg/m?), a good range of severely deteriorated wood.
Figure 10 shows the plot of maximum moisture content as a function of
hardness. There is much variability, but the relationship shows promise for
using hardness measurements as a nondestructive method for assessing the
degree of deterioration of waterlogged wood.
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Figure 10. Maximum moisture content of Japanese horse chestnut as a function
of hardness. (Adapted from ref. 46.)
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The Chemistry of Archaeological Wood

John 1. Hedges

School of Oceanography, WB-10, University of Washington,
Seattle, WA 98195

Wood is composed of complex mixtures of polysaccharides and lignins
whose compositions and relative abundances vary widely among tree
and cell types, as well as within the ultrastructure of individual cells.
The mechanisms and rates of degradation of these various wood
components are dependent on environmental conditions and the mi-
crobial flora that they favor. A wide variety of chemical methods is
available for characterizing the state of preservation of both ar-
chaeological and unworked wood, including determinations of ele-
mental composition, C NMR spectra, and chemical degradation
products. In general, such chemical analyses of ancient woods show
preferential loss of polysaccharides versus lignin, selective degra-
dation of syringyl structural units within hardwood lignins, and el-
evated levels of nitrogen and ash.

THE AVAILABILITY AND UNIQUE PHYSICAL PROPERTIES of wood have made
it the material of choice since antiquity for the fabrication of shelters, tools,
transportation devices, and objects of art (I). Although wood is among the
most resistant of all organic materials, its usual environmental fate is eventual
decay. Wooden objects are preserved for long periods of time only under
extremely cold, wet, dry, or anoxic conditions. Because wooden artifacts
provide a rich and varied record of our early activities and technology, the
characterization and preservation of archaeological wood is a subject of wide
interest.

The appearance and physical properties of fresh and archaeological
woods depend in large part on the chemical composition of the material. In
turn, the chemistry of wood is intimately related to its structure. Although
all woods comprise primarily polysaccharides and lignins, the types and

0065-2393/90/0225-0111$08.50/0
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amounts of these organic polymers vary taxonomically, as well as among the
different kinds of cells and cell wall layers within a given wood. The microbial
degradation of wood is fundamentally a chemical process that often leads to
selective alterations of specific compounds and structures. Thus, to under-
stand and treat wood, especially valuable archaeological samples, it is useful
to have a basic understanding of the chemistry of this complex solid mixture.

This chapter reviews the chemistry of fresh wood and the compositional
changes that it undergoes over time in natural environments. Particular
attention is given to characteristic chemical alterations that occur during
microbial degradation under conditions that favor different wood-destroying
microorganisms. Although the immediate focus of this chapter is on archae-
ological wood, much of the information on degradation mechanisms and the
attending chemical effects is drawn from laboratory and field studies of un-
worked samples. One of the main goals of this overview is to facilitate the
exchange of insights and techniques on the chemistry of degraded wood
between geochemists and archaeologists, who often face related problems
in sample characterization and treatment.

Wood Chemistry

Sound wood can be thought of as a complex heterogeneous mixture of large
organic polymers. Types of polymers and their relative abundance depend
on both the cellular microstructures within which they occur and the kind
of tree from which they come. The three main chemical constituents of
sound woods are cellulose, hemicelluloses, and lignins. Although cellulose
is a well-defined single polysaccharide, both hemicelluloses and lignins in-
clude a wide variety of individual polymer types. Figure 1 illustrates the
fact that cellulose, hemicelluloses, and lignins together typically comprise
95 wt % or more of dry wood (2). Organic substances (such as fats, waxes,

MAJOR WOOD CONSTITUENTS

- Extractives

D Hemicellulose
[j Cellulose

Weight Percent

Figure 1. Weight percentages of cellulose, hemicellulose, and lignin in the
different cell wall layers of a typical gymnosperm wood.
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resins, and simple phenols) that can be extracted with nonpolar solvents
(“extractives”) account for all but about 1% of the remaining material. A
portion of this last percent of wood is inorganic material, which usually is
quantified as the “ash” remaining after the sample is heated to approximately
600 °C (3).

Cellulose. Cellulose, the main structural polysaccharide of plant cells,
makes up approximately 40-45 wt % of wood (4). Cellulose is a polymer of
D-glucose, a six-carbon reducing sugar. Individual cellulose molecules in
wood contain approximately 7000-12,000 glucose residues (C¢H 1,O5), joined
together in a chain by the elimination of one molecule of water between
hydroxyl groups on adjacent monomers (2, 4). Individual cellulose molecules
are on the order of 3-5 wm long (2). These molecules are linear as a result
of hydrogen bonding between hydroxyl groups within the sugar sequence.

Hydrogen bonding also leads to strong associations among adjacent cel-
lulose molecules, which organize along their long axes to form bundles known
as elementary fibrils. These structural units contain approximately 40 cel-
lulose molecules and have a diameter of 2-4 nm (2, 4, 5). Elementary fibrils
appear to associate into larger parallel structures called microfibrils, which
have diameters of 10-30 nm (4).

Glucose molecules in fibrils are so regularly aligned that about 70% of
the structures are crystalline, as indicated by X-ray diffraction measurements
(4). The extreme order and high degree of intermolecular association within
cellulose fibrils impart great tensile strength and a low solubility in most
solvents. The polymer is relatively resistant to hydrolysis and must be pre-
treated with 12 M sulfuric acid before it can be completely hydrolyzed to
glucose by mineral acids (6).

Hemicelluloses and Pectins. The second major polysaccharide con-
stituents of wood, hemicelluloses, typically account for 20-30% of the tissue
mass. These polysaccharides, first distinguished from cellulose by their sol-
ubility in aqueous alkali, were called hemicelluloses because they were
thought to be intermediates in cellulose biosynthesis (7). Although this hy-
pothesis is not true, the name has persisted and has come to designate most
cell wall polysaccharides except cellulose and pectin. Hemicelluloses, also
called polyoses, differ from cellulose by having molecular chains that are
often branched and much shorter—approximately 100-200 sugar residues
per molecule (7). In general, hemicelluloses also have less-ordered structures
and higher solubilities and are more readily hydrolyzed.

Hemicellulose compositions vary widely among tree species and wood
structures. The different major wood hemicelluloses listed in Table I are
named for the simple sugars from which they are formed. The major hemi-
cellulose in softwoods is a glucomannan that contributes 10-15% of the wood
mass. This polymer consists of an unbranched chain containing about one
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Table I. Major Hemicellulose Components of Softwood and Hardwood
» Residues
Amount, Composition per
Hemicellulose Type % of Wood Units Molar Ratios  Molecule

Softwoods
(Galacto)glucomannan 10-15 Mannose
Glucose
Galactose
Acetyl

Galactoglucomannan 5-8 Mannose
Glucose
Galactose

Acetyl

Arabinoglucuronoxylan 7-10 Xylose
4-O-MGA*
Arabinose

100

f—

100

—
RO =W =0

w

100

Hardwoods
Glucuronoxylan 15-30 Xylose
4-O-MGA*
Acetyl 7

Glucomannan 2-5 Mannose 1-2 200
Glucose 1

200

ot
—_—O

SOURCE: Reprinted in altered form with permission from ref. 2. Copyright 1981 Academic Press.
*4-O-Methylglucuronic acid.

glucose residue for every four mannose units. It also has small amounts of
galactose, which sometimes leads to the designation (galacto)glucomannan.

Gymnosperm woods also contain a galactoglucomannan in which these
three sugars occur in ratios of approximately 1:1:3. The galactose occurs as
a single-unit side chain to a backbone chain resembling that found in the
glucomannan (2). Both of the previous polysaccharides contain acetyl groups
(one of which is ester) linked to every third or fourth of the backbone glucose
and mannose units.

The final major hemicellulose is an arabinoglucuronoxylan, which ac-
counts for 5-10% of softwood (4). This polysaccharide has a linear xylose
chain onto which arabinose and 4-O-methylglucuronic acid units are indi-
vidually attached. For every 10 xylose units, the molecule contains approx-
imately one arabinose and two 4-O-methylglucuronic acid substitutions. The
side-chain substituents make this hemicellulose susceptible to acid hydrol-
ysis, but resistant to alkali-catalyzed degradation (2).

The major hardwood hemicellulose is a glucuronoxylan that, depending
on the particular angiosperm species, constitutes 15-30% of the wood (Table
I). The linear backbone of the molecule is formed of xylose units, approxi-
mately 70% of which contain O-acetyl groups. On average, about 1 in 10
xylose residues is substituted by a single 4-O-methylglucuronic acid unit.
Although the side-chain linkages are resistant to hydrolysis by acid, the bonds
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between the backbone xylose units are not. The ester linkages of the acetic
acid groups to the xylose chain are particularly sensitive to base hydrolysis
and are slowly cleaved, even within the wood of living trees (2). The slow
hydrolysis of acetic acid from hemicelluloses is thought to contribute toward
the weak to moderately acid pH range (3.3-6.4) characteristic of water within
most temperate woods (4).

Hardwoods also contain minor amounts (2-5%) of a glucomannan, which
contains one to two mannose units for every glucose. In general, hardwood
hemicelluloses are characterized by high concentrations of xylose and acetic
acid structural units, whereas softwood hemicelluloses are relatively rich in
mannose.

Pectins are a minor (<1%), but functionally important, polysaccharide
component of wood. Pectins constitute the cell wall during early growth and
consequently are later found within the middle lamella. Polymers of this
type are made up of a backbone that contains predominantly galacturonic
acid units, interspersed sometimes with the deoxy sugar, rhamnose (4). The
carboxyl groups of the galacturonic acid units typically occur as methyl esters
or calcium salts. Pectins also contain minor levels (10-25% total) of galactose,
arabinose, xylose, and fucose, which are attached as side chains to the uronic
acid backbone (8). As a class, pectins are characterized by high solubility in
neutral water.

Lignins. Lignins are amorphous, cross-linked phenolic polymers that
occur uniquely in vascular plants and comprise 20-30% of most wood. Lig-
nins isolated from wood are polydisperse, with molecular weights in the
range of thousands to hundreds of thousands (4). Lignins are produced almost
exclusively from three cinnamyl alcohols, whose structures are shown in
Chart I. These structural units have propylphenyl carbon skeletons and differ

THE BUILDING BLOCKS OF LIGNIN POLYMERS

ﬁfH f}ZH ﬁ?H
CH CH CH
@ OCH; H(C OCH,
H H H
p-Coumaryl Coniferyl Sinapyl
Alcohol Alcohol Alcohol

Chart I. The phenolic building blocks of lignin polymers.
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from each other only in the number of methoxyl groups (-OCHj) that are
substituted on the benzene ring. During lignin synthesis, these monomers
are converted to free radicals that couple randomly to form a structurally
complex three-dimensional polymer.

The details of lignin structure are beyond the scope of this review.
However, the polymer is held together by a wide variety of ether (C-O-C)
and carbon—carbon bonds that are intrinsically strong and resistant to hy-
drolysis. Because of this stability, lignins can be isolated as the residue left
when other wood components are dissolved in 72 wt % sulfuric acid. These
polyphenols, however, are susceptible to oxidizing reagents and are readily
removed from wood by bleaching,

Lignins can be divided into several categories, depending on the extent
to which the three cinnamyl phenols in Chart I are incorporated into the
final structure. This classification is related to both the type of tree and the
type of tissue in which biosynthesis occurs. For example, guaiacyl lignin,
which occurs in softwoods, is formed almost exclusively by polymerization
of coniferyl alcohol. Gymnosperm reaction wood, which forms in regions of
trees that are under compression, also contains relatively high concentrations
of p-hydroxyl structural units (9) derived from p-coumaryl alcohol. In con-
trast, hardwoods are characterized by guaiacyl-syringyl lignin, which is made
by copolymerization of coniferyl and sinapyl alcohols in average overall molar
ratios of 4:1 to 1:2 (2). The relative proportions of syringyl structural units
usually increase with the maturity of the wood (4).

The relative abundances of the three different types of lignin structural
units have an important effect on the extent of cross-linking within the
polymers. The free radical reaction by which lignin polymers are formed
can lead to cross-linking on the benzene ring at unmethoxylated carbons
that flank the carbon carrying the phenolic oxygen. As a result, lignin poly-
mers containing guaiacyl and p-hydroxyl structural units have more cross-
linking than those rich in syringyl monomers. For this reason lignin polymers
in hardwoods have a lower structural integrity and typically are chemically
degraded more easily than softwood lignins.

Chemical Architecture

The types and relative abundances of cellulose, hemicellulose, and lignin
vary among wood cell types, between earlywood and latewood, and within
individual cell walls. These distributional differences affect the relative re-
sistance of the various components to degradation and are best worked out
for spruce wood tracheids and birch wood fibers, which constitute roughly
95 and 80%, respectively, of the volumes of the corresponding woods (2, 5).

The relative abundances of the major components in different cell wall
layers of spruce (Picea abies) tracheids are illustrated in Figure 2. The com-
pound middle lamella (CML) contains 14% cellulose, 27% hemicellulose,
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COMPOSITION OF SPRUCE TRACHEID CELL WALLS
(Weight % of Individual Cell Walls)

) Hemicellulose

Figure 2. The percentages of cellulose, hemicellulose, and lignin in spruce
earlywood tracheids. (Constructed from data in ref. 4.)

and 59% lignin (4). The cell corners themselves contain 85% lignin and are
by far the most lignin-rich regions of the wood. The thin outer (S;) secondary
wall is composed of almost equal amounts of cellulose and hemicellulose
(36%), along with slightly less lignin (27%). The inner (S,) secondary wall
and the tertiary wall that it surrounds are made of 59% cellulose, 14%
hemicellulose, and 27% lignin. Thus, the highest levels of cellulose are found
in this inner-wall layer, whereas lignin is concentrated in the outer- and
between-wall regions. The compositions of earlywood and latewood are quite
similar (4).

The percentages of total biopolymer that reside within the different cell
wall layers are illustrated in Figure 3. These percentages depend both on
the compositions described and on the relative volumes of the layers them-
selves. The relative volumes vary between earlywood and latewood, and
will be discussed for earlywood. On the basis of microscopic observation (4),
the CML region accounts for about 12% of the total tissue volume of spruce
earlywood. This wall component contains approximately 4, 21, and 27%,
respectively, of the total cellulose, hemicellulose, and lignin in spruce trach-
eids. The adjacent S, layer has a comparable volume and contains 9, 23,
and 10% of the total cellulose, hemicellulose, and lignin, respectively.

The S, plus tertiary (T) cell wall layers account for about 75% of the
tissue volume in earlywood and 80% in latewood. Because of its great thick-
ness, the S,+ T layer contains the majority of the cellulose (87%), hemicel-
lulose (56%), and lignin (63%) in earlywood tracheids. These fractions are
even greater for latewood tracheids, which have thicker secondary walls. At
the molecular level, arabinans and galactans are concentrated in the CML
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DISTRIBUTIONS OF POLYMERS IN SPRUCE TRACHEIDS
(Percentages of Total Polymer in Earlywood)

63

9
56

Il Lignin
E& Cellulose
Hemicellulose

Figure 3. The percentages of the total cellulose, hemicellulose, and lignin that
occur within the different cell wall layers of spruce tracheids. (Constructed
from data in ref. 4.)

and S, layers of softwood tracheids and occur only at trace levels within the
inner (S,+T) cell wall region.

Chemical distributions within hardwoods are more complex because
fiber, vessel, and ray cells contain varying levels of syringyl and guaiacyl
lignin within their different wall regions. Although the distributions of po-
lysaccharides are not as well known as for softwoods, appreciable information
does exist for lignin. As illustrated in Figure 4, the CML between fibers of

DISTRIBUTION OF LIGNIN IN BIRCH WOOD

(Percent of Total Lignin)
) Lignin Type
Fiber SW Guaiacyl
Fiber CC Syringyl
B8 Guaiacyl + Syringyl
,. t Fiber CML-CC
/ Ray Cell SW
7
Vessel SW+CML

Figure 4. The distribution of lignin within different cell wall components of
birch wood. (Constructed from data in ref. 4.)
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birch (Betula papyrifera) wood is composed of 30-40 wt % of lignin that
contains roughly equal concentrations of guaiacyl and syringy! units (4). The
CML of fibers makes up roughly 5% of the total volume of the wood and
contains 9% of its total lignin. The corners of fiber cells have almost twice
the concentration of compositionally similar lignin within half the tissue
volume and thus contain an additional 9% of the total lignin. The combined
secondary walls of birch fiber cells contain only 15-20 wt % of lignin. This
layer, however, accounts for almost 75% of the wood mass and as a result
holds 60% of the total lignin polymer. Lignin within the secondary wall
appears to be primarily of the syringyl type and thus is not extensively cross-
linked (see previous discussion).

In birch wood, the major portion of the remaining tissue volume is
contained within the secondary walls of vessels (9%) and ray cells (10%).
Each structure contains 20-30 wt % lignin and holds about 10% of the total
lignin in the wood. However, the lignin in the secondary wall (and CML)
of vessels is of the guaiacyl type, whereas syringyl lignin predominates within
ray cells. Thus, hardwoods are extremely heterogeneous with respect to
their lignin distributions, both among and within their cell types.

Although the internal cell wall structures of different woods are not well
understood, a variety of models have been proposed (4). These models vary
in detail, but all have the cellulose fibrils surrounded by hemicellulose,
which in turn is embedded within a lignin matrix. Hemicellulose apparently
occurs as an interface between lignin and cellulose, but is covalently bonded
only to lignin (2). Apparently cellulose and hemicellulose form before lignin
is added in a space-filling manner (4).

The different main polymers in wood appear to have structural roles that
are related to this microarchitecture. Cellulose, an intrinsically rigid crys-
talline material, provides the reinforcing framework of the cell walls. The-
oretical treatments of stress—strain relationships in wood under load indicate
that the stiffness of the material is imparted primarily by cellulose fibrils
(10). The main function of hemicellulose and lignin is to buttress the fibrils.
Degradation of any of these wood constituents results in a decrease in the
strength of the material.

Chemical Patterns in the Degradation of Woods

Inspection of the global carbon cycle provides a useful backdrop for consid-
ering the natural fate of wood. Terrestrial ecosystems accumulate an ex-
tremely small fraction of the organic matter photosynthesized within them.
Almost all (>99%) of the organic material produced on land is “remineral-
ized” back to carbon dioxide and water within an average half-life of 10-100
years (11). The small fraction that escapes is exported by rivers to lakes and
coastal marine zones, where a portion of the plant debris becomes water-
logged, sinks, and is incorporated in bottom deposits (12).

Itis not surprising, therefore, that most archaeological wood is preserved
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in waterlogged form within peat and sedimentary deposits. The major ex-
ception to this scenario is material preserved in sheltered environments such
as dry caves or structures where the moisture content of wood remains below
the minimum (20-30% of oven-dry weight) necessary for microbial decay
(13). The lifetime of wood in moist aerobic soils is comparatively short (14).

The relatively brief lifetime of wood in most natural environments largely
reflects the destructive activities of several types of microorganisms, many
of which are specialists in the breakdown of one or more of wood’s polymer
components. Although biologically mediated, the degradative processes are
fundamentally chemical. An in-depth discussion of the different wood-de-
grading microorganisms and the morphological alterations they cause is pre-
sented in other chapters of this book. This chapter concentrates primarily
on the characteristic chemical changes caused in wood by the four different
broad classes of wood-destroying microorganisms: white-rot fungi, brown-
rot fungi, soft-rot fungi, and bacteria.

Fungal Degradation. As shown in Figure 5a, white-rot fungi de-
grade all the major components of wood. Some species of this subdivision
of Basidiomycetes preferentially destroy lignin and leave behind a wood
residue enriched in polysaccharides, which are white. These obligate aerobes
are in fact uniquely able to derive nourishment from the lignin component
of wood, although polysaccharides also are always degraded (16). Wood decay
by white-rot fungi is brought about by a suite of exoenzymes that cause
pervasive wastage of the cell wall. The oxidative lignin-degrading enzymes
create a variety of chemical changes, including decreases in methoxyl, phe-
nolic, and hydroxyl contents, benzene ring cleavage, and side-chain oxidation
(17). The remaining oxidized lignin is characterized by elevated oxygen
content, greater concentration of carboxyl groups, and elevated yields of
acidic chemical degradation products (17). In general, white-rot fungi effi-
ciently remineralize intermediates produced in the degradative process so
that high concentrations of altered material do not accumulate. ‘

Brown-rot fungi preferentially degrade wood polysaccharides (Figure
5b) and leave behind an altered lignin-rich brown residue. Like white-rot
fungi, brown-rot species are Basidiomycetes and obligate aerobes. Their
major chemical effect on lignin is demethylation of aromatic methoxyl groups,
along with limited cleavage and hydroxylation of the benzene ring (17). The
lignin structure apparently remains relatively intact. In contrast, woods de-
cayed by brown-rot fungi typically suffer extensive loss of hemicelluloses and
drastic decreases in the molecular weight of the cellulose fraction. Polysac-
charide degradation is apparently mediated in part by a very diffusive oxi-
dative agent, which depolymerizes cellulose more rapidly than it can be
remineralized (16). The net result is the accumulation of high relative con-
centrations of altered low-molecular-weight intermediates that exhibit high
solubility in water, especially at elevated pH (18).
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Figure 5. Trends in polysaccharide and lignin content during the degradation
of wood by (a) white-rot and (b) brown-rot fungi. (Constructed from data in
ref. 15.)

Soft-rot fungi have not been studied as much as the other wood-decaying
types and appear to be variable in their patterns of degradative attack. In
general, however, it appears that the Fungi Imperfecti and Ascomycetes that
cause this characteristic type of surficial decay are able to degrade lignins
as well as polysaccharides. Under most circumstances, soft-rot fungi pref-
erentially attack polysaccharides, but not with pervasive depolymerization
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such as occurs during brown rot. Wood decayed by soft-rot fungi usually
does not contain high concentrations of altered lignins or polysaccharides
(16). Significantly, fungi that degrade woods in aerobic waters are primarily
of the soft-rot type (19, 20).

Bacterial Degradation. Bacteria can measurably degrade wood and
its lignin component under aerobic conditions (4). However, bacteria destroy
wood much more slowly than fungi, which are the main agents of decom-
position in terrestrial environments. In general, bacteria attack polysac-
charides in strong preference to lignin and degrade hemicellulose faster than
cellulose (4). The observation that delignification greatly accelerates the rate
of weight loss from wood undergoing bacterial attack suggests that lignin
may act as a physical barrier to degradative enzymes (21).

Bacteria are the only common microbial agents of wood degradation that
are capable of functioning under anaerobic conditions. This distinction is
important for the study of archaeological wood because much of it is re-
covered from sedimentary environments where anaerobic conditions have
prevailed. Even if surrounded by oxygenated water, waterlogged wood
should act both as both a sink and a transport barrier for O, and lead
eventually to internal anoxia.

The rate of wood degradation by bacteria under anaerobic conditions is
slow. Benner et al. (22) reported only 1.5 and 4.1% degradation after 246
days under strictly anaerobic conditions. Holt and Jones (23) demonstrated
that test blocks of beech wood buried in anaerobic sediments are superficially
degraded within months by a variety of rod-shaped bacteria. Others, how-
ever, report no measurable degradation of lignin in the absence of molecular
oxygen. Little information has been published about the chemical compo-
sition of wood that has been degraded by known types of bacteria under
anaerobic conditions (24).

Chemical Means of Characterizing Woods

Chemical analyses can be a useful tool for determining both the origin of
wood and its state of preservation. In the case of archaeological wood, where
the wood type tends to be evident morphologically, the degree and type of
degradation that the sample has suffered are often the major consideration.
Volumes have been written about different chemical methods for analyzing
wood (2). This section will focus on selected chemical techniques that have
been successfully applied to old woods by archaeologists or geochemists.
The discussion will emphasize practical considerations that might help in
the selection of analytical techniques for applications to specific types of
archaeological wood samples.
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Solubility. Solubility-based gravimetric quantification of total cellu-
lose, hemicellulose, and lignin has been by far the most commonly used
method for determination of the bulk composition of both archaeological and
other old woods. These techniques were developed by wood chemists to
isolate, characterize, and quantify the major components of sound wood (3).
Although the details of the various isolation methods are beyond the scope
of this review, the procedures are based on physical isolation via selective
solubilizations of other components, followed by weighing of the residue.

Figure 6 illustrates a typical scheme involving removal of lignin from
extracted whole wood by bleaching with sodium chlorite; the remaining
holocellulose contains both cellulose and hemicellulose. Hemicellulose can
then be preferentially extracted from helocellulose by base (4-5% NaOH),
leaving behind a relatively pure cellulose residue. Hemicellulose can be
determined by difference. Lignin is usually quantified as the residue left
after all polysaccharides have been removed by strong acid. Klason lignin,
for example, is the insoluble product from the treatment of sound wood with
72 wt % sulfuric acid (9).

Because of the extreme structural and chemical complexity of wood,
none of the previous gravimetric analyses is completely accurate. Both losses
of the desired isolate and contamination are constant problems (3, 4). There-
fore, changes in chemical composition attending the environmental decom-
position of wood can lead to artifacts in gravimetric analyses of the major
constituents. For example, degradation of a structural polymer typically
increases its solubility in acid and base (25), producing erroneously low values

A TYPICAL GRAVIMETRIC WOOD ANALYSIS

moisture
| WHOLE WOOD| analysis
benzene/methanol
EXTRACTIVES (water)
EXTRACTIVE-FREE
WOOD
72 wWt% v sodium chlorite
sulfuric acid
HOLOCELLULOSE
LIGNIN KESIDUE
i ¢— | HEMICELLULOSE
RESIDUE alkali Y A r J
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Figure 6. A scheme for the gravimetric quantification of the major wood
components by preferential solubilization.
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for residues and high results for any component, such as hemicellulose, that
might be obtained by difference. In addition, ash levels typically are elevated
in woods collected from soils and sediments (25, 26) and can lead to gravi-
metric errors, especially if derived from recalcitrant mineral precursors such
as pyrite. Direct weighing methods typically require gram-size samples so
that transfer errors are minimized. Nevertheless, gravimetric analyses pro-
vide a comprehensive and direct assessment of the major wood constituents
without the need for expensive instrumentation.

Elemental Composition. Elemental (CHN) analysis, a rapid and
relatively inexpensive method for characterizing wood composition, has been
widely applied to geochemical samples. Within a few minutes an organic
elemental analyzer can directly measure the weight percentages of C, H,
and N in a wood sample weighing less than 1 mg (27). If the ash and water
content of the sample are known, then the weight percent of O can be
estimated by difference. Ideally, the total measured H and O contents would
be corrected for the moisture content of the wood. This approach provides
four elemental concentrations that theoretically could be used to calculate
the weight percentages of up to an equal number of wood constituents (28,
29).

An application of elemental composition for the characterization of bur-
ied woods is illustrated in Figure 7 in the form of a van Krevelen plot of
atomic H/C versus O/C ratios (30). In this case, buried alder and oak woods
can readily be distinguished from their modern counterparts by the lower
hydrogen and oxygen contents of the degraded samples. Plots of this type
not only illustrate compositional differences, but also can provide crude
reaction trajectories between the compositional points for fresh and degraded
woods. These trajectories can be used to determine the average elemental
composition of the organic material that is being removed or added (29).

In Figure 7, the compositional shift corresponds to preferential carbo-
hydrate loss, which leaves a wood residue that is rich in lignin. Corrections
for residual water, however, were not made for these samples and only
qualitative interpretations are possible, Although nitrogen content is not
employed in van Krevelen plots, it can be used to determine the maximum
possible protein content of a degraded wood (28). Nitrogen also character-
istically increases in degrading wood (31) and thus has possible application
as a diagenetic indicator.

Isotopic Composition. Stable carbon isotope analysis recently has
been shown to have application as an indicator of wood degradation (32).
This method is based on the characteristically low abundance of *C (ap-
proximately 1% of all carbon) relative to *C in lignins versus polysaccharides
(33). Preferential removal of polysaccharide carbon leaves a lignin-rich wood
with a lowered overall *C/'C ratio. Stable carbon isotope analyses are
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Figure 7. A van Krevelen plot of the elemental compositions of buried woods
and their modern counterparts. (Reprinted with permission from ref. 30.
Copyright 1985 Pergamon Press.)

possible with milligram-size samples at moderate expense. Because *C/*C
measurements often are done as a part of the *C dating procedure, this
compositional information can easily be obtained for some archaeological
samples. The main drawback of the technique is that it only offers a single-
value characterization, which also should be determined for a fresh wood of
the same type to account for species-related variability.

Nuclear Magnetic Resonance. Solid sample *C NMR is an exciting
method for the comprehensive chemical analysis of whole wood. The meas-
urement is made with a nuclear magnetic resonance (NMR) spectrometer,
typically operated in the cross-polarization—magic-angle-spinning (CP—MAS)
mode for solid samples (34). As illustrated in Figure 8 and Table II, this
technique provides detailed analyses of the major carbon forms in compo-
sitionally complex materials such as wood. At least nine different major
carbon types in wood can be distinguished in a typical CP~-MAS *C NMR
spectrum and related to different polysaccharide and lignin components.
Diagenetic losses of wood components are clearly evident, as any major
chemical transformations of the residual material would be. Under proper
operating conditions, peak areas reportedly are proportional to the relative
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Figure 8. Comparative CP-MAS C NMR spectra of two different fresh and
buried woods. Assignments of the numbered peaks are given in Table II.
(Reprinted with permission from ref. 30. Copyright 1985 Pergamon Press.)

Table II. ®*C NMR Peak Assignments for Figure 8

Peak Shift, ppm Assignment

1 20 —C-BCH; (methyl in acetyl groups of hemicellulose)
2 50 —O-BCHj; (methoxyl in lignin and hemicellulose)

3 60-65 —C-3CH;0H (Cs of cellulose and hemicellulose)

4 70-75 —C-BCHOH-C (C;, C3, and Cs of above)

5 80-85 —C-1BCHOC-C (C, of above plus lignin side chains)

6 100-105 —C-BCH(OH); (C, of cellulose and hemicellulose)

7 125-135 (non-oxygen-substituted aromatic carbon in lignin)

8 145-155 (oxygen-substituted aromatic carbon in lignin)

9 165-170 —C-"COR (uronic acids and acetate in hemicellulose)

SOURCE: Reprinted with permission from ref. 30. Copyright 1985 Pergamon.

abundances of the corresponding carbon forms (34), which can be identified
further by varying the spectral acquisition parameters in a technique called
dipolar dephasing (34, 35).

The nondestructive analysis can be made in a matter of minutes to hours
on as little as 10 mg of sample. Analysis by CP~-MAS NMR does not ne-
cessitate dissolution of the whole wood and thus avoids chemical artifacts
that can accompany physical separation procedures. The major drawback of
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the method is that CP~-MAS NMR spectrometers are relatively expensive
and must be operated by someone who is aware of the potential biases of
the measurement,

Chemical Degradation. Molecular-level degradative analyses are
being applied increasingly in compositional studies of naturally degraded
woods. This final category of analysis incorporates a wide variety of individual
methods, many of which have been developed by wood chemists (3, 9). Only
three techniques will be reviewed here: analysis of sugars by acid hydrolysis,
characterization of lignin by CuO oxidation products, and wood composi-
tional surveys by analytical pyrolysis.

Acidic Hydrolysis. Acidic hydrolysis of wood releases individual sugars
that can be analyzed by a variety of techniques, including gas chromatog-
raphy (GC) and high-pressure liquid chromatography (HPLC). For the most
part, such analyses have been applied to the neutral sugars, which are more
readily hydrolyzed and derivatized than acidic sugars such as uronic acids.
A gas chromatographic method for the simultaneous analysis of neutral sugars
and uronic acids, however, has recently been published (36).

Although many sugars occur in more than one polysaccharide, glucose
is derived primarily from cellulose. Mannose and xylose are produced largely
by hemicelluloses in softwoods and hardwoods, respectively (2, 4). Galactose
and arabinose are released from both pectin and some hemicelluloses (2).
Among the acidic sugars, 4-O-methylglucuronic acid characteristically occurs
in hemicelluloses (Table I), and galacturonic acid is derived largely from
pectin. The yields of different individual neutral sugars therefore can be
used as indicators of the relative abundances and total amounts of the various
major polysaccharides in a wood sample (3, 30, 37, 38).

Such distinctions among cellulose, hemicellulose, and pectin can be
especially useful in determining the sites and mechanisms of decay. The
major drawbacks of all methods for direct monosaccharide analyses are that
they are somewhat tedious and that careful attention must be given to cal-
ibrations and overall hydrolysis and recovery corrections if accurate yields
are to be determined (38, 39).

CuO Oxidation. CuO oxidation analyses have been employed for dec-
ades in structural studies of lignins (9) and now can be made with as little
as 10-20 mg of whole wood (40). This relatively clean degradative technique,
carried out at elevated temperatures in basic solution, releases a reproducible
fraction of the total lignin in the form of simple phenols whose structures
are shown in Chart II. These phenols are amenable to analysis by gas chro-
matography (40) and a variety of other methods. The CuO reaction products
retain the ring methoxylation patterns of the lignin precursors shown in
Chart I and thus clearly distinguish p-hydroxylphenyl, guaiacyl (vanillyl),
and syringyl structural units.
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Chart I1. Chemical structures of simple phenols that are released by the CuO
oxidative degradation of lignins.

Although phenols with different side-chain substitution patterns are pro-
duced in remarkably constant relative abundances from sound wood, pre-
liminary results suggest that woods degraded by white-rot fungi give
characteristically elevated yields of vanillic acid versus vanillin (41). This
method, therefore, can provide both compositional and mechanistic infor-
mation for naturally degraded woods. Its main disadvantage is that analyses
are time consuming (two to four samples per day) and require moderately
expensive chromatographic equipment.

Analytical Pyrolysis. Analytical pyrolysis is currently one of the most
widely used methods for the characterization of degraded woods from natural
environments. In this technique, a small sample (<0.1-1 mg) of finely ground
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whole wood is heated on a wire or filament in the absence of oxygen. The
wood pyrolytically breaks down to release volatile compounds, which are
then directly quantified by mass spectroscopy (Py—MS) or separated by gas
chromatography prior to analysis by mass spectrometry (Py-GC-MS).

A typical Py-GC-MS trace from a wood sample (Figure 9) contains
50-100 individual peaks corresponding to at least that many products. The
individual pyrolysis products include furans plus a variety of carbonyl com-
pounds that are typical of polysaccharides, particularly cellulose and hemi-
cellulose (42). In addition, many different lignin-derived phenols are
obtained that, like the CuO reaction products, retain the methoxylation
pattern of the parent structural units and carry diagenetic information on
their side chains (43). Characteristic pyrolysis products of wood extractives
such as resin acids also can be detected (44); thus, this analytical method is
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Figure 9. Gas chromatographic traces of the pyrolysis products from recent

(upper trace) and buried (lower trace) oak wood samples. Circles represent

polysaccharide pyrolysis products, inverted triangles represent guaiacyl lignin

pyrolysis products, and upright triangles represent syringyl pyrolysis prod-

ucts. (Reprinted with permission from ref. 44. Copyright 1987 Elsevier Science
Publishers.)
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extremely broad-based. In addition to these advantages, sample throughput
is fast and the mass spectral data are digitized and readily processed by
statistical or pattern recognition treatments (44).

One of the major disadvantages of most current pyrolysis methods is
that, although precise, they do not provide quantitative yield data (e.g.,
milligrams of product per milligrams of sample) that are useful in determining
the overall extent of wood degradation. In addition, the necessary analytical
equipment is expensive.

The Chemistry of Ancient Woods

Most chemical characterizations of old woods have been made on nonar-
chaeological samples (4, 26). With the exception of woods that have been
treated with synthetic preservatives, however, archaeological and unworked
woods should have similar long-term chemical fates in the environment and
can be characterized by the same analytical methods. For this reason, both
wood types will be discussed together in the following section.

Waterlogged woods constitute a major fraction of all preserved samples.
This predominance probably is seen both because wood degradation rates
are slower in water than on land and because natural environments other
than sediments are usually ephemeral over long time periods. Woods that
have been recovered from water ideally would be discussed separately from
those that have been preserved subaerially. This is because woods from
these two different environments are subject to contrasting types of microbial
degradation and spontaneous reactions with ambient chemical agents.

Such clear-cut distinctions, however, are often difficult to make because
the early histories of many samples are not well known. In addition, the
literature on the chemical composition of dry archaeological wood is so sparse
that comparisons to waterlogged counterparts are not very informative.
Therefore these two wood types will be discussed together, but distinguished
where possible. The focus of the following section will be on chemical prop-
erties that most older woods from natural environments hold in common
and likely reasons for these characteristics.

Lignin Concentration. Elevated lignin concentration is the most
commonly reported chemical property of old woods. This characteristic has
now been observed in a variety of woods from such diverse sources as sunken
ships (25, 45, 46), submerged old pilings (37, 47), sediments (30, 48), peats
(32, 42), soils (49, 50, 51), and older geologic deposits (4, 35, 52—-54). The
bulk of the evidence for greater lignin concentrations in old versus fresh
wood comes from differential solubility—direct weighing measurements such
as those given in Figure 10, which also indicate commensurate losses in
polysaccharides. Overall, the extents of these inverse trends do not vary
with sample age in any clear-cut manner. This observation indicates that
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Figure 10. Weight percentages of ash, hot water extract, holocellulose, and
lignin in archaeological oak woods. (Constructed from data in ref. 25.)

spontaneous (abiotic) chemical reactions probably are not the primary deg-
radation mechanism for most samples.

Although degradation can affect the solubility characteristics of both the
lignin and polysaccharides in wood, there is no evidence that carbohydrates
are converted to insoluble alteration products that would interfere with the
analysis of Klason lignin. The depletion in polysaccharide and increase in
the weight percent of lignin do, however, correspond in absolute magnitude
to increased maximal water content (25) (Figure 10) and density loss of the
wood (45). Both of the latter parameters reflect the amount of tissue that
has been lost in a given volume of sample. Thus the compositional trends
result largely from physical removal of wood components by either solubi-
lization or conversion to gaseous degradation products. Physical erosion is,
in fact, the only mechanism by which the mass-normalized concentration of
lignin in the sample could be increased. Because cellulose and hemicellulose
account for essentially all the remaining mass of wood, the degradative
concentration of lignin must result almost exclusively from selective poly-
saccharide removal.

Mass Loss. The amount of the original wood that has been diagenet-
ically lost cannot be calculated directly from the measured decrease in the
weight percentages of holocellulose (or its components) because all constit-
uents of the remnant material are artificially “concentrated” by mass loss.
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The density change versus a fresh wood counterpart must either be known
(difficult because many degraded woods shrink on drying) or be determined
indirectly. One means of indirectly estimating overall mass loss is by the
extent to which lignin is concentrated in the degraded wood. If lignin is not
removed from the wood during degradation (nor lost in the gravimetric
analysis), then the percentage of mass loss from the sample (%ML) can be
estimated from the following equation:

%ML = 100 (1 - %) 1)

where F is the ratio of the final (%L,) to the original (%L.,) weight percentage
of lignin. The value of %L/ %L, is controlled by the original weight per-
centage of lignin in the sample. For woods with %L, = 20-25 wt %, %L/
%L, typically will not exceed 4-5. The weight percentage of holocellulose
(or its components) in a degraded wood can be multiplied by %ML/100 to
obtain the actual percentage of the original component that is preserved in
the remnant wood.

For some waterlogged woods it has been possible to demonstrate from
density changes that the extent of lignin concentration in individual degraded
wood fragments is very close to that expected for conservation of the original
polymer (25). This result indicates that the lignin component of these woods
is absolutely, as well as relatively, resistant to diagenetic removal. In ad-
dition, this good agreement demonstrates that the gravimetric method for
the analysis of lignin works well for these degraded samples.

Chemical Measurements. Other bulk chemical measurements support
the principle of selective polysaccharide loss from old woods. For example,
Spiker and Hatcher (32) have shown that decreases in the C/C, O/C,
and H/C ratios observed for a cedar wood buried in peat are all consistent
with preferential polysaccharide loss, which was also evident from analyses
by CP-MAS *C NMR. As shown in Figure 7, alder and oak woods buried
in freshwater and marine sediments, respectively, were found to have ele-
mental compositions that closely resembled those of pure lignin (30). In this
case the differences between the H/C and O/C compositions of the fresh
and degraded wood pairs had reaction trajectories that corresponded to that
expected for preferential loss of polysaccharides from hardwoods. In both of
the previous studies, selective preservation of lignin was confirmed by
CP-MAS C NMR spectra such as those shown in Figure 8. The same
method was used by Hatcher et al. (47) to show that a 450-year-old spruce
pile from Rotterdam and a spruce log that was buried for 10,000 years in an

anaerobic sediment were both depleted in polysaccharide as compared to
fresh wood.
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Molecular Analyses. Molecular-level analyses of the chemical degra-
dation products of woods also give direct evidence for lignin concentration.
For example, Figure 11 shows the elevated yields of phenolic CuO reaction
products obtained by Hedges et al. (30) from the two buried hardwoods in
Figures 7 and 8. In comparison to fresh woods, the mass-normalized yields
of total vanillyl phenols from these waterlogged samples were increased by
factors of 2.3 for the alder and 3.1 for the oak. When substituted into equation
1, these factors corresponded to minimum calculated losses of 57 and 68%,
respectively, of the original mass of the two woods. The chemically estimated
mass loss from the alder wood agreed almost exactly with a result of 58%
obtained by specific gravity measurements. Because slight chemical alter-
ations of guaiacyl structural units within lignin would be sufficient to decrease
the yield of vanillyl phenols, this agreement also is evidence for the great
stability of this component in woods from sedimentary deposits. However,
liyama et al. (51) reported decreased relative yields of guaiacyl phenols from
ancient hardwoods buried in soils, a result suggesting that lignin was not as
well preserved under these conditions.
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Figure 11. Mass-normalized (ash-free) yields of phenols and neutral sugars

from buried alder and oak woods expressed as a percentage of the yield from
the corresponding fresh wood. Dotted line indicates no measurable yield.
(Reprinted with permission from ref. 30. Copyright 1985 Pergamon Press.)
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Neutral Sugars. Evidence that preferential carbohydrate degrada-
tion causes elevated lignin levels in old woods also can be seen directly from
decreased relative yields of neutral sugars among the acid hydrolysis products
of buried woods. This trend has now been reported both for glucose obtained
from submerged Baltic redwood piles in Stockholm (37) and for neutral sugars
produced from ancient woods buried in soils (51) and sediments (30). In the
latter case the percent total mass losses (estimated using the vanillyl phenol
concentration factors in Figure 11) were used to calculate that at least 90
and 98%, respectively, of the original polysaccharide in the buried alder and
oak woods had been degraded (Figure 12). Pronounced selective loss of
carbohydrate from the same samples was also indicated by Py—GC-MS traces
such as the pair in Figure 9, which showed that the most outstanding dif-
ference between the two pairs of fresh and degraded hardwoods was the
lower ratio of polysaccharide to lignin products obtained from the buried
samples. In an extensive study, Stout et al. (42) reported the same trend

ALDER
40r o M .
30 = t i =
__ | z2% |3||2
g0 2 £ (3|2 )
S |l ummr— |YIE] £ 5
£ x a [}
Y ok =]
= OAK
;40' c ) -
€ T E
g3F 3 5 |3 .
= 1 =3 '_3;]
20r = £ |8||z §
M s .
IO_IQ g 8 E —
= =4 a. (=]
—»..-E[:]

O._

Figure 12. Estimates of the original masses (mg/ 100 mg) of individual biopol-

ymers in fresh wood (total rectangles) that are preserved undegraded (shaded

area) in buried alder and oak wood. The “other” category includes total ex-

tractives and minor polysaccharides that are assumed to be lost. (Reprinted
with permission from ref. 30. Copyright 1985 Pergamon Press.)
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among the pyrolysis products of nine different genera of angiosperm and
gymnosperm woods recovered from peats of the southeast United States.

Relative Reactivities. Although it is clear from the previous discussion
that holocellulose is extremely reactive in buried woods, a consistent rela-
tionship between the relative reactivities of the component polysaccharides
is not evident. Published gravimetric analyses of cellulose and hemicellulose
indicate variable relative reactivities, possibly resulting in part from the effect
of biodegradation on solubility (45). Hedges et al. (30) reported the stability
series for neutral sugars from buried hardwoods shown in Figure 11, in
which arabinose, galactose, fucose, and rhamnose were more stable than
glucose, which was more stable than mannose and xylose. This relationship
and assignments of neutral sugars to specific polysaccharides were used to
estimate the overall mass losses illustrated for these samples in Figure 12.
These results were taken to indicate that pectin was the most refractory
polysaccharide in these woods, followed by cellulose and then hemicellulose.

In a study of various woods in peat, Stout et al. (42) observed particularly
rapid decreases in specific pyrolysis products of hemicelluloses, such as
anhydroxyloses, which also were interpreted to indicate that hemicelluloses
are degraded faster than celluloses. The same trend has been reported for
ancient oak woods (4). However, the composition trends among the neutral
sugars obtained by Boutelje and Géransson (37) from different depths within
submerged redwood piles indicate that hemicellulose is more stable. Pref-
erential cellulose loss was also reported by liyama et al. (51) for woods from
soils and a peat. More comparative analyses of the neutral and acidic sugar
compositions of buried woods from a variety of environments will be nec-
essary to resolve the present disparate observations.

Structure and Bonds. The almost universally observed selective deg-
radation of lignin versus polysaccharides in old woods of all types is not
surprising. From a chemical standpoint, lignin is the more stable polymer
because of its aromatic ring and the fact that the monomers are held together
by strong ether and carbon—carbon bonds. These bond types are not nearly
as easily hydrolyzed as are the linkages between sugar residues in polysac-
charides. Strong oxidizing agents such as peroxide are necessary to exten-
sively break down lignin polymers in the laboratory or biochemically (17).
As a result of the random and complex structure of lignin, the oxidative
agent must be capable of attacking a great variety of intermolecular bonds.
Because of the size, irregular shape, and low solubility of lignin polymers,
much of the polymer is probably not readily accessible to degradative chem-
ical agents.

Microbiological Degradation. From a microbiological standpoint, se-
lective lignin preservation is to be expected. No microorganisms are known
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to utilize lignin as the sole nutrient source (17). Even white-rot fungi, the
only type of microorganism that is known to selectively degrade lignin, also
attacks polysaccharides (18). Although fungi are common in aquatic envi-
ronments, white-rot types are not (20). Being obligate aerobes, fungi will
not attack lignins in anaerobic sediments or within woods if they become
internally oxygen-free. Because extensive lignin degradation requires highly
oxidative enzymes, rapid lignin degradation by other types of microorganism
seems unlikely under reducing conditions. Thus the excellent preservation
of lignin in sedimentary waterlogged woods is to be expected, as is the
degradation of such material if subsequent exposure to oxygen occurs (45).
In comparison, polysaccharide hydrolysis does not require molecular oxygen
and is within the capacity of a wide variety of microorganisms, including
anaerobic bacteria.

Whether the spontaneous hydrolysis of polysaccharides occurs in wa-
terlogged woods at an appreciable rate is a key question that presently is
unanswered. Because of the low initial pH of most wood (4) and the influence
of respiratory carbon dioxide, it seems most likely that spontaneous hy-
drolysis would occur under acidic conditions. The relative rates of hydrolysis
of the B forms of the major aldoses in wood under these conditions are
glucose:mannose:galactose:xylose = 1:3:4-5:5-6 (4). In general, five-mem-
ber (furanosidic) ring structures are hydrolyzed more rapidly than six-mem-
ber (pyranosidic) ones. Electrophilic substitutions on the ring systems, such
as by hydroxyl and carboxyl groups, tend to slow hydrolysis (4). Thus, if
spontaneous hydrolysis of polysaccharides does in fact occur to an appreciable
extent in ancient woods, hemicellulose should be degraded more rapidly
than cellulose and the galacturonic acid backbone of pectins should be com-
parably stable.

Preferential Syringyl Lignin Degradation. Depletion in syringyl
versus guaiacyl lignin is a second compositional trend often evidenced by
molecular-level analyses of ancient woods from a variety of environments,
including anaerobic sediments. In spite of the great relative stability of
lignins, the determinations of the CuO oxidation products of hardwoods from
anoxic sediments shown in Figures 11 and 12 indicate measurable (15-25%)
decreases in the yields of syringyl versus guaiacyl phenols (30). The
Py—GC-MS traces of the same samples in Figure 9 also reveal selective loss
of syringyl structural units (44). Similar trends have been observed in an-
giosperm woods from peats (42) and soils (51). However, CuO analyses of
lake sediments indicate that, once deposited, the syringyl and guaiacyl lig-
nins in finely dispersed vascular plant fragments persist at almost constant
ratios for 600,000 years (55).

Preferential alteration of syringyl lignin is not surprising in soils or
oxidized peats because fungi would be present and are known to selectively
degrade syringyl versus guaiacyl structural units (17, 41). This pattern could
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result because the more oxygenated and less cross-linked syringyl units are
chemically more reactive or because the fungi selectively degrade regions
of the cell wall that are rich in this type of lignin (56). Syringyl depletion,
however, also has been observed in degraded hardwoods from anoxic marine
sediments (30) that do not exhibit the increased yields of acidic CuO reaction
products that have been obtained from woods degraded by white-rot fungi
(41). Thus, some degradation of syringyl lignin apparently occurs even under
conditions where fungi are inactive. Although bacteria are able to degrade
submerged wood under aerobic (57) and anaerobic conditions (58), it is not
clear that these are the agents leading to the degradation of syringyl lignin
in reducing sedimentary deposits.

Ash Content. Elevated ash contents are almost always observed in
ancient woods from moist environments (25, 26, 30, 45). Whereas most sound
woods produce less than 1 wt % of ash upon combustion, old waterlogged
woods such as those represented in Figure 10 sometimes have ash contents
as high as 10% or more. One reason for this trend may simply be that, like
lignin, the original mineral components of wood are not efficiently removed
during biodeterioration, and thus they are concentrated in the remnant
material. This cannot, however, be the only process at work because the
concentration factors often are higher than theoretically possible (>5), unless
major lignin losses occur.

In addition, one of the commonly reported major elemental components
of the ashes from woods in marine sediments is iron, which has very low
concentrations in fresh wood (45). This iron is probably immobilized as pyrite
(FeS,) and other reduced iron minerals as a result of sulfide released by
sulfate-reducing bacteria (26, 59). These minerals are significant because
they indicate in situ degradation and can affect density measurements in
wood. However, from the perspective of the conservator, it is more impor-
tant that when exposed to oxygen, iron—sulfur minerals tend to oxidize and
release sulfuric acid (26). For example, Barbour measured a pH of 3.0 in
the interstitial waters of a buried alder wood that had been stored for only
6 months at 2 °C (59). At such high acidities the hydrolysis of polysaccharides
should be expected (4). Such mineral phases in buried wood from marine
waters can have a deleterious effect any time the material is exposed to
molecular oxygen.

Overview

Although most ancient buried woods exhibit elevated ash, nitrogen, and
lignin concentrations, other chemical trends are not as yet evident. The
general sparseness of clear patterns results partly from the highly variable
histories of worked and unworked samples, especially during early periods
of burial when environmental changes and microbial degradation usually
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occur most rapidly. Systematic studies of a wide variety of ancient buried
woods will be necessary to better understand the mechanisms of wood deg-
radation that lead to different chemical compositions.

Geochemists and archaeologists both have unique samples and tech-
niques to contribute toward this common goal. For example, many analytical
techniques (such as CP-MAS NMR, pyrolysis—=MS, CuO oxidation, and
CHN determinations) that are in use by geochemists could also be benefi-
cially applied more broadly to archaeological samples. In turn, archaeologists
can often provide wood samples of known age or early history that could be
used to “calibrate” more extensive geochemical sample sets. Increased com-
munication and cooperation between the geochemists and archaeologists who
study ancient woods should be mutually beneficial.
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Wood is decomposed by a variety of biological agents, including fungi,
bacteria, and insects. Fungi colonize wood and degrade cell wall
components to form brown, soft, or white rot. Brown-rot fungi, which
degrade primarily the polysaccharide components of wood, leave a
lignin framework. White-rot fungi may degrade all cell wall com-
ponents. The rate and extent of lignin, cellulose, and hemicellulose
removal varies among species of white-rot fungi. Soft-rot fungi erode
the secondary wall or form discrete cavities within the cell wall. Each
type of decay has many forms and can be classified by microscopic
and ultrastructural characteristics. Bacteria can directly attack wood
to cause erosion, cavitation, and tunneling patterns of deterioration.
Bacteria may have a syngeristic or antagonistic effect on other mi-
croorganisms that inhabit wood. This chapter reviews the morphol-
ogical and chemical changes that occur in wood after degradation
by different microorganisms and provides information that will help
identify the types of deterioration found in wood of historic value.

WOOD IS DECOMPOSED BY MANY DIFFERENT BIOLOGICAL AGENTS if ad-
equate environmental conditions are available. Fungi, bacteria, and insects
may all attack wood and use cell wall components or cause mechanical
disintegration. Wood in natural environments is usually colonized quickly
by microorganisms and insects, and the process of decomposition begins.
Structural polymers in wood are gradually reduced to simpler molecules,
and finally to CO, and water.

This natural recycling of organic matter is an important process in ter-
restrial and aquatic ecosystems, but it becomes a serious problem when
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wood materials, especially wood of historic value, are disintegrated. Under
certain conditions, such as dry environments, archaeological wood may be
relatively well preserved (1). Often, however, archaeological wood is found
in various stages of decomposition (2-5). Several reviews discuss the bio-
logical, chemical, and biochemical aspects of decomposition (6—10). The
intent of this chapter is to provide a better understanding of the changes
that occur in wood during different types of decomposition by various bio-
logical agents, and to reveal the distinct morphological characteristics ob-
served in wood after biological degradation. This information should provide
a mechanism to identify the type of degradation that may be associated with
archaeological woods and help to ascertain the appropriate conservation
needs of the various w<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>