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Abstract
Waterloggedwood conservationis ultimatelydirectedtowardseffectivedrying of artefacts,sincethrough
this procedureis the besthopefor their stabilisation.This is a muchmorerisky activity for the
conservatorthan it is for the modemtimbertechnologist,becauseof the extremechemicalandphysical
changesthe materialhasundergoneduring its burial. Nevertheless,
we alreadyhavea numberof
adequatelysuccessfulmethodsfor the conservationof archaeologicalwood. Whatwe don'thaveis all
the informationwe might wantfor the modificationof thesetechriiquesto providefully predictable
resultsfor the widely variablematerialwhich comesin for treatmentor for the economicaltreatmentof
largestructuresandbulk assemblages.
The conservator'sprimary concernsarc with permeability,
diffusion rates,drying behaviour,andinternalsurfacecalculation,all of which dependon the wood's
chcn-dcalpreservation,andaremirroredin its sorptioncharacteristics.
Wood-watcr relations of archaeological material have not as yet received much attention from
researchers,and the chemistry of this material only slightly more. The findings of wood sciencecan not
be assumedto apply to archaeological material where radical chen-dcalchangehas significantly changed
its properties. This thesis addressesthis problem by providing a comprehensive and critical synthesisof
past and current researchfrom the fields of waterlogged wood conservation, wood technology, chcn-dstry,
and microbiology, wood degradation, and wood-watcr relations. One of the outcomes of this work was
the bringing to light of evidence for a much greater role for anaerobic decay vectors than has up to now
been acknowledged. This only servesto empliasise the very real need for more researchin the water
relations and degradation chen-dstryof archaeological waterlogged wood, and perhapseven more for
researchinto the development of assessmenttechniques specifically designed for this material, and easy
and inexpensive to apply for the practising conservator. 71-dsthesis investigates the development of such
techniques and compiles a critical review of a number of the techniques already in common use by
conservatorsand wood scientists. The designsfor a simple, accuratesorption measuring apparatusarc
given, and the results from a large group of archaeological wood samplesreported. From these results it
is determined that the controlling factor in the water relations of this material appearsto be bulk mass
lossesrather than changesto chemical constituent ratios.
Alternative diagnostic tools which have the potential of obtaining indircct inforinzition about wood-watCr
relations indirectly are also critically appraised. The results from bulk chemical analysesare comparedto
those from physical tests of density, moisture content and strength measurements. Results from Sibert
resistancedrill trials and polarising microscopy are appraised. Certain findings from thesecontradict
some of the assumptionswhich underpin our models for calculating internal void spacein archaeological
waterlogged wood which are used in defining our conservation treatment approaches. Tlircc techniques
of instrumental analysis are also examined. The results from FFIR, Py-GC/MS, and elemental analysis
reveal a number of useful and casily-recognisable markers for degradation. A series of important new
markers for syringyl lignin degradation arise from tl-dsstudy. In the final appraisal, preference lies with
these latter diagnostic tools, and arguments are provided for their greater accessibility to the conservator.
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Introduction
The basic question underlying this researchproject is whether it is possible to devise a method that is
both non-technical and inexpensive (in terms of time, equipment, and imitcrials) for the working
archaeological conservator to utilise to find out what he needsto know about a piece of deteriorated wood
in order to assesshow to treat it.
Like many other archaeological materials, waterlogged wood is no longer the same substancethat the
materials scientist would call wood. Both physically and chemically, the material has undergonea
number of significant changes. For this reason, it lies with archicological and conservation scientists to.
in a sense,re-define this matcrial so that improvements in the field of waterlogged wood conservation can

go alicad.
Up to this point, conservationtreatmentshavelargelyccntredthemselvesaroundbulking out cell walls in
orderto providea supportfor thernoncethe waterwhich hadbccomctheir supportin lieu of the ccll wall
chemicalslost throughdcgradation,hasevaporatedduringdrying. Ncw undcrstandingaboutchemical
changesto this materialinay changeNs so that trcatmcntsbccoincmorespecificallyaimedat treating
only thoseclicmicaland structuralelementswhich are left. But in the incantimc,the conservatoris in
bulking
how
to
get
chemicalsinto wood andwaterout of it, quicker.
of
understanding
of
ways
need new
lessexpensively,andwith moreprcdictabicsuccess.
Wood-water relations are thus at the ccntrc of our understanding of these processes. Permeability,
diffusion rates, drying behaviour, and internal surface calculation all depend on the sorption
characteristics of the wood. The initial brief of this thesis work was to investigate the designing of a
simple sorption apparatus,accessibleas far as materials to most conservators,and able to produce data of
good quality, either for ariefact appraisal or for conservation research. This is the subject of Chapter 5.
As researchedprogressed,it became more and more apparent th-It sorption analysis of wood is fraught
with logistical and theoretical difficulties. Tlicre is therefore an urgent need for alternative diagnostic
tools which the practising conservator can use to obtain information about wood-water relations
indircctly--witliout the problems associatedwith lengthy sorption analysis, and more accurate and reliable
in their results. An array of such diagnostic tools already exists and is investigated in tWs thesis. Critical
appraisal is given to their ability to fit theseneeds. Tests of physical characteristics arc discussedin
Chapter 6, tcclmiqucs of bulk constituent analysis in Chapter 7. and the results from instrumental analyses
in Chapter 8.

ChaptersI through4 containa detailedsynthesisof pastandcurrentresearchfrom the fields of wood
tecluiology.wood degradation,wood-waterrelations,andwaterloggedwoodconservation,becauselittle
effort yet hasgoneinto bringingtogetherthe aspectsof eachof thesedisciplinessalientto the concernsof
archaeologicalwoodconservation.
a

Wood as Material:
1

-1

Structureand

Properties

11it rod ucl ion

\\ k likk d It, (111(kI"I. Iild 111,"1111'Im, of \\ood Ilk It, ], \ý" ,
'111Illikk 1"I'llid 11"k

1,1I'di,

tild lJoll

characteristic degradation paths. its Complex relations mill xllatcrý and 111C
reasons 1-01.
SlIcccss 01
If-catincills gi\Cll to It. Thc (11SCIISSIO11
\\IIICII 1-()Ilox\sis draml L11gcI.
N from III,

consmation
01,111C

slandaid IcxIs ofx\ood science and fcc Imolop

follomng
I loadlo

I )cs, II( 11)1%
1) Fciwc I ind \Vk,vcnci I

(I IM). 1990), Kollman and U)tý ( 1969). Stamin ( Ph. I

Wood is still one of our most strong engineering inatcrials

It,, ahihlý it) ;iLommo(hIc

iisc sljc,,,, ýý,ýmd

10 I'CSISII IIC 1)[OlOgIC;
11.I)IINSIL;l IA lid cI icinica I affects ol'agel jig ;11-eext I-;,o, dI jjýjj-N:111dlin IIII nto 111,
organisanon and sinicture ofilic
composed ofrool

Illatclial

hiological
%%Illlcstill pal-I 01,111C

Most N%oodenarlef.,icts %%c
recognisc as archaeological

sNsteni. trunk and cromi

have lven l'bricalcd

tile if-cc The 11ý, I'.

from I nink or holt, %kood lit-am It wood illa) 1111-11
111)
as pill-I ()I-%%
ýlII Ic collst I lictio II

and i-oot woodas bindings. bill as Ilicsc Illatclulls call ll; INC(11111C
swlllliýalll

ill

And

composition. disciission ill Hus Ilicsis mll ccn1jc aromid Inink mwd
Hark.
I
I)
laNers
bmh
Trunk %%ood
(Figure
phlocin (innei hNmg baik), ý.,imbmnl
III
III)
is
are :III designed Io proiccl I he N%oodnialcria II rom dcgrada I jon

111d

The \N lei it. is composed of
.,

o[ val IC;III - and ladiall -oncwcd arrangements of' (I it-rcic it I i, i
c[ficien I combina 11011
,,
ý\
IN
load-supporting
dead.
take
tisslics 111;
ol'ilic
and liquid-conducting iIcc(ls of 111cIIC(.
care
Ilihongh
11.;
partictilarh

is also file broadest 1-cgion of IISSIICSIII the live

It is this region OF111C
Irce, the \NICIII. N%hose

dciisil\.
the
icquisitc
\ic[d
mid
composilion
clicinical
s1ructurcs
.

sti-cngth. l1cmbihtN an(i (listmcn\

appcmance lo make a 1mrliculai-INsmiabic malcrial I'Orar(cfact consiruclion Thc ollict 1;1\cls .11,
IISIIJIINILHIMk(I h' 101k

ph, , IjIkI 111,
["k)l' .11,1101
!., lik I'Ilk III, IIId( d 1110k
I III, I"I III

11, 1,'. 'ý

I

ih
hi

iii
I'

H
I

F 1(11114.1.1

1rIt. (, I()%., %4.(, tlol I

(Iloadlvyý

1980)

I

Differcio spccies of-trecs ýic I(I xNoodN%i
IIi differen II issue arrangcmci its and sit wII. II ioug Ii ncN,crt Iicicss
sigilificalit.

Wood chosen Im artcI'Xi

variations ill Chemical composition.

inantiLicture reflects the

\%orknian's understanding of'Ificse structural differenccs. both ill Icrins of'mcchanical
%%orkabdil-\.durabihl. \ and Nxibilm,

aspects such as
PossIbIN,file illost

and ill acsthelic characteristics such its grain

common species ol'\%ood to lunt ill) ill archaeological material hom sites ill Northern Ful-opc. parlh
because ol'its natural inherent %%orkingqualities. and parlIN, because ol'its native high (hirabilm
is
oak
.
Its robill. ) Becallse ol'its chemical and struclural properties it is also one of the more
ý%Ood
problematic oi'%\oods Im the conscl-Nalor to treac This Chaplet- investigates the sobjcct of'siruclurc
oak \\ood inoic dccpI.\ (Figuic

1 2)- ill order to pro\ ide a hasis Im explaining (Icicrioralion

and piobicnis ill our approach to file consenalion

CELL WALL

ol'aichaeological

plicitomcna

\kood

FIBRILS

LAYERS

ill

MICROFIBRILS

WO(

t -,

The Physical

hilk unifiminh,

tholigh 11%NCI-c
a sing1c. uniform matcrial,
arc SI)CCIaliscd for dillcl-clil

fillicliolls

PhYsival Organisation

(after Hoffmann and Jones, 1990)

ofils chemical maketip. %%e
often discilss imo(I jis

III flic living Organism. sonic 01'\\Illcll
docrioration

other N\ords. \\ood's phýsical or mm ro-siructurc

1.2.1

F (-'(J1,L

III phNsical tcrins. liox%c\ci. iliel-c jII,c sli-liclill-cs III \NOO(Ithat

spccies ol't rce. and \\ hosc cl ,fccl on llic mcrall

and stabilit) ol'\\ood

CH AINMU1,

of Wood

Organisation

IlcrImps cncomaged bý the rchlivc

propatics

(-)'-) t7

Breakdown of wood structure, from tree to molecule

Figure 1.2

1.2

IýJ1.

ol'\\ood

are spccific to ccrtaill

must bc considacd

as its chemical consirlictioll

in. \ý),Ieni Wood

clunacteiistics.

outer region oI'cCIlS. Iýing next to 111C
canihinin, and lighter in colour. Forin dicmilm-00,1

The

Salmood jnaý

11has lughcr \Natcr comwif Own Ow other Imers of1he free and mows

Mod or ow growing iwc in ow Rmn of-carboliNdrates (Starch)
are called dic

III

must be considercd at least as Important to llic

The xNlei ii laNer in xNood is di\ ided up into 1\\o d istinct regioi is \\I Ih \cr) dillereni

be made III) parth ol'li\-c cells

separalck

this region ofien appaus daiter

the deposition ol'cx1racnvcs in its cells

1,.Xll',.ICII\CS

The ]Intel- 01 central lx\CIS 01,111cWCIII

dic
Own
the
runh of
exWnivil
"oodin colo"r
as \\a1crploofing

and 11CIplesist deca\

Both

and heartwood act to give structimil support to the tree, bia it is the licart\%ood, with its load-

sapood

supporting fibres and \%alcr-conducting vessels. that makes up the composite material me most often
nicet in arlefacts. Sapood

is iisuallý removed along with the ollicroutcr

la.wis (bark and phlocill)

of the artcfact takes place. Rougher struchiral limbers ina\ be found to haw

before constniclion

undergone less N\orking and be left mth their salmood still in place
X.vlern cells. \\liilc

participating

ill file living functions offlic

ill biological fernis (i c. are milhoul cell contents)
scason (varlylvood)

The cells that \\crc laid domi earlier ill a gromilg

tend to be laigcr and thinner-\%alled than 1hose laid domi later oil (lah, i rood)), so

Ilml Ilierc arc inc(pialitics ol'dciisil\

thioughow

this I:i\ci

occurrence. theý appear as concentric orgnow1h
environmental
the dciisil\

conditions grox\ at differing

Became these inc(pialitics are rcglifal ill

Since frees gromrig under dill"cring

rates. the mdth ol'theii

growli

rings \aries as \\cll. cffecling

and \%alcr-bearing capabilities ofthe \\ood

Mat -rost-opit- Strut -furt, ql. ývlent Wood

1.2.2
/2-,

\\holc s)sIcin. arc I'M file most part dead

/

(It'jit'rid

Wood is composedofelongated cells oriented- for the mosi part, in [lie longitudinal direction ot'llic
stem. thus conferring mcclianical s(migth on the free These cells aic comiccled end-lo-end \ m.swiv
Igh a series Of' pI OpelII llgsý II lcrcbý 1,61-1111
Ilg a col it I 111101
is coild licl loll SNSteil I
phlfc. ý. and Ialcla I IN 1111-ol
for liquids

both %%alcrand I-ood The cells \; II-NIII shape according 10 1,1111C11011

but distinctions III botanical classification, for cminipic sofi%%oods
X-NICIllN%Ood
is Common to ;III 11-ccs.
(. bigio.%1wrins)(Figure 1,3), rcllecl a ccriam amount oI'sijýiIII'Ic;jIIj
and ImrdN%oods
differei ice in II ic I issiticarringown Is mIIIiII xNIelII iNood

Farlywood
Vessel

Latewood
Vessels

Fibres

Ray Cells
Ray

Tyloses

Figure 1.3

3-D sectional view of Quercus rubra xylem %howmq niam structural features
(after Zabel and Morrell, 1992)

4

The consci-vatorof %Nooden
artefacts is concerned to maintain or augment I lie suppot-1mgabilih ohdiat
has becomea rather deteriorated inacrostnict tire, and attempts to take advantage ol'the conducling
ablillics ohvood I[.-,stlcs to achieve this.
Iý22,2

lissuc twnm. iýcmeifls (v// lipt's

There are flit-cc inam ccll I.Npes in dic x.Nlcm Nvoodofliard%wods stich as oak
I

the %Naler-conducung lrachcarý clemcn(s.

2

the stipporling fibrcs- and

I

the metabolic or s(oragc tissues called niv-pin-enchi-Imi.

The charactcristic

I

ludi-l
14,

inorphologN ofiliese is displayed in Figure 14 Mow

'. 11tNIN,

II

I1H

wriý,

w.,
, Iý

Figure 1.4

Morphology

of the three main types of cell in hardwoods

A

..! I

(after Hoadley, 1990)

The fibre cells ot'hardN%ood
tissues are short. narroNNand whilar, mth poinject. closed ends aild (111cl,
in tc JimA
%Nalls,lor these rcasonstho are Nvell-adaptedlo phNsically support [lie %csselsand the %Nood
Tho have simple. narrm\ pils and their Nulls nim be lignificd (which is %\JIN. I, sollic cýjscs.the fibres
has
Ilic
taken place)
rcsI
of
(leichoration
ol'the
structure
after
niaý
remain
ofhardx%oods
Vessel cells are gcncralk

shortcr. broadcr and thinner walled than fibre cells. though theN can difler III

IIa III C11-cclOlII Ike O\cl; i II
I III it I-CS11
size Ili cark and IaIcNNoodWs III rmgporou. s N%oodssuch as oak) N%
dcnsil) and porosilY ofilic

%Nood.Vessel cells oneinbct-s) are laid ciid-lo-ciid

to make Ili) lite long

conductance \esscis ofliard%Noods. and their open ends are separated b) membranes called perfiwilljoll
phites that can lake various forms depending on species. These plates are Important to lite condilion of
the \\ood. since their breakdomi caii illo\N iminhibitcd
bacteria I and funga I b.\piodticls

access to lite \csscl s.\slcm lot solvents and lor

The OpcIICI OSO I \C', scIs IIICI ass ScClIOIIaICICICII Cd 10 as p, )n1A

s

The xulls of-x,csscls contain niam wmplc pils

Pits are an Important feature ofall cells III %%oodThe

froll I one celI to the next is controlled by II icse structures When %%ood
1101%
of' %%arcr
is under stress tlicsc
II (end to tispinne or close offtlic conducting I issiie sot Iiat uncontrol led nioisitirc loss or ingress
pi Is %%j
The relain-cl) sinall si/.c ol'pils has an indirect ef'fcct on the distribmion ohm. gen

is prc\cnIcd

filroligholit \\00(f \011chine"Ins that any dctcrior; iti\c mcchanism that relics oii oxýgcn
(c g. microorganism
-

dccaý. pholo-oxidation)

is likcl\

to be redticed in its effect as it gradually works its

\\; i\ timard (Grattan I 9Y,7)

Pit

Pit

Pit ;I lerliblane-

Pit aspiration

Figure 1.5

in simple pits

(Hoadley, 1990)

In general the pits in Inwrl wood haNc undergone scaling or aqwwnmi

so as to lsol: 11ctile cells

This undergoeschange ý%Ilellbiological and chemical delemiation attack pit margins, and

(Figm-c I i)

tile cilect ofthis is to incivasc tile rate okleguadation in tile ý%ood,open up tile %%ood
msicni to
and indirectI.N. improve the pospecis olArcalincia b) aiding (IIIItisjoll of consci-valloll
%%mcilogging.
treatnicni chenticals throughout flic N%ood
I'mending mlo the x.Nlcm from Ilic CaIIII)IIIIIIme (IISI[Ilc( bands ol 11\1119
cells (junwuhvnito one or more
cell mde. ilmi are I limighl to be responsible for II IC latera I (I Istribullon and storage offood i-cscR,cs and
These are riiv. s The Combination 01,111C
Im'd (Nancal) orientation ofilic

wiste materials
fibrcs ofilic

x0cm mili the radial orientation ofilic

vessels ;111(1

raýs cells coid'as tipon the inaterijil ofillis

IjiNcr

IIý IS soII IC of' II IC COII Ipl IC;It 101is IIII ICI-C
gi-caI dea I ol'adch I iona I sirciigt II. as %%C
IIIIoII ic ýIIIIsoll'op IsIII
Ihercb.N pioduccd.

Ra) cclls arc Ilim %%;
illcd and licterogencotis in si/c and shape in hardi%oodsmich as oak Tho radiate
out I-romflic cciiii-al pith oftlic irce to its otilsidc and provide pailmms for li(Imd lloN%al right migles to
the longitudinal

%essel/fraclicid sysicins

TheN are connected to the longitudinall. N-oricnicd cells bNpits I lo%%cNcI.
silicc tile r.IN,cells coIIj;iIjj loo(l
reserNes that can attract bacterm and hingi. these pits can also Iminif

free access of these oiganisnis and

I licir I)Nprodtlcls (c, g ell/Nnics) duotighoi it n it ich off lie sYsIcin of II ic %%ood
tissues Thi is I lie
.
destruction ol'pit nicinbrancs I,.,
' oficil 111C
callsc OFInuch of' the incicased panicabiliI. N oI'dcgradcd
archaeological ý%ood Thc deposilion ol'calcarcous inalcrial or Iron compotinds. lio%%e%-cr.
maN liaNc the
Opposite effect

Ic.

lo catise (lic blocking ol'pores an(I ilic rc(Itiction of-pernicabilm

(Grallan

1987)

111

hardNNoods.cspecialk III Oni'l-cus Spp- 111C
COIIIIII()IICSIcausc of iniperincabilit. N arc ivlo-ses (Figurc I (, )

()

I issuc oulgrowt Iis that cnicr vesscls from neighbouring

raý cc I Is (S.10strom 1981 ). obstructing iI ic

passageolliquids (including Ircalment solulions applied bý conservators) to Ific inicrior oftlic %%ood.

Figure 1.6

1.2.3

Tyloses in oak wood

(Core e( at, 1979 in Hoadley, 1980)

Ce// Wall Orgimisatioit

Thc CA %%alls
ol'boill 11-aclicidsand \,Cssclsarc laid domi III two distilici pliascs hisi. 01 0111crillostIlle
p-1/11111-v
( ('/1

NvIIIIa [-ýII Idol II oric III; II lo II of'

II 1ý
IIaII ON%
sI Ile N%i
III 10 cII; II lgc sl I;Ipc- and II Ic II

II b) II ic
I hrec lavers of innermy tnuhni, Out A wnW IN 0 gne strucluic and strengi It to II ic eel I %%a
opposl IC oricilla I loll Of II lCil.

Is and II icir (I iflering angii I;ii (I iieclions (Figore 1 7)

VVarty 1.,ý wr
Helical

Thickeninfi

S3-

Figure 1.7

Layers and fibre orientations

in the cell wall

The pi-1111:
11111inest
11-N
%%,
III is 111C
ol'the h\ers. 0 1-() 2pm thick

(after Cote, W. A., 1965)

licmeen the prinian

cells lics Ille Cementing layer of the middIc himcfla, a Immure ol'i-csilicitt

\%alls of adjacent

and proiccmc

lignin and

licillicellillosc

'I'licsc 1\%oLI)CI. priniaiN cell \%all and middle lamella. aic Imupcd undo the 1cI-III
-S.
hime/hi This lawi is () 2-1 Opin duck The direc sccondar) cell \ulls. knomi :is
( o/n/w/l/ld 111110h,

7

S2 and S) lic. just inside the prmmrý cell Null

The ", 1 (0,1 pill thick) and S) layers (o 2-03 pin thick)

are thin. and the S2 la-Nci much ducker ( 1-5pm duck)
thickness and fibrc oricii(alion

The lavers differ from one another. not Just ill

bill, more significantIN (as can be seen in Figure 19 belo%%)in their

Chemical colliposilloll
100

-0

80
a)

c

I-Q)
CP
Co
c
a)
u

Hem wt, I lo loses

60

4n

0

41k
sI

S2

S3

Secondary

wall

I
COMPOUnd

Figure 1.8

Distribution

middle

lamella

of the principal chemical components

in the cell wall layers

tile sill-1,11cc
Innermost of tile CCII-Null lavers. NNIllchIllakes 111)
01,111C
(xll
hi

1.2.4

is file ven 111111ý

II (S.I()SII*O
IIII
lose IIII Ictlo II and col IIposII 1011Is slIIII ICIC;
%%I
Strut fural A noinalieN

it is possible to come across Nwod III archaeological arlef-licis of stnichiral
strucl I Ire al Id properties,

Tl I ISIS usim I IN nwclloll

11111basthat is "ONpIcal III

wo"I I. orn led b-Nspecia II isstic gromi as ;II rec

attempts to reorient itself aficr its stem has been displaced

III hard%Noodspecies. it forms as tclimoit

wood on the opper side of' inclined stems. leading to contracted structmc
sliglilk

(Grattan, 1987)

Reaction %%ood
lends lo be

hem icr harder. and denser than nornial \%ood. since its cells lime shorter lengths, increased

%%allthickness. and diflerences III the rclame thickness oi'ccll-%\; ill layers (e g-SII,,
S', abscill. and S2 conlainN deep helical cm [tics)
1101111al,
higher. and its lignin content IoN\ci than noinial \\ood
inuch \\c; iker. clicinicalk

ducker than

The cellulose content of this \\00d is sligh1h

Despite its increased dcnsm- icaction \\ood is

and pliNsIcalh- than normal %\00d and has a gicaler 1cII(lcIIc\ Imurds

8

dimensional changc Its prcscncc can bc recognised I)v radial checks occurring in llic tranwase sccuon
(('61ý and Da\ 196i),
offibre %%alls

1.3

The Chemical Organisation

1.3.

Wood 111trawruclurt,

There are fill-cc 111:
1111
constillicnis
henucelhilosc and lignin.

of Wood

or fractions that makc iij) Ilic cclkull

inainx in %Nood ccilillose.

Thcý arc the most importmil contributors to the structural properties and

cr. arc thc cxtrancous substances
chemical deterioration of N%ood. Furflicr to tlicsc. lioN%e%,

pcclmN.

lannins. resins. oils. and a van ing proportion of morganic material callcd a%has a rcsull ofils usual
method of' isoialion From \\ood
The propol-1101
Is of' II weI11:
1.101const II lients "Ire Sig]lifica 11110 1Ile It 101111
ol-Ing ol-ICvCl and CalIse of
dclerioration

III %wod Their exact chemical nature Ims ;I lot to tell its abow the tole 1heNphN III Ilic

1\C [)Cell altered :II'ICI-(Ile \%00(1
%Noodas a material. ;I role that inay be lost and prolm-lics that IllaN 11:
Thc building blocks from \%hich thesc %%ood
I)olNlllcls ;11.
c colisirlic(ctl

undergoes docrioration
useful III anahlical
quantification

sludies. %diere Ilic.\ pro\ idc the e\ idcncc lot alcmificanon.

jjI-Calso

mulcistandinv,. ;Illd

mechanisms III Ihe \%ood

ofdocrioration

'(Willose

/I/(

,me basic s1ruclural chemical ol'%%ood
is Ilic cellulosc moleculc. a carboliNdratc pokincr and
polysacchandc. madc up from 15-ghicosc monomers oldolicxoscy

joine(I 1).
N glýcositfic linkages

1 1)

(Figtirc

H
H

CH2nH

HO

H

<
HO

CHOH

H --C)

,
10ý

HO

CH, ()H

Figure 1.9

L
H

C,

Linking of glucose monomers

(Kronkright,

1990)

Becauscol'thc particular forin oll'struclural isoincrisin that dic) lakc. dicsc inononicrs lend it) forin \crN
stercolsollicric
strong linear chain pol) incrs. The t%%o

1-01-ins
of' glucose eflantiollici-S. produce the

charactcrimic bjrcI'nngcncc cc I It iI ose cx Iubi Is undcr po I;irised I ig IiI (S.lostroin Nx I)
Ccl I ulosc makes up 40-45 NN
I" 4'ý
of I lic cel I-i%aII it minx 0 ledgcs 1990). dic ina.lorm, ol iI localcd in I lic

sccond;m cc11%Nall
Though Ilic chemical siruchire ofcciliflose
orgallisal loll (such

has bccit understood in dclail for a long Imle. 'Is grosser

its crNstalline and fibrillar

s1rucitire) isstill

Rcscarch oigaiuscd aromid such anal) tical fcchill(Ilics as

micici debate (Sl()sll*()"' I'M I)
/Illass spCCIIOlllCII-N

'
'C
bccii
have
instrumental
magnetic
resonance
nuclear
and

in clarit'ving Some 01'these Issues, tholigh
beti\ccit cell \%all layers, and

problems such as the exact size ol'the molecule. possible polWispasit)
dimensions of' microfibrils
Ilenimingson

/. 3 12

still remain unresolved jekelý

and Vignon 1997, Nc\\ man and

1990)

Hollicellillost'.

%

I lcnuccllulosýcs are ainorplions. short-chain carbohN draics. located throtighotil

the structure ot'llic cell

in mixtures mth both lignin and cclhilosc and. ;is N%cll-I)ct%%eciithe cell,,, Ilicinschcs
xulls of %%ood
They dilkr

from cellulose in having molecular chams that me branched and much shoncr in length

Also. thcý are lieferopolý sacclia rides. meaning that the) nia.N be pol.Nincrised from difIcreid proportions
ofilicii
are

component monomers. unlike Ilic lioniopohsaccliandc

cciltilose

These constittient monomers

i -arabinosc, and in imich sinallci quantities.
I)-.X_N'lose.
D-111;
D-,LýIIILOSC.
111110SC.

D-glUCIII0111Lacid. 4-()-iiielliý1-1)-giliclil-oiiic

acid. and I)-galaclurollic

degi-cc oI'poI. Nit iensation ofoll IN 200 (S.lostiom 199 1) Thc principic

Most of-Iliese average a

acid

Iicitucel It ilosc in lEkid%%ood
specics

(Figm-c 1 10), N%hoscbasc I vNdioINSISis olic Of I lic prillial-) I casol Is 101

IS gl IIct Irollox) L)It (15-10

thc cxccss ofacelic acid iii hardwood species such its oak 0 lcdges 1990)
pi-cscm in haidNwods is glucoinanium

(;DýýOH

I.-rhanillose, and

'I'lic ollicr licillicell, 11()sc

(2-5

2
NI

I-4-0--D-Xytp

14

'.

0-0

Xylp
2

pA
Figure 1.10

Hemicellulose

- -4

o Xyl p- 1-4

Xyl P-1

a-L-

-o Xyl

Ar of

2
molecule (glucuronoxylan)

It II mrd%Nood.
20-30 W",,. of*II ic celI-N%;
I lic) make 111)
i II mainx

(Sjostrom

1981)

Considerable uriations also cxisi I it

I heir (I istribution and proportiona I lot IN%IIIIIII (I I ITerclit s(ruchires of'( lie N%oodand la.Ners ot'llic cel I %%;
I II
III lmah%ood x.Nlans occur III III larger (111:
11111lics
III the S2 I;I.Ncl-. explaining
this IaNcr to dcgra(Lmon

Ilic grcalcr susceplibilih

of

The hemicellulosesare thoughtto act as a protectivehydratedcoatingthat surroundsthe cellulosefibrils
and keepsthem from undergoingtoo muchcrosslinking(Koshijima et al. 1989). Yet it is not thought
that thereis any chemicalbondexistingbetweencelluloseand hcmiccliuloses,just a mutualadhesion
providedby hydrogenbondsandvan der Waalsforces. True chemicalbondingdoes,however,exist
betweenhcmiccllulosesand lignin (Newman1992),thus the separatingof thesecomponentsfor
chemical analysis can lead to errors in quantification.
1.3.1.3 Lignins

Lignins arepolymersbasedon phenylpropaneunits, presentin varying quantitiesin differenttypesof
wood-proportionally larger quantitiesfound in softwoodsthan in hardwoods,and morein certaintypes
of woodcell than in others,but in generalsomethingin the rangeof 20-30,m% of ccll-wall constituents.
They arevery large,aromaticpolymers,amorphousin form, and highly insolublein water(Figure 1.11).
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Figure 1.11

Structure of a lignin polymer (Gualacyl)

(Sjdstrdm, 1981)

Many aspectsof lignin chemistryremainunresolved,thoughthe principal structuralelementshavebeen
clarificd within the last few decades.Work on lignin structureand polydispcrsitycontinuesas the major
field of currentinvestigationin woodchemistry. Techniquessuchas "C NMR (Edeet al. 1990)and
(Gallctti and Bocchini 1995),aswell ascomputerpyrolysisgaschromatographymassspectroscopy
aidedmolecularmodelling(Faulonand Hatcher1994)arc graduallyclarifying the morccomplex
structuralrelationswithin lignin.

Lignins arc produccdfrom coniferyl,p-coumaryl,and sinapylalcohols- threccynnamylalcoholsthat
differ only in the numberof mcthoxygroups(-OCH3)substitutedon the benzenering (Figure 1.12).
Theyarejoined by etherlinkagesin the majority and by carbon-to-carbon
bondsto a lesserextent.in
endwisepolymerisation,resultingin a polymerwith a low numberof unsaturatedsidechains.
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P SJNAPYLALCOHOL
(Zabel L Morrell, 1992)

The weight-averagc molccular wciglit of ccrtain lignins appcars to bc slightly Icss than 20,000 for

hirdwoods.
Goring's model of lignin in its super-molccular state delineates it as a "random three-dimensional
network polymer composedof plicnylpropane monomcrs linked together in different ways" (Goring
1989), and distinguishes between middle lamcllar lignin and secondary ccll-wall lignin, the lattcr of
which is a non-random two-dimensional network polymer. This view is contradicted by Faulon and
Hatcher (1994) who propose a purely three-dimensional helical structure, intcrlinkcd by intermolecular
hydrogen bonds, a model energetically favoured over random structures (Figure 1.13).

b)

C)

a)
Figure 1.13

Proposed Helical structure of Lignin

Further information
polydispcrsity,

on the macromolccular

as well as gravimctric

(Faulon and Hatcher,1994)

chemistry of lignin (such as molecular weight and

studies) have been hampered by difficulties

in isolating lignin from
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is
highly
insoluble,
lignin
degrading
it.
Because
very strongacidsand alkalis mustbe
without
wood
usedto separateit. Fewof thesemethodsare cntircly successfulin producinga completelypureproduct,
structure(Sj6strdm1981). More recentlycomputcr-aided
and mostleadto a partially-depolymcrised
structureelucidationand molecularsimulationtechniqueshaveproveduseful(Faulonand Hatcher
1994). The main advantageFaulonand Hatcher'snewmodelis that it canexplain lignin's affinity for
the organiscdpolysaccharide
ultrastructurcof the cell wall.
Lignins arc generally divided into three classesin terms of the type of glyccryl metho.x),phenol units that
predominate: guaiaiýyls, ývringyls, and p-hydroxyphetývls. Softwoods contain guaiacyls and p-hydroxyl
units while hardwoods contain both guaiacyl and syringyl lignins. The former combination yields more
cross-linking than the latter, which explains why the lignin of hardwoods is more readily degraded than
softwood lignin (Hedges 1990).

Lignin's presencein the intersticesbetweencellulosemicroribrils providesmuchof the rigidity that
holdsthe ribresupright in wood. Its highestconcentrationis in the middle lamclIa,with lesseramounts,
proportional to polysaccliarides, in the secondarycell wall. However, as much as 70% of the total lignin
content may be located in the secondarycell wall. (Sj6str6m 1981). Latest studies indicate that lignin
located in the secondarywall has larger amounts of syringyl units, while that in the middle lamella his
more guaiacyl (Sj6str6m 1981), explaining the preferential preservation of the latter
In conjunction with liemiccllulosc, lignin plays a major role in blocking the accessof solvents and other
Studies
have
the
the
to
cell
walls.
of
cellulose
shown indications that there are covalent
agents
chemical

linkagesbetweenlignin and licniicclluloscs. The linear, gel configurationof cellulosecontrastssharply
lignin,
of
which explainswhy water interactionsare
the
configuration
compact
more
much
with
favourcdso much morewith cellulosethan with lignin.
1.3.1.4 Other wood constituent.v
Unlike the mkjor constituents just discussed,the extraneous materials are not structural components of
in
influencing
Icsscr
the structural properties of wood. They arc both organic
thus
roles
play
and
wood.
and inorganic in type.
The organic component contributes to properties such as colour, odour, taste, decay resistance,density,
hygroscopicity and flammability. It includes tannins and other polyphcnolics, colouring matter,
essential oils, fats, resins, waxes, gums, starch and simple metabolic intermediates. Its proportions in
wood range from 5-30 %vt%,depending on external factors. Organic extractives are of minor interest to
the study of archaeological wood becausethey have undergone almost total dissolution through watersolvent action, enzymic hydrolysis, oxidation by air, ctc. (Sj6str6m 1981). The role of tannins however,
in complexing iron salts during burial has particular significance in the detcrioration of archaeological
wood (Chapter 4). Oak wood is known for its high tannin content (2.7% to 7.9%) (Hagglund 1951).
However, it is usually the inorganic iron content rather than the tannin content that is measuredas an
indicator of degradation of the material.
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The inorganic component (ash) of extractives generally comprises 0.2-1.0 wt% of the wood substance.
Calcium, potassium and magnesium arc the more abundant elemental constituents, with only tracc
amounts (<100ppm) of phosphorus, sodium, iron, silicon, manganese,copper and zinc (Ellis 1965;
US Forest Products Laboratory 1989). Ash content in heartwood appears to be much higher than in
sapwood (Hagglund 1951). Ellis (1965) points out the significance of certain minerals such as silicon as
contributors to decay resistance. Kim (1990) studied the differences between ash constituents in
waterlogged archaeological and recent pine woods (Figure 1.14).
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Figure 1.14

Fe

EDXA spectra comparing ash constituents of waterlogged and recent pine

(Kim, 1990)

Grignon and Scallan (1980) have invcstigated the swclling cffcct thesc inctallic clements in salt form
have upon the ccll-wall matrix.

1.3.2

Construction of Microfibrils and Macrofibrilsfrom

Cellulose

The simplified picture of fibril and fibre formation shows cellulose forming a fibril skeleton that is then
surrounded by hemiccllulose as a matrix and lignins as encrusting materials. The smallest building
element of this skclcton is considered to be the elementaryffiril

(microfibril), though there is still some

discussion over this point (Sj6str6m 1981). The elementary fibril is made up of a bundle of 36 parallel
cellulose molecules held together by hydrogen bonding. It is now generally acceptedthat all chains in
the clementary fibril arc oriented parallel to one another.
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Hydrogen bonding between cellulose chains

(Kronkright, 1990)

Hydrogcn-boildingbctwcenthe o.xygcnmolcculcof onc mononicrand the hydroxyl (-OH) groupof the
next results both in the bonding of these units in long chains, and in the crosslinking that occurs
between aligned ricighbouring cellulose chains, leading to the formation of microfibrils (Figure 1.16).
This crosslinking results in the glucose monomers in the cellulose chain forming a linear and highly
in
bonding
This
the
together of microlibrils into the inacrofibrils
a
role
plays
polarity
molecule.
polar
and fibres that make up the cell walls in wood tissues. Microfibrils become aligned and held together in
bonds
intermolecular
by
the
covalcrit
produced by this polarity (Figure 1.15), and at
strong
some places
by
in
less
bridges
held
together
configurations
they
wcll-aligned
molecular
composedof
arc
other places
water (structural water).
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Figure 1.16

Organisation of polymers to form cell wall fibre matrix

(Florian, 1987after Esau 1963)
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The first type of bonding together of microfibrils results in the formation of areasof crystallinity along
the macrofibril; the secondtype of bridging results in amorphous areasbeing formed. Amorphous areas
are more flexible than the brittle crystalline areas, and thus in some ways more resistant to physical
stresses. Yet the main consequenceof cellulose's fibrous structure and strong hydrogen bonding in its
crystalline regions is to produce a material with high tensile strength and insolubility in most solvents.
Amorphous areasof the cellulose fibre are more vulnerable to chemical attack and penetration by
solvents such as water.

Woodinicrofibrils are not, however,just composedof crosslinkcdand intertwinedcellulosepolymers. A
morecompleteview of them,which takesinto accountthe other chemicalsubstances
associated
with
woodymaterial,describesthemas essentiallybundlesof cellulosemoleculesembeddedin an amorphous
matrix of licinicclluloscsand a small amountof lignin that fills the spacesbetweenthe microfibrils.
This has been tcniicd the reit! forced-niatrix concepi (Figure 1.17), and is believed to account for the
high strength and resistanceof wood to deterioration (Koshijima et al. 1989).
x
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Figure 1.17

1.3.3

Cellulose

0

CH. OH

Linkages between lignin and carbohydrates In the re-Inforced matrix (Koshijima et al., 1989)

Cell Wall Construclion

Cclluloscmacrofibrilsand thcir reinforccdmatrix arc organisedinto shcctsof lamellae-fibrcs
interwoveninto a felt-like inaterial-that inakeup variouslayersof the cell walls of woodcclls. Each
layer of the cell wall is composedof lamcllac with a different angle of weave, spirally oriented around
the longitudinal axis of the cell (Rucl et al. 1978). This lends to the layers different properties of
strength, flexibility, and durability, and to the whole the properties of strength associatedwith any
strong laminated material.
The distinctive properties of each of the layers in the two cell walls that form each wood cell has already
been discussedin more detail in the earlier section dealing with the physical structures of wood.
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1.3.4

Microcapillary System and Second-Order Space

Within the reinforcedmatrix of fibrils arc spacesup to lOmn in diameter,aswell as systemsof
microcapillaries or second-order space that tend to run parallel to the orientation of the microfibrils in
the cell wall (Grattan 1987). These areasare particularly important for the moisture-holding capabilities

of the cell wall and thus both to its strengthandvulnerability to chemicaland biologicalattack.

1.4

Physical Properties of Wood

1.4.1

Water and the Physical Properties qf Wood

Wateris as mucha part of the compositethat makesup woodas arc its polymericconstituents.When
wood,a complexorganiccolloidal solid, is appraised,its moisturecontentmustalwaysbe takeninto
account. This is particularly so with its physical propcrtics, as will bccome apparcnt in this scction, and
in much morc dctail in Chaptcr 3.
Regardlessof external variations, the overall structure of wood, chemical and physical, makes up a
system of interconnecting capillaries of various sizes, created ftoin cells with their long axes organiscd
longitudinally, and operating as a vast network for water transport. Capillary diameters within wood are
highly variable and depend on species,seasonand function (Grattan 1987). Outside these capillary
different
interrelationship
is
there
of
cells, pore systemsthat link them to each other,
complex
a
systems
and more subtle, largely clicmically-activatcd systemsexisting as microcapillaries in the intrafibrillary
spacesexisting within and between the cell walls of wood. It is in the context of a capillary system that
best
deterioration
arc
understood.
and
properties
wood
VESSEL

RAY FARENCHYMA
PAM

Figure 1.18

Generalised flow model for hardwoods

(Slau, 1984)

As wood dries the water in it is released in patterns that reflect the varying strength of bonding of the

water to the woodsubstance(Figure 1.18). Thesepatternsare replicatedwith someimportant
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differenceswhenmoistureis rc-introduccdinto wood. A measureexistsfor the point at which these
moisturemovementsbegin to havea seriouscffect on woodproperties,thcfibre saturationpoint (FSP).
A low moisturecontentat FSPis an indicationof naturaldurability and inherentdimensionalstability
(Rijsdijk and Laming 1994). At and aboveFSP,wood registersrelativelyweakstrengthvalues. This is
particularlynoticeablefor an ovcr-saturatcdmaterialsuchas waterloggedarchaeologicalwood. It is
dimensionalchanges
only whenwooddriesbelow its fibre saturationpoint, indeedwhenthe associated
havealreadybegunto occur,that woodbeginsto increasein strength. For both the conservatorand the
woodtechnologist,the prime aim is to bring woodto or belowthis point without any suddenchangeto
dimensions.The technologisthasto bring freshoak down from a saturatedor 'green' moisturecontent
of approximately64% to somewherebetween20-30%(HoadIcy1980),while the conservatorwill be
startingfrom somewherebetween100%and 1000%moisturecontentin the saturatedstate
(Figure 1.19).
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Types of water involved in drying of wood

(Hoadley, 1980)

Both macroscopic and ultrastructural variations in wood affect the behaviour of wood on drying. With
archaeological wood, controlling this behaviour is much more complex and problematic becauseof the
during
have
burial. Identifying methods that
to
that
occurred
archaeological
wood
changes
unknown
can be easily applied to appraising these changes in waterlogged artcfactual material will help improve
conservation treatments.

1.4.2

Measures of Physical Properties of Wood

Some of these methods involve standard physical measurementsof wood. Density is considered the
single most important indicator of stability in wood (Desch 1981), since it predicts such characteristics
as strength (dense woods arc mostly stronger), resistanceto movement under changing moisture
conditions (densewoods exhibit higher movement), and changesto chemical constituent levels
(degradation is linked to lossesin density). Density will obviously vary greatly between speciesas a
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resultof differencesin structuralorganisation.The densityof mostspeciesfalls between400-800kg/ml
(at 15%m.c.). That of Quercusspp.is in the regionof 640-720kg/M3(Rijsdijk and Laming 1994).
Strcngth mcasurcmcnts will also yicld information on changes to wood causcd by dcgraclation. The
assessmentof strength or the mechanical properties of wood is complicated by the fact that wood is an
anisotropic heterogeneousmatcrial-a

uniphasc organic composite exhibiting much higher strength

values than those of its individual constituents (Hoadlcy 1980)-that varies with structural differences
and changes to chemical composition as well as with the design of the ailcfact. Wood-watcr relations

are particularlycritical (Figure 1.20). The relationshipbetweenall of theseand degradationin woodis
invcstigatedin Chaptcrs2 and 6.
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The tablebelowsurnmariscssomeof the main physicaland chemicalpropertiesof oak wood
(Quercusrobur). The typeof chemicalsolubility analysisusedto producethe databelowis the causeof
constituent totals not adding up to 100% (discussedfurther in Chapter 7-,also Hoffmann 1982).
Chemical Co position 1
Total
Cellulose
Holocellulose
73.2 wt%
41.1 wt%
Physical Properties 2
Green
Moisture
Content at
Moisture
FSP
Content
64%
30%

Hemicellulose

Lignin

23.3 wt%

29.6 wt%

Bulk Density

Specific
Gravity

Shrinkage 3

0.666 g/CM3

0.572

Tangential
9.5%

Mechanical Properties 4
Compression Parallel to Grain
62.6 MPa
Sources:
' Fengel& Wegener,1984
2RijsdijkandLaming,1994
3KollmanandC6*1968
4Schniewind,
1990
Properties of Quercus spp.

Table 1.1

1.5

Other
Polysaccharide
12.2 wt%

Organic
Extractives
0.4 wt%

Radial
1 6.6%

Ash
0.3 wt%

Volumetric
14.7%

Static Bending (Modulus of Rupture)
71.1 MPa

(U.S. Forest Products Laboratory, 1989)

Summary

This chapter has laid the groundwork for an understanding of wood as a material. The inherent
chemical, physical and mechanical properties of wood contribute to the understanding of deterioration
processesundergone by wooden artcfacts as they move toward the waterlogged state, the water relations
controlling this, and the conservation treatments that aim to takc advantage of all of these properties to
immense
inconsistency
The
the
of wood's properties, predicted by the
successfully.
material
stabilisc
extent of the variation that exists within the material, explains why consistently-succcssful stabilisation
for
is
concern
conservators.
still
a
artefacts
of waterlogged wooden

The interrelationshipbetweenthe physicaland structuralcharacteristicsof archaeologicalwaterlogged
its
its
Quercus
(specifically
changed
chemistry,
rohur),
water relationsand their control is the
wood
subjectof this thesis. Quercusrohur waschosenbecauseof its relativecommonpreservationin
archaeologicalsitesof NorthernEurope,and becauseof the particularchallengesit producesfor the
conservator,which arc the resultof a combinationbetweenits inherentchemicaland physicalstructure
and the characteristicdegradationpatlis it follows underburial conditions-flic subjectof the next
chapter.
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2

Degradation of ArchaeologicalWaterlogged Wood

2.1

Introduction

It is only underconditionsof extremecold, wet, desiccation,or anoxismthat woodenobjectsare
prcscrvcdovcr the long tcrm. It is the prcservationconditionof woodcnartcfactsburicd in wct
cnvironmentsthat is the focusof the currcnt study.

Diffusion of water from a wct burial environment gradually fills wood ccll-wall microcapillarics, causing
their expansion. The term that rcfcrs to the complete filling with water of all pore spacesin wood is
fibre
This
the
of
matrix means that the oxygen necessaryfor
saturation
complete
waterlogging.
oxidative degradation and biodeterioration is largely absent. However, the swelling processitself
encouragessome breakdown of the ligno-ccllulose matrix of the cell wall. Outside materials that
penetrate the swollen matrix-salts,

acids, alkalis, metal cations-all

promote this swelling among the

fibrils, in addition to causing dimensional change, breakdown of ccll-wall carbohydratesthrough
hydrolysis and oxidation, and the production of degradation by-products that provide nutrient for biodctcriorants.

The main factorsdeterminingthe degreeof woodpreservationin wct soils are oxygenlevels,pH,
presenceof salts(suchas sulphatesand nitrates),presenceof polyvalcntanionic metals(in particular
iron), and the influenceof all theseon the activitiesof microorganismspresentin the burial
drainage
is
burial
Depth
significant,
as
arc
extremely
conditionsand externalpollution
of
environment.
of the soil with saltsfrom land activitiesor associatedmetallic artchicts. The possiblecombinationsarc
is
the
extremely complex and difficult to do. Painter (1995)
effects
resulting
many, and calculating
in
The
for
this
the
area.
research
complexity of these interrelationships is whit
more
much
need
stresses
leads to the high unprcdictability of preservation conditions for wood. We can state with some certainty,
however, that wood in saturated conditions and with undisturbed stable chemistry will have a high
likelihood of good preservation, as oxidative processesarc restricted and the activity of microorganisms
slowed down. These complexities will be discussedin later sections of this chapter.

The extent of watcrlogging in wood tissues is dependent, to a large extent, on the condition of those
tissues before they enter the burial soil-spccies, inherent permeability, and dcgradativc changesalready
produced by deteriorative processesactive during the artcfact's usc-life and before its burial. In
considering the degradation of archaeological materials, we tend to overlook the fact that wooden objects
deteriorate considerably during their use-life. Most archaeological objects will have been buried as a
result of discard, often becausethey have become too degraded to carry out their original purposes. The
sort of deterioration that a wooden artcfact will hive undergone before burial follows the pattern of dry
wood deterioration, a subject comprehensively discussedin wood technology literature. We need to
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bring elementsof this discussioninto our own modelsfor the degradationparticularto waterlogged
wood.

All woodexposedto the externalenvironmentwill haveundergonesignificant modificationto its
chemicaland physicalstructureand to its propertiesas a material. Woodstructure'scharacteristic
anisotropisinwill meanthat suchdeteriorationsmanifestthemselvesin different areasand
concentrations throughout the wood's tissues, adding further complexities to the process. Moreover,
only some of the degradativc changes manifest themselvesvisibly-in

changesto colour, texture,

strength, and shape. The swollen condition produced by the waterlogging processmay hide the true
condition of the wood, becausethe excesswater lends support to cell walls, causing the artefact to appear
much stronger and more cohesive than it is. However, it also may causethe conservator to judge a
treatment a failure undcscrvcdly when hidden deterioration is exposedafter drying.

Changes to the chemical structure of wood are much less observable, and it is these, viewed in
conjunction with physical structural changes. that can provide us with a more compIctc picture of the
The
deterioration.
in
involved
conservator needsto know what these changes are, so as to aim
processes
the right preservation chemicals at the wood, and use the right processesto do so, in order to stabilise
the wood against furtlicr dccay.

Deteriorationafter excavationhasrecentlybecomeof concernas well. becausereducedconservation
funding leavesmucharchaeologicalwooduntreatedfor manyyears,and storagefor this sliccrbulk of
objectswill be requiredfor long pcriodsof time.
Most of the information available on wood degradation mechanisms and changes to chemistry comes
from researchon unworkcd wood, on fossil or subfossil remains, and from wood technology studies.
Very little, as yet, has been published on archaeological material. Some researchersclaim waterlogged
have
inasmuch
fossil
be
they
to
as
to
remains,
undergone similar ageing and deterioration
similar
wood
processes,differing only in the effects of cultural activity and the extension of the ageing process
(Schniewind 1990a, Hedges 1990). Since the waterlogging processis a distinctive one, this assumption

bearsinvestigation.

This chapter will outline the larger details of the degradative processesthat affect archaeological
waterlogged wooden artcfacts. In general, biological, chemical and physical factors act together in
processesof deterioration, here, however, they will be discussedin turn, with some cffort expended to
show their comparative importance and how they influence one another other.
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2.2

Natural Decay Resistance

Naturaldurability makesthe differencebetweena few monthsof use-lifefor somespeciesto forty or fifty
yearsfor others,suchasoak (Zabeland Morrell 1992). It haslong beenrccogniscdthat ancient
technologistschosewoodsfor their naturaldurability or decayresistance(Munby 1991;Goodburn
1993). Choosingparticular speciesand discardingsapA,
ood in favourof licartwoodresultedfrom some
understandingof the natureof wooddecayand from knowledgeof the distributionand propertiesof
naturallytoxic compoundsto be found in the heartwoodof certainspecies.

Thereis variability in naturaldecayresistance,both betweenspeciesand betweenindividual treesof the
same species. It is a factor not only of inherent wood structure but of local environment, and much of it
has to do with extractive content and the extent of lignification.

The primary factor in decay resistance is the presenceof toxic extractives formed and deposited in the
heartwood tissues of the wood from carbohydrates present in parcrichyrni tissues near the heartwoodsap%N,
ood transition zone. Outer layers of sapwood have little or no extractive content. Zabel and
Morrell (1992) provide a table surnmarising the four major chemical groups of heartwood extractives.
These arc: terpenoids (mostly in coniferous species)that confer upon wood considerable natural

durability-,tropolones,producedfrom tcrpcnoidprecursorsand the mosttoxic of the woodextractives,
insects
in
fungi
bacteria,
to
toxic
and
varying amounts,and tannins,compoundsthat are
potyphenols,
for
low
in
toxicity.
the durability of oak.
and
especially
responsible
relatively
water soluble.
Lignin type,contentand patternof depositionappearto play critical rolesin wood's resistanceto
biodetcrioration,and relatively minor differencescan producelargechangesin resistance.Whereit
individual
between
partsof the sametrcc (e.g., the primary cell wall and
and
within
species
varies
middle lamclla), it confcrsgreaterresistanceto microbial attack. Oak is significantly morelignificd
than mostother hardwoodsof northernEuropeanorigin (Chapter1).
Growth characteristics arc significant too in that old growth trees will tend to be more durable than
because
the
trees
species
of their higher extractive content (Zabel and Morrell
same
of
sccond-groNNIh
1992). Elevated soil nitrogen contents arc found to reduce durability by providing bacterial nutrients
and increasing relative proportion of early to late wood (Merrill and Cowling 1965; Painter 1995).
Archaeological wood will most likely have come primarily from old growth trees (Goodburn 1993).
grown in soils as yet unpolluted by the residues of intensive agriculture, and for this reason caution must
be used when applying the data from modern timber physical analysis to archaeological wood.

Other criteria significantto wooddecayresistancearc the locationfrom which the woodwastaken
within the trcc and the technologicalprocesses
appliedto the woodin forming objectsfrom it.
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Heartwoodwill be moredurablethan sapwoodand basewoodratherthan crown woodbecauseof
variationsin relativeconstituentratiosand permeability. This meansthat archaeologicalstructural
timbersof oak speciesin roundwoodform (including bark and sapwood)may haveno moreinherent
durability thin a much lessdurablespecies.Heattreatmentsusedfor drying or bendingof woodcause
and
volatilisation,leaching,and denaturingof the extractivesimportantfor decayresistance(SchcfCcr
Eslyn 1961).

Understanding the natural decay resistanceof the wood under analysis or conservation can contribute
important information about thc probable susceptibility to degradation during the usc-lifc of an artcfict-,

and thit, in turn, can explain someof the differenceswe seebetweenthe conditionof an artefactand its
responscto trcatmcnt.

2.3

Preburial Degradation

Prcburialdegradationcomesfrom physical,chemicaland biological sources.It is rarethat thesework
in isolationfroin oneanother
Z3.1

Physical

Physical sourcesof prcburial dcgradition include preferential erosion and mcchanical wear. Prolonged
exposure to the abrasive cf[ects of running water or wave action and wind- or watcr-drivcn sand will
lines.
Dense areas in the wood tissues (e.g., rays
the
in
grain
the
along
surfaces
erosion of wood
result
be
IM
in
tend
late
to
denser
the
will
gro%%Ili
ring)
standing preferentially to softcr, more
the
wood
and
easily eroded tissue areas, giving a corrugated appearanceto the surface of the wood. In comparison,
losses
due
handling
involving
to
and
surface
rupturing
abrasion,
wear,
and loading, is only a
mechanical
minor source of wood degradation. Fibrous surfacestypically result from long term mechanical

degradationmechanisms.
Z3.2

Chemical

Prcburial degradation from chemical sourcesis largely restricted to weathering processes,though may
incorporate charring.

Weatheringresultsfrom a mixture of chemicaland physicalprocesses,
and affcctsall externallyexposed
woodthat is unprotectedby coatings. It is often claimedthat the damagecausedby weatheringis
largely superficial, leaving the surface grey and somewhat cross-chcckcd, but having no appreciable

cffcct on strength. The primary causeof weatheringis photochemicaldamageto woodccll-wall
constituents,oxidationof breakdownproducts,leachingof solubledecompositionproductsand.finally,
mcclianicaldamageto surfaceelementsas a resultof fluctuating swellingand shrinkagecyclesfrom
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surface wetting. It can be seen,then, that weathering takes place in stages. Initially, there is a
darkening of colour. This colour then turns to grey and develops a rough texture. This rough outer shell
will tend to protect both surface and inner wood from further damage, until continued wetting and
drying cycles produce surface checking, eventually leading to cxfoliation of the surface and exposure of
the inner surface to future cycles of weathering. Lossesfrom weathering are negligible over the service
life of larger wooden objects, with estimates of 6-7 mm of outcrwood removed each century (Fcist 1977).
though the strength of smaller artcfacts may be affected, surface detail lost, and fastenings loosened.

Somesourcessuggestthat weatheringprocesses
arc moresignificant in their degradationcf1cctthan is
usuallyimplied (Feist 1982). The photchcmicaldecompositionof lignin and extractivesreportedby
Feistmay leadto free radical catalyseddecompositionof structuralcarbohydrates
(Hon el at 1980). It is
probablyweatheringas much asthe naturalprogressionof bacterialand chemicaldegradationfrom
to be so muchmore
outcr surfaceto inner which causesthe outerzonesof archaeologicaloak%vood
severelydegradedthan inner.

Charrcd wood occasionally comes into the conservation laboratory for treatment. This material has
decomposedat temperatures above 200'C, is largely pure carbon, and no longer shareswood's
Murray
1994).
Wood
(Capic
and
constituents each have a characteristic
characteristics
ultrastructural

decompositiontemperaturewith hcmicclluloscsthe lowestand lignins as high as 5000C. Charring may
howeverbe incompleteleavingsomewoodconstituentsintact, but still resultingin colourchange,
surfacecinbrittlcmcnt,reductionin hygroscopicityand strengthloss.
2.3.3

Biological

Biological decay agents are the primary source for degradation in archaeological waterlogged wood,
both before and after burial, as they arc for sound wood (Kim 1990).
2.3.3.1 Insects

Insects are as major an agent of deterioration of wood as microorganisms, They use wood for habitation
and as a food source. In both casesthey chew it into frass, leaving holes of various sizes and
orientations, often the best diagnostic to which insect is active. Insects arc vectors of microorganism
decay, and insect and fungal damage often develop under the same conditions (Pinniger 1994). Insects
may damage wood when living, when freshly cut, in storage as timber, during service, or after discard if
not in-unediatcly buried. Many descriptions of insect damage exist in the wood technology and
conservation literature (Coggins 1980; Pinnigcr 1994; Zabel and Morrell 1992) but are outside the range
of the current study.
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2.3.3.2 Decqvfungi

Therearc four differentbroadclassesof wood-dcstroyingmicroorganisms-white-rot fungi, brown-rot
fungi, soft-rotfungi, andbactcria-cach of which is a specialistin the breakdownof oneof moreof
wood'spolymcrcomponcnts,and cachrcflccting vcry diffcrent chcmicalproccsscsin the dccayof wood
(Hedges 1990).

In the discussion of dcgradative processesin the conservation literature, cmphasis has been placed
largely on the soil chemistry of the burial environment. It has not included the fact that the hydrolytic
and oxidative processesinvolved in the degradation of artcfactual wood. while fundamentally chemical
processes,arc initiated by microorganisms in the soil that in turn arc either encouragedor discouraged
by the chemistry of the burial environment, Moreover, little attention has been given to the contribution
of prc-dcpositional decay by agents such as white- and brown-rots in preparing the wood for postdepositional microbial actions. Schnic%vind,in fact, entirely discounts the significance of decay fungi in
the dctcrioration of archaeological wood, stressing the lack of availability of oxygen in waterlogged
wood (Schnicwind 1990a). But waterlogged artcfacts will not always have been waterlogged, even after
deposition, and thus considerable damage to ccll-wall constituents by decay fungi must be considered to
have taken place before the actions of anaerobic micro-fauna. even if evidence of their actions has been
lost through subsequentphasesof deterioration.

Numerousreviewsof the biological aspectsof decompositionexist (Kommcrt 1977,Zabeland Moffcll
1992, Blanchette et al. 1990). These paragraphs will give only an outline of the major selective
decay
by
Basidiomycetes
of
pre-burial
to
characteristic
compounds
ccll-wall
species(white
alterations
rot and brown rot fungi).

Fungi have three major cffccts on wood: mould action, staining, and decay. Only a limited group of
fungi possessthe enzymes capable of the digestion of wood polymers that causedccay (though
Blanchette (199 1) describescertain sequencesof decays that suggestthat some non-cnzymatic events
occur). Non-artefactual wood (waterlogged or fossiliscd in situ) and untreated wood in contact with the
ground seea progression of decay from soft-rot bacteria to decay fungi (usually brown-rot first), with
sapwood decaysc.xtcnding into heartwood decays. Zabel and Morrell (1992) stress that the decay of
wood by microorganisms probably occurs in a "cascadeof simultaneous and interactive reactions" with
varying speciesin competition with one another.

They get into woodeither adventitiously,through naturalopeningssuchas pits and perforationplates
between vessel elements, or they penetrate the cell wall directly. Cells with the highest food reserves
(parenchymatouscells) tend to be coloniscd first (Blanchette et al. 1990). The fungi have two major

and closelyinterlinkedcffcctson the physicalstructureof wood: clicinical dissolutionof ccll-wall
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constituentsleadingto materialloss,and increasesin the permeabilityof the cell wall. Destructionof
pit membranestendsto contributeto both. Thesefactorsall contributeto changesin the sorption
propertiesof archaeologicalwoods. All decayfungi arc capableof causingdrasticchangesto physical,
chemicaland strengthpropertiesof wood.

Whitc-rots, brown-rots, and soft-rots are the three major categories in use, but they are not true
taxonomic divisions and thus not very precise, so there is some overlap (Blanchette et al. 1990). Brownrots arc produced by a group of fungi that attack primarily the carbohydrates in the cell wall. Whitc-rots
arc produced by a group of fungi that attack both carbohydrates and lignin in the cell wall. Speciesof
the Basidioni.vcofina arc responsible for both these types of rot, and tend to be primarily active on
wooden artcfacts before they arc buried. Since soft rots are significant to post-dcpositional decay of
waterlogged wood their discussion is reserved to section 2.4.1.

Both whitc-rotsandbrown-rotsconsistclicinically of 80-90%polysaccliaridcs,the rcinaindcrcomposcd
of protcins and lipids. Chitin is an cspccially charactcristic constitucnt and can bc uscd as an idcntifier
whcrc grosscr morphological cvidcncc is abscnt (Swift 1973).

Both of these types will toleratc a wide range of environmental conditions, but four requirements arc
critical: free water, non-cxtremc temperatures, molecular oxygen, and favourablc pH. Water acts as the
diffusion medium for enzymes, oxygen (a reactant in hydrolysis), and solubiliscd degradation products,
in
Minimum
aiding
penetration.
the
agent
moisture requirements are levels
swelling
capillary
as well as
above fibre saturation point (40% EMC), and maximum arc levels under saturation (80% EMC),
becauseof the need for oxygen for respiration. This is the main reason why fungal activity is restricted
in waterlogged wood, where water has gradually replaced air in the cell lumcna. Since void volume
high-dcrisity
inversely
woods such as oak arc likely to show significantly
gravity,
specific
with
varies
limited fungal activity even in drier conditions. Temperature optima arc 15-45T. Temperature controls
the rate of reactions and, at higher levels, disrupts the stability of enzyme structures (Zibcl and Morrell
1992). Atmospheric oxygen is neededat relatively low levels for most fungi. Free oxygen is the
fungi's
in
hydrogen
the
cnergy-yiclding aerobic oxidation-reduction
acceptor
and
electron
ultimate
reactions. The higher tolerance of soft-rot fungi to low oxygen concentrations (compared to that of
white- and brown-rot fungi), may explain their prevalence as decay agents in watcr-saturated woods
(Duncan 1961). Carbon dioxide is toxic to fungi at higher concentrations, thus wood degrading in
tightly enclosed spaces(e.g.. archaeological wood packaged in scaled polytlicne) may stop deteriorating
after a while becauseof the build-up of carbon dioxide levels by respiring fungi. In submerged
conditions the diffusion rate of oxygen is -*,cry small, partly becauseof low solubility in water and
diffusion through wood. Hydrogen ion concentration defirics the optimal level for many enzyme
reactions and protein stability. The optimal pH range for decay fungi is pH 3 to 6. Other important
factors are gro%vthnutrients such as nitrogen and iron, and also low levels of visible light.
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The progressionof attackon woodccll-wall componentscanbe gcncraliscdfor all decayfungi:
1. hyphal penetration
2.

use of moisture to diffuse enzymes into the cell wall

3. breakdownof shieldingby chemicalbondsof lignin (or thosebetweenlignin and liemicellulose)by
enzymes,thus facilitating enzymeaccessto carbohydrates
4. attackof hemicclluloscsin the amorphouszonesof the microfibrils occursfirst, with removalof
substituentgroupsand polymerdcbranching,eitherbefore,during or after dcpolymcrisitionof the
polymerbackbone
5. breakdownof celluloseand lignin in a seriesof stepreactions
6. absorptionof simplesugarsand hydrocarbonfragments(byproductsof the decayprocess)by the
hyphae.
(from Zabel and Morrell 1992)

Certain basic differences however exist between the decay actions of white rot fungi and brown rots:

White-rot Basicfionývcofinadegrade all the major components of wood, though certain species
preferentially destroy lignin leaving behind a wood residue rich in clicmically-altcrcd polysaccharides
(cellulose and hcmicellulosc) and of the white colour that has given this decay type its name. Whitc-rots
have been identified in fossil and waterlogged archaeological wood samples (Blanchette 1984), thus
decay.
They
low
tolerate
the
will
of
prcburial
very
significance
oxygen concentrations, but
underlining
for
this reason. waterlogged artcfacts may contain nontruly
conditions:
anaerobic
will not grow under
The
excavation.
that
after
actions of whitc-rot fungi leave skOcton cells
can
reactivate
active whitc-rot

fibrous
Cell
lamella,
texture
to
the
a
wood.
gives
walls becomehighly perforated
which
without middle
by hyphac,and permeabilityis increased.

All whitc-rot fungi degradelignin, and Blanchetteet aL (1990) haveestablishedthat the removalof
indeedis necessary
lignin takesplacebeforethe removalof carbohydrates,
to give accessto fungal
enzymes.The only regionsto resistattackarc the cell corners,that arc lessaccessibleto fungal enzymes
in termsof spatialarrangements.Syringyl lignins arc preferentiallydegradedover guaiacyllignins
Wtc-rotsarc
explainingthe attackof fibre cellsbeforevessels.The lignin-dcgradingcnzymcsof %N,
oxidative,and createa variety of chemicalchangesthat Hedges(1990)hasdeterminedto include
decreases
in mcthoxyl,phenolicand hydroxyl contents. They alsocausebenzenering cleavageand sidechain oxidation. The residual,oxidiscdlignin is characteriscdby elevatedoxygencontent,greater
concentrationof carboxylgroups,and elevatedyields of acidic chemicaldegradationproducts. This
alteredmaterialdoesnot tend to accumulatein the woodtissuesbut is rcmincraliscdby the fungi (Zabel
and Morrell 1992).

Brown-rotBasidjoinycounapreferentiallydegradewoodpolysaccharidcs,
leavingbehindan altered
(dcmcthoxylatcd)lignin-rich brown residue,from which this decaytypegetsits name.All that remains
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is a highly solubleresidue. The mostdistinctive identifiablemanifestationof brownof polysaccharides
rot decayis the cuboidalcrackingof the woodsurface. Rapidand severelossesto woodstrengthtaking
placeearly in the decayprocessproduceextremecmbrittlcmentof cell walls, giving a powderytextureto
the wood. Whenadvanced,brown-rotmay lend a ratherswollenand porouslook to woodcells, not
dissimilar to the characteristicsof waterloggedcells (Blanchetteet al. 1990), In general,thereis much
lessvariation to the sequence
of attackon ccll-wall constituentsthan existswith white-rotdecay.
S2 layers of cell walls are attacked preferentially, but eventually degradation leads to merging of cell
walls, and their development of a porous appearance. At extreme stagesof decay, the residual lignin
middle lamella skclcton is loose and the cells are no longer able to hold to a rigid structure.

Degradation of polysaccliaridcs in the cell wall is effected through oxidative dcpolyincrization. Lossesto
crystallinity in cellulose thus occur early on. In contrast to whitc-rot decay mechanisms, the oxidation of
cellulose occurs faster than it can be rcmincraliscd by Ilic brown-rot fungi-, thus there is an accumulation
in wood cells of high concentrations of hygroscopic, altered low-molecular-wcight intermediates, that
may dissolve out of wood in conditions of higher p1l (Hedges 1990). At high levels of decay, even
lignins do not escapechemical alteration. Chemical analysesof residual lignin from broNN,
n-rottcd wood
indicate that denicthylation of aromatic inctlioxyl groups and limited cleavage and hydroxylation of the
benzene ring liavc taken place, with substantial increasesin solubility (Christman and Oglesby 1971).
Other principal chemical changes include oxidation of some alcohol and aldchydc groups to carboxyls,
hydroxyls.
No
introduction
significant separation of the guaiacyl and syringyl
the
some
phenolic
of
and
Morrell
liavc
(Zabel
1992).
lias
been
taken
to
and
place
reported
units

In general, brown-rot fungi arc more restrictive in their environmental requirements than whitc-rot
(Blanchette et al. 1990). This may provide a partial explanation for the lack of evidence of brown-rots

in archaeologicalwaterloggedwoods.

Figure 2.1 below shows the typical macroscopic appearanceof white- and brown-rot decay-affccted
have
Surfaces
post-trcatment
wood
often
archaeological
of
a similar appearance,which should
wood.
perhaps be attributed to prc-dcpositional fungal degradation rather than to failure of treatment.
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High levelsof lignification discouragebacteria,so sapwoodwill tend to be morecffcctcdthan
heartwood,and hardwoodsdegradedmorequickly than softwoods.It cxplainswhy bacterialattackis
with soft-rotdccay,the lattcr achievingthe initial dclignification
often socloselyassociated
(Singhand Butcher 1990).
Perhapsthe commonest manifestation of bacterial attack in wood is a pronounced increase in
permeability brought on by the degradation of pit membranes,cell-wall erosion, tunnelling, and
cavitation. Ccll-wall degradation tends to be much less common, so much so that only recent
investigations have provided evidence for this type of attack to the lignoccllulosc matrix (Daniel el al.
1987). They tend to affect all three layers of cell walls equally. In macromorphological terms, bacteria
tend to leave wood with darkened, eroded surfacesand, once the wood is dry, with cross-grain checking
similar in appearanceto desert craquclurc (Figure 2.3).

Little is known about specific chemical changes associated%vithwood-dcgrading bacteria, suggesting it
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Anaerobic bacteria arc known to decomposecrystalline cellulose as well as pectins and licmicclluloscs,
though the degree of polymcrisation of cellulose has been reported as only slightly reduced (Passialis
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2.5

Waterlogging

As hasbeenpointedout in the introductionto this chapter,the term u,aterloggingis usuallyusedto rcfcr
to the completefilling with watcr of all porespacesin wood,both the capillariesand the
acting on the
microcapillarics(Grattan 1987). Waterloggingcomesaboutthroughdiffusion processes
in
Wood
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an
undcgraded
cell wall.
saturationby water,as conservationscientistshavediscoveredwhen attemptingto artificially waterlog
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wood
in woodporosityor permeabilitywill allow waterloggingin woodlocatedin sufficicritly moist
conditions. Suchfactorsincludebacterialand fungal attackon pit membranesand cell walls,
dclignification, solubilisationof heartwoodextractives,and dcpolymcrisationof ccll-wall constituents,
especiallycellulose. Destructionof pits and hyphal perforationphysicallyincreasesporosity.
Solubilisationof extractivesand dclignification both involve masslossesthat leavephysicalspacefor
for
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the
the
carbohydrates
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moremoisture penetrate,
enhancing accessibilityof
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conditionof the wood,causingit to appearmuch morestrongand cohesivethan it in fact is. Swelling
alsotendsto hide use-lifedamageby closingup cracks. Waterloggingtendsto producedarkenedwood
with a soft, cheesytexture. Someof this darkeningis from byproductsof bactcriaVfungalattack,which
tend to increasechromophorereactionsand result in the stainingof woodtissues(Grattan 1987). Some
hasbeenfoundto resultfrom complexingof iron compoundsdiffusedin from the burial environment
and humic (lignin byproducts)or tannic materials (Iiyama et al 1988).

The main factorof importanceduring waterloggingis the inliomogcncityof water'sdistribution
throughoutthe wood. The differing areasof permeabilityarc responsiblefor mostof the problemsfaced
by conscrvatorsin attemptingto bring the woodinto equilibrium with normal ambienthumidity levels,
without diffcrcntial drying strcssesthat matcrial this wcak cannotstandup to.

2.6

Chemical Degradation

Z6.1

The Contribution of the Burial Environment

The burial environment is unquestionably the single most important factor determining the level and
type of purely clicmically-induced dcterioration that will take place in any single piece of archaeological
burial
for
ideal
The
arc
rapid
preservation
at a depth in a wct, immobilising scdiment
conditions
wood.
that eliminates light. oxygen, and anaerobic bacteria. Stich conditions do exist in wct clay soils, in river
sediments, in peat bogs and under the sea. There has been substantial research into dctcrinining which
for
bogs
in
factors
arc
responsible
the
good preservation (Painter 1995, Waksman
peat
prevailing
of
1952; Christman and Oglesby 1971), and soinc of the results arc equally applicable to other burial
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likely
be
found.
hich
to
invN,
wct
wood
archaeological
conditions

Low oxygen levels are considered to be the most significant of preservation factors in the waterlogged
environment. But while there is, indeed, no molecular oxygen below the top 30-50 cm of a
does
is
decay.
Waksman (1952) identified both aerobic
that
there
this
not
mean
no
soil,
watcr-saturated
and anaerobic decay in considerable concentrations throughout the layers of a pcat bog. It must be
acceptedthat anaerobic bacteria arc potentially just as cffccti%,c as aerobic ones in breaking down
polysaccharidcs in wood, since these arc hydrolytic reactions that require only the presenceof water and
not molecular oxygen. In contradiction to Zcikus' (1980) conclusions, even oxidative reactions can be
carried out by anaerobic bacteria, though only by reducing other substancessuch as carbon dioxide to
methane, sulphatc to sulphur or hydrogen sulphide, or nitrate to nitrogen or ammonia. Oxidation will
ceaseif these compounds arc no longer available, and incomplctcly-oxidiscd substancesbuild up as
ciid-products, e.g., (in the caseof cellulose) lactic acid, succinic acid, ethyl alcohol, and short-chain fatty
acids. many of which have been identified in Py-GC/MS studies (Diaz-Vaz et al. 1991, Saiz-Jimincz el
aL 1987; Wilson el aL 1993). That anaerobic bacteria find lignin particularly difficult to break down is
thought to be becauseits breakdown entails oxidative steps right from the beginning (Colbcrg 1988).
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pH conditionsare alsoconsideredparamountin determiningpreservationunderwaterloggedconditions.
But Painter(1995)considersthis to be muchexaggerated.In termsof direct chemicaldegradation
causedby extremesof pH, it hasbeendeterminedthat acidswill primarily degradewoodcarbohydrates,
while alkalis restrict their attackprimarily to lignin and, to a lesserextent,to hemiccllulosc.Alkalis
thus maybe responsiblefor exposingcelluloseto chemicaldegradationby attackingthe integrity of the
lignin/licmicellulosematrix and forming solublelignin-alkali complexes(Zabeland Morrell 1992).
Woodso affectedbecomesfibrousandbleachedin appearance,
swells,and experiencessteepreductions
in strength,cffcctseasilyconfusedwith thoseof white-rotdecay. Acid causeshydrolysisof the (x 1-4
glycosidiclinkagesin celluloseand licmicelluloses,resultingin drasticreductionsin tensilestrength.
This dcpolymerisationmakeswoodbrown and brittle, resultscasily confusedwith the cffectsof brownrot decay. However,mostwetlandshavep1l conditionsof only pH 5.5-6.5. Sincethey areflushed
continuouslyby water,they tend to bebufferedby dissolvedcalciumbicarbonateand are thusonly
slightly acidic-optimal for bacteriaand decayfungi. Seawater is moreextreme,at a pH rangeof 7.58.4 (Florian 1987),and prccipitation-watercdbogscanbe very acidic (pH 3.2-4.5)as a resultof cation
exchangereactionsby the holocclluloscfractionspresentsequestering
calciumand other multivalcnt
metalcations. Even in theseconditions,however,anaerobicand aerobicbacteriahavebeenfound
(Painter 1995).

The cationic exchange mechanisms mentioned above are highly significant for the preservation of wood.
Pectic acids are particularly involved, and they become releasedfrom the lioloccllulose fraction in wood
during the early stagesof its breakdown. Ilumic acid has been found to be produced from the conversion
of pectic acid keto-uronic acids (5KMA's) under mildly acidic conditions, and it is this that sequesters
multivalcnt cations, iron in particular (Painter 1995). As long as liumic acids arc able to keep up with
available metal cation concentrations in the soil, they may act to inhibit bacterial growth by depriving
them of the nutrients they need, but where high concentrations are available (such as where there is an
association of wooden artcfacts with metal ones), then bacterial activity will be actively encouraged. In
peat bogs, the amino-nitrogcns that bacteria need arc in sequesteredform, inaccessibleto bacteria.
Wetland sites, polluted now from groundwater runoff from agricultural soils, are a new danger for stillburied artcfacts (Painter 1995). Hedgeset aL (1985) have determined, using elemental analysis (CHN),
that nitrogen fractions (some of which come from the very small protein content of wood), tend to
increase with the degradation level in wood.

Sulphuris anotherof the soil nutrientsthat affectthe chemicalstability of woodconstituents.It is used
by anaerobic sulphate-reducing bacteria to produce the oxygen necessaryfor oxidative metabolism of
ccll-wall polymers. This is a two stage process: first hydrogen sulphide oxidation, then sulphate
reduction. It is generally acceptedthat the first reaction is catalyscd by the presenceof ferric ions, while
the second reaction requires an organic acid such as the lactic acid produced as a by-product of bacterial
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in the soil. Thesereactionstend to be sclf-feccling,with oxidationof ioniscd
fermentationprocesses
hydrogensulphidcbackto sulphate,therebycontinuingthe cycle(Cork and Cusanovich1979).
1. Hydrogen Sulphide Oxidisation
HS- +202

S024

+H+

2. Sulphate Reduction

2CH3CHOHCOO-+SO,
Equation 2.1

2-

) 2CH3COO-+2HCOa-

Sulphate reduction In the burial environment

+H2S

(after Cork and Cusanovich 1979)

The presenceof polyvalent salts in burial soils can have a serious influence on the rate of decay of the
wood buried there. Though some acid salts such as copper oxides have been found actually to increase
strength in some woods (Baker 1974), others have a very severecffcct on its preservation. Iron is the
major polyvalcnt ion to affect the chemical integrity of wood. Its role in encouraging microbial action
has previously been mentioned. Prolonged contact of wood with iron (111)causeslocaliscd
cmbrittlemcnt and loss in tensile strength (Baker 1974). Iron salts are inherently acidic, as a
consequenceof the hydrolysis of the ferric ion. As iron oxidises to form ferric hydroxide, it catalysesthe
oxidation and dcpolymcrisation of cellulose into oxyccllulose. Iron present in, or in association with,
wooden artcfacts will tend to affect the moisture retention characteristics of the material, since iron
actively corrodes at relative humidities above 20% (MacLeod et al. 1994; Emery and Schroeder 1974).
Continued conversion of iron to hydrated iron salts within wood may thus cause severemechanical
damage to even treated artefacts as a result of the extreme volume changes associatedwith this
conversion (Jesperson1989).

Peaty waterlogged soils contain phenolic compounds, not unlike the tannins common to oak heartwood.
If exposed to oxygen, they tend to oxidisc and may then form the iron tannatc complexes oflcn presumed
to cause the darkening of waterlogged wood. We have seen, however, that there arc many other possible
contributors to the darkening (largely a surface phenomenon) of waterlogged wood. Painter (1995)
suggeststhat it might be produced by a Maillard or mclanoidin reaction, a complex chemical
transformation that occurs whenever reducing carbohydrates (also perhaps aldchyde and ketone
breakdown products of lignin) read with proteins or amincs under mildly acidic conditions (Ellis 1959).
The result is dark brown, nitrogcn-containing polymers, found in degraded wood becausethey are more
or less resistant to microbial attack. These will only break down slowly in wet conditions by aerobic
bacteria, if nutrients and molecular oxygen available. (Painter 1995). A more serious effect of tannins is
the hydrophilic characteristics they tend to give polymers they arc tied to.

Water itself in the wet burial environmentappearsto be responsiblefor reducingthe chemical
deteriorationof woodconstituents.Painter(1995)hasdrawnup a modelfrom experimentalresults
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2.6.2.3 Afass loss

Chemical degradation of polymeric substancesinvolves such diverse processesas crosslinking and
chain scission. These do not necessarily presume net mass loss, especially since the opening up of new

bondingsitesresultingfrom suchdegradationallows for newchemicalsin the environment(e.g., humic
acidsand minerals)to bond into the material. In archaeologicalwet wood,however,thereappearsto be
ample evidence of deterioration of constituents to soluble complexes
(Passialis 1997-,Wilson et al. 1993). The wet burial context guaranteestheir dispersal. Table 2.1 below
gives constituent values for a number of degraded archaeological oak samples in contrast to undcgraded
oak.
Constituent Ratios (weigh percentages
sed on oven dry wood)
Total
Cellulose Hemicellulose Lignin Other
Organic
Polysaccharldes
Extractives
Holocellulose
29.6
12.2
23.3
73.2
41.1
0.4
22.6
9.1
62.9
53.6
10.9
19.5
30.2
14.0
52.8
49.0
0.4
12.9
38.8
4.3
48.7
60.3
6.5
28.6
24.7
38.3
3.4
77.9
1 25.8 1 7.7
37.8
0.78
61.1
30.9 1 9.9
35.7
2.86
54.2
11
20.6 1 15.3
1 0.67
25.5
55.4
Sources:
'Fresh Oak(Quercusrobur) Fengel& Wegener, 1984
2Arch.Oak(Quercusrobur) Hoffmann& Jones, 1990
3ArchOak(Quercusrobur) Hoffmann,1982
4FreshOak(Quercusalba) Fengel& Wegener, 1984
Grattan& Mathias,1986
5ArchOak(Quercusalba)

Ash

Source

0.3
'inn
2.6
- ,ut
10.6 - 70"inn 4.0
12.4 ý'out
TO
0.3
7.6
5.5
.0

'3OUtb

4
00
ýc

Note: Percentagesnot mass normallsed,Le. constituentsartificiallyconcentratedby mass loss.
Table 2.1

Constituent ratios characteristic of degraded Quercus spp. wood

This mass loss is reflected in changes to density measurements,though increased mineral content may
interfere with the directness of this relationship (Zabel and Morrell 1992). Hoffmann (1982) has
determined that lignin is absolutely as well as relatively preserved, so the implication is that the loss
must be ascribed to the holoccllulosc (total carbohydrates) fraction alone. However, this would seem
unlikely, taking into account the work of microorganisms responsible for much of wood degradation.
Even if we accept that archaeological waterlogged wood is primarily degraded by bacteria and soft-rot
fungi, both of these agents do dcpolymcrisc lignin, even if to reduced extents. The question would thus
seemto bc, ", Iictlicr these dcpolymcriscd fragments arc left unmctaboliscd by the microorganism and
thus idcntif iable by chemical graviinctric analysis. We are told that soft-rots and bacteria do not appear
to leave lignin alteration products (Blanchette et aL 1990), but rather arc reported able to utilise the lowmolccular-weight fractions (Hedges 1990; Zabel and Morrell 1992). Whitc-rots also mctabolise all
breakdown products (Zabel and Morrell 1992). It seemsnecessaryto conclude, then, contrary to
Hoffinann, that lossesto lignins are a significant proportion of the total. It is important to establish this
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of wood-dctcrioration
point, becauseconservationtreatmentprogramsare often chosenon assessments
level basedonly upondensitymeasurements.Chapters7 and 9 investigatethis.
2.6.2.4 Order of degradation of constituents

Waterlogged wood is subject to spontaneousreactions with ambient chemical agents. The chemical
changes in wood polymers, such as alteration of chemical characteristics, loss of crystallinity, changes in
solubility, oxidation, and hydrolysis, will tend to be expressedin the wooden artefact as loss of strength,
permeability. hygroscopicity. and other physical changes. Coniferous woods arc generally more resistant
to corrosive chemical attack than arc most hardwoods, since clicmically-rcsistant woods are generally
those specieshigh in a-ccilulosc and lignin and low in xylans. However, oak, with its relatively high
lignin fraction, displays relatively high resistance.

Analyses have shown that the order of chemical stability in the polymers present in wood cells is, from
most stable to least stable: fi-Hydroxyl and vanillyl lignin structural units are the most resistant,
followed by syringyl lignin units, followed by pectin, then (x-ccliulosc, and finally licinicciluloscs
(Hedgeset al. 1985). Van Krcvclcn plots of results from CHN analysesof archaeological wood samples
O/C, and 111Cratios in stable
(Hedges 1990), and work by Spiker and Hatcher (1987) comparing 11C111C,
IT
CP-MAS
NMR, unambiguously show this preferential
isotope
with
confirmed
analysis
carbon
preservation of lignins over polysiccliaridcs. Lignins arcalso the least hygroscopic of the major
components, with cellulose occupying an intermediate position and licmicclluloscs being the most
hygroscopic. It is reasonableto assume.therefore. that the deterioration of these chemical constituents is
highly correlated with increasesin the hygroscopicity of wood (Schnic%vind1990a).

Z6.3

Degradation of Ilemicellulose

Hcmicclluloscsarc vulnerableto dissolutionin alkaline conditionsand,becauseof their highly
undervery wct conditions.
amorphousnature,someportion of them may alsodissolvespontaneously
Hcmicclluloscsalsoundergobreakdownby acid hydrolysisand throughthe enzymaticactionsof fungi
andbacteria,with consequentcffcct on the wood'selasticity.(Figure 2.7)

XX
OCH
HH

HH

Figure 2.7

Sites for hydrolytic cleavage In hernicellulose

_AC
(Zabel& Morrell, 1992)
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Bacteria and fungi will also mctabolisc licmiccllulose, leaving no byproducts. Hemicelluloscs are
usually the first to be degraded, probably owing to their shorter chain lengths, inherent solubility and
exposed locations around the cellulose microfibril. The processesof hcmiccllulosc degradation arc only
now beginning to be elucidated, becauseof the complexity inherent in the variety of side branches,
substitucnt groups and variations in sugars involvcd. It is known that the initial tendency is the
stripping off of side groups from the polymer backbone and the separation of the polymer into xylosc,
mannosc and galactose,and oligomers, as well as acctyl side chains. The end result of licmiccllulosc
dissolution can be the production of proteins (Zabel and Morrell 1992).

Z 6.4

Degradation of Cellulose

2.6 4.1 General

Breakdown of the cellulose polymer chain, occurring under waterlogging conditions, often follows from
the accessof water to the cellulose molecule via exposedpolar sites in its amorphous regions, but is
carried out by the chemical deterioration processesof photo-oxidation and acid hydrolysis. Since, under
usual circumstances, both of these processesrequire acidic. acrated environments, open to high
temperature and ultraviolet liglit-liydrogcn

and oxygen atoms contributed to the reaction processby the

first two conditions and activation energy by the last two-it

appears likely that purely chemically-

initiated processesoccur before the artcfact has become fully waterlogged, and that aftcrwards primarily
enzymatic processesprevail (Sj6str6m 1981).
2.6.4.2 En; vinatic h.v(lro4v.vi*s

Enzymatically-induccddissolutionof the cellulosepolymeroccursin the presenceof bacterialand
fungal microorganisms. Whitc-rots utilise a series of exo- and cndo-O1.4 glucanascsthat achieve
depolyincrization of cellulose by a series of hydrolytic and oxidative reactions, details of which arc given
in the following sections. The initial pathway for cnzynmtic cleavage of cellulose is hydrolytic and
involves the site of the glycosidic bond. (Figure 2.8)

Figure 2.8

Sites for hydrolytic cleavage In cellulose

(Zabel & Morrell, 1992)

The end products are oligosaccharidcs, ccllobiose (2 glucose units) and glucose. Secondary
decomposition pathways are both hydrolytic and oxidative, and involve the brcak-down of ccllobiose to
glucose, most of which is absorbedby the fungus (Zabel and Morrell 1992). Brown-rot fungi degrade

cellulosein a manncrthat differs from that of whitc-rot. Thoughthe decaymechanismsarc lesswell
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understood,a noncnzymaticoxidativedcpolymcrizingagenthasbeenproposed,perhapsaidedby the
H202/Fe2' system(Koenigs;1974). This stepachievesseparationof the cellulosechainsin the
crystallinezones,and is followedby cleavageof the cellulosepolymerin a fashionsimilar to that of
whitc-rots. This degradationoccursvery early in the decayprocess.Soft-rotsusuallylimit their
activitiesto the amorphouszonesof cellulose,thoughotherwiseusemuchthe samedecaymechanisms
asbrown- and whitc-rots(Zabeland Morrcll 1992). The visual resultsof enzymatichydrolysisare
by drasticstrengthlosses.
generallylocaliscdcrumblingand darkeningof woodtissues.accompanied
2.6 4.3 Oxidation

Chemically-initiated oxidation of cellulose always begins at the amorphous areasalong the molecular
chain, though it also may take place on the surface of the crystalline areas at the If' sitcs (FcngcI and
Wegener 1984). It requires the presenceof'licat or light for activation energy. Oxidation causes
changes in the functional groups on the ring compounds that form the cellulose chain, the most obvious
visible result being the production of chromophore groups that causeyellowing or browning of cellulosic
materials. These changeseventually lead to breaks in the chain, weakening the molecule and opening it
up to further chemical attack, especially by means of acid hydrolysis. Another result of photo-oxidition
is the formation of free radicals; these will be responsible for the continuation of oxidative and
hydrolytic degradation of cellulose, even in the absenceof light (Ilon 1979). Visible changes resulting
from oxidative detcrioration arc a fuzzy appearanceto the wood and. in extreme cases,the crumbling of
tissues. The presenceof iron oxides in the burial environment of the wood may contribute to autooxidation of cellulose through electrolytic actions (Florian 1987).
2.6.4.4 Acid hydroývsis

Cliemically-induccd hydrolysis of cellulose begins at the glycosidic bond or at the sitcs of carboxyl
groups produced during oxidative degradation Of the cellulose polymer. Activated by the presenceof
acids and water, oxygen links between glucose units on the chain arc broken, thus reducing overall chain
size and rendering more surface area open for attack or solubilization (Passialis 1997). End-products of
acid hydrolysis arc glucose and small amounts of disaccliarides. (Figure 2.9) The most obvious visible

rcsult of hydrolyticreactionsis brittlcncssof the ccllulosic matcrial and, in cxtrcmecascs,dissolutionof
ccliulose.
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2.6.5

Acid-catalyzed

Elevated

Lignin

hydrolysis

of cellulose

(Sjdstr6m,

1981)

Concentration

Elcvatcdlignin concentration(proportionalto lioloccilulosc)is the mostcommonly-rcportcdchemical
propcrtyof ancicntwood,and is consistcntwith woodsfrom divcrsecnvironmcnts(wct, dry, gcological
deposits, saltwater). As with wood carbohydrates. this trend does not appear to increaseNviththe age of
the sample in any regular fashion, which Hcdgcs (1990) points out indicates that spontaneousabiotic
chemical reactions arc probably not the primary degradation incclianisin. Increase in proportional
lignin and decreasein polysaccliaride arc, liowcvcr, related in a regular fashion to increasesin water

2.4).
in
density
losses
(Figure
to
also
content,and
Reservations
aboutHoffmann's(1982)claim that lignin fractionsare absolutelyas well as relatively
have
been
diagcnctic
already
expressedin an earlier section. Zabeland
removal
preservedagainst
Morrell (1992) recommend caution about reliance on lignin determinations made by gravimctric
is
While
determinations.
thcrc
also no evidence to show that polysaccliaridc degradation
solubility
products arc blocking the solubility of lignin for measurement(Hcdgcs 1990), remnants of
in
intimate
have
been
to
association with ccll-wall lignins, resisting
continue
shown
polysiccliaridc
removal by the concentrated acids used in these analyses,and thus remaining to contribute spuriously to
measuredresidual lignin (Zabel and Morrell 1992).

Z 6.6

Degradation of Lignins

As the primary role of lignin in the woodcell wall is to protectthe structuralcarbohydrates
from
chemicaland microbialattack,we can expectit to be inlicrcntly resistantto degradation.But becauseof
its complexchemicalstructure,its mcclianismsof degradationhaveonly recentlybegunto be
understood.It is known, however,that lignins arc dcpolymcriscdprimarily by oxidativeenzymesthat
bondsor ctlicr linkages,and alsoseparatevariousfunctionalgroups,side
separatecarbon-to-carbon
chains and aromatic rings randomly from the huge, amorphous lignin macromolecule (Figure 2.10).
Unlike the carbohydrates.these cleavagesarc not uniform hydrolytic cleavages(Zabel and Morrell
1992).
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Figure 2.10

Sites for oxidative enzymatic cleavage of lignin

(Zabel & Morrell, 1992)

White-rots,soft-rotsandbacteriaall employthe samemechanismsin decayinglignin. This processof
decayis charactcriscdby substitucntoxidations,cleavageof 2-carbonfragmentsfrom propyl sidechains
increase
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Wood degradedby whitc-rot fungi shows charactcristically elevated yields of vanillic acid versus
vanillin (Hedgcs et al. 1988). Soft-rot fungi appear to preferentially attack syringyl units (Nelson et at
1995). Tlicrc is, in fact, evidence that brown-rot fungi engage in lignin degradation (Kirk 1975).
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Chemicalanalysesof residuallignin from brown-rottcdwoodseemto indicatesubstantialincreasesin
decreased
include
The
observed
mcthoxyl content, oxidation of some
principal
changes
solubility.
alcohol and aldchyde groups to carboxyls, and the introduction of some phenolic hydroxyls. No
significant separation of the guaiacyl and syringyl units appearsto have taken place.

Typical low-molecular-wciglitproductsrcsulting from lignin dcgradationincludcvanillin,
syringaldchydc,conifcryl aldchydc,vanillic acid. syringicacid, and a wide rangcof aliphaticor
aromatic acids and plicnols (Figurc 2.12).
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Low molecular weight degradation products of decayed lignin

Lignin is particularly

sensitive to photo-oxidativc

deterioration.

its
in
increases
that
overall crystallinity.
cause
conditions,

(Zabel & Morrell, 1992)

It is also affected by alkaline

There is a gcncraliscd increase of brittleness

and friability of tissues(Florian 1987). Colour changesare producedby plicnol-oxidizingcnzyincs.
Z6.7

Elevated Ash Content

Ash contcnthasbccnobscr%,
cd to incrcascdircctly with dcgradationof ccll-wall polymcrsand clcvation
of maximummoisturccontcnt. Levclshavcbccn mcasurcdas high as 20% in sevcrcly-dcgradcd
oak
wood, an immense increase on the average 0.2% of fresh wood. Some of this increase may result from

mctabolicactionsof fungi on the woodtissucs,but much is attributcdto the rcductionof iron salts
present in the burial environment by the action of sulphate-rcducing bacteria (Hedges 1990). The
deteriorative cffect of these iron sulphidcs (FcS2pyrites) on wood polysaccharideshas been discussedin
a previous section. Prolonged contact of wood with iron ininerals causeslocaliscd cmbrittlcmcnt and
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losscsin tcnsilc strcngth(Bakcr 1974;Kim 1990). Schnicwind(1990a)pointsout the contributionof
data.
judgements
based
in
density,
increases
such
to
and
cautions
against
on
solely
contents
elevatedash

2.7

Changes to Physical and Mechanical Properties

Z 7.1

General

Many changesoccurduring dctcrioration,rangingfrom drasticcffectson woodstrengthto subtle
modificationsin propertiessuchas density,hygroscopicity,and dimensions.The changesin one
propertyarc invariableassociatedwith changesin other properties(e.g., changesin physicalproperties
are a reflectionof anatomicaland clicinical changesin flic wood,broughton by degradation).
Z 7.2

Bulk Losses and Reduction in Density

Lossesto mass resulting from degradation of waterlogged wood have been discussedalready in previous
sections. The breakdown and removal of ccll-wall components leads to reduction in overall mass.
While dcgradation is only advanced as far as (he relatively accessiblecomponents, relatively minor
is
incurred.
loss
lIoNN,
1-3%
losses
of
strength
minimal
cvcr, once the more chemically
of
and
wcight
be
broken
down
begin
lignins
to
and inctiboliscd, %vcightlossesof as much
as
such
complex components
Morrcll
1992).
While
incurred
(Zibcl
in
97%
and
mass loss can be a useful
cases
arc
some
as
does
it
dctcrioration,
not accurately measurethe magnitude of decay cffccts on
comparative measureof
other properties of the wood, such as strength.

Densitymakesa bettermeasureof wooddeteriorationfor this purpose,and the degreeto which density
deviatesfrom valuesfor recentwood is commonlyusedas a measureof the extentof deterioration
(Figure 2.13). Reduction in ccll-wall density is thought to be the result of dcgradativc lossesof
carbohydrates from the ccll-wall lignocarbohydratc complex (Sclinic%vind1990a). Changes in density
have generally been closely correlated with changes in certain strength properties, in particular with
bending strength (Zabel and Morrell 1992). But it is not unusual to find that archaeological wood has
in
decreases
strength properties without any associatedreduction in density
significant
suffered
(Schnimind 1990a). This could be to do with elevated ash contents.
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Residual compression strength as a function of residual bulk density for a range of
(Schniewind, 1990a)
archaeological woods

Reservationsabout the exclusive use of density as a gauge for deterioration have already been stated.
Further reservations lie in the difficulty of making accurate measurements(especially of wood volume)
by
it
is
enormously
affected
changes to moisture content. Furthermore,
colloid.
since, as an organic
loss
in
fungi
(white-rots)
weight
substantial
without
cause
much
change
wood volume,
some
while
others (brown-rot fungi) cause substantial volume reduction as well (Zabel and Morrell 1992). Density
be
by
decayed
thus
in
these
not
means
would
comparable.
reductions wood

A distinction must also be made between bulk density measurementsand ccll-wall density
latter
be
large
former.
to
the
Most
to
there
to
change
the
no
even
with
changes
claim
measurements.
Measurementsof bulk density of watcrloggcd wood are made using the maximum moisture content
density
based
the
is
that
the
of the ccil-wall substanceitself has remained
assumption
on
method, which
PEGCON,
(e.
Certain
g.
assessments
see Chapter 4) are basedon this
conservation
unchanged.
assumption, too. In addition, since the density of ccll-wall substanceis generally assumedto be
by
its
density
obtained
the
of
measuring
overall weight and volume becomesa
wood
of
a
piece
constant,
measureof wood porosity-and of many other properties. It is difficult to accept that there will have
been no change to the density of the cell wall with selective dissolution of its components. Taniguchi el
losses
density
found
(1986)
to
the
of
cell
wall
of degraded waterlogged wood, but
evidence
some
al.
from
down
(1.38
be
the acceptedvalue constant for all speciesof 1.5
them
to
g/cm3,
enough
small
claim
g/cm') not to affect basic density calculations. Reductions in ccll-wall density have been shown to
accompany increased accessibility (see Figure 2.14 below; also Figure 2.16).
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consistentlyhigher than thosefor recentwood,and appearso regardlessof species
(Noack 1965, Hoffmann 1985; Barbour and Lcney 1982). This difference is much more noticeable at
higher humidity levels, e.g. 80% and above. Fibre saturation point (FSP) values (see Chapter 3) arc thus
particularly increased, in some casesby as much as tvAcc,the usual levels, as shown in Schniewind's
(1990a) collected data below (Figure 2.16). Fibre saturation point is important since it is the EMC
where the properties of a wood change dramatically. This explains the tendency of archaeological
waterlogged wood to undergo shrinkage at humidities just below 100% (Noack 1969-,Barkmann 1975).

Sorption Characteristicsof Buried Wood
Densit y
Species

Age.
years
900
570
700
800
8w
800
900
1000
1100
1100
1600
4700
2500

Readual, '
%
98
94
88
104
106
109
ill
75
102
140
96
103
42

Basi?

EMC at 98-100% RIII(FSP)
Old Wood,
New Wood,
%%
Ref.

Abies alba
2
26.8
23
23.2
3
Quercus spp.
52.0
17.43
32.0
Quercus spp.
2
34.3
22
30.8
Quercus spp.
2
36.0
25
30.8
2
Quercus spp.
36.7
22
30.8
2
Quercus spp.
34.5
30.8
22
2
Quercus spp.
29.5
38
23.0
2
Quercus spp.
36.4
30.8
22
2
Quercus spp.
36.3
30.8
22
2
Quercus spp.
38.7
30.8
22
2
Quercus spp.
33.3
30.8
22
2
Quercus spp.
32.0
30.8
24
3
60.0
Alnus rubra
30.0
21,55
'Density of old wood relative to that of recent wood.
61.OD weight and volume; 2, weight and volume at 12% MC, 3, conventionaldensity (OD,
weight and greenvolume).
'Rif is relative humidity.
Figure 2.16

FSP values for archaeological waterlogged wood from various studies
(Schniewind, 1990a)

Wlicrc FSPvaluesdo not showsignificant increasesfrom soundwoodvalues,it canbe assumedthat the
wood is in good condition. Grattan (1987) points out, however, that once the cell wall becomesseverely
catcn away. the internal volume will begin to decreaseagain and the fibre saturation point will fall
correspondingly. (Chapter 3)

2.7.4

Permeability and Porosity

Permeabilityis the facility with which a materialpermitsthe passageof a gasor liquid. Changesto
accessibilityor porosityin degradedwoodsproduceassociatedchangesin EMCs. Any changeto
porosityalsochangesthe ability of the woodto accepttreatmentchemicals,and changesthe stability of
these treatments once in place. Increased porosity is also associatedwith increased chemical and
biological attack.
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Conditionsproducedby degradationthat affectpermeabilityof the woodarc likely to be key factorsin
decidingwhetherdeterioratedwaterloggedwoodwill undergoextremedimensionalchangeon drying.
Dimensionalchangeis affecteddiffcrcntially in the different planesof wood. More importantis the
different moisturecontentat which significantchangesin drying characteristicstakeplace. Wood
tissuesunderrcstraint--cithcr within its internal system,or becauseof the constructionof the artcfact
(e.g.. at thejoints of a box)-will be affectedmuch moreseverelyby dimensionalchanges,asthey will
tend to resolvethemselvesthroughthe openingup of cracksor checksin the wood. All of thesewatergovernedprocesses
arc discussedin greaterdetail in the next chapter.
Z 7.6

Changes to Strength Properties

The cffcctsof dccayon the woodsircngtlt of rcccnttiinbcrs havcbccn intcnsivclystudicd(Zabcland
Moffcll 1992). Much Icssrcscirch hasbccncarricd out on the strcngtli of archacologicalwood.

Any altuations to chemical structure ( cspccially to the carbohydratcs of wood) that Icad to dccrcascsin
mass will causealteration to the mechanical properties of wood, for the most part sharp reductions.
Most changesare readily measurablebefore thewood has exceededa 5% weight loss (Zabel and Morrell
1992).

Of the many strength properties, work to maximal load, toughness, and impact bending are reported to
be the most sensitive in detecting the early stagesof degradation (Wilcox 1978). Most studies of the
cffccts of degradation on modern timbers have used bending strength as a measure,testing large pieces
of wood. From this data, modulus of elasticity, modulus of rupture and work to maximal load arc
calculated from stress-strain relationships. Uneven decay, however, is known to make such tests less
degradation
Pockets
1992).
Morrell
(Zabel
of
and
produce failure zones that can magnify
meaningful
strength lossesin small areasof the cell wall or wood tissues. For this reason, the strength testing of
archaeological wood is vcry difficult. When smaller specimensarc used. accuracy his been found to be
variable. Measures of toughness arc an exception to this. Reductions in toughness arc a very good
gauge of the early stagesof degradation. Good results have also been achieved from longitudinal
(bending) and radial compression, which arc especially sensitive to the early stagesof polysaccharide
degradation (Wilcox 1978). The strength property most sensitive to slight amounts of decay, is the
toughnessor resistanceto impact loading test, followed closely by static bending properties. Results
from these measurementshave shown that decay mechanisms that produce greater strength lossesat
lower weight losses(e.g., brown-rot, soft-rot) early in the processproduce wood that is more damaged
than that causedby other mechanisms of decay (e.g., whitc-rot) (Zabel and Morrell 1992). In later
stagesof degradation, little difference can be observed in the degree of strength loss resulting from
different mechanisms of polysaccharidc degradation.
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Methods of measurementthat have proved useful on archaeological samples include ultrasonic pulse
tests (sensitive to lossesin degree of crystalline structure) (Miura 1976), and various liardncss-tcsting
methods such as the Pilodyn needle impact hardness tester (Joneset al. 1986) and the Sibcrt resistance
drill (Pantcr and Spriggs 1997). Most published results on this matter come from the work of the latter
authors. These methods have proved relatively reliable in showing a linear relationship between
hardnessand maximum moisture content (Figure 2.18), and a semilogarithmic relationship between
hardnessand compression strength of a wide range of waterlogged samples in different statesof

degradation.
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(Schniewind, 1990a)

The usduincss of this rcsistancc ineasurcincnts as a diagnostic tcchique for dcgradation of
archaeological tirnbcrs is invcstigatcd in Chaptcr 6.

Shockresistance,or impactbendingstrengthdataarc generallymostsensitiveto the early stagesof
decay. Schnicwind(1990a)reportsvaluesthat showa greatdealof variability. High valueshavebeen
attributedby Hoffmannet al. (1986)to increasesin plasticity,and to low stiffnessvalues. Average
residualimpactbendingstrengthis in the regionof 68% and matchescloselythe residualbending
strengthvaluesfor the samesamples.This failure to matchthe tendenciesof modernwoodundergoing
abovc-grounddecayprocesses
appearsto indicatethat the mechanismsgoverningthe dcteriorationof
waterloggedwoodarc somewhatdifferent.
Schniewind(1990a)providesa tableof valuesfor a numberof strengthtestscarriedout on buried
waterloggedarchaeologicalwood. In all cases,and in contrastto dry archaeologicalwood,strength
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He
for
lower
the
than
species,
same
also plots residual strength values as a
of
sound
arc
wood
values
function of residual density (Figure 2.13), basedon values from the above table, and shows clearly that
loss in strength in this wood is proportionally greater than the mass loss, with moisture content
controlled for. This suggeststhat strength lossesin archaeological waterlogged woods are not directly
integrity
in
be
degradation
losses.
He
because
due
the
that
this
to,
to,
suggests
or
may
proportional
mass
of the remaining substance(lignin for the most part) has also taken place. Chapter 8 investigates this.
In the caseof dry archaeological wood, it is thought that initial increasesto cellulose crystallinity are
responsible for maintenance of strength properties. though deterioration of ccll-wall chemicals has also
inevitably taken place.

Schnicwind (1990a) nmkcs the interesting observation that figures for tensile and bending strength arc
similar to those for compression strength. and modulus of elasticity and rupture arc also reduced to about
the sameextent (51-53% on average). With early deterioration to ccll-wall carbohydratestaking place,
it would be unusual for these strcrigth values to havc decreasedto the same extent. The relationship
between dcnsity and compression strength is. however, displayed in oakwood in good condition. More
highly deteriorated oakwood does not display such a high correlation between density and residual
strength values.

2.8

Summary

We now havea clearpictureof the cffcctswaterloggingand burial haveon archaeologicalwood.
Prcburialdegradation,including the cfFectsof chemicalweatheringand decayfungi, appearsto play a
significant role in the degradation of the wood, though visual evidence of its influence may have become
We
bri
degradation.
to
by
need
ng elements of this discussion into our own
post-depositional
covered up
'
models for the degradation particular to waterlogged wood.

Factorsaffectingpreservationinclude inherentpropertiessuchas groNvthcharacteristics,tissuevariation
(sapwood/licartwood),
permeability,lignification, and heartwoodextractives.aswell asburial
conditions,and clicinistry of the groundwater. The ageof the specimenis not significant.
degradationappearsto be weightedheavilytowardssoft-rotand bacterialdegradation,
Post-depositional
abiotic chemicalreactionsunlikely asprimary degradationmechanisms.The process
with spontaneous
of waterloggingitself is a contributorto degradationin woodbecauseit decreases
crystallinity and opens
in
up the fibre structureto decaymechanisms.This processdoesnot, however,initiate spontaneously
the presenceof excesses
of water,but is ratherbroughton by biodegradation,solubilisationand chemical
deterioration,all or which causenet increasesto woodporosityand permeability. Denserwoodssuchas
oak arc moreextremelyaffectedby waterloggingthan other woods.
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It has been demonstrated that there is an order (distinctive to waterlogged archaeological wood) in the
progression of dissolution of wood tissues, and within ccll-wall constituents. Other distinctive trends in
this material include mass losses,zonal degradation, iron and sulphur catalyscd deterioration, and
increased ash content. This latter is one of the main reasonsfor caution in making judgements basedon
wood density measurementsof this material. We have been shown a direct relationship between
increasesin maximum moisture contents and degradation of constituents. A surprising fact has emerged
through comparisons of inherent hygroscopicity of major wood constituents and increasesto
hygroscopicity brought on by degradation. Lignin is least hygroscopic, yet proportional increasesin
lignin content with increased degradation arc not accompanied by decreasesin hygroscopicity.
Increasesin accessibility, resulting from loss of crystallinity and depolymerisation of cellulose, appear to
be the stronger factors here. Data in Chapter 5 will be seen to back this up. The matter of, ", Iicther
lignin is absolutely as well as proportionally preserved in degraded waterlogged wood requires further
investigation, and Chapter 7 doesjust this.

The fibre saturation point of waterlogged archacological wood is consistently and proportionally
increased with degradation lcvcl. which explains the conservator's concerns in treating and storing this
material. Severely degraded wood, liowcvcr, inay fail to show proportionately increased values because
internal volumes have been severely reduced. Dimmisional changes accompanying drying froin such
elevated FSPsarc highly unpredictable becauseof the cffccts on diffusion of irregularity of decay and
anisotropy of tissues. Furthcr investigation of some of this variability would prove useful.

.

Changeto strengthvariesindirectly with degradationlevel and appearsrelatively linear witli sucli
as maximummoisturecontentand density. They do not appearto be directly
measurements
fact
however.
The
losses,
that they do not inirror the tendenciesof abovc-ground
to
inass
proportional
decayedwoodsuggeststhat the degradationmcclianisinsthat operateafter burial arc different and carry
strongerwciglit in the final mcclianicalconditionof waterloggedwood.
The factors summariscd.in this chapter will illuminate the content ofthe following chapters, where their
direct relationship to conservators' concerns will become apparent, and the focus of analysis addresses
some of the questions raised here. The comparative successof certain methods of analysis over others in
obtaining the information the conservator needswill be assessedas part of the main aims of this
research.
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3

Water Relations in Wood

3.1

Introduction

Hoffinann (1982) remarked that it is with the capillary system of the cell wall that the conservator must
work if lie wants to stabilise his waterlogged wooden object. In discussing what materials and methods
could most appropriately or successfully be used, it would be helpful to know the dimensions and
characteristics of this complex capillary system. Since the atmospheric humidity determines the
moisture content of wood, and this in turn determines the dimensions of the capillary system in wood,
the interrelationship between humidity, watcr bonding, and the void system of wood can be expected to
be of vital concern.

This interrelationship controls wood movement, strength, and permeability, and is itself a reflection of
the dctcrioration level of the wood and the likelihood of future stability. Until now, wood-watcr
relations have largely been the province of the wood scientists, who have published a large body of
research. Flowcvcr, very little work has yet been carried out on the subject as it applies to waterlogged
archaeological wood (Christensen 1970; Noack 1969, Barbour and Lcncy 1982; 11offinann 1990,
Schnicwind 1990a). The concerns of wood scientists very closely echo those of conservatorson this
subject. Not only are they both dealing with wood, they share the saine airns-to dry saturated (i. e.
fresh) wood as fist and economically as possible to a stable equilibrium with the ambient environment,
damage
to the initcrial.
and
stress
physical
minimal
producing
while

But conservation has to treat with

caution the conclusions drawn by wood science about wood behaviour when applying those conclusions
to ancient wood. The last two chapters have established that ancient wood can be radically different to
modern timber, both in inherent nature (age of trcc, species)and in deterioration level and forin. Thus
we must expect water relations in archaeological wood also to be different.

In addition, most studies by wood scientists modelling water relations in wood look at moisture
movements below the fibre saturation point (FSP), the problems of modelling being less complicated
here than studies above FSP becauseof the presenceof free water (Fakliouri el al. 1993). Moisture
movement modelling below FSP is of limited use to those trying to predict the behaviour of drying wood.
since this wood is above FSP becauseof having been in direct contact with liquid water rather than
moisture. The movement of free liquid water in the wood system is considered to be highly complicated
Comstock 1963; El Kouali and Vergnaud 1991).
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3.2

Properties of Water

3.Zl

Chemical Characteristics of Water

The term water applies to water in all of its phases: liquid. gas, and solid (Cotterill 1985). The single
water molecule is composedof two hydrogen atoms and an oxygen atom, configured in such a way as to
form a slightly distorted tetrahedral configuration where the oxygen atom lies at the apex between the
positively charged hydrogen atoms, and its own pair of negatively charged lonc-pair electrons. It is this
arrangement that confers upon water its characteristic and highly significant polarity, and its excellent
ability to form hydrogen bonds.

The bonding of onc watcr molcculc to anotlicr is acliicvcd largcly through this liydrogcii bonding. The
tlircc-dimcnsional arrangcmcnt of adjaccnt watcr molcculcs is controllcd by thcir polarity: two
from
hydrogcn
hydrogcn
bonds
bondcd
tlicir
atoms to a ccntral o,,%ygcnatom, and two
via
molcculcs
bondcd covalcntly from tlicir hydrogcn atoms to the ccntral o.xygcn's frcc radical cnd This structurc is
non- rigid and allows rotation of the watcr molcculcs on their axcs (Laidlcr, 1978).

Earlier studies of water saw the liquid state as composedof a mixture of small aggregatesof water
into
fact
did
however,
This,
take
the
that water molecules do not stay bonded to
account
not
molecules.
fraction
More
for
than
of
a
second.
recent models of water's liquid state take
a
small
more
each other
into account the observed regular arrangement of water molecules while in the liquid state. The
hydrogen bonding between water molecules imposes certain restrictions on the possible spatial
in
the
seen
water's solid phase, ice. At the higher temperature
readily
molecules,
arrangement of
distortion
is
hydrogen
bonds, but they remain intact,
liquid
these
there
the
of
phase,
conditions of
producing an irregular but still four-coordinated arrangement of the molecules. This is similar to the
glassy state. Both have been given the term 'random network' for their instantaneous structure
(Cottcrill, 1985). Despite the basic stability of this network structure, individual water molecules within
it oscillate within one area of the structural lattice for a short while and then jump into an adjacent
section. At the sametime, water molecules spontaneouslyundergo dissociation.

Water chemists are attempting to refine this molecular picture of liquid water (Finney 1981; Franks
1989,1990). Tlicirwork stressesthat while the older instantaneous, random-rictwork models of water's
liquid structure are sufficient on many levels, they are inadequate to aid understanding of the more
subtle solvcnt-rclatcd clTectsobserved in biological processes,or in explaining the strength of waterbiopolymcr interactions. These, they feel, lie in a much more detailed and exact understanding of the
,watcr-watcr hydrogen bond. The watcr-watcr hydrogen bond, however, is itself under reappraisal. It
appears that in the liquid state the tetrahedral of the watcr-watcr interaction is considerably less than
used to be believed. Such cffects as coopcrativity, molecular mobility, and perturbations close to
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biomolccular surfaceschange the magnitude and type of attraction between one water and the next and
especially between water and biopolymcr surfaccs-in other words, for adsorption of water onto these
polymers (Finney, 1981).

Water can exist in three general statesor phascs-solid (ice), liquid, or vapour-depending upon the
temperature and pressure to which it is exposed(Figure 3.1).
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0.06
a

VAPOR
ICE
1000

00
TEMPERATURE

Figure 3.1

Phase diagram for water (not to scale).

3740

C)
(after Skaar, 1988)

The kinetics of all threephasesare significantto the conservationof wood:the liquid phasefor
deteriorationand impregnationand for the initial phasesof drying; vapourfor drying and use-lifc;and
ice for treatmentssuchas freeze-drying.However,its vapourform is what mostconcernsus becauseit
is the principal actorthroughoutall of theseprocesses.

Certainof the new modelsappearin the discussionof sorptionmodelthermodynamicsin later sections,
and in the discussionof the resultsfrom sorptionanalysesin Chapter5.
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3.Z2

PhysicalPropertiesof Water

3.2.2.1

Saturation vapour pressure

With sufficient vibrational energy to overcome the attractive forces of the liquid, water may escapeand
become a vapour molecule. Becauseof their high kinetic energy, these vapour molecules exert a
pressureagainst an enclosure called the vapourpressure of the water. The higher the temperature of the
liquid water, the greater the number of water vapour molecules and the higher the vapour pressure (since
more can escape)and the higher the kinetic energy of the vapour molecules.

On this is bascdthe teinpcraturedcpcndcnceof the vapourprcssurcof watcr:

In &=
where:

51.29 - 665 1/T-4.53 I[ln(T)]
po is saturationvapourpressureand T Is temperature.

Equation 3.1

Temperature dependence of the vapour pressure of water

(Skaarl988)

Saturation vapour pressure (po) is the partial vapour pressure existing where the rate of evaporation is in
in
the
condensation
of
an enclosed space,and where the air can hold
rate
with
equilibrium
steady state
no more water at the specified temperature.
3.2.2.2 Relative humidity and water activily

The atmosphereis normally not saturated,the existingvapourpressurep generallybeing lower than the
(or
The
is
dcfiticd
p/po
pj.
po
ratio
as the relativevapourpressure(h).
pressure
saturatedvapour
Relativehumidity (H) is definedas the ratio of the partial vapourpressurein the air to the saturated
vapour prcssurc, cxprcsscd as a pcrccnt.

H=p I p,, xIOO%
where:

H is relativehumidity,p is vapourpressure,and po is saturationvapourpressure.

Equation 3.2

Relative humidity

(Skaar 1988)

Relativehumidity is thus equalto the ratio of the absolutehumidity of the air to the absolutehumidity at
saturationat the sametemperature,expressedas a percent,and maybe termedthe activity of the watcr
whcn in the contcxtof the wood-watcrsystcm.
In a closed system, humidity or activity mostly undergoeschanges in responseto changesin temperature
(since this determines po) and is dependent also on vapour pressure P. Within enclosedspacesit is
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temperature differentials that lead to variations in relative humidity, despite the fact that vapour pressure
is generally constant. Usually activity is less than unity, i. e., vapour pressure P is less than po. But if

the temperatureis loweredwithin the space,or a substance's
temperatureis lowered,po is lowered,and
a conditionknown as dewpoint temperaturemaybe reached.This is the temperature(Td)at which
moisturebeginsto condensefrom the atmosphereonto a cold object. This is an importantconsideration
within the smallerenclosedcapillary spacesof wood.
3.Z3

Water Interactions ivith in the Wood MatrLv

3.2.3.1 Theinternal surface
There needsto be a clear picture of where water is held in wood. Barkas (1949) describeswood as a sort
of colloidal substanceand as a gel, and summariscs the cliaractcristics of gels that arc significant for
wood. Wood fibres make up a swelling substancethat, with the addition of adsorbedwater. readily
forms a solid solution-watcr-fibre

polymcr-watcr. These fibres are penetrable to different extents by

water becauseof their licmicclluloscs and lignin coating. There arc two types of internal surface in
wood to which water may bond: the permanent capillary system and the internal contact area of the cell
wall fibre system. The cell system, as well as external intcrfibre surfaces, makes up the permanent
capillary system of wood. These comprise a series of graduated capillaries (lumcna), intcrlinkcd by pit
opcnings. The intrafibrillary surfacesand internal voids between fibres make up the contact surface of
the cell wall, also termed second order space (Skaar 1988) or transient capillary zone (Zabel and
Morrell 1992). the non-pre-cxisting surfacesproduced when water or other swelling agents are taken tip
by the ccll wall, producing a solid solution (Stamm 1964). The proportions of these two types of internal
surface determine the type and level of water interactions that occur within wood, and the physical
determines
the extent of water-wood relations.
these
two
of
capillaries
systems
of
condition

The capillary system is extensive, its total area dependent on species.and capable when completely
saturated of carrying up to 150% of the dry weight of sound wood in water (Grattan, 1987). It has a
2
100-200
surface of
in for each cubic ccntimctrc (Hoffinann 1982). The contact area of the cell wall
fibre system, however, is a great deal more extensive (perhaps as much as 1000 times the capillary
surface area) and though it carries only 20-30% of the dry weight of water in seasonedtimber, after the
swclling effccts of watcrlogging it is rcsponsible for watcr contcnts of as much as 400% or morc.

Stamm(1964)providesmethodsfor estimatingthe extentof both typesof surfaceareapresentin a piece
of wood.
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V, =I-g
where:

m., +
V, Is the solid volume,g Is the specific gravityof the wood, and g. Is the cell wall density,m. Is the saturation

moisturecontent,m Is the moisturecontent,and p is the densityof water.
Equation 3.3

Calculation of the void volume In wood

(Stamm, 1964)

Estimations of the volume of secondorder spacein wood are not without problems, and therefore have
undergone continued examination with a variety of approaches. Polymer exclusion methods have had
some success(Stonc and Scallan 1968a). Solution calorimetry has been used to measureheats of
wetting for wood, and from them to calculate total licat of wetting, this bcing an indication of the total
number of sorption sites within the cell wall accessibleto water. Hatzikiriakos and Avramidis (1994)
used the method of fractal dimension to charactcrisc the internal surface of wood both in descriptive
terms and in terms of area estimation. They found that methods of estimating the surface area of wood
by determining the number of molecules of water corresponding to monolaycr formation is not accurate.
The fractal region calculated established that the internal surface is indeed much closer to being a threedimensional one, and surface irregularities of the internal surface arc extensive.

It is the change in this internal surface area resulting from dctcrioration that we are trying to measure
indirectly by plotting the sorption isotherms of archaeological wood.

3.2.3.2 Bonding qf water to internal suýfaces

In the permanentcapillary system,waterwill replaceair as equilibrium vapourpressureriscs. In the
fibre system of the cell walls, water acts to increase the total surface area, and water then adds to water
until the chemistry and thermodynamics of the system can admit no more (Bcrcndscn 1975). Water is
able to enter ftccly the amorphous regions of cellulose, where it is adsorbedonto the available hydroxyl
groups. It is adsorbedonly on the surface of the crystalline regions becauseof the unavailability of
internal bonding sites already tied up by linkage with other cellulose molecules (Hedges 1990). The
amount of water admissible to the fibre system of the cell wall, and consequently the amount of swelling
that may take place at any one equilibrium vapour pressure, is dependent on the number of bonding sites
made free on the fibre polymers (partially dependent on deterioration level), as well as the chemistry
(iron content, alkalinity) of the water itself (Stamm 1964).

The thermodynamic constraints deciding whether, where, and how much water will bond to the internal
surface is the subject of a great deal of discussion (section 3.6). Binding of water is not as simple as one
molecule per binding (-OM site. As Bcrcndsen (1975) points out, it is probable that there need to be
two free -OH bonds available to attract a water molecule to the surface of a biopolymer since, in the
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liquid state, two bonding sites per molecule exist between water molecules. There is thus quite a
considerable thermodynamic potential that must be created for one molecule to break away from its
ncighbours and bind with a fibre surface. The binding of further layers of water to the fibre could be
expectedto be less strong or permanent in nature (probably Van der Waal's forces rather than -OH
bonds). Thus an increase or decreasein the number of bonding sites available along wood fibres will not
have a direct relationship to the amount of water capable of being adsorbed,but instead an exponential
relationship at certain points along the sorption curve. There is widespread confusion about the
distinction between water bonded to wood and the hydration of wood. Binding to specific sites on the
biomolccule is termcdspecific hydration and involves a higher binding energy, less motional freedom,
and an extended lifetime at the binding site. It is distinct from general hydration, which is the sum of
all water interactions in wood capillary systems(Berendscn 1975). Both general and specific hydration
must be taken into account when attempting to get the fullest interpretation from sorption data (Laidlcr
1978). This is particularly illustrated in sorption hysteresis (section 3.3.2.3) and also determines the
type of water within wood.
3.2.3.3 Types of water: levels of attraction

for water is often mentionedin conjunction
As well as solid, liquid, and vapour,a fourth, pscudo-phase
with wood-watcrinteractions(Skaar 1988)-Aygroscopicwater,found only in the woodcell wall.
Woodmoisturemayappearin threegeneralforms,capillary water in the cell cavitiesand possiblyin the
hygroscopically
boundwater in the cell walls (Figure
in
the
and
cavities,
cell
cell wall, watervapour
3.2). Stamm(1964)outlinesvery clearly the distinctionsbetweenwaysin which water is held in wood.
They are summarised bclow.

Water of constitution is integral to the cellulose molecules and other carbohydratc-basedconstituents of
wood. Though provisionally a permanent part of the polymer, this water can in fact be removed if
sufficiently high degradation processeshave occurred in the wood polymers to initiate their breakdown,
as may be the casewith waterlogged archaeological material. Iftroscopically

bound water is generally

acceptedto be the monomolccularly adsorbed water which is believed to be held by hydrogen bonds to
available sites, usually free hydroxyl groups, on internal wood surfaces. It is governed by theories of
monomolccular adsorption.

Bulk water is the water adsorbedbeyond the monomolecularly held water-i. e., water held in layers two
to eight or nine molecules thick. It is a type of water largely unacknowledged by wood scientists, who
tend to lump it in with the hygroscopic adsorbedproportion of water. Bulk water does not include
capillary condensedwater, or only the small fraction (<2% of cell wall volume) held in prc-cxisting
capillaries or voids in the cell wall. It is held in solid solution in the cell walls, where it holds the fibres
apart. This water is governed by thin film theories (Clifford 1975).
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Capillary condensedorfree water aretermsthat apply only to the take-upof waterby absorptioninto
capillary structures,suchthat a solid-air interfaceis replacedby a solid-liquid interface.(Stamm1964).
The capillariesinvolvedmaybe so small asto approachmoleculardimensions,and it will alsooccurto
a limited degreewithin the discontinuousvoid volumeof the cell walls (2% of cell wall volumein fresh
wood,but very likely morein waterloggedwood),thoughonly after all true capillary spacesare
practicallysaturated.This water is governedby capillary theory.
Equations can be applied to calculate the average number of molecular layers of water adsorbedup to the
point where capillary interactions start to take precedence(Stainin 1964). This can be very useful for
predicting the behaviour of water in the cell walls. That this is an average, however, reflects the
complex nature of the progression from one type of interaction to the next in the sequenceof increasing
or decreasing the water in the system. What this specifically expressesis the fact that, at any one
have
fibres
the
will
adsorbed the maximum number of layers, whereas
of
pressure
some
relative vapour
some fibres will have adsorbed less-tlic result, presumably, of different sorption sites exerting differing
levels of attracting forces for the water.

BOUND
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LIOUID
VAPOR

GREEN
Figure 3.2

AIR-DRY

Schematic diagram of three kinds of moisture In green and dry wood (Skaar, 1988)

Adsorption that occurs on prc-cxisting surfaces is small compared to the takc-up of liquid within the
solid substance. For the most part, just two of the above categories arc distinguished for attention in
wood-watcr studies, the capillary or free water, and the hygroscopic or bound water. To be able to fully
describe the sorption isotherm for wood, detailed information of how water interacts with wood at a

molecularlevel hasto be obtained.
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3.2.3.4 Recent research

Researchduring the last decadehas brought new insights into the structure and behaviour of water that
has
Nuclear
did
(NMR)
theories
played
consider.
magnetic
resonance
analysis
previously
not
sorption
an important role in these matters, becauseof its ability to provide insight into structure and dynamics at
a molecular lcvel, and it has been used extensively to investigate the wood-watcr system. Early studies
rccogniscd two statesof water (Childs 1972, Froix Nelson 1975), free and bound. Later, layering
theories were most well accepted(Caulfield 1978). arguing for decreasing energies of interaction
bct%%,
ccn water and biopolyincrwith each layer of water molecules laid down. More recent NMR studies
(Pccinocllcr and Sharp 1985) defined as many as three different phasesin adsorbedwatcr alone,
depending on the strength of influence of the biopolymer on the water. IR work (Luck 1976) appeared
to cstablish that at low moisture contents the bond energy between a binding site and the monolaycr
decreasesas adsorption increases. When this was not clearly upheld by more recent NMRA, ork,
introduced
Hartley
(1992)
as
cluster themy, where water molecules at hydration
such
ef
al.
rcscarchcrs
sites are thought to interact with cach other to form clusters (Figure 3.3) with varying size and influence
be
influences
Clustcring
is
biopolymcr.
to
thought
the
what
watcr-wood interactions below FSP.
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Figure 3.3

Cluster formation at a hydration site (model tested using glass)

(Hartley et al., 1992)

Hartley and Avramidis (1993) further pursued this matter, to determine at which moisture contents
clustering of water molecules occurs, both for adsorption and for desorption. Among others, Pizzi et aL
(1987a & b) made the important point that the adsorption of water into wood must take into
consideration water's heterogeneousnature. It is acceptedthat water attachesto available hydroxyl sites
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in termsof morphologyor site energies.
uponadsorptioninto wood. But woodis not homogeneous
Thus not all sorptionsites(e.g., crystallinesitesand amorphoussites)havethe sameability to adsorb
molecules,for examplebecauseof the stronginfluenceof neighbouringhydroxyl groups. Their work
indicatesthat it is possiblefor a water moleculeto adsorbonto a site that alreadyhasa water molecule,
ratherthan attachto an emptysite. It canbe seenfrom theseconflicting viewsof waterinteractionsthat
the equilibrium conditionsand movementsof water within the woodsystemand thuswoodsorption
isothermsare not opento simpleinterpretationand understanding.
3.2.3.5 Afoisture content

The total moisturecontentis commonlyusedto summarisethe total level of %vatcr-wood
interaction
taking place at a particular time. The moisture content of wood is usually expressedas a fraction of its
dry weight (M), or as a percentage(M):

WM
-W,
A4 = 100.
WO
where:

M is % moisturecontent,w. Is moistweight of the wood, and wois the dry weight of the wood.

Equation 3A

Moisture content

(Skaar, 1988)

Moisture content is not easy to measurewith any accuracy. A large number of different methods have
been developed: gravimctry, distillation, nuclear magnctic resonance,Karl Fisher titration, electrical
moisture metcrs;(resistance and dielectric), and gamma radiation. Skaar (1988) reviews earlier critical
discussion of these methods and others. Ile also comments on the significance of previous adsorption
history to the moisture content of small wood samples. This is one of the most ubiquitous measuresof
wood science on which much other analysis depends, for example, constituent analysis, adsorption,
density, porosity, ctc. The problems with its quantification remain to be resolved.
3.2.3.6 Equilihrium moisture content

Sincethe balancebctA,ccn the different kinds of moisturein wood is regulatedby ambientmoisture
conditions,whenwoodis exposedto atmosphericconditionsit will tend to adjustits moisturecontentby
evaporationor by adsorptionuntil at balancewith the surroundingatmosphericrelativehumidity. This
moisturecontentis designatedasthe equilibrium moisturecontent(EMC) and is alwaysapproximately
proportionalto ambientrelativehumidity. Speciesor tissuetype,temperature,mechanicalstressand
chemicaldeteriorationcan all be seenrcflcctcd in EMC values.
The cffcct of previoussorptionhistory on EMC valuesis the subjectof much recentwork in sorption
theoryand modelling,and of particular relevanceto the studyof watcr interactionsof waterloggedwood.
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3.2.3.7 Fibre saturation point

The tcrmfibre saturationpoint wascreatedto mark the most significantEMC for wood-the point at
has
Traditionally,
in
between
this
types
two
the
point
of
major
water
wood.
which a changeoveroccurs
beendefinedas the moisturecontentat which woodcell cavitiescontainno liquid waterthoughthe cell
walls are still fully saturated with moisture (Tiemann 1906) (Figure 3.4).
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Schematic representation of FSP moisture distribution

BELOW M,
(Skaar, 1988)

Barkas (1949) and Siau (1984) pointed out the problems with Ticmann's definition of FSP. In light of
the discussion of water potential (section 3.6.6), there appears to be no firm line of division between

boundand frce watcr. This incrcascsthe unccrtaintyin Mining FSP. It is now known that lossof both
free and boundwater may,to a certainextent,take placesimultaneously,a factor that furtliCr
important
this
of
point.
and
understanding
complicatescalculation
Later it wasnoticedthat the mechanicalpropertiesof wood increasegraduallyand continuouslyup to
this point, after which they act independentlyof moisturecontent. FSPis now, thus, usuallydefinedas
the moisturecontentcorrespondingto abruptchangesin physicalpropertiesin a pieceof wood
(Siau, 1984). The point of interchange between where free water and where bound or bulk water holds
determine
interactions
is
the physical properties of wood. Because
thus
the
water
at
which
point
sway
free water cannot causenormal swelling or shrinkagein wood, since the cell wall is already saturated by

the much moretightly boundhygroscopicwater, it doesnot determinethe physicalpropertiesof wood.

As with other equilibrium moisture contents, FSP is tcmpcraturc-dcpcndcnt and decreasesabout 1% for
each I OT increase in temperature (Stamm, 1971a). Values for FSP will also vary with speciesof wood.
Stone and Scallan (1967) and Stamm (1971a) used polymer exclusion to measurevalues for hardwoods
ranging from 12% to 33%. Resistancemeasurementsof northern hemisphere hardwoods gave values in
the more restricted range of 28% to 32%. FSP values will also vary with density and extractive content.
It is worth remark that principal constituent (cellulosc-lignin) ratios have not been found to influence
FSP. This, however, is likely to be becausemeasurementwere made largely of sound wood samples
where differences would not be so marked as in deteriorated wood.
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For the conservator, FSP is most significant for heralding the point at which capillary collapse changes
dimensional
during
drying
to
the
change
to
of waterlogged wood
as
major
contributor
shrinkage
over
(section 3.4.2.1). The presenceof free water in wood drastically increasesits decay susceptibility as well
as the possibility of fungal attack.
3.2.3.8 Problems in determining FSP: recent work,

FSP is very difficult to measureexperimentally, partly becauseof variation throughout wood tissues, and
partly becauseit occurs at somewhereclose to 0.9998 vapour pressure, a point very difficult to measure
accurately with current technology (Stamm 1971a). Hawley (193 1) reviewed many of the methods for
estimating FSP. Stamm (1971a) critically appraised nine methods. More detailed comparison of these
is
indirectly
Often
FSP
Chapter
5.
in
through such physical properties of
measured
occurs
methods
wood as electrical (Myer and Rees 1926), which allows FSP estimation from measurementsof the licat
of wetting of wood samples.

Since cells empty one by one along a sorption front, FSP is also difficult to gcncralisc for the whole of a
larger piece of wood. The small diameter of a significant proportion of wood capillaries
(microscopically visible) means that water vapour will undergo condensation at relative vapour pressures
further
The
less
salts
and
sugars
of
will
than
watcr-solublc
encouragethis (Hart
presence
unity.
of
1984). For this reason, the sorption-isotherm extrapolation method may prove subject to error. The
developed
Scallan
(Stone
1967), and
to
these
overcome
problems
was
and
method
plate
porous pressure
for
FSP
isotherm
higher
than
the
standard
extrapolation technique. Feist
values
produces significantly
and Tarkow's work (1967), using the polymer exclusion principle, avoided the problems associatedwith
use of a swelling medium such as water or those of capillary condensation, as the whole is carried out in
the liquid state. This is assumedto be the most accurate method for estimating FSP. The same work
FSP,
in
density
fact
to
that low-dcnsity woods exhibit higher
that
of
the
significance
was
also established
FSP than high-dcnsity woods, assumedto be becauseof thin walls providing less swelling resistance
than thick walls or the high extractive contents often characteristic of such woods.

3.3

Characterising Moisture Movements in Wood

3.3.1

General

Wood structure and chemistry is such that it is continually in a processof change in its relations with the
water mixed in with it. It changes moisture content and distribution during drying processes,during
treatment with imprcgnants, and during use after stabilisation. Changes in wood moisture content that
depend on ambient conditions of atmospheric humidity and temperature will be sporadic or cyclic or
both. For this reason, moisture and related gradients arc usually present in wood whatever its condition
or status of use.
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Discussionof the transportof wateror any fluid throughwood must makethe distinctionbetweentwo
bulkflow and difTusion.Bulk flow involvesthe movementof fluids through
main governingprocesses:
.
the interconnected
voids of woodstructureunderthe influenceof a staticor capillary pressuregradient.
This is the processthat governsthe impregnationof woodwith bulking chemicals.Abovefibre
saturation, capillary forces and related thermodynamic diffusion potential gradients operate to cause
liquid flow. The flow rate is determined by the combination of these forces and wood permeability,
particularly that between cclls. Diffusion includes both the transfer of water vapour through the air in
the lumcns of the cells and bound water diffusion, which takes place %vithinthe cell walls of wood. This
processcontrols drying treatments, moisture migrations of insitu timbers, and dimensional changes in
ob ccts in responseto changes in environmental temperature and humidity. Though both bulk flow of
free watcr and diffusion of bound or water vapour contribute to the shape of the sorption isotherm, water
vapour diffusion is considered the governing processof the two. Diffusion models dealing with the
hygroscopic (below FSP) range are most controversial and occupy the bulk of discourse in wood science,
and thus in this chapter. Bulk flow will, however. be discussedin detail at the end of this chapter.
3.3. LI

Dýfrusion
.

Diffusion is a vcty general plicnoincnon involving the spontaneousmovement of one material in another

from a zoneof higher concentrationto a zoneof lower concentration,in an cffort to cqualisethe
concentrationand thus increasethe entropyof the system(Stainin 1964). In the caseof porous,swelling
solidssuchaswood,diffusion may involve the movementof a gasor a vapourthroughor into the void
or the movementof a solute
stnicture,the movementof a boundliquid throughor into the gel substance.
(e.g.. PEG)throughor into the solvcnt-saturatcd
solid. This last shouldnot be confusedwith the
movementof a liquid into the coarsecapillary structure,which is dueto capillarity ratherthan the
tendencyto cqualiscthe concentration.Fick's first Law of diffusion is tile simplestexpressionthat
governsdiffusion, and is (he startingpoint for sorptionmodellingin wood.
The diffusion coefficientis the proportionalityconstantin this expression,In wood,which is affected
mostby swellingvapoursand solvents,the diffusion coefficientis dependenton the concentration.In
the caseof the passageof moisturethroughwoodundera relativevapourpressuregradient,swelling
from diffusion existslayerto layer,eachto a different degree.This causesa moistureconcentration
gradientto be setup. However,the natureof the penetratingliquid is all-important,sincethe
penetrationof the cell wall void systemwill increasewith an increasein the swellingpowerof the liquid
(e.g.. salt water). The natureof the wood itself is important.as woodsof high permeability(suchas
highly-degradcd,
waterloggedwood)experienceenhancedvapourdiffusion.
Fakliouri et al. (1993) point out that since wood is an anisotropic inedium, there are three principal axes
of diffusion with three principal diffusivities within this material. Below FSP, these principal
diffusivities are thought to depend on moisture content (Siau 1984. Droin-Josserand et al. 1989). Above
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FSPthe principal diffusivitics canbe consideredas constant(Mounji et aL, 1991b). Thus the stageof
beyond
FSP,which is of principal significanceto the
desorption,
in
drying)
(or
of
moisture
absorption
as
conservatorof waterloggedwood,will be mostaccuratelydescribedby a few parametcrs-the principal
diffusivitics, the moisturecontentat equilibrium, and the rateof evaporationfrom the surfaceexpressed
in termsof the RH of the surroundingatmosphere.Fakhouriet aL (1993)claim that with these
history canbe determined,aswell asthe
parameters,the kinetics of the absorption-desorption
concentrationdistribution throughcertainplanesof the wood,regardlessof shape.Thesearc the basis
of the variousmathematicalmodelscreatedto describethe woodsorptionisotherm.
3.3.1.2 Capillary absorptionlcondensation
Capillary condensation is the processgoverning the movement of water through the permanent capillary
structure of the wood. Bulk flow results from normal surface tension forces and involves the
replacement of a solid air or solid vacuum interface with a solid-liquid interface. But capisorption or
diffusive vapour condensation will take place only in the grosser pore structure of the wood and after
levels of 0.9 relative vapour pressure have been reached (Stamm 1964). Where the capillaries involved
are so small as to approach molecular dimensions, considerable vapour pressuresmay be present.
Stamm (1964) provides a table of the capillary sizes that will fill with water in the vapour phasewhen in
equilibrium with various relative vapour pressures.

Size of CapillariesThat Will Fill with Water Under
Different RelativeVapor Pressures
Calculatedfrom theKelvin Equation
Relative Vapor
Pres.
sure

Capillary Radius
(Microns)

0.90
0115

0.010
OM0

OW
0.08
0.99
0"

O=
OA53
0.100

Ong

0.9w
Table 3.1

Capillary size and relative vapour pressure

0210

ID60
IOA0
(Stamm, 1964)

Hunter (1991)studiedcapisorptionand developedenergyrelationshipsthat showhow the surface
geometryis relatedto the isotherm,therebymodellingliquid surfaceprofiles. Theyfound that increases
in temperaturecauseincreasesin capillary radiusevenwhen moisturecontentis constant. This clearly
indicatesthat as the temperatureis increasedat a constanttotal moisturecontent,watercomesout of the
chemicalstructureand residesin the surfacelayer,which itself becomesthicker.
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3.3.1.3 Complicationsin explainingwatermovementsin wood
The behaviour of water, its properties and movements, is clearly very different depending on whether it
is bound water, bulk water in a thin film, or capillary condensedfree water. Each of these may require a
different model of explanation. Impurities in the water, particularly surface active impurities, produce
anomalous cffccts. The magnitude, range and permanence of these cffccts on the properties of water arc
still much debated. The highly disordered porous and diffuse interfaces such as exist within wood arc a
further complication, becausenothing happenscontinuously over such surfaces: different cffccts arc
almost certainly taking place simultaneously along the length of the delineating interfaces (Clifford
1975). Delineating where a surface begins and ends wlicn dealing with biological substances(which arc
often in a state of constant interchange) is also complex (Ninham 1982). Moreover, with larger pieces
of wood, what occurs on the surface and what is occurring on the inner layers of wood differs becauseof
the lag while diffusion catches up. The same applies to differing layers in wood, more especially in
highly zonated woods such as oak. These arc just a few of the problems in producing models from
sorption data to explain the behaviour of water in wood.

3.3.2

Quantifying Moisture Movement

3.3.2.1 Sorptiondefined

Definitions of sorptionwhich follow current IUPAC regulations(Jakubkcand Jesclikcit1993)describe
by a sorbantmaterial,resultingin a distributionof the sorbcd
sorptionasthe uptakeof a substance
substance(adsorpl)betweendifferent phaseswithout any accompanyingthermalphasechange,suchas
evaporation,condensation,or crystallisation. Wherethe sorbcdsubstanceis takenup onto the surface,
hereit is takenup into the interior, the term absorptionis used.
the term adsorptionis used,and %%,
Depending on the magnitude of the licat releasedby either of these processes(under constant pressure),
a distinction is made betweenphysisorption and chendsorption. Physisorption is due mainly to van der
Waals forces IxtiNccn the adsorpt and the sorbant material, while clicmisorption is due to chemical
bonds between the two. Consequently, physisorption is reversible without any chemical change cffcctcd
on either adsorpt or sorbant substrate,while clicmisorption is not. The reversing of sorption is tcrmcd
desorption. Both physisorption and chemisorption hold a place in wood-watcr relations.

Adsorptionof watcr into woodhasbccn mcasurcdby rcsistance,diclcctric measurcmcnts,
NMP, FTIP,
DSC, mercuryporosimetry,membranediffusion, and watervapouradsorptiongravimctry:all of these
are compared critically in Chapter 5.
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3.3.2.2 Thesorption isothenn
The sorption isotherm is a graphical plot of the relationship of equilibrium moisture content and
ambient relative humidity. Becauseof the effect of temperature on the thermal energy of water
The
from
data
is
isotherm
the
taken
temperature.
always
plotted
at
a
constant
molecules,
sorption
sorption isotherm is used to express the equilibria established at surfaces, and graphically relates the
amount of water intimately attached to the surface of wood macromolecules to the concentration of the
water present. Depending on the availability of bonding sites on the macromolecule, and on the
properties of the water, wood surfaces may become completely covered by a unimolccular layer of the
substanceor it may cover the surface at intermittent sites only (Laidler 1978). Under certain conditions
this takc-up is only one molecule thick; when polymolecular it rarely exceedsan average of 10 molecules
thick. Considerable adsorption will occur at low vapour pressures,which is a rcflcction of the greater
attractive force of the adsorbent for the adsorbaterather than the attractive force of the adsorbatefor
itself

Watersorptionisotherms,and in particulartheir componentsat low relativehumidities(the
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been
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the pastto calculatethe internal surface
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of
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and
evaluationof
like clicmisorptionand physisorptionof watervapourby wood,
impregnation. Furthermore,in processes
the entire sorptionisotlicrm (monomolccularand polymolccularcomponent)hasbeenusedto evaluate
distributions
degrees
freedom,
fraction
liberation,
and
of
molecular
of woodsurface
sorbcd
water
energy
coveredby molecules,and possiblealterationsto the surfacestructureduring the sorptionprocess
(Stanun1964,Skaar1988,Adamson1990). Labusa(1984)givesa bibliographyas well as a discussion
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application
evaluatingthe
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moistureconditionof fibrc-bascdproducts.
Five different typesof adsorptionisothermhavebeenrecogniscd,thoughonly threearc directly
(Urquhart
1960).
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behaviour
It
hygroscopic
the
typical of the formationof a solid solution
plots
polymers.
and
other
wood
be
Types
I
It
to
a
composite
of
and 3 sorption isotherms, representing
appears
solid.
a
swelling
within
in its lower section, hydrated water (Type 1) and in its upper section, dissolved water (Type 3). Thus,
assuming Hailwood-Horrobin theory (section 3.6.2), and accepting the layer theory of adsorption. the
Type 2 isotherm representsboth monolaycr and polymolccular adsorption. It involves the evolution of
significant licat of adsorption. Type I adsorption is also referred to as Langmuir advorption, and
In
this type of sorption, vapour is also assumedto form a
adsorption.
representsonly monomolccular
hydrate with the substrateand the attraction between the sorbcnt and sorbate is much greater than that
between the sorbent molecules themselves in the liquid state. Type 3 sorption is a version of Type 2
adsorption, differing in that it occurs with negligible heat of adsorption, becausethe attractive force of
the adsorbent for the adsorbatesis almost the same as the attraction of the adsorbatefor itself. This

beginsto be the casein woodaboveFSP,oncea sufficientbulk of water hasbuilt up (e.g., multilaycrcd
sorption or clustering).

3.3.2.3 Deconstruction of the sorption isotherm

Thoughsorption,strictly speaking,only dealswith the surfacesandvoid systemof the cell walls, and
doesnot involve capillary movements,the completesorptionisotlicnn, whenplottedfrom a relative
vapour pressureof 1.0 down to 0.0, plots the interchange of the three types of water in relation with
wood. According to Hartley et al. (1992), each curve can thus be di-vidcd into three relative humidity

regions. RegionI is the monomolecularboundwaterand coversthe rangefrom 0.15-0.3relativevapour
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from
layer)
0.2-0.9
bound
(or
Region
11
is
thin
the
the
water
and
covers
range
polymolccular
pressure.
relative vapour pressure. Region III is the capillary bound free water and covers the range above 0.9
for
interchange
The
all three of these arc always closely related to the
of
points
relative vapour pressure.
physical and chemical condition of the woody material and the behaviour of water in wood during
sorption. We would expect these ranges of these regions to be somewhat altered in waterlogged

arcliacologicalwood.
According to Hartley et al. (1992), proponents of cluster theory define these three regions in a
descriptive. slightly different way. In region 1 (0.0-0.3 relative vapour pressure) there may be a decrease
of slope in moisture content change from the initial value. Chemical attraction between available
sorption sites and water molecules is the dominant mechanism for sorption in this region and water is
attracted to sorption sites at random, which explains the high attraction between the two (Hartley and
Avramidis 1993). In region 11(0.3-0.55 relative vapour pressure) there is no noticeable change in slope.
This region might be considered an organisational region. Here the attractiveness of the sites becomes
the same and the molecules rcorganisc to have all sites with the same energy. During this phase, too,
increase
being
the moisture content slightly. In region Ill
and
will
adsorbed
arc
molecules
more vapour
(0.55-1. Relative vapour pressure) physisorption is the dominant mechanism. Molecules may be
attracted to different sites, making water clusters there larger. However. at a particular point the
hydrogen bond between the first molecule and the hydroxyl site will become weakenedbecauseof the
1978),
from
thus
the
(Caulfield
to
causing
cluster
the
move
as
a
site to site.
unit
of
cluster
presence

As wood adsorbswater its ccllulosc-ccllulosc bonds will separate,resulting in more mobile molecular
free
for
This
available
volume
water molecules to adsorb, either on
more
produces
swelling
chains.
Nelson
1975). The adsorption of water will
(Froix
and
sites
accessible
existing sites or on newly
initially occur on sites that are wcakly bonded to the ricighbouring cellulose chains or on sites that are
free. Additional moisture will penetrate fibre bundles and internal surface hydroxyl groups, swelling the
free
The
large
increase
in region III can be attributed
or
volume.
spaces
rate
creating
void
and
cellulose
to more such free volume causedby swelling of the polymer matrix, allowing more water cluster
formation. Tlicincrcase in region III may also be causedby condensation of water in the larger volumes
in the wood, e.g.. microvoids. For those wood scientists who accept cluster theory, this means that wood
has two critical points: the FSP. representing completion of unimolecular adsorption. at which
organisation of site energies begins (approximately 30% EMC in sound wood): and the critical RH
(approximately 55% EMC in sound wood), (lie point where cluster formation begins.

Both cluster and multilayer theorists describe the processof adsorption as follows. As water first
adsorbsto the wood, hydration sites are occupied by single water molecules. With more water added to
the wood, the unimolecular hydration continues, but some of the water molecules will be attracted to
sites already occupied, forming water dimcrs and perhaps trimers (cluster theory), or layers (multilaycr
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theory). At this level the bond to the cellulose substrate is generally expected to be weakened,with
In
increased
layers
mobility.
general summary, molecules are adsorbed
clusters
experiencing
or
water
randomly onto available sorption site, form bridges and small clusters that increase in size, becoming
large near FSP. There is a tendency to cluster at lower moisture contents with increasing temperature

(Iýartlcyand Avrainidis 1993).

During desorption, free water is considered to bchavc much like bulk water. The average size of the
clusters or polymolecular layers arc much argued over and difficult to analysc. A maximum of 10 is
usually agreed on (Siau 1992). There is some evidence that, during desorption, the size of these clusters

or laycrsinitially dccrcascsrapidly, desorbingrandomlywithout intcractionwith otlicr watcr molcculcs.

The main distinctionbetweenmultilaycr and clustertheoryof water sorptionin woodis that two critical
points are identifiedwith clustertheoryduring adsorption,thoughonly oneduring desorption,as in
multilaycr thcoricsof sorption.
3.3.2.4 Sorption kvsteresis

The amountof water held by woodis not only dependentuponequilibrium relativevapourpressure,but
alsouponthe directionfrom which equilibrium is approached.In all cellulosicmaterials,it appearsthat
the amountof wateradsorbedfrom the dry condition is alwayslessthan the amountretainedon
desorption at any fixed relative vapour pressure. Thus initial desorption shows higher EMCs than
subsequentrcsorptions and dcsorptions. (Figure 3.6) All conservators of waterlogged material deal with
this fact daily, and experimental data for both sound and waterlogged wood bears it out (Skaar 1988,
Stamm 1964). Called sorption hysteresis, this important characteristic of wood representsirreversible
changes in the water binding capabilities within wood ultrastructure produced through drying history,
for
has
permanent change to wood properties.
significance
great
and
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It is of significancc that the lag in EMC occurs only down to about 50% RII, allcr which valucs rcflcct
the original desorption valucs, indicating that the major irrcvcrsibic change is to the amount of ftcc or
bulk watcr that can bc adsorbcd to the wood. This plicnomcnon is termcd cyclic or reversible hysteresis.
Closeelor irreversihle hysteresis occurs with succcssivccyclcs of dcsorption and rcsorption.

Hysteresis has been under discussion for a long time. Earlier theories explained it in terms of bad
experimental method or the presenceof trapped air (Stamm, 1964). Fortin (1979) established
mathematically the "ink bottle" effect (which explains some of the hysteretic effect), as attributable to
the fact that wood cavities arc connected by narrow channels. At the present time, hysteresis is thought
to be causedby reductions in the availability of bonding sites causedby shrinkage phenomena
(permanent rebonding of adjacent cellulose molecules). Why this rc-bonding should be permanent may
be explained by the fact that gels are not perfectly elastic and thus the wood gel may undergo permanent
deformation under swelling or shrinking (section 3.4.4). In addition, externally imposed stressesmay
reduce the hygroscopicity of cellulose as a result of increasing its crystallinity.

In fact, the completecyclehysteresisloop of celluloserepresentsthe boundaryof an equilibrium area,
any point within which may representthe moisturesorptionby the cellulosicmaterialundersuitable
rclative vapourprcssure.Sizc of woodcan affcct hysteresis;the hystercsiscurvcof largcr picccsof wood
appearsto give an intermediate curve failing within the hysteresis loop obtained from sorption
measurementsmade on small specimens. This is due, apparently, to the simultaneous occurrence of
both desorption (from the core) and adsorption (from the surface) in a large specimen (Stamm 1964).
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This partial or incompletedesorptionfollowedby subsequent
adsorptiontendsto producenarrower
hysteresisloops, as do oscillating cycles of dcsorption/adsorption and temperature (Figure 3.8). This is
due to bonding sites being progressively lost through drying effects. The magnitude of hysteresis

increaseswith the degreeof desiccation

The presenceof extractives Wects hysteresis. The bulking cffcct inhibits aggregation and reducesvoid
volume: consequently the glucose anhydrides within the cell walls of wood will be more accessiblethan

thosein relativelyextractive-freewood. The persistenceof liystcrcsisin bulkedwoodis thoughtto be
due to the freeing of formerly stable hydroxyl bonds as a result of the greater swelling. These liberated
hydroxyls become active in sorption then. but the magnitude of hysteresis in this treated wood is due to a
reduction in number of accessiblehydroxyls and the bulking action of the treatment chemical.

When the wood-watcr system is being considered, the siginoid shape of the wood sorption isotlicrin.
always exhibiting irreversible hysteresis, indicates the polymolccular nature of sorption and the large
forces of attraction bct%vccnwood and water molecules (Stamm 1964: Avramidis 1989,1992, Adamson
1990).

3.3.2.5 RID ratios
The ratio of areaunderthe adsorptionisothermto that underthe desorptionisothermin the regionsof
and total water sorbcdhasbeenshownto yield meaningfuland
capillary-condcnscd,
surfacc-bound.
repeatableresultson differencesin woodcharacteristics(Spalt 1958). The magnitudeof hysteresis
cffcctsmaybe expressedasthe ratio of resorptionto desorptionEMCs at a given relativehumidity
(becausehysteresisseverity%Nillvary with RH). Stamm(1964)and Skaar(1988) haveprovidedus with
interestingdataon the variation of hystcrcsisratiosbctwccnwoodconstituentsand bct%vccn
different
tissue zones within wood.

Variationsin R/D ratiosbetweenspeciesand tissuetypesare thoughtto rcflcct variationsin constituents,
most significantly extractives. Thus, deteriorated waterlogged wood could be expected to show higher
R/D ratios than sound wood as a result of loss of extractives, but lower values as a result of loss to
holoccllulose proportion. The latter would appear likely to be the controlling factor in this case. Okoh
(1976) and Spalt (1958) calculated mean R/D ratios that show comparative differences in hysteresis
cflect between softwoods and hardwoods. In general hardwoods show higher R/D ratios than softwoods.
Many other comparative suncys of wood hysteresis ratios have been reported (Skaar 1988).

Past history of the wood affccts hysteresis. It has been noted by comparing the results from single-step
resorption (where the sample is ovcn-dricd bctwccn each equilibrium step) to multi-stcp resorption
(where the sample is exposedto increasing or decreasing steps in humidity after cach equilibrium step)
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(Prichanandra1966). Resultstend to give higher R/D ratiosfor onc-stcpresorptionthan for multi-stcp
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carriedout ovcr smallerhumidity rangestend to produceequilibrium areasratherthan prcciseloci.
Skaar (1988) points out that the R/D ratio should be treated with a certain amount of caution becauseof
the difficultics lying bchind the making of EMC measurements,the past history of wood specimens, and
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The
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equilibrium, common to sorption experiments becauseof the extreme amount of time required for steps
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the
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the
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as
structure
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where
forces (Skair et al. 1970). In general. the CffCctof this is to increase R/D ratios, thus underestimating
the cffcct of cycling humidities on permanent cliingc to wood hygroscopicity.
3.3.2.6 Degraded wood and sorption characteristics

Few studies of the sorption characteristics of archaeological waterlogged wood have been carried out
(Noack 1965, Roscnqvist 1975: Barbour and Lcncy 1982, Barbour 1983. Kommcrt 1986, Schnicwind
1990a). The most comprehensive of these arc the studies carried out by Barbour (1983) and Barbour
interesting
Lcncy
(1982),
they
pilot
studies,
with
some
though
are
mainly
observations and
and

indicationsfor future rcscarchdirections.
Very early in studies of waterlogged wood it was rcaliscd that both sorption cume and FSP of
froin
differ
thosc of sound wood (Roscnqvist 1975). Stone and Scallan
noticeably
archaeological wood
(1968b) point out that the cell wall of wood is a gel composed of carbohydrate and lignin
macromolecules.

Any process that brings the wood gel into contact with an excess of water involves a

constant modification

of the ligno-ccllulosc

gel as chemical and mechanical treatments rcinovC material

froin within it or rupturebondsthat hold the inatrix togethcr. The structureof this gel is clearly an
importantfactor in determiningits reactionsto changesin availablemoisture.

Hedges (1990) has laid out a scale of increasing levels of reactivity to deteriorative processesof the cell
wall components, with liciniccIluloscs as most vulnerable and lignin least -vulnerable. Hoffinann (1982)
provides data for the changes to wood sorption EMCs as chemical constituent ratios change. What
cffect the loss of each one of these constituents has individually is more difficult to determine.
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It is generally acceptedthat, of the principal components of wood, licmiccllulosc is the most
hygroscopic, cellulose intermediate, and lignin the least hygroscopic. It is no coincidence that this too is
the order of deterioration of wood cell wall components. However, limited data arc in fact available for
the adsorption values of isolated wood components. In certain hardwoods the holoccllulosc has been
found to have considerably higher sorption values than the wood itself Lignins ftorn hardwoods,
however, may have only slightly lower sorption values than the original wood (Stamm, 1964). The

combinedsorptionvaluesfor the holocelluloseand the lignin arc often significantly higherthan thoseof
the wooditself becauseof problemsin experimentation.Yet if lignin is the constituentin highest
proportionin deterioratedwood.it might be expectedthat moreseverelydeterioratedwoodwasless
hygroscopicthan soundwood.Availabledata not only do not supportthis, but showthe oppositeto be
true (Noack 1965,Hoffmann 1982). An explanationfor this mustbe the increasedaccessibility
produced by the break-up of cellulose, more particularly its crystalline structure. Sorption data for
individual constituents, therefore, does not tell us all it inight. The extractive techniques used to
separatewood fractions usually causechanges to their chemistry and thus to their sorption values.
Moreover, the constituents do not exist in isolation in wood, thus even after deterioration wc are still
dcaling with a complcx macromolccular mixturc.
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(Schniewind, 1990)

EMC values for deteriorated archaeological wood arc consistently higher than those for recent wood
(Figure 3.7), and this appearsto be the case regardless of species(Noack 1965; Hoffmann 1982, Barbour
1983). though comparatively little data on sorption characteristics of archaeological wood has yet been
collcctcd. This difference has shown to be much more stressedat the higher humidity levels (>801/oRID.
This explains the tendency of archaeological waterlogged wood to undergo shrinkage at RHs just below
100% (Noack 1965-,Barkmann 1975). FSP valucs arc thus particularly affected: Barbour (1982) reports
as much as twice the levels in his archaeological aldcr over the entire range. Despite the physical cffccts
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The study of brown- and whitc-rot deterioration of wood can shed light on some of the anomalies
surrounding constituent loss and change to sorption characteristics. Wood that has brown-rot (loss of
holoccllulosc) measureslower EMCs than sound wood, while wood with white-rot (loss of both
holoccllulosc and lignin) measureshigher EMCs (Zabel and Morrell 1992). This anomaly is thought
likely to arise from preferential attack on the amorphous cellulose, which is usually responsible for
retaining higher levels of adsorbedwater than the crystalline cellulose. Its removal in the early stagesof
decay decreasesthe overall moisturc-holding capacity of wood. The absenceof changes in EMC in carly
stagesof whitc-rot decay probably reflects the uniform removal of all wood components, and the
increasesto EMC during the later stagesof decay by these fungi may reflect selective attack on
crystalline cellulose.

Exposureto alkaline conditionsand certainsaltscan affect the water-carryingcapacityof wood.by
swelling fibresand increasingmedianporesizeand total porevolumes(Rowlandel al. 1984-,Stoneand
Scallan1963). Tlicsc conditionsalsocausecomponentremoval. Insolublesaltswill havea reverse
cffcct (Grethlein 1985).

Loss of extractives from the wood appearsto increase adsorption values, since these open up for water
in
blocked
the cell walls (Stamm 1964). The blockage of cell wall fibre
adsorption areaspreviously
however,
deterioration
lumcn
appears to contribute to the raising of EMC
products,
with
cavities and
figures for the wood becauseof the augmented hygroscopicity of these carbohydrate fractions
(Hoffmann and Jones 1990). The cffcct of bulking treatments aimed at blocking or deactivating surface
layer hydroxyls in order to stabilise or waterproof wood appearsto achieve overall reduction of sorption
and alteration of the nature and magnitude of hystcrcsis (Spalt 1958). But this is not thought to be due
to loss of active surface hydroxyls. rather to the bulking cffcct on capillaries.

The cffccts of extractives, ash and differential chemical deterioration on EMC values indicate why
density/spccific gravity is not a good indicator, either of (he water binding characteristics of wood or of
its permeability. Nevertheless, most conservation treatments arc basedon this assessment(Grattan
1982b). It is apparent that it is not only the changes to constituent ratios but the physical loss of matter
and the plastic deformation produced by excessive swelling that affect the sorption characteristics of
deteriorated wood. Reductions in cell wall density have been shown to accompany increased
accessibility. Though Buck (1978), in his study of old panel paintings, concludes from sorption trials
that ancient dry wood that has not undergone abnormal chemical change still possessesits characteristic
responseto moisture, ancient wct wood in good chemical preservation can not be presumed to be
unchanged, becauseof the added effect of the physical actions of waterlogging.
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A complicating factor in extrapolating the cffccts of deterioration to the sorption characteristics of wood
is the unevennessof the deterioration of a piece of wood. Hoffmann and Jones(1990) showed the
variation causedto chemical constituents as a deterioration front moves through a piece of wood.
Increased general porosity and changesto pore volume ratios causedby constituent loss has been found
to increase EMC values, partly through creation of new sites, and partly through swelling cffccts. Thus
it is probably for physical reasonsthat loss of lignin also has been observedto lead to increasesin
sorption EMC and FSP (Flournoy et al. 1991).

Physical changes from waterlogging, such as breakdown of the cell structure, discontinuous surfaces
produced with cell wall lamination, swelling into the lumcna, and filling of lumcna and void spaceswith
breakdown products will all affect sorption values. Bcrcndscn (1975) commented that discontinuous
surfacesproduce significantly different shapesof sorption curvc than the ideal. As collapse and
shrinkage take place, stressesarc generatedwithin the wood. These stressesmust either be tolerated or
dissipated through a realignment of the wood structure. How this happens dependson the
characteristics of individual cells and on the general wood structure. Barbour and Lcncy (1982)
delineate two forms of drying stresses,intraccilular stress and intcrcclitilar, that result in more- or-Icss
pcrmanent changes to the ability of the wood to take up water upon subsequenthydrations.

Changing temperature affccts the sorption isotherm in two ways. The reversible cffect is to change the
EMC at a given RH as a result of changes to the activity of the sorbed water in the conditioned wood.
The irreversible cffcct is to causepermanent change to the hygroscopicity of the wood. This lattcr
dependson the temperature change and duration of exposure, as the cffccts arc equivalent to a hysteresis
cffcct precipitated by changes in relative humidity. A decreaseof 1% in FSP has been measuredwith
increase of temperature of 10* C. This holds significance for treated archaeological wood in storage or
in
below
EMCS
freezing is in opposition to the above
decrease
display.
The
temperatures
noted
of
on
trend, reflecting the more rapid decreasein vapour pressure of ice with decreasing temperature than that
of sorbed water. This phenomenon is responsible for "coldncss shrinkage" and is of considerable
significance to the conservator becauseof storage of waterlogged finds in outside ponds and in freezers

prior to treatment.

Wood-deteriorating microorganisms work in both chemical and physical manners to affect the sorption
characteristics of wood. The supply of free water on surfaces of cell lumcna is used by fungi in the

hydrolysisof carbohydrates.Hydrolysisof cellulosehasbeenfound to causea generalincreasein
bondingsites(Grctlilein 1985). In addition, manyfungi releasemetabolicwaterduring the decay
process(Zabeland Morrell 1992).

Among other treatments, gamma radiation is known to cffcct the sorption characteristics of wood (Skair
1988). It lowers the EMC over the entire sorption range, though the effect is reduced with smaller
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dosagcs.This phenomenonmaybe of significanceto conservation,wherethe useof gammaradiationin
the treatmentof waterloggedwoodagainstmicroorganismshasbeenproposed(Jones1990). It is not
clearwhetherthis Wect is permanentor reversible.
Barbourand Uncy (1982)found that the shapesof the adsorptionand desorptioncurvesfor waterlogged
form.
in
As
for
2
Týpc
in
they
to
those
sound
%vood-i.
are
are
quite
similar
shape
c.,
sigmoidal
wood
well as raisedEMCs and FSP,variation in the shapeof the curvesfor waterloggedarchaeologicalwood
alsoshowsup. Sorptioncurvesfor soundwoodshowan abruptincreaseat a relativevapourpressureof
about0.9, attributableto capillary condensationin fine permanentcapillaries, Barbourfoundthat
deterioratedwaterloggedwoodshowedits rapid upturn at 0.8 ratherthan 0.9. This would seemto
suggcstanincrcascintlicnumbcrofthescfinccapillarics. Porcvoluincstudicscxaminingtliccffcctof
constituentlossesappearto showsimilar results(Stoncand Scallan 1963,1967,1968b).

Other studics arc in gcncral agrccmcnt with tlicsc rcsults (Sclinicwind 1990). producing the
gcncralisation that the amount of incrcase in sorptivc ability of archacological watcrloggcd wood is
dcpcndcnt on the cxtcnt and the mcclianism of dctcrioration, ratlicr than on lcngtli of timc buricd.

3.4
3.4.1

The Effects of Moisture Movement in Wood
VolumetricIlygroexpansion

One of the main concerns of water relations in wood is the cffcct moisture change has on dimensional
change. Moisture movement in wood is defined as the change in EMC in responseto change in
environmental conditions. Since these environmental conditions arc rarely constant, it is rare that
its
EMC.
What
is
is
to
most significant to the conservator is that
equal
content
moisture
wood's
dimensional change accompaniesthese fluctuations in moisture movement. This is what is termed
is
hygroexpansion
F'olumetric
in
the term given to all dimensional change causedby
wood.
movement
movement. It covers both initial shrinkage and subsequentmovement, in other words, dimensional
change during use. The type of shrinkage undergone by waterlogged wood when dried to ambient
conditions falls under the term initial shrinkage, just as does the initial shrinkage associatedwith the
seasoningof green wood (Stevens 1963).

Both the inherentcharacteristicsof the woodand its level of deteriorationwill cffcct the severityand
of hygrocxpansion.Skaar(1988)and Panshinand dczccuw(1980)have
permanentconsequences
providedmostof the detaileddiscussionof density,specificgravity and densityindex as they relate
specificallyto woodhygroexpansion.Stamm(1964),Skaar(1972),and Siau(1984)havediscussedthe
factorsthat affectccll-wall density,but for simplicity in hygroexpansioncalculations,an approximateor
averagevalueof 1.5g/cc is convcntionallyused.
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Hygrocxpansion in wood is traditionally given in terms of percent shrinkage (s) or percent swclling (S),
and these two differ in terms of the reference starting point used, e.g., shrinkage from wct dimensions
and swelling from ovcn-dry dimensions. Percent dimensional change is a commonly-uscd term for
studies of treatments of waterlogged wood, and when compared to successof a treatment in preventing
dimensional change it is often expressedas anti-shrink efficiency (ASE). A further useful index of
hygrocxpansion is the ratio of the relative dimensional change to the moisture change that has occurred,
Swelling gradient, defined by Kollmann and Cotd (1968), differential swelling (Kcylwcrtli 1962),
hygrocxpansion coefficient (Skaar 1972), and various other similar indexes have been defined.

For woodenartcfactsafter treatmentand drying to ambientconditions,it is often importantto know the
hygroexpansion
propertiesof the wooduith respectto humidity cliangcssuchas thoseto which the
woodis exposedin storageor on display. This information canbe obtainedfroin the sorptionisotherm
using the following cquation.

Yýl=
Wlicrc:

where:

(1) (dh)
dv
v
Z=

ZXv
=

(af

Y, is the volumetrichumidityexpansioncoefficient, v Is the volumemeasuredat moisturecontentm, d,,and d,,are

the differentialindicesof volumetrichygroexpansion,Z Is the slope of the sorptionIsotherm,X, is the volumetricmoisture
expansioncoefficient. M (m) Is equilibriummoisturecontent,and H (h) Is relativehumidityor vapourpressure.
Equation 3.5

Humidity expansion coefficient

(Skaar,1988)

The standard case for wooden objects, however, is one of oscillating

sorption, and in this case hysteresis

below
in
Md
illustrated
Figure
3.8.
the
slope,
as
cffccti,
c
refers to moisture contents during
%,
also reduces
desorption, while M, refers to those measuredduring resorption,
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Oscillating sorption and the humidity expansion coefficient.

(Skaar, 1988)

The humidity expansion cocfricicnt (Y)can thus be seen as a more important wood property than the
moisture expansion coefficient (X). Unfortunately, the former is more difficult to measure,and more
data exists for the constants used in the equation for the latter. The slope of the sorption isotherm relates
X and Y and it is obvious that any number of variables in wood properties will affect this. more
hysteresis.
in
to
sorption
relation
particularly

Directional kygroexpansion is cxamincd whcre shrinkage or swclling along onc of the principal
structural plancs of wood is of intcrcst. This tcnds to bcconic of particular significaricc bccausc of the
for
liowcvcr,
deal with cliangcs in hygroexpansion
Most
cquations
wood,
anisotropic naturc of wood.
bulk
the
than
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mass. and thus anisotropy is ncglcctcd.
ratlicr
of
wood
cclI wall
within

Sorption models use numerical solutions of the wood diffusion equation to predict the general moisture
responsecharacteristics of wood samples subjected to sinusoiclally varying humidity (i. e.. unstcady-state
conditions), but employ analytical solutions for the steady-statecase (i. c., when the responseis repetitive
in succeedingcycles).
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3.4.2

Deteriorative Movement due to Hygroexpansion

3.4.2.1 General description

Shrinkage phenomenaare the main sourceof concern for conservatorsof mterlogged archaeological
wood, and what all of their treatmentsarc aimed to counteract.

In green wood, water acts to support the wood cell and to plasticise its fibres so that it can better
accommodatemechanical strain. In deterioratedwaterloggedwood it servesto support by bulking the
frail remains of middle lamella and any of the fragile, sheetlike cellulose that still remains, allowing it
to maintain the original structure and shapeof the Nvood(Hoffmann and Jones 1990).

The uncontrolled loss of water from wood whose water content is abovethe fibre saturation point
(i. e., both green wood and waterloggedwood) may result in wood that is relatively unaltered or may
result in collapseand shrinkage. Theseare two distinct processes,influenced by capillary tension and
drying stresses.The consequencesof theseare distortion, splitting, embrittling, checking, dclamination,
and even completedisintegration of the wood tissues. It is the high unpredictability of results that is one
of the greatestconcernsfor the conservatorof this material.

Soundwood in the green statecontains air in practically all its cell cavities (Grattan 1987). This leads
to behaviour on drying that is different from that of waterloggedwood, since the movementof free water
in green wood %-*III
not engenderthe massivecapillary forces that occur in waterloggedwood.

Hygrocxpansionaffects larger timbers in a more complicated fashion. Grattan (1987) describesthe
drying bcha-tiourof larger piecesof waterloggedwood as a type of hydraulic system,where the core can
be regardedas a single hydraulic unit. In it, drying proceedsby diffusion until the capillary tension
forcescreatedby the largest poresto the saturatedcore equalsthe pressurecreatedin the systemby loss
of -water. The core will undergo elastic deformation and the meniscusin the largestexposedcapillary
then movesuntil it reachesthe wider interior of the opening, at which point the forcesof capillary
tension decreasedramatically, relieving the pressureon the core and producing a rapid sucking effect on
the contentsof the emptying cell as the deformedcapillary springs back.

In a generalfashion, then. the processof uncontrolled dr)ring of wood aboveFSPhas two phases-.
collapse, which takesplace largely abovethe fibre saturationpoint of the wood, and shrink-age,which
takesplace below the fibre saturationpoint. Capillary tension effectscontrol the first of theseprocesses,
and arise as a pressuredifferential developswhen the free water evaporatesfrom the capillaries that
form the permanentvoid structureof the wood. Desorptivedffrusion controls the secondof the
processes.and involves the removal of bound water from intermolecular associationwith the cell wall
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time, and the smaller ones remain ffill becauseof the greater surfacetension coupled with the reduced
saturation vapour pressureof water present in them. Wood sciencetends to use the term collapse to
describeboth phenomena(Skaar 1988).
3.4.2.2

Collapse

Collapse produces gross distortion of the cell, during which capillary forces from the retreating water
may reduce the lumen volume to zero. In green wood this phenomenon is usually confined to the
heartwood, whereas in archaeological and waterlogged wood it is often the sapwood that is affected most
(Grattan 1987). This type of hygroexpansion is in fact controlled both by diffilsion (producing drying
stresses) and flow phenomena (producing capillary tension cffects). Capillary tension is, however,
thought to be the principal factor.

Pressureinside the cell will be governedby the radius of the largest capillary connecting it to free air
space. Where a small capillary leadsto a cell full of water, it will induce a substantialcompressiveforce
on the cell wall (Figure 3.9), Where wood is most highly degraded(e.g., in the sapwoodregions of
waterloggedwood), the systemof microcapillaries has beenseverelydisrupted through the destruction of
force
likely
tension
The
to be developedwould thus be derived from
capillary
maximurn
pit membranes.
the whole pit diameter. Whether or how much collapseoccursAill dependon the elastic limit of the
forces
brought
to bear upon it.
the
to
capillary
wood's strength compared

The elastic limits of degradedwaterloggedwood can be assumedto be rather low becauseof material
lossesto the load-bearingsecondarycell wall and increasedplasticisation from the ingressof water into
the cell wall. Thus. despitethe relatively larger capillary diameterspresentin degradedwood, these
forcesvvill be able to have a substantialcffect on the cell wall with uncontrolled drying (Grattan 1987).
The condition of the cell wall and its pits is thus likely to be a key factor in deciding whether
deterioratedwaterloggedwood will collapseon drying.

The other causeof collapse,drying stress,arisesfrom the fact that the water saturationof tissuesat the
core of the piece of waterloggedwood differ to that at its surface-during drying the outer surfacehas
almost no moisture content, while the interior is ftilly saturated. Shrinkagethus occursfirst in the outer
layers, initiating internal stresses.Theselarge compressiveforcesbeing brought to bear on the wood in
the core then lead to its collapse. In this casethe drying stressesoutIct themselveson the outer zone of
wood, producing surfacecracks and checks.
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Sucha degreeof anisotropismin dimensionalchangesetsup extremestresseswithin the wood.
Mathematicalanalysesof shrinkagebehaviourof timber during drying, suchas thosecarriedout by
Imata (1975),who appliedthe conceptsof mappingtheoryto calculatethe magnitudesand distributions
of stressesduring drying, havedirect relevanceto the conservationof waterloggedarchaeological
timberswherethe weakenedstateof the woodproducedby lossof constituentsmakesit particularly
vulnerable,evento small stresses.

The areameasuredunderthe curvesshowingstressoccurringduring sorptionand sorptionhysteresisis
proportionalto the incandiffercnccbetucmircsorptionand dcsorptionisotlicrinsand thuscqual to the
R/D ratios mcasuredfor the givcn sampleof wood(Skaar 1988,Barkas1949).

The hygrocxpansion of wood subjcct to cyclic humidity cliangcs Ims bccn tcnned movement (Stevcns
1963). Movement is considerable sinallcr for a given range of humidity change than is shrinkage during
the initial drying of green wood.

3-

SPALT (1957)\

'J.
CHOMCHARN-ý,
(1983)

2-

t1
1

,,,,

----- -Figure 3.13

111
so

.1,,

R.H.
60

7n

Cycling humidity change effect on the sorption Isotherm

(Skaar,1988)

Chomcharnand Skaar(1983)studiedsinusoidallyvarying humidity cyclesand monitoredchangesin
moisturecontentand in radial and tangentialdimensionalchange. They found a lag betweenthe
dimensionchangeand the changein RK thoughboth weresinusoidal. The phaselag decreased
and the
amplitudeincreasedwith increasedcycling period(Figure 3.13). Herelics the dangerfor archaeological
woodon display. Moisturediffusion coefficientsappearedto decreasewith increasingcycling period
and increasewith decreasing wood specific gravity. The dynamic moisture expansion cociricicnt was
found to be relatively constant during cycles. The dynamic moisture sorption cocfficicnt decreasedwith
each cycle and with decreasing cycling period, and was heavily affected by hysteresis.
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3.4.4

Hygroexpansion and Stress

3.4.4.1 Mechanical stress

Mechanical stressesarise from a number of causes,such as moisture gradients, mechanical restraints,
macroscopic tissue swelling anisotropy, and microscopic and submicroscopic anisotropy within the cell
wall. Stressessuch as restraint may in themselves reduce EMC values (Barkas, 1949), or their cffcct on
dimensional change may be direct mechanical deformation of the elastic or inelastic forms. Moisture
largest
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and
effect
scientists
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and
wood
arc
of
particular
concern
gradients
common. It is impossible in practice to eliminate stressescompletely during moisture changes in wood
(Skaar 1988).

Skaar (1988) describeshow larger pieces of sound timber go through a number of cycles or stagesof

differential stressduring the drying process.Inner woodand outerwoodoften setup opposingstresses
that result in surfacechecks(crccp/tcnsion),corecollapse(compression),and casc-hardcning
(compression set). Casc-liardcning can be removed if the wood is subjectedto a high humidity and
temperature for a short time just before finishing drying. In general though, inner layers will always
undergo more shrinkage than outcr layers.

Stressesare also set up during impregnation treatments as a result of the restraint imposed upon
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3.4.4.2 Swelling pressure

Gels such as wood adsorb less at a given EMC when under restraint. Within the cell wall of wood the
restraint to swelling is inherent in the intertwining and crosslinking of the long cellulosic molecules, as
well as in (lie layered structure of the microfibrils. Wood swelling under restraint will exert considerable
and increasing swelling pressureswith time. The maximum pressure that will develop will be limited by
the compressive strength of the wood. Eventually, however, there is a decreasein this pressure caused
by a large rheological flow component in the wood (Skaar 1988). It is this time factor that regulates
whether a wooden object will crack or check under swelling conditions or whether it may accommodate
them. Dense woods such as oak arc likelier to suffer more from sudden changesto moisture content.
since there is less cell cavity spaceto accommodatethe swelling (Skaar 1988).
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Sinceportionsof woodunderrestraintwill tend to absorblessmoisturethan unrestrainedwood,
artefactscontainingwoodof variedconditionsmay haveradically differing EMC at a given RII
condition,further complicatingthe artcfact'sadjustmentto changesin ambienthumidity. It is possible
to seeherea potentialexplanationfor sorptionhysteresis,sinceseverelossesof boundwaterthat occur
belowFSPwill tend to leadto an increasein the level of intcrfibrillar bonding,involving bondingforces
that will bevery difficult to reverseor overcome.For an anisotropicgcl suchaswood,therearc shcar
strainsinvolvedevenwhen it is subjectedto hydrostaticpressuresthat arc uniform on all surfaces
(Barkas1949). While the totality of stressbroughtto bearon woodduring sorptioncanbe calculated
from thermodynamicequations(osmoticpressureequation),experimentallymeasuredvaluesarc always
lo%vcr
(Simpson1971),thoughthe variation patternwith wood moisturecontentis the same.

Molinski et aL (199 1) stressthe usefulnessof acoustic emission studies to explain the mcchanisin of
desorption-causedcracking of wood occurring in consequenceof moisturc-induccd stressduring its
drying. Useful studies have also been published that apply this technique to explain the mechanism of
cracking produced from stressesset up during soaking or immersion prc-trcatmcnts of wood with polar
or swelling media, e.g., PEGs (Polisko et aL 1989). This data may explain the dangers and difficultics
of re-trcatmcnts of waterlogged artcfacts, or the reversing of conservation treatments, or the cffccts of

osmoticcollapseduring normal treatmentof,",atcrloggcdwoodfrom the wet state. Most of the damage
hasbeenfound to be along the radial planesof the wood,thoughsomeoccursalong the borderof groiiih
layers
differential
density,(especiallyin oak). This is due to the
between
due
these
to
of
slicaring
rings,
formationof greatertensilestressesin the tangentialdirection. In general,swelling stresses
(hygrocxpansioncoefficients)increasewith increasingmoisturecontent.
3.4.4.3 Hygroexpansion and strength properties

Despite the stressesmentioned above, it is generally rccogniscd that the strength or mechanical
properties of wood generally increase with decreasing moisture content below fibrc saturation point and
do not change in any noticeable way above this point with changes in moisture content. Loss of
moisture from the cell wall results in an change in mechanical properties, while loss of capillary or free
water from cell cavities has no cffcct at all on these properties. Empirical observations have established
that this relationship is guided by the following

S-

exponential equation taken froin Skaar (1988):

(12-M)
S12
(1+
B)
=

S12and S. are the strength propertiesat moisturecontentm and 12% respectively,and B is a coefficient
representingthe fractionalincreaseIn the particularstrength propertyper percentdecreaseIn wood moisturecontent.

where:

Equation 3.6

Moisture content related to strength

(Skaar,1988)
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3.4.5

ReducingHygroexpansionin Wood. Bulking Treatments

into practicaland
Considerableresearchhasbeencarriedout, both by wood scientistsand conservators,
economicalmethodsof reducingthe naturaltendencyof woodto shrink and swell with changesin
ambienthumidity (Chapter4). Someof the elementaryprinciplesthat lie behindsuchtreatmentscanbe
discussedhere.

Of the five different ways proposed by Kollmarm et aL (1975) to reduce hygrocxpansion in wood, only
chemical treatment with bulking agents to reduce shrinkage is in common use by conservatorsof
waterlogged wood -largely

for practical reasonsdictated by the condition of the material but also

becauseof conservation ethics. Chemical treatment to induce crosslinking of wood constituents has
appearedwith certain of the in situ polymcrisation treatments, e.g., formaldcliyde-bascd (Grattan 1982),
but is not in common use. It is interesting to note that any increase in crosslinking will cause a decrease
in toughness, in abrasion resistanceand resilience and in othcr mechanical propcrtics that arc related to
its hygroscopicity (Skaar, 1988). The parametersused to evaluate the cffcctivcncss of treatments include
anti-shrink cfficicncy (ASE), or percentagereduction in shrinkage, defincd as:

S-S

ASE(%) = 100.ýs ýx
where:

S and S. are the shrinkagesbeforeand after treatment.

Equation 3.7

Anti-shrink Efficiency (ASE)

(Skaar, 1988)

ASE can alsobe definedin termsof the reductionin hygroscopicitybetweenany two limits of humidity,
usefulfor wood in useor after treatment. Shrinkagesare usuallymeasuredin the maximumdimension
only, tangcntial.
Most treatmentsusedon waterloggedwoodare water-solublebulking chcn-dcals,
non-watcr-soluble
ones
being introducedonly after an initial low surfacetensiondrying with an organicsolvent,and often
polymcriscdin situ by heator radiation. Severalwatcr-solublechemicalshavebeenused,including salts
(alum treatment),sugars(sucrosetreatment),and polyethyleneglycol. Immersionin suchchemicals
causesdisplacementof someof the waterpresent. Becauseof the reductionin activity of the remaining
waterand the bulking cffect of the chemicalsthemselves,the woodremainsalmostfully swollenat
relatively low ambienthumidities. Problemswith salt treatmentsare that the woodsurfaceremains
dampat ambienthumiditieshigher than thoseat which shrinkagebeginsin eachcase,and the saltsare
corrosivein combinationwith this moisture. Sugarsolutionsarc noncorrosivein their actionson the
surfacebut are attractiveto biological organismsunlessdried without mould-activatcddcpolymerisation.
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If this occursthey will tendto be hygroscopicas well, thus biocidcsare often added. Polyethylene
glycolsare the mostuniversallysuccessfulbulking agentsfor wood.

Bulking treatmentsarc only cffcctivc in reducinghygrocxpansionirthey canwork evenlythroughoutthe
thicknessof the wood. Gettingthesechemicalsevenlydispersedthroughoutthe woodtissuesis a
difficult if not impossibletask, largelybecauseof physicalbarrierssuchas high localiscdvapour
pressureswithin microcapillaricsand extractivespresentin the wood. The mechanismsof diffiision and
permeabilityare largely responsiblefor the successor failure of bulking treatmentsand arc discussed
briefly in following sections.

3.5

Sorption Thermodynamics

Thermodynamicsof the wood-watersystcinarc usefulto considerin calculatingthe approximate
magnitudeof certainobservedpropertiesof the system Avrainidis (1992)pointsout the increasing
suchasdrying in wood. More
significanceof thermodynamicsof sorptionin modellingprocesses
precisedeterminationof thermodynamicparametersprovidesbetterinsight into the sorption
mcclianisin,allowsfor fuller interpretationof sorptionisotherms,and allows further refining of sorption
is,
however,
in
Thermodynamics
the
system
wood-watcr
complicatedby the fact that, as a result
models.
of sorptionhysteresis,it is not truly reversible.

Sorbcd watcr has a lowcr vapour prcssurc than ordinary liquid watcr. Its activity is tlicrcforc Icss than
frcc
its
cncrgy or clicinical potcntial arc all lowcr or morc
molar
and
cntropy
and
cntlialpy,
unity,

negativethan thoseof liquid waterat the sametemperature.

Certain thermodynamic properties of water that are particularly affected by its interaction with wood arc
of particular interest. Changes in cntlialpy (dH) appear likely to provide a measureof the energy
changes occurring upon the mixing of water molecules with wood during sorption, and give an
indication of the binding forces likely involved. Changes in free energy (dG) have the potential to
indicate the sorbcnt's affinity for water. Changes in entropy (dS), which occur during sorption, may
help dcfinc the spatial arrangements occurring within the watcr-wood interface in certain states.
Measurements of changesto free energy and cntropy during moisture sorption have given us models for
the level of order, and the layering and bonding and organisations of the various types of moisture
within wood (Skaar 1988). Enthalpy-cntropy compensation exists in wood. as was established by
Avrainidis (1992).

Avramidis determined that cntlialpy and entropy changes in the watcr-%voodinterface at different stages
of water sorption arc independent of temperature, that the forces of attraction of water molecules by
sorption sites decreaseas moisture content increases,and that the cntropy decreaseduring adsorption
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canbe attributedto an increasein order in the sorbedwater molecules.Thermodynamically,the fourth
of water,the hygroscopicwater (mentionedpreviously),is analogousto tile frozenor solid
pscudo-phase
stateof ordinarywateruntil FSP,when liquid propertiestake over. Hunter (1995)challengestile
assumption made without exception in sorption theory that the cntlialpy of sorbed water is constant
throughout. Where water is sorbed oil wood this assumption does not seem to apply, either from a
physical point of view or from published results. Hunter argues that the specific cnthalpy of water
sorbcd on wood is by no means uniform throughout the sorbcd water, and that as more water is
adsorbed,the crithalpy of any of the water previously adsorbedwill usually change and probably
decreasein magnitude.

Entlialpy equations can also be used to calculate the observed lower vapour pressuresof capillary water
compircd to that of ordinary water, explaining the observation that capillary condensation may occur as
low as relative vapour pressuresof 0.9. Skaar (1988) discusscsotlicrcquationsthat support observed

dataaboutwood-watcrrclations.

Differential licats of sorption for wood can be calculated froin the Clausius-Clapcyron equation and inay
be used to check tlicrmogravimctric measurementsof moisture sorption in wood. Problems arise with

this equationbecauseit assumesrcvcrsibility in the sorptionisothermwhich, asa resultof sorption
the trendsit showsarc accurate.
hysteresis,is not the case. Nevertheless,

Differential licat of sorption (Q. )o is a measureof the excessbinding energy of the water molecules to
the wood substrateover that betwccil water molecules in the liquid state. Total licat of %%,
ctting is
interpreted to be proportional to the total number of sorption sites in the wood available for sorption of
water. Measurementsof total heat of wetting arc made directly by calorimetric measurementand thus
avoid the problems associatedwith the indirectly calculated differential heals of sorption (Skaar 1988).
Values measuredfor (QjO for cellulosic materials tend to be within the same range, and Stamni (1964)
points out that this is also in the range of those for hydrogen bonding. Thus more hygroscopic woods,
including waterlogged woods, arc charactcriscd by a higher total licat of %%,
ctting as a result of their
larger numbers of sorption sites per unit of dry mass. This further means that total licat of wetting is
related linearly to FSP. Kajita (1977) established the contribution of each of the chemical components
of wood to the total heat of wetting of wood, and thus to its hygroscopicity and FSP. Loss of extractives
was found to increase heats of wetting (hygroscopicity) and loss of hemiccIluloscs was noted to decrease
heats of wetting (hygroscopicity). Waterlogged wood would seem to be an exception to this case, until
the increased heat associatedwith the opening up of the cell-wall structure by sorbcd water is taken into
account.
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3.6

Sorption Models

3.6.1

Basic Background

Becauseof the difficulty in producing crror-frce sorption data from experiment, many attempts have
been made to expressthe sorption processmathematically (Spalt 1958). most orthcrn make certain
assumptions about the system and incorporate certain gcncralisations in order to simplify the sorption
equation. Current cfforts arc mainly directed towards making sorption models more generally
applicable (i. e., able to explain all observedcharactcristics of wood)-adsorption/dcsorption

hysteresis,

temperature cffccts on adsorption, and the adsorption/desorption ratio. Most models are designed to fit
test data, and strive to be consistent with them. But though tlicy oflcn achieve this, they do not always
provide tlicrinodynainic constants of the expected magnitude. New work on sorption models is mainly
aimed at resolving tlicsc inconsistencies.

Sonic of the many equations that have been proposed and tested for describing the moisture sorption
isotherms of wood arc purely empirical, sonic arc scini-cinpirical, and others arc basedon thcorctical
considerations (Skaar 1988). Some have been derived from classical thcrinodynamic considerations,
others ftom statistical considerations, and still others from combinations of these or other treatments.
There arc two general approaches:sorption considered as a surface phenomenon and sorption as a
solution phenomenon. In both cases,strong sorption sites are assumedfor bound water, but in the first
layer,
in
the secondthese sites are distributed
the
these
surface
and
primary
are
sites
approach
throughout the volume of the sorbatebut equally accessibleto water (Skaar 1988). In both cases
equations take the same form, and both assumetwo components to boundwatcr, one strongly and the
other weakly bonded. It must be stressedthat these assumptions and described mechanisms arc of
necessity idealistic. mainly becauseof the complexity of the polymer structure of wood (Hartley el al.
1992).

Sorptionequationshavetcndcdto be groupedinto four categories,basedon the physicalmodels
assumedin their derivations. The categoriesarc: localisedmonolaycrsorptionmodels,multilaycr
sorptionmodels(liomogcncoussorption,polarisedsorptionlayers,liquid film, capillary condensation,
ctc.). sorptionmodelsusedin polymerscience(solution models,localiscdsorptionand solution,ctc.);
and empirical models(partially thcorctical,fully empirical). Simpson(1973,1979)discussedthe
principal modelsapplicableto wood.

Becauseof the differencesin complexityinvolved in modellingthe movementsof the threedifferent
typesof water in wood.sorptionmodelstend to be groupedaroundwhich part of the isothermtheyarc
attemptingto model,cithcr that abovcthe FSPor that below. The latter is consideredto be less
complicatedto modelthan the former (Comstock1963,El Kouali and Vcrgnaud1991).becauseit has
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result,
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as
with;
only
(1964)and Siau(1984)discussin detail the mechanismsof bulk water transportaboveFSP. Moisture
transportaboveFSPis of significancefor its potentialto describeboth the drying of waterloggedwood
reactionsto local environment,especiallysurfacephenomenasuchastemperatureand its subsequent
inducedcondensation.It is alsoof significanceto retrcatmentof artefacts,perhapsto removea failed
treatment(e.g., alum) or to prepareit for analysis("C dating).
Bound water transport in wood, (i. e., below FSP) attracts two main schools of thought. One,
by
Fickian
diffusion,
is
described
believes
transport
that
this
the
scientists,
of
majority
wood
representing
been
have
force.
Many
driving
the
made to
attempts
gradients
with moisture content concentration
bound
diffusion
bound
diffusivity
the
the
the
of
combined
water and water
or
of
water
either
measure
believes
Comstock
1963).
The
Choong
Skaar
1958;
1965;
1960;
diffusion
(Stamm
other
school
vapour
that bound water diffusion takes place in responseto a vapour pressure gradient rather than to a
diffusivity
have
large
determination
tends
The
to
technique
a
of
cffect on
of
moisture content gradient.
the actual values recorded for a wood (Comstock 1963).

Dircction of diffusivity alsointcrcstswoodscicntists. It hasbccnfound, in gcncral,that transvcrsc
diffusivity incrcascswith incrcasingmoisturccontcnt,whilc longitudinal diffusivity decrcascswith
incrcasingmoisturccontcnt(Choong1965;Siau 1971;Avramidis and Siau 1987). During absorption,
diffusivity hasbccnfound to depcndon an cxponcntialrclationshipwith moisturccontcnt(Roscn,1976;
Skaar, 1958; Avramidis and Siau, 1987).

Most woodsorptionmodelslay claim to describingoneor moreof the following diffusions:isotlicnnal,
or nonsteady-state.
nonisothcrmal,steady-state,
Earlier equations for the wood-water system (e.g., those of Langmuir, Freundlich) restricted themselves
to isothermal moisture diffusion, which rcfcrs to analysesof moisture movement in wood that have been
is,
Though
temperature
there
conditions.
of course, always some transfer of
constant
out
carried
under
heat during moisture movcmcnt, due to the transport of energy with the water molecules (and this may
result in slight temperature differences and thcrmo-effccts), these tcnded to be neglected in the earlier
models as they were felt to be too small to be measuredconveniently (Skaar 1988).

Nonisothermal moisture diffusion or irreversible thermodynamics applies where there is soine coupling
of heat and moisture transport (thermal diffusion or Soret effect), as under conditions where moisture
diffuses through wood under the influence of a temperature gradient. Most drying processesoccur under
these conditions, since a thermal gradient is required in the process. In addition, the responseof wood
to varying environmental conditions, such as causedby temperature gradients in exhibition galleries on
demonstrated
have
Choong
here.
Siau
(1986)
Siau.
(1963),
Babiak
all
(1983),
site, applies
et al.
and
and
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that whenwoodis subjectedto a temperaturegradientit will not remainat uniform moisturecontent,
but will achicvcnonuniformmoisturcdistribution.
The most commonly used approach to adequately describe these conditions is that of irreversible
thermodynamics, which can occur under steady-state or nonsleady-state conditions. The transports of
heat and moisture arc not reversible becausetrue thermodynamic equilibrium does not exist. Equations
describing this coupling of heat and moisture or mass transport bring together Fourier's Law of heat
conduction and Fick's Law of mass flow. Equations relating these two processesand factoring in the
Sorct coefficient (to take account of the coupling of heat and moisture transfer) arc provided by Sian
(1984) and Skaar (1988). These equations arc used to determine the cffcct of temperature change on
EMC readings for the sorption isotherm (Stamm 1964).

Insightsinto the importanceof steadystate,non-isotlicrinil diffusion in woodwereprovidedlargelyby
Babbitt(1940)and Choong(1963),and recentlyreappraisedby Siau(1980). Nonisothcrinalmoisture
following:
due
be
the
to
a gradientof activatedmoisturemolecules
of
one
as
movementcan analysed
(Siauand Babiak 1983;Keene1992).a gradientof chemicalpotential(Siau 1983a,1984.Keene,1992),
or to waterpotential. More recently,Siau(1992)haspointedout the problemswith the first two of
these. Equationsfor the gradientof activatedmoisturemoleculesdo not accountfor the effectof the
diffusion.
That
for
the gradientof clicinical potentialwasmarred
isotherm
on
nonisothermal
sorption
by oneof its values,and thus did not fit experimentaldata. Siau rc-cxainincdthesemodelsin termsof
thermaldiffusion. the modifiedequationsyieldeda modelthat improvedthe agreementbetween
data,
higher
for
particularly
theory
sorption
at
available
relativehumiditics.
and
experiment
Steaqv-state diffusion may occur under either isothermal or non-isothcrmal conditions, but always where
flux and gradient arc non-variablc in both spaceand time. This type of flow is not, in fact, relevant for
impregnation.
heating,
(e.
in
treatment
g..
and drying) where there is no net change
wood
most processes
in the conditions inside the wood over a period of time. Steady state diffusion cocfficicrit determinations
(towards which most of this type of modelling is directed) are largely baseddirectly on Fick's law, in
which a moisturc-contcnt or partial pressure gradient may be used with equivalent results, provided
conditions arc isothermal. Though this is the case with thin barriers, it is not the casewith thick
barriers such as cell walls. Here activated diffusion is now considered to be taking place (section 3.6.3),
where the diffusion cocfficicnt increasesrapidly with temperature in accordance%viththe Arrhcnius
equation. Surface losseswill also tend to make steady state equations irrelevant, since surface resistance
may influence adsorption results to a significant degree (Siau 1984), Variations in air velocity also
change adsorption results significantly enough to affect the validity of steady state equations. These
factors arc more adequately takcri into account with non-stendy state diffusion models. Since, however,
unstcady-statcequations arc derived from steady-staterelationships, a great deal of attention in wood
scicncc/pliysies has focused on refining of steady state expressions.
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diffusionoccurswhenflux and gradientarevariablein both spaceand time. This type
Nonsteady-state
in
because
is
in
flow
has
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the
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there
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processes
wood
of
most
from
derived
inside
Nonsteady-state
time.
the
a
of
equations
are
conditions
usually
woodover period
steady-state
relationships,with the adjustmentfor heatflow usingFourier's law. The thermaldiffusion
coefficientis then numericallyequalto the rateof temperaturechange,dependingon the gradient
change. The factorsinfluencingthermaldiffusivity (andthus the time takento dry) arc thermal
moisture
conductivity,specificgravity, and moisturecontent. Nonisothcrmal,nonstcady-state
movementrequiresthe emendationof the standardnonsteadystateand nonisothermalequationsin order
to take into accountthe effectsof temperatureand moisturecontentuponthe diffusion coefficient.
Hailwood-Horrobintheory(section3.6.2.3)wasthe first attemptat doing this.

The mostimportantpracticalapplicationof nonisotlicrinalnonsteadystatemoisturemovementis in the
drying of wood. Wherecomparisonof moisturecontentprofileswith temperatureshowlowestvaluesof
moisturecontenton the surfaceand highestin the coreof a pieceof wood,and temperatureprofiles the
reverse,it canbe seenhow the thermalgradientpartially counteractsthe cffcct of moisturecontent
gradient during the drying process.

Whenattemptingto determinethe valueof diffusivity, woodscientistsadoptmodelsof either steadyor
flow
is
flow.
Most
the methodchosen. In this methodthe flux
unsteady
state
commonly,
state
unsteady
and gradientarevariablein both spaceand time, conditionsthat are more importantin commonwood
treatmentsthan steadystateflow, sincethe former is presentwheneverthe woodis impregnatedwith
liquid or undergoingdrying (Droin-Josscrand
et aL 1988,1989). During absorption,in the contactwith
liquid water,thereis not consideredto be any externalresistanceto moistureflow. But for desorptionof
moisture,the processis assumedto be controlledby diffusion within the woodand evaporationon the
surface,with the rateof evaporationbeing proportionalto the differencebetweenthe moisture
et aL 1988). El Kouali et aL (1991)
concentrationon the surfaceand at equilibrium (Droin-Josserand
believesthat absorptioncanbe describedby diffusional processes,
and that desorptioncanbe described
by evaporationand diffusion. He feelslie hasdeterminedthat a constantdiffusivity is observedat all
stagesof evaporationand desorption,and is the samevalue in the two cases.Othersdo not subscribeto
this concept. (Avramidis 1992;Hunter 1995)

Someof theseothersaim at defining theoreticallyexactvaluesof the sorptionenergiesof single
moleculesof wateron all availablesitesof both crystallineand amorphouscellulose,hopingto aid better
modellingof the complexitiesof wood. The affinity of a water moleculefor a given chemicalsite should
allow construction of a theoretical sorption isotherm at least at the water monolayer level for each
successivemolecule adsorbed or dcsorbcd. (Pizzi et aL, 1987 a& b)
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3.6.2

Ground Modelsfor Sorption in Wood

Detailed reviews of the development of sorption models and current theory have been published. (Skaar
1954; Spalt 1958; Stamm 1964; Siau 1984, Skaar 1988*,Cloutier and Fortin 1991). As has been
mentioned before, two primary concepts govcm these theories: one a multi-molccular layer concept and
the other a polymcr-solution concept. Most models still incorporate a proportion of Langmuir's
equation, since the initial part of the isotherm fits it quite well. It acknowledges the dynamic nature of
the process.but fails to rccognise the non-ideal adsorption that takes place where surfacesarc not
uniform, or where there arc interactions bctwccn adsorbed molecules (known as cooperativity), e.g..
Zone Il on the isotherm. Freundlich made some headway in defining these non-idcal systems. His
model acknowledges the observeddependenceof amount absorbed to concentration of sitcs filled.

Brunauer, Emmett, and Teller (1938) liavc made modifications to the Langinuir equation to allow for
polymolccular adsorption (the B. E.T. equation). Howevcr. they made the same assumption that
Langinuir did, and also assumedthat the licat of adsorption is confined to the formation of the first
monoinolecular layer, which is not true. It is quite useful, however, for calculating flic aniount of
adsorbaterequired to form a mononiolecular layer (Zone 1). The B. E.T. equation, however, remains the
best-known equation for water adsorption by wood, despite these wrong assumptions.

Tlicsc carlicr thcorics are bascd on the laycring coiiccpt (Figurc 3,14).

WOOD SU13STRATE
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i

S,

-WOOD
Figure 3.14
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SUBSTRATE'

Schematic view of formation of layers In multl4nolecular layering

(Hartley 9(aL, 1992)
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E.T) theory
3.62.1 Brunauer-Enimeti-Teller(B.
BET theory forms the basis upon which many other wood sorption theories have developed. As an
extension or cmcndation of the Langinuir theory, it assumespolymolccular multilaycrcd sorption. It is
particularly useful in calculating surface areas and energies of sorption. Though the theory works %vc1I
with experimental data at water vapour activities below 0.4, it is not accurate any higher. This is partly
becauseBET. theory assumesthat the thermodynamic properties of the secondarywatcr are identical

with thoseof ordinary liquid water.

M(I - h)
where:

1+ (C - 1)h
MmC MmC

M is the percentmoisturecontent, h Is the relativevapourpressure M. Is the fractionalmoisturecontent, andC

Is the BET constant.
Equation 3.8

Standard form of the B.E.T. equation

(Skaar, 1988)

The B.E.T. equation was eventually modified by Brunaucr et al. (1938) to improve tile fit of
experimental data from the higher relative vapour pressures. This was done by restricting the maximum

numberof layerspermissibleon any onesorptionsite.

Ch(l - h")
hI-h+
M(I - h) M. Q1 - (n +I- nh)h"]
Is
M,,
the
Is the fractionalmoisturecontent, n Is the
M
Is
the
relative
vapour
pressure,
content
moisture
percent
where:
,h
numlxr of layersof water,and C is the BET constant.
Equation 3.9

Brunauer's modification of the B.E.T. equation

iSkaar, 1988)

The average number of layers at any relative vapour pressure could be estimated from the ratio of the
total moisture content to the moisture content of the monolaycr. All versions basedon the BET

model

consider a multilaycr adsorption, assuming a monolaycr tightly bonded to the wood substrate and
secondaryand higher layers having similar characteristics to liquid water.

3.62.2

TheDenttheoýv

Dent's more recent modification of BET

theory (1977), closely matches the observed isotherms

becauseit advancesB. E.T. theory to include the rcalisation that the water in secondarylayers is not the
same as liquid water. The theory assumesthat the properties of water in (lie secondarylayer is the same
for all subsequentlayers of water. The Dent model established the important fact that some sorption
sites remain vacant even at saturation liumidity. At equilibrium. evaporation from one area of sorption

be condensingon anotherarea,and the ratesof thesetwo proccsscs,
%ill be equal,and
sites%%ill
proportionalto the vapouractivity at constanttcmpcrature,i.c., cquilibrium R11.
Dataplottedfrom this modelrevealsthat the curvefor primary water is typical of the type I isotherm
(i. e., inonolayersorption)and the secondarywater isothermis typical of the type 3 isotlicrin
(i. e., multilaycrcdsorption). The two addedtogetherforin the typical type 2 isotherm.

Oneof the significant drawbacksto the BET and Dent sorptionniodclsis that ncitlicr can quantify
sufficicntly the energychangesbehindrestrainedsorption. Within the cell wall of wood,tile restraintto
long
intertwining
is
inlicrcnt
in
the
the
cross-linking
of
cellulosicmolecules.as well as in
and
swelling
the layeredstructureof the microfibrils. In his work with textiles.King (1960)modifiedthe B.E.T.
equationto incorporatetlicsc factors,and cstablislicdthat swelling at low moisturecontentsdoesnot
involve significant swelling stress,asapparentlythe t4kc-upof primary watcr is not accoinpanicdby
sufficientbonddclbrimition in the fibre structureto resistthe swclling, and the cell wall structureis
It
likely
flexible
this
to
that the sainewould hold
stress.
seems
absorb
without
and
sufficientlyporous
true for waterloggedwoodduring use.
3.6.2.3 TheIlailwoo(I-Ilorrobin lheoq

Hailivoodand Horrobin(1946)providedthe next significant movein sorptiontheory,thoughthey
They
do
developed
to
from
the
so.
concept
a modelfor sorptionthat assumed
multilayer
movedaway
that the processleadsto part of the sorbcdwater forming a hydratewith the woodpolymers,and the
balanceforming a solid solutionin the cell wall. Two distinct kinds of hydratehavebeenincorporated
into their model. The cell wall is presumedto consistof threechemicalspecies:dry wood,hydrated
ideal
dissolved
solid solution. The mixture of polymer,polymerhydrates
as
an
acting
water
wood,and
The
forms
dissolved
two-componcntsystem,water and
the
solid
phasc-wood.
single
water
and
dissol,.,
in
the
two
cd watcr molecuics in the solid phasearc assumcd to bc
and
pliascs,
polymcr, cxists
mobilc (Harticy et al. 1992). The Hailwood-Horrobin modcl is now used more cxtcnsivcly than modcls

bascdon multilaycring thcory.

This inodelsatisfactorilyproducesthc siginoid Type 2 isothermnormally found for wood. It hasbeen
criticiscd for someof the assumptionsusedin its derivation.but it doespro-Odea satisfactoryestimateof
ccrtain funclaincritalsorptionparamctcrs,and is similar in this to the Dcnt modcl.
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h=

A+Bh-Ch'

m

A
witac:
where:

B=
ni(, Kd(Kh+l)

Kh-I

C=

mo(Kh + 1)

KhKd
ni,)(K. + 1)

A, B, and C are three empiricalconstantsthat vary dependingon the physicalmodelassumed,h Is the relative

vapourpressure,m Is the moisturecontent, moIs the moisturecontentat total monolayerhydration,and Khand Kd are
equilibriumconstants.
Equation 3.10

Hailwood-Horrobin sorption model

(Skaar, 1988)

Thus the flailwood-florrobin and Dent sorption theories predict the sanic empirical parameters and three
ftindaincntal equilibrium constants, one for each hydrate, as wcll as im. The magnitude of certain of
their constants arc, however, slightly different.

Not only does this theory provide a measureof the water bound directly to the polymer and that
it
in
the
the
also provides a measure of the degree of orientation
of
polymer,
condensed
void volume
111ilwood-Horrobin
One
limitation
the
of
theory that cannot be overlooked
the
structure.
polyiner
within
is its failure to account cxplicitly for hysteresis in sorption (Spill, 1958). The successof this theory is
basedon the constants derived by Simpson (1973). Ilarticy el al. (1992) suggestthat a combination of
the Dent inultilaycrcd concept and the Hailwood-Ilorrobin solution-bascd concept would more
adequately explain the behaviour of water in wood.

Most other isotherm cquations available have proved to be able to be rearranged into the above form,
though the value of their constants may be slightly different, The Hailwood-florrobin model has been
criticiscd by Simpson (1979) for not predicting satisfactory values of change in Hh and Hd. This has
come about becauseof the simplifying assumptions that creep into most sorption theories and prcclude
accurate predictions of the heats of sorption. More recent models are all attempts to produce more
satisfactory valucs. Using a non-lincar rcgrcssion tcclinique, Simpson (1973,1979) applicd HailwoodHorrobin cquations to USDA Wood Handbook data in ordcr to dctcrminc the valucs of constants

containedwithin the equations.The resulting regressionequationshavefound%vide
usein morerecent
attcmptsat woodsorptionmodcls.

Pcirce'scontribution(1929)wasto produccan cquationthat his bccnuscdto rclatc moisturccontcnt
exponentially with several of the mechanical properties of wood at or below FSP. The relationship of
mechanical strength to primary water, according to the Peirce model, is basedon the assumption that
these strength properties are determined by the number of hydrogen bonds crosslinking cellulose and
other constituents in the non-crystalline regions of the cell will.

Sorption of primary water presumably
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involvcsrupturing thcschydrogcnbondsin proportionto the amountof %vatcr.Pcircc'smodclalso
accuratelypredictsthe reductionof the mechanicalpropertiesof woodwith increasingtemperature.

Enderby(1955)and King (1960)usedstatisticalthermodynamicsto deriveequationsidenticalwith
thoseof Hailwood-Horrobinequations.The inodelattemptedto quantify the differenttypesof sorption
sites. Bradley (1936) incorporated the concept of dipole attractions to define loss of bonding energy
bctwccn succcssi%,
c laycrs of sorbcd watcr molcculcs.
3.6.2.4 Simpson's mo(4fications and capillary condensation

Most sorptionmodelstend to underestimatethe actualsorptionvaluesobtainedat high humidities. It is
thoughtthat this maybe dueto capillary condensationat thesehigh humidities, This hasbeenshownto
exist in the smallercapillariesof woodevenwhenthe ambientatmosphereis not fully saturated,
cstablislicdby the KcIvin cquation:

r

2V,,S
R7'ln(Ilh)

where:

r is the capillaryradius, R Is the gas constant, V.,Is the molarvolume,S Is the surfacetension, T Is the absolute

temperature,and h Is the equilibriumrelativevapourpressure.
Equation 3.11

The Kelvin equation

(Skaar, 1988)

This only works to values for 11ý0.8since the calculated radii arc getting close to the size of the water
molecule itself (30 times), and surface tcnsion operates under the assumption that large numbers of
molecules are present. The assumption that prc-cxisting capillaries in the cell wall enlarge as moisture
content increases(thus increasing their capillary radii and corresponding equilibrium humidities) also
only operateswith higher liumiditics.

Sorption hysteresishas also been attributed at least in part to capillary condensation, since the contact
angle of the receding meniscus in a capillary during desorption is smaller than when it is advancing
during resorption, thus causing more sorbcd water to be present during desorption in a given meniscus
radius and ambient humidity, than during resorption (Figure 3.15).

104

DESORPTIONWETTINGANGLE(SMALL)
RESORPTIONWETTM ANGLE(LARGE)

_-EQUAL

RADII

ADVANCING
(RES)
RECE DING (DES)
Figure 3.15

Meniscus during desorption/resorption

Simpson's (1973) inodifications of the BIT

(Skaar, 1988)

model, using the Kelvin cquition, attcniptcd to prcdict

this hystcrcsis cffcct and produccd the following sorption curvcs (Figurc 3.16):
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Modifications to B.E.T. to Incorporate capillary condensation

(Skaar.1988)

3.6.2.5 Afahtiquist's. vorption model

Malmquist's sorption model (1958,1959,1967 in Siau 1984) treats the sorption of water by wood in
terms of the spacc-dimcnsional factor within the cell wall. It also considers the cohesive properties of
the cell wall that might limit the swelling associatedwith water sorption and therefore the extent of
water sorption by the wood. This model brings up for the first time the concept of sorption occurring
within two-dimensional surfaces or three-dimensional volumes. Malmquist's theory considers that there
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is a sorptionspacewithin the c0l wall that sorbcdwater moleculescan occupy,and alsodefinedthe
surroundingvapourspaceasthe spacethat the watcr-vapourmoleculesoccupy.
He brings in the colicsionfactorto accountfor the limits to sorptionimposedby the resistanceof wood
to swelling. tic attributessorptionhysteresisto two factors: an increasein saturationpressureduring
resorptioncomparedwith desorption,and the matterof soft or linear sorption,definedc1scwhcrc.
Recent Discussion

3.6.3

3.6.3.1 General

Brainhall (1995)outlinesthe currentagreedunderstandingof water diffusion, and its connectionand
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Woodscientistsare now concernedwith the problemof how to measurethe concentrationgradient.
Often this canbe achievedby the measuringof moisturecontentprofiles. Whentestingsorption
equations,however,woodscientistsusuallyconcentrateon the bound-watcrfraction becauseof the
factor
in the mixture of capillary bulk movementand
to
these
equations
complicationof modifying
diffusion that charactcriscfrce-watcrmovement.Variousworkersarc alsoexperimentingto find values
for the diffusion cocfficicntand to seehow it varieswith tcnipcraturc. They haveusuallyproceededby
measuringdrying ratesat varioustemperaturesunderessentiallyisothermalconditions. Invariablythe
relationshipis found to be:

DT

=

where:

ke-EIRT

Dr is a proportionalityconstantdependenton temperature,k is the Boltzmannconstant, E Is the activationenergy,

R is the appropriategas constant,and T Is the absolutetemperature.
Equation 3.12

Diffusion coefficient varies with temperature

(Bramhall, 1995)
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Brarnhallpointsout the sin-dlarityof this equationto the equationdefining the vapourpressureof water,
causing some to assumethat the diffusion cocfflcicnt is proportional to the vapour pressure(section
3.6.3.9).

3.6.3.2 Drivingforces

Most of the attention paid to moisture migration has been focused on the movement of bound water
through wood (Stanish 1986). Until very recently this process has been generally acceptedto be
diffusive in nature (Bramliall, 1995). In keeping with Fick's laws of diffusion, it is natural to express
the rate of bound water diffusion as the product of a diffusion coefficient (or diffusivi(v or conductance)
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The focus of much current discussion is just how far Fick's law can be taken in the context of woodisothermal,
Fick's
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proportional
absolute temperature. The controversy around the application of Fick's law to wood moisture niovcmcnt
lics with its assumption that moisture concentration is the potential or driving force for this processand
that a single diffusion coefficient controls it. Babbitt (1950) stated that if Fick's law is to be more
diffusion
that
the
it
the
take
cocfficicnt is not a constant but is
assumption
on
must
gcncralisable
dependent on the concentration.

There are a number of alternative ways of expressing the potential that drives moisture through wood.
There is moisture content, partial water vapour pressure in equilibrium with the wood, relative humidity
in equilibrium with the wood, chemical or water potential, and sprcading pressure. Skaar(1954)
,
isothermal
that
moisture transport made with concentration, inoisturc-contciit, or
of
calculations
showed
partial-vapour pressure gradients produce identical results. Early investigators (Skaar 1954-,Stamm
1959,1960; Comstock 1963; and many others), chose to use the gradient of the concentration of bound
water (moisture content) as the driving force, which they did with considerable success. Unfortunately,
the diffusion coefficients they derived remained strongly dependent on moisture content, temperature,
and wood properties.

Other driving forces have been suggested,and their discussion follows. Each of them is associatedwith
a particular transport coefficient K, which is the only point on which these other theoretical models
differ significantly from Fick's law. Skaar (1988) gives a useful summary of these potentials and their
relationship to Fick's law.
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Until this decade,moisturecontentgradient wasthe mostgenerallyacceptedapproachusedto model
both boundwater and freewater in wood(Moschicrand Martin 1968,Nadler et al. 1985-,Cunningham
interaction
however,
Babbitt
far
As
back
1950,
is
1989).
that
there
pointed
out
an
as
where
et al.
betweenthe diffusing gasand the solid, this approachis not valid; instead,a potentialfunction shouldbe
used,sinceits spacederivativegivesa true forcefor driving the diffusion.
Bramhall (1976) rccognised the same flaw, and proposed the vapour pressure gradient as a better choice
of driving force for bound water diffusion. This precipitated a lively exchange of discussion (Roscn
1976, Babbitt 1977a, Bramhall 1977, Wcngert 1977, Babbitt, 1977b, Brainhall 1979) and a general
reconsideration of sorption models. During this time chemical potential gradient as driving force was
introduced (Kawai et al. 1978). Kawai and co-workcrs applied this to an nonstcady-stitc diffusion
equation to model isothermal drying rate experiments. The derived diffusion cocfflcicnts were related
lot
heterogeneity,
but
that
the
to
to
a
of
scatter
authors
attributed
with
content,
moisture
exponentially
drying stressesand temperature gradients. Stanish (1986) believed the scatter to have been due to failing
to incorporate water vapour diffusion to the overall drying rate.

The water potential-moisture content relationship is an approach that has been adopted in the last two
decadesto bring together elements of both moisture content gradiclit-lcd and chemical potcntial-lcd
theories (Cloutier et al. 1991). The water potential concept can explain both the actions of bound water
describe
behaviour
both
be
to
free
thus
wood
used
above and below FSP (Fortin
can
and
water, and
1979, Siau 1984,1988). However, the moisture contcrit-water potential relationship (M-; v) must be
known. Evaluation of this relationship has been carried out by only a few researchers(Griffin 1977-,
Fortin 1979. Choong and Tesoro 1989). Since water potential takes capillary forces into account (i. e.,
frcc-watcr movements), variations in the shapeof the M- V/relationship will occur both al high moisture
content and between speciesthat have anatomical differences. Tcmpcraturc may also cffcct this
increasing
increase
in temperature at any givcn
the
potential
with
water
significantly,
relationship
diffusion-,
dependency
directional
(transient
A
three-dimensional diffusion) may also
content.
moisture
is
this
tissues/plancs,
and
currently a matter for much discussion
exist within wood
(El Kouali et al. 1991; Mounji and Bouzon 1992).

Siau (1980) looked at the contribution of thermal diffusion (also known as the Sorel effect) to
nonisothermal bound-water migration behaviour, and thereby added the temperature gradient to the
chemical potential gradient to expressa new driving force. While theoretical considerations showed that
the thermal diffusion cocfficicnt should be equivalent to the activation energy for water vapour diffusion,
experimental nonisothermal drying data produced thermal diffusion cocfficicnts that were inconsistent
with the reported activation energy. Skaar and Siau (1981) then developed a theoretical expression for
bound-watcr flux basedon the assumption that bound-water diffusion is an activated process(activated
dýffusion), i. e., that bound water molecules must attain a certain minimum energy level in order to
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Their
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expression
a thermal diffusionterm to
sorption
sorption
site
migrate
activationenergy. Siau(1983a)then took up the conceptof the chemical
calculatethe necessary
potentialagain,attemptingto adaptit to the nonisothermalcase,defining bound-watcrflux in termsof a
chemicalpotentialgradient,which wasexpressedin termsof temperatureand moisturecontent.
Nelson (1991) criticised the models of Siau (1980) and Skaar and Siau (1981) for finding that the molar
licat of transfer and the molar activation energy were equivalent. His equations established that the licat
of transfer for adsorbedwater exceedsthe activation energy for bound water diffusion. He proposed the
explanation that diffusing molecules may carry energy in excessof the minimum required for
his
While
lie
in
diffusion
(i.
model
only
covers
steady-state
conditions.
e.,
activation).
participation
believes that experimental data could expand this to nonisothcrinal conditions. He maintains that
both
isothermal
describe
thenno(ývnainics
and nonisothermal conditions in wood.
can
nonequilihrium

Work continues with an emphasis on moisture contcnt-watcr potential forces. RcccntlyBramliall(1995)
contributed an important paper re-cstablishing the relevance of the Fickian equation for the wood-watcr
relation, and through his critical appraisal of years of misinterpretation or this law, argues convincingly
for the transcendenceof vapour pressureas a driving force.

3.7

Permeability and Pore Volumes

3.7.1

General

As stated previously, bulk flow is a significant mechanism in wood moisture transport, particularly as it
into
impregnation
the
transport
chemicals
to
wood structure. It is also significant to a small
of
applies
FSP.
The
bulk
flow of a fluid through wood is
in
magnitude
of
above
movements
extent moisture
determined by its permeability. It is important to make a distinction between porosity and permeability.
Porosi(v is the volume fraction of void space in a solid. Penneahifily is a measureof the casewith
which fluids are transported through a porous solid under the influence of a pressure gradient (Siau,
1988). While a solid must be porous to be permeable, not all porous solids are permeable. Wood will
only be permeable where its void spacesarc interconnected by openings. Where wood pits have become
have
become encrusted (e.g., by iron salts or calcium
(drying
they
or
where
stress),
occluded
compounds), or if the pits are aspirated, the wood will assumea closcd-ccll structure and exhibit a
permeability of close to zero. Movements through the cell wall bound-water, material (i. e., as sorbcd or
bound-water) arc not included under this concept.

The three-dimensional network that is wood substanceexpands at saturation vapour pressure to a
maximum, with complete dissolution prevented by crosslinks. This sNvollcnnetwork contains
submicroscopic voids (second order space) in which water is condensedimmediately. Some averageor

cffcctivesizeof void will imposean upper limit to the sizeof moleculea watcr-borneor swelling solute
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is capableof diffusing into or throughthe cell walls into thesenew spaces.The conceptof porevolumes
is significantto suchproccsscsasopcnnessof woodto dctcrioratingclicmicalsand micro-organisms,the
penetrationof preservationand bulking chemicals;the bondingof adlicsives;and the removalof
chemical breakdown products (e.g., wood constituents), or salts (e.g., iron and lime) during treatment
processes(Tarkow et al. 1966). Hoffmann (1982) relates wood capillary sizes with the size of some
common treatment molecules used in the conservation of wood (Table 3.2 below).
Capillary system of cell wall
Fissures within elementary fibrils

I lun

Capillaries between elementary Fibrils

l0nm

Capillaries between fibrils

up to 80nm

Pores in pit membranes

up to 150nm

Dimensions of some molecules
Water

0.2nm

PEG 400 (length x width)

2x0.25tun

PEG 1000 (length x width)

4.5 x 0.35nm

PEG 4000 (length x width)

18 x 0.35run

Capillary sizes

Table 3.2

3.7.2

(Hoffmann, 1982)

Types of Row

flow of fluids throughwood is govcmcd,as in othcr poroussolids,by Darcy's law.
The stcady-state

K
where:

QL
QIA
Flux
_ AAP'
=
Gradient APIL
K is conductivityor permeability,0 is the volumetric;flow rate, L Is the lengthof the specimenIn the flow direction,

A is the cross-sectionalare of specimenperpendicularto the flow direction,and AP is the pressuredifferential.
Equation 3.13

Darcy's Law for Liquids

(Slau, 1984)

Conductivityis assumedto be constantin steadystateflow conditions,and is equivalentto penncability.
Darcy's law runs into problems with the complexity of wood, and its assumptions and limitations are
discussedby Siau (1984). From the following summary of its principal assumptions it is casy to see
where some modification of Darcy's law is required when it is to be applied to wood permeability.
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1. Flow is viscousand linear. (Siauand Pctty (1979)havedeterminedthat nonlinearflow will occur
wherefluid is movingfrom a largeto a small capillary.)

2. The fluid is liomogcncousand incomprcssible.(Conscrvationtreatmcntclictnicalsfor woodsuchas
PEGs arc mixtures of various molecular weight fractions, even those designated with a single
molecular weight, e.g., PEG 3000 (Skinner, 1994). While liquids arc essentially incompressible,
gasesaren't. Vapour phase treatment, e.g., in situ monomer polymcrisation treatments, would not
fit this assumption.)

3. The porousmcdiumis homogcneous.(Woodshavean cxtremclycomplcxand non-hoinogcncotis
structure,especiallyhardwoodssuchasoak.)

4. Tlicrc is no intcractionbctwccnfluid and substratc.(This is ccrtiinly not truc of citlicr watcr or
because
interaction
interaction
hydroxyl
their
with
wood,
of
with
siteson
chemicals'
water-based
trcatmcntsfor woodare
the ccll-wall surfacc. It is this that cxplainswhy non-polarsolvcnt-based
found to more thoroughly permeate the entirety of a wooden object.)

5. Permeabilityis independentofthe length of the specimenin the flow direction. (Bramliall(1991)
length
in
Siau
that
(1972)
specimen
while
woodsof relativelyhigh permeabilityis
out
pointed
and
usuallyindcpcndcntof pcmeability, permeabilitydccrcascswith Icngth in woodsof low
decreases.
bccoinc
)
to
tending
as
greater
permeability
permeability,
Despitetheserestrictions,Darcy's law remainsthe basisfor inodclsof bulk flow in wood.

Variouskinds of flow occurwithin wood-viscous or laminar flow, turbulentflow. non-lincarflow, and
Sian
diffusion.
Knudsen
(1984) reviewsthe participationof eachof thesein
flow
or
molecularslip
dctail.

The extremenon-liomogcneityof wood structureis oneof the principal reasonswhy it is difficult to
gaspernicabilityof woodwith its treatability with preservativeliquids, since
correlatethe steady-state
this involvesunsteadystatetransport. The flow of a liquid into a porousbodyis governedby different
principlesthan the diffusion of vapourwithin it, becausethe liquid entersas a front with liquid-gas
interfacesin the capillaries. Nonlioinogcneityof flow is conventionallyfactoredinto Darcy's equationto
help copewith this.

III

3.7.3

Measurementof Pore Volumes

If the conservatorcould calculatethe overall porosityof his woodand the relativeproportionsof poresof
different sizes,lie could makebetterchoiceof the typeof bulking chemicalto usein stabilisinghis
wood. Microscopic procedures have been used to calculate void volumes, as well as moisture adsorption
isotherms, X-ray scattering techniques, or polymer exclusion. The problem with the use of the sorption
isotherm for this purpose is that, though in principle analysis of the isotherm will relate the relative
vapour pressureat which a vapour condensesin an existing capillary to some characteristic size of the
capillary, in practise it is not so applicable to wood whose gel contains only a very small content of truly
prc-cxisting or permanent capillaries. Its voids arc best considered as being created when the substance
goes into partial solution. Even solvent replacement and nitrogen adsorption techniques that avoid the
problems of swelling capillaries experience substantial shrinkage during the final replacement of the
fluid by evaporation from swollen wood below the critical temperature for the fluid.

The use of bulking chemicals in the measurementof pore volumes (solute exclusion) can similarly
experience problems, especially as many of these (e.g., PEGs) may in fact have a small swelling cffcct
finding
1997),
(Jensen,
in
the
themselves
since
chemicals of very precise molecular %%,
on
wood
eight and
spherical section is difficult, and since the high concentrations necessarymay impose osmotic collapse
upon inner wood (Skinner. 1994). This technique is also, of necessity, temperaturc-depcndcnt. What
also has to be taken into account is the increased surface interaction capacity, the reactivity of the
swollen wood substance. Wood may oficn also contain barriers to the diffusion of polymers into its
iron
in
(e.
tyloses
or calcium carbonate salts; cell layer composition). Nevertheless, this
oak,
g.,
voids
technique is considered the most accurate and least crror-prone for determining void volumes in wood
(Sian, 1984). Lin et al. (1987) used solute exclusion (both PEGs and sugars) monitored by a differential
rcfractomcter to determine pore size distribution and microporc size in wct cellulose. They found the
need for replicate samples and a statistical approach to data analysis becauseof samplc-to-samplc
variability. The method proved useful for wet, hydrophilic polymcrs. Since the ratio of concentration
for penetrating molecules inside the pore to that of the bulk phase is termed the penetration coefficient
and is a function of both the shape and radius of the pores, the apparent porc-sizc distribution from this
method thus reflects the shapeas well as size of the pores of wct wood. A simple slit model was been
indicated for wood cellulose. The differential rcfractomctcr made easier precise determination of small
changes in polymer concentration.

The situation for waterlogged wood is slightly different. Tarkow et at (1966) discovered the limiting
size for the penetration of a water soluble material into green wood substanceto be the PEG 3000
molecule. As a result, this size has been adopted as maximum for treatments of waterlogged wood,
although loss of constituents and excessswelling may have produced voids larger in size. Griffin(1977)
defined FSP as the condition when all voids of a radius greater than 1.5p arc devoid of free water. But
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the raised FSPs measuredfor waterlogged wood would seem to suggesta larger void size. There is,
however, a great deal of discussion as to whether waterlogged wood is indeed swollen beyond its original
dimensions (Grattan, 1987). At temperatures significantly above room temperature, e.g., tile 600C at
which certain treatments arc carried out, Goring, (1963) discovered softening of lignin and
hcmiccllulose to occur. This may explain a portion of the increased permeation by PEGs achieved at
this temperature. All of these factors suggestthat the use of polymer exclusion to measurepore volumes
might be problematic in waterlogged wood specimens,as indeed Skinner (1994) discovered.
Pore Volume Ratios and Permeability Models

3.7.4

The simplestmodelof permeabilityapplicableto woodis the uniform parallel circular capillary model,
uponwhich the Poiscuilleequationis based.

N7Zr4

817L
where:

0 Is the volumetricflow rate, L Is the lengthof the specimenIn the flow directIon,N Is the numberof layers,and

AP is the pressuredifferential.
Equation 3.14

Poiseuille Law for Liquids

(Slau, 1984)

In the main, this modelis applicableto the openvesselsof diffuse poroushardwoodsin the longitudinal
fibre direction. In moreheterogeneous
woodssuchas oak, whereareasof high conductance(vessels)
Petty's
(intcr-vcsscl
for
low
pits),
model
conductance
conductancein serieshasbeen
of
areas
abuton
foundto be morc relevant(Siauet al.. 1981),and is generallyextendedto apply to thrcc-scrics
components,and canbe correctedto take into accountshortcapillaries.
3.7.5

The Characterisation of Wood Structurefrom Permeability Measurements

Wherethereis a ncedto establishhow opento impregnationby a particular liquid a woodenobjectis. an
its
of
porevolumeratios mustbe obtained,aswell as an indication of the
picture
accuratemathematical
interconnectivityof thosepores. Equationsto calculateradii for cachtypeof woodpore,numbersof
porespresent,and radiusand numberof pit openings(significant becauseof their deteriorationin
waterloggedwood)arc readily available(Siau, 1984). Other aspectsof the useof permeabilityand
capillary plicnomenato characterisewood structureare discussedin detail by Siauel aL (1981) and
Jcnscn (1997).

Stoneand Scallan(1968a)experimented%Nith
permeabilitymeasurements
asa tool to describewood
structure. Using the polymerexclusionmethod,they wereableto makeaccuratemeasurements
of wood
fibre saturationpoints,both for freshand for deterioratedwood. TheyequatedFSPwith total pore
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removal
measuring the inaccessiblewater by using a series of penetrating molecules of increasing size, their
method plots out the pore size distribution. Stone and Scallan (1968a) visualiscd pore size distribution
curves as divided into two sections, the small pore region of the curve corresponding to micro-rcticular
or intra-lamellar pores (up to 25A), and the large pore region corresponding to macro-rcticular or intcrlamellar spaces. Since the curve is smooth, it suggeststhat there is considerable overlap in the
distribution of the sizes of the two types of pores. They concluded that since pore sizes were narrowest
towards the lumen, cellulose is more densely packed in this region. They also concluded that lignin,
which has little ability to hold watcr, is most concentrated between one cell wall and the next. This
matches up well with current knowledge. They also used this technique to predict the condition of the
lumen,
losses
larger
Cellulose
during
deterioration.
towards
the
create
would
porosity
cell wall
reversing the trend of sound wood. And becauseof this, total hygroscopicity could be predicted to rise
despite the loss of most of the water binding cellulose.

Cunningham(1992)studiedeffectivepenetrationdepthand cffectiveresistance,using lumped
modellingto simplify certainof the physicalComplexitiesof the wood system,in orderto further
Effective
in
transfer
structures.
penetrationgivesan indicationof the depth
wooden
elucidatemoisture
that moisturepenetratesinto a materialundertransientand cyclic conditions,while effectiveresistance
givesan ideaas to the amountof moisturetransferresistancethe meanmoisturecontentof a material
encountersin transferringinto and out of that material. Thesequantitieshavebeenshownto be
Significantly,
however,the effectivepenetration
different
thing.
the
though
of
same
aspects
equivalent,
depthwasfound not to be dependentuponthe surfaceresistanceof the boundarylayeror surface. The
diffusion equationfor the amplitudeand phaseof the main moisturecontentfor a periodicdriving
potentialwasusedin defining theseconcepts.
3.7.6

Effect of Moisture Content and Drying on Permeability

The effect of drying of fresh wood results in high capillary forces at the surface of the frce-watcr. These
forces may cause aspiration in pits of softwoods where impermeable tori arc present, but in hardwoods
that do not have pit tori, the permeability is unaffected in this manner. Permeability in waterlogged
woods is likely to be increasedby the factor of gencraliscd pit membrane dissolution by bacteria, but
decreasedwith ash content, In oak wood it will also tend to be affected by zonation, being highest in
highly permeable outer layers and lowest in the central less permeable layers, explaining the greater
general successof conservation treatment of highly degraded wood over less degraded oak artcfacts.
Zonation in wood produces non-Darcian behaviour of fluids (Siau, 1984). Some of this cffcct is inherent
to the speciesitself, where the zonation is parallel in nature. Certain conservation treatments (such as
the acetone-rosin treatment) involve a step to increase permeability, e.g. pre-soaking in 1ICI or disodium
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EDTA. Solventexchangedrying and freezedrying wheresurfacetensionforcesare significantly
reduced,reducethe loweringof permeabilityinducedby drying cffccts.
Waterlogged wood's permeability can be reduced if only partially saturated, either becauseof incomplete
waterlogging or through partial drying after excavation. This is becausehigh capillary pressuresmust
be overcome to force air bubbles through minute opcnings. Hardwoods generally exhibit increasing
longitudinal permeability with increased moisture content, perhaps due to increase in the fractional
volume of the vessels.

Variationsin permeabilitydueto objectsizeexist undercertainconditions. The cffcct appearsto be
greaterin specimensof lower permeability(Bramhall, 1991). Bramhall explainedthis by a modelin
which thereis an exponentialdccrcascin the clTectivcareafor conductionwith increasinglength dueto
a progressiveclosingoff of parallel flow pathswithin the wood,expressedmathcmaticallyas,

Effectiveconductivearea =
where:

A Is the cross-sectionalarea, L Is the length,b Is the positiveexponentialcoefficientobtainedfrom the slope.

Equation 3.15

influence of specimen length on permeability

(Slau, 1984)

In certainhardwoods,permeabilityappearsto increasesharplywith length up to a certain length and
then to level off. Bramliall attributedthis to non-lincar flow dueto kinctic-cnergylossesat the entrance
increase
be
This
to
as the length to diameterratio of the vessels
the
expected
could
cffcct
of
vessels.
dccrcascs.Conditionof capillary cnd surfaccswould also hold significancc,with smoothcrsurfaccs
rcsulting in incrcascd penneability.

3.7.7

Changes in Pore Structure Caused by Degradation of Wood

Certainof the changesto porevolumeratios havebeenmadeapparentalreadyin prcccdingsections.
Grattan(1987)hasdiscussedthe relation of level of dctcriorationin woodto changesin its densityand
permeability. From work publishcdby Hoffmann(1982;1985)and Wong (1979)he drawsa connection
betweenwatercontentandvolumeof cell wall substances
asaffectedby deterioration.(Figure 2.14)

Wood with lower levels of remaining cellulose exhibits higher water content, explainable by the fact that
as materials are removed (either chemically or by bio-organisms), there is a general increase in the
internal volume of the cell wall and therefore a corresponding increase in the FSP of the wood. Grattan
(1987) points out, however, that once the cell wall becomesseverely eaten away, internal volumes may
begin to decreaseagain, with a corresponding fall in FSP.
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Oneof the classificationschemescreatedto aid the treatmentof waterloggedwoodby imprcgnants
makesuseof permeability. It groupswoodaccordingto the percentageof soundwoodversusdegraded
wood (Christenscn 1970, Jagels 1982)

The condition of cell wall pits is a controlling factor in wood permeability, since they arc responsible for
control of liquid flow. Pits represent the major limiting factor in fluid flow through wood cclls. The
majority of decay fungi penetrate wood through perforation of its pits, though some few do directly
penetrate the wood ccll wall. Damage or removal of the pit membrane makes wood markedly more
receptive to movement of water. This will increase its adsorption and desorption of water in comparison
to sound wood (Zabel and Morrell, 1992). The processof pit damage or removal by bacterial chemical
action in waterlogged or saturated wood is relatively slow, though eventually it amounts to a substantial
loss in volume. The cffcct of pit damage on permeability in wood is responsible for severedrying
stresses,increased hygroscopicity, increased effectivenessof bulking treatments and preservatives, and
decreasedcffcctivcness of adhesives. Increased permeability also leads to increased chemical and
biological attack. Wood permeability is not always so easily related to wood degradation level, since
somctimcs in very degradedwood the pits have been fully aspirated for one reason or another, thereby
leaving the cells impermeable. Inherent or imposed physical aspectsof a.wood can also cause
misleading trends. The formation of tyloscs in oak heartwood can render it almost completely
impermeable. The internal deposition of iron tannatcs, iron salts or calcium salts (especially common to
Of
the
same
effect.
course, the physical changes induced with
can
yield
marine waterlogged wood)
hygroscopic swelling arc responsible, in themselves, for a proportion ofthe increase to secondorder
spaceor transient capillaries and thus to permeability.

Flournoy et al. (199 1) used a refined version of the solute exclusion technique to measurethe pore
from
decay
brown-rot
fungi,
by
induced
wood
which selectively depolymerise
volume changes
hemiccllulose and cellulose, making this a close model for degraded waterlogged wood. They
investigated the cffect of holocellulosc losseson maximum and median pore diameters, and the point at
which the sudden increase in total cell wall volume and accessibility takes place. They found that at
35% weight loss, the cell wall volume had doubled, and that maximum pore size remained fairly
constant throughout degradation while median pore diameter tended to increase. These changes were
attributed to the creation of new openings in the cell wall and, to a lesser extent, to the erosion of preexisting pores and to the swelling of the cell wall as a result of the fungal action. Blanchette et al.
(1989) studied white rot wood for similar purposes, This rot dccaysboth lignin and holoccllulose
selectively. Their results suggested,in contrast to Flournoy's, that lignin removal opens up the cell
walls generally. Flournoy et al. 's work suggeststhat changes other than increasesin accessiblecell wall
volume arc responsible for brown rot degradation. Mechanical disruption must also be a significant
factor.
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Reversegel filtration, a similar technique, was used by Rowland et al. (1984) to study cellulose treated
by various chemicals to make it more accessibleto dyes (NaOH and ammonia). The substantial swelling
causedby the NaOH and ammonia increased its accessibility to water. Stone and Scallan (1963) used
the nitrogen adsorption technique to study the effects of component removal on the porosity and pore
size distribution of wood. Their work concentrated around sulphite and kraft pulping, used to remove
lignin and hemiccllulose from wood. Both processeswere found to swell the fibres and increase the
number of pores, with a median size in the 20-40A range, leading to shrinkage on drying. Such pores
produced by component dissolution make up the slit-like spacesbetween adjacent laincllic, normally
35A in width, and can lead to the splitting of cell walls into layers. Increasesin the number of lamcllac
higher
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increase
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(1963)
total
the
and
a
pore
and
of
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volume.
an
number
produces
found that the removal of either lignin or carbohydrate from wood fibres leaves small pores in the
swollen cell wall. They also observedthat, as material is removed from the cell wall, the porosity
increasesgradually until the swollen ccll wall contains slightly more void than solid volume. When the
pore volume was compared to the volume of material rcmovcd, it was found that the porosity varies with
level of dissolution of components. At low levels of removal, the pore volume is approximately equal to
the volume of the material removed,,at medium levels, it exceedsthe volume of material removed,
becauseswelling of the cell wall occurs; at highest levels, swelling was found to decreaseand the pore
later
A
the
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of
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study by Stone and Scallan (1968) indicated
wall.
a net contraction
volume
that later levels of degradation produced steady swc1ling. They suggest that that this swelling causes
fibrcs
the
that
the
disruption
the
cell
of
wall
arc substantially weakened.
structure
of
such a

Grcthlein (1985) pre-trcatcd hardwoods by mild acid hydrolysis followed by enzymatic hydrolysis and
determined their resulting pore size distribution. He concluded that, since ccilulose is a heterogeneous
is
by
hydrolysis
its
the number of glucosidic bond sites that are
governed
of
porous substrate, rate
deterioration
Pre-treatmcnts
to
the
or
chemical
generally increase the number of
enzyme.
accessible
these sitcs. Woods with higher non-carbohydrate content, e.g., those with high extractives and lignin or
ash, would present a lower pore volume to degradation. He points out that in pore volume distributions
the pore sizes arc in fact only nominal values and may not be spherical. He also shows that it is possible
to calculate internal surface area from the pore volume distribution curve.
3.7.8

Retention and Wood Impregnation Treatments

Retention is a measureof the concentration of preservative or other liquid in wood. It may also be
expressedas the fraction of voids filled by liquid, which requires the volume of retained liquid to be

dividedby the void volumeof the wood. During the conservationprocess,water-solubleimpregnation
agentsarebroughtinto the cell lumcn and cell wall by diffusion from an outcr surroundingsolution.
Sincetheir purposeis both to replacea proportionof the %vatcr
in the woodvoid spacesto reduce
capillary actioneffectson drying and to lay down a layerof non-volatilebulking materialon the surfaces
of thesespacesto supportthe weakenedmaterial,the level to which conservationtreatmentchemicals
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canpenetratethis systemof permanentand transientcapillary spaceandbe retainedthereis vital to the
successof the treatment. A discussionof all the modelsin currentcirculationto describeand predict
this is beyondthe scopeof the presentstudy. However,Jensen(1997)presentsan exhaustiveand
enlighteningdiscussionof the subject.

3.8

Summary

This chapter has attempted to summarise the main issuesin the field of wood-watcr relations and apply
them to the questions which are of paramount concern to conservators of waterlogged archaeological
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beginning, but his conclusions which apply to the field of conservation have yet to be put into use. The
next chapter will clarify the importance wood-watcr relations holds for improving waterlogged wood
conservation.
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Issues and Approaches in the Conservation of Waterlogged Wood
4.1

Introduction

In the middle of this century, when the treatment of waterlogged wood first began to receive systematic
study as a result of a great surge in wetland and underwater site excavation, understanding of the nature
of the wood itself was restricted. Treatment approachestcndcd to reflect trends in wood technology
timber treatments and older craftsman recipes. Larger structures, composite objects, and uncommon
wood speciesproved unpredictable under treatment. Over the past 20 years, understanding of the
influence of the types and severity of deterioration on the outcome of conservation treatments of wooden
objects has greatly improved. Reasonsfor successand failure of treatments are much more clearly
understood. Analysis of archaeological woods and treatment materials have made comparison of
treatments more meaningful. Thus new treatments arc devised from a stronger basethan previously. As
developed
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have
and appraised with greater sophistication. so that the
treatments
passive
well,
choice to delay immediate intcrvcntive conservation is no longer impractical.

Intcrvcntivetreatmentstill, however,remainsthe focusof the conservationof waterlogged
archaeologicalwoodenartcfacts. From previouschapterswe know that the appearance
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forin of crackingand warping.
This chapterconcentrates
c treatmentsthat havebeenand are
on the issuesbehindthe intcrvcnti%,
currentlyusedto treat waterloggedarchaeologicalwood. A final sectiondealswith current researchinto
new approaches. Though somewhat neglected up to the present time, the contribution that studies of
wood sorption properties can make to archaeological wood will be seen to be critical.

4.2

Problems in the Treatment of Waterlogged Wood

4.Zl

General

In the majority of cases,archaeologicalwaterloggedwooddemandsactiveintcrvcntivc treatment. In the
for
is
inacccssible
it
studyand displayand it is vulncrablcto acccicratcddamagcand
statc
wct, saturatcd
degradation. Wet storage methods lead to further deterioration and monitoring of them is difficult.
Frozen storagebrings its own problems (section 4.3). Moreover, both options arc expensive over the
long term. Thus, at the present time, active stabilisation is the conservator's prime concern.
Many difficulties with the treatment of waterlogged archaeological wood lie in the nature of the material
itself-sizc,

variability, and barriers to diffusion. Age of the artcfact does not affect the successof

treatment, as used to be believed (Brakcr and Bill, 1979). The other major difficulties arc lack of
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information on conservation materials, and cost. As more information is made available and techniques
for retrieving the necessaryinformation from the artcfact arc made more accessibleto conservators,the
problems encountered with its treatment will decrease.

4.2.2

Variability

When excavated, waterlogged wood is in a variety of conditions of preservation. This great variability
dependson burial conditions, speciesand quality of the wood and, to a smaller extent, the duration of its
burial in the wet medium (McCawley 1977). Heavily deteriorated wood is not more difficult to treat
than less deteriorated, indeed, the increased porosity and cqualisation of deterioration throughout (which
occurs towards the end of the deterioration process) aids in the even diffusion of conservation chemicals
into the artcfact. The zonal nature of deterioration in much waterlogged wood (particularly oak)
produces chemical and physical differences between layers in the artcfact that may be extreme.
(Chapter 2). The inherent chemical and physical nature of each speciesof wood will show through in
the areasthat have resisted decomposition (Chapter 1). In oak wood this may mean that the core wood
continues to contain a high level of extractives, and that a proportion of its vesselsarc blocked by
tyloscs. Anisotropism and zonation are likely to ensure that the drying stresseson this material arc
unpredictable (dcJong 1979). The consequenceof such a high level of variation is that it is likely that a
combination treatment rather than any one single treatment will be required for stabilisation of the
object, and this has a serious impact on cost.

4.Z3

Size

The size of the artcfact decidesboth the time required to treat it and the logistical problems entailed in
doing so. Diffusion of treatment chemicals is heavily complicated by the thickness of timbers (Jensen
1966). Drying time and the cffcctivcness of the drying method are likewise affected (Ambrose 1990).
Whole ships and large structures may impose restrictions on the type of treatment possible to undertakc
as requirements for plant and conservation chemicals either must be scalcd up to cope or compromises
must be made (Hoffmann 1996; H5fors 1990). The larger the object, the greater overall variability will
exist within it. This makes assessmentof suitable treatment very difficult.

4.Z4

Information on Chemical and Physical Condition

One of the main problems in the treatment of waterlogged archaeological wood is the difficulty in
obtaining sufficient meaningful information about the piece of wood under treatment. Suitably quick,
reliable and accessibletechniques for assessingthis do not yet exist, as a result, conservators in general
"eyeball" the assemblageof artcfacts, making guessesat density from their experience of other wooden
artefacts, and assessingzonal proportions and overall condition from subjective physical resistancetests
such as Christensen's pin test (Hoffmann 1982; Clark and Squirrcll 1985; Jagels 1982) Thus
conservatorsarc often aiming their treatments at wood constituents that arc no longer present in
significant proportion. Not being able to assessor map the areasof differential permeability in an
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conservation. It also means that behaviour after treatment is difficult to predict, and the identification
of particular objects in need of special care provisions is difficult as well. Moreover, the causesof later
damage such as warping, bleeding of bulking agents.joint failures, and ageing effects are hard to assess.
The rclation between chemistry, permeability, sorption properties, and hygroscopicity are paramount
here. Larger objects such as ships present logistical barriers to the precise assessmentof chemical and
physical condition of their constituent parts. DcJong (1979), responsible for systcmatising Christensen's
thrce-grade system for waterlogged wood, rccognised that the field lacks the body of materials research
to generatethe information necessaryor the means suitable for predicting the individual artefact's
responseto treatment. The emphasis of earlier conservation research has always been towards the
development of a single stabilising treatment that can cope with any variation in the material without
specific information to advise it. In recent years, more sophisticated physical resistancemonitoring
techniques such as the Pilodyn (Mouzouras et aL 1990) and the Sibbcrt drill (Panter and Spriggs 1997),
and improvements to electrical resistance monitoring (Crawshaw, 1994, MacLeod and Richards, 1994)
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the
the conservator needsto tailor
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are
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treatment to artefact.

4.ZS

Information on Interaction of Chemicalswith Wood

The conservator's other main problem lics in the scarcity of information about treatment chemicals and
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view
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of various conservation
processesused with
chemicals through the changed structure of archaeological wood is needed,as well as more accurate
information on the pattern and processesby which water leaves this wood. Differences in species, size
and direction of cut, different levels of degradation, the presenceof iron or calcium silts and tyloscs-all
in
The
diffusion
model that governs the PEGCON program (Cook
wood.
permeability
and
may affect
and Grattan 1991) for determining correct concentrations and treatment times for conservation
chemicals in specific wooden artcfacts was a first move towards solving such problems, but its
foundations arc flawed (Skinner 1997). Work continues on establishing the exact interaction of
conservation materials such as polyethylene glycol (PEG) and sucrosewith the wood cell wall (Young
and Sims 1989; Schmitt and Noldt 1994). However, at present the practical conservation of waterlogged
wood continues to be heavily based on an inaccurate picture of the materials and processesinvolved.
The shapeof the PEG molecule may be the wrong shape to replace water next to the cellulose of the cell
wall (Brownstein 1982), but we continue to view this as being the processtaking place during bulking.
Small sizes of PEG molecule and sucrosemeasure high hygroscopicitics as materials alone, yet in
conjunction with wood they lower its overall hygroscopicity. A high proportion of the void spacein
waterlogged wood is too restricted for freezing to take place, yet the freeze-drying processis rarely
altered to take account of this fact. There is a great need for more ovcr-rcaching models of the
behaviour of waterlogged wood and treatment chemicals and processes,particularly in a form that is
accessibleto the working conservator and to which the input of measuredobservations will produce a
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4.Z6

Expense

Increasingly, cost is the deciding factor in the choice of treatment for waterlogged finds. Budgets for
excavations and museumsare increasingly restricted. In addition, accountability to the public means
that longcr-tcrm conservation projects must make some provision for public accessibility (Hunter and
Nayling 1997). The consequenceis to reduce the conservator's ability to carry out even the simplest of
diagnostic tests to guide treatments and to press him in the direction of bulk treatment schemesusing
simplified processesand shorter overall treatment time. At the same time, the demand for guarantee of
successand increased information about material increases. Health and safety regulations have
introduced new restrictions. It is unlikely that conservation research can provide a single solution to all
it
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should attempt to do so (Clark and Squirrel 1982). It is more
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requirements.
likely that improvements directed towards predictability of successin treatment will engender greater
respect for these objects, so that time and cost will less often be the mediating factors in conservation
treatment.

4.3

Aims and Approaches in the Treatment of Waterlogged Wood

4.3.1

General

The aim of all interventivc treatments for waterlogged wood is the cffcctivc drying of the material,
becausethrough this it will achieve stabilisation. In waterlogged wood of any level of deterioration, it is
the water that is now largely supporting the structure of the wood. Successfultreatment of this wood
must therefore achieve the removal of the water without collapse of the structure, dimensional change of
any sort, or stressdamage. It must furthermore retain in the wood its natural texture, colour and surface
detail, while increasing its strength and stabilising the wood against further change over the long term,
Peterson(1990) prioritises the attributes that guide the conscrvator's choice of treatment. He ranks
form, dimensions, and surface detail highest, colour and texture in the middle, and composition and
function lowest. The visual characteristics of treated waterlogged wood have tended to be subjective,
and taste in these has changed over time. Level of dimensional change deemedacceptable,though more
readily quantifiable (section 4.3.7), is also a matter for argument. Christensen (1970) claimed that a
considerable amount of swelling (up to 15%) took place in wood while in the waterlogged burial
environment. For this reason shrinkages up to this level were considered acceptable,if not actually
desirable. Christensen's conclusions were based on laboratory saturation tests, rather than knowledge of
soil chcmistry-wood interactions which make the matter much less clear cut (Chapter 2). The current
direction of thought is that the conservator should aim to produce artcfacts with dimensions as close as
possible to those of the original waterlogged dimensions (Spriggs 1987; Barbour and Uncy 1981).
Antishrink Efficiency (ASE) is now used to gauge the level of dimensional stabilisation achieved during
a treatment. It is a more meaningful measure of this stabilisation than previous measuresof shrinkage,
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since it basesitself on comparison with the shrinkage of the particular wood if allowed to air-dry without
treatment. It is only meaningful when the relative humidity at which it was measuredis also stated.
lbbs (1990) makes valid criticisms of the level of error commonly introduced to such measurements.
Treatments that achieve an ASE of 75% or higher are currently considered acceptable(Morgos and
Sctsuo 1994).

Sometreatmentsachieveall the aimsdiscussedabove;manyachieveonly oneor two. To selectan
appropriatetreatmentfor any artcfact,it is importantto know which treatmentwill achievewhich of the
aims.
4.3.2

Control of Collapse

Since collapse comes about from the tension produced in cell walls when the free water in wood retreats
with evaporation, the replacement of this water with an intermediate replacement liquid (a liquid of
lower surface tension) will reduce this cffect, as will the avoidance of the liquid state by sublimation of
the water. Moreover, the addition of a watcr-solubic, non-polar bulking agent will also cffcct this
reduction by removing water from its close association with the cell wall. Another approach is to
prevent collapse by filling the void spacewith an imprcgnant that provides some structural support
it
drying.
A further approach still is to induce
the
solidifies
on
as
stresses
contractile
against
crosslinking between cell wall constituents and another chemical, removing water from its close
association with the ccll wall and providing three-dimensional support within the capillaries.

4.3.3

Control of Shrinkage

The rcmovalof boundwatcr from associationwith the ccll wall substancccauscsshrinkage,a proccss
3).
A
diffusion
(Chaptcr
dcsorptivc
by
proportionof shrinkagercsultsfrom the rcductionin
controllcd
void volume causedby collapse, and a larger proportion from the drawing-togctlicr of fibrils within the
cell wall. The introduction of a bulking agent will provide a non-volatile substanceto resist contraction
of this second-order spacewhen the water evaporates.

4.3.4

Control of Warping

Warpingcomesaboutas a resultof the interactionof anisotropismin the woodand the stressesbrought
to the woodas a resultof collapseand shrinkage. Archaeologicalwaterloggedwood haslost the
strengthto resiststress.Consqvationtreatmentsthat reducecollapseand shrinkageand that return to
the wooda proportionof its original strengthto resistwill preventwarping.
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4.3.5

Increase in Strength

The original relationbetweenstrengthand weight in woodis upsetby the degradationand lossof cell
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true chemical increase in the wood's strength. Use of higher molecular might. non-rcacting polymers
may be able to achieve this physically.
4.3.6

Long- Term Stabilisation

Once wood is dried, it is lcft vulnerable to changes in atmospheric humidity. Archaeological wood has
been measuredto exhibit steeply increased hygroscopicity. Nishiura and Imazu (1990) discuss the
dimensional change of waterlogged wood in ambient humidity after treatment. Certain treatments arc
able to reduce this change by blocking a proportion of the hydro\yl sites on the remaining cell wall
chemicals. Coatings have not been found to block moisture movements in this wood (Grattan 1987).
Lower molecular weight fractions of treatment chemicals have a tendency to migrate at high humidities.
Moisture trapped in core wood as a result of incomplete conservation will move if the ambient humidity
is too low. There will be a need for post-trcatmcnt environmental control if long-term successof
treatment is to be achieved.

4.4

Early Approaches

4.4.1

General

Until the discoveryand conservationof the [Vasain Swedenin the early 1970s,the preservationof large
by
been
had
out
either
air-drying, applicationof surfacecoatings.or by
timbers
carried
waterlogged
impregnationin hot solutionsof saltsor wax mixtures--treatmentsadoptedfrom thosefor dry wood.
The lack of understandingof the natureand propertiesof degradedstructuraltimbersled to the choiceof
inhomogencity
the
treatments,
of the woodwas not generallyrccogniscdor
and
often-inappropriate
fragments
Tests
of archaeologicalobjectswerescalcdup for larger
on
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objects. If testresultswerenegative,the methodwasgenerallyabandoned,whereaspositiveresultsled
to its universalapplication(Christensen1970). Christensenproposeda thrcc-classsystemfor
important
that
changesto the way the conservatorviewedthe materialand
made
waterloggedwood
approachedits treatment. Surfacecoatingswereabandonedas impractical,and someconditionsof
treatment(suchas the boiling of wood)werelessextreme.
The first of a numberof importantcross-laboratorycomparativetreatmentappraisalsappearedin 1979
(Br5kcr and Bill 1979). That assessmentacknowledgeddifferencesin woodspeciesand cut, but chose
the ageof the artefactto summarisecondition. It compareda numberof resin-impregnationtreatments,
freeze-drying, polyethylene glycol impregnation and in situ polymcrisation.
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This study was followed by Clarke and Squirrel's assessment(1982). Their criteria were broader but
their conclusions were drawn from theoretical considerations rather than empirical data. They compared
the sametreatments as the earlier study. After the conclusion of the First International Comparative
Wood Treatment Study, started in 1983, Grattan (1987; 1989) carried out a more comprehensive review
of all treatment approaches. His conclusions profited from the more recent understanding of the
chemistry of waterlogged wood and its chemical and physical interactions with treatments. lie clarificd
the distinction between the impregnation approach, in which the intention is to fill all internal cavities,
and the bulking approach, in which only the cell wall is treated. Impregnation treatments included:
total replacement with high molecular weight polyethylene glycols (PEGs); the acctonc-rosin treatment.
PEG/tertiary
butanol,
TEOS
(Tetracthyl
in situ addition polymcrisation and
orthosilicate),
alum;
condensation polymerisation of monomers. Bulking treatments included all those where low molecular
weight and dilute solutions are used, such as PEG 400/frcczc-drying, sucrosetreatments, and some in
situ polymerised vinyl monomer treatments. In 1990 there was a similar comparative treatment project.
but specifically aimed at freeze-drying treatments (Hoffmann and Fortuin 1990), followed by one in
1993 on sucrosetreatments (Hoffmann et al. 1994).
Barbour (1990) discussedthree approachesto drying waterlogged archaeological wood without pretreatment with chcmicals--controllcd air-drying, solvent drying, frecze-drying-and
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the stiffness of the cell walls. In reactive treatments, a chemical is covalcntly bonded to the cell wall.
Crosslinking of the cell wall material may also occur. Such treatments sometimes swell the wood and
include
Examples
it
to
alkylene oxides and thermosetting resins. These
shrink.
sometimescause
treatments are essentially non-revcrsible but they usually improve the mechanical properties of the wall.
Becauseof the former, the conservation community is cautious about using them except where no other
method would be effective.
The following discussion of methods is organiscd to roughly follow the development of treatments for
waterlogged wood and the understanding that led to their development.
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4.4.2

Air-Drying and ControlledAir-Drying

Akin to the seasoningof greentimber, in this approachthe woodis allowedto dry naturally.Drying
stressesand damagecanbe controlledby limiting the developmentof moisturegradientswithin the
wood. This is achievedby allowing the woodto comeinto equilibrium with progressivelylower and
lower atmosphericrelativehumidities. Objectsmaybe wrappedin polythcne,buried in wet sandor clay,
or placedin controlledhumidity enclosuresto carry out this process(Barbour 1990).
The successof controlledair-drying is very muchdependenton the stateof degradationof the surviving
woodand fastenings-a goodstateof preservationis requiredif the wood is to withstandthe drying
pressuressatisfactorily(Barbour1983). In fact, only collapseis minimisedby this treatment,so it is
commonfor changeof shapeto occurin woodtreatedin this fashion. Evenwoodin goodconditionwill
requiretreatmentof its surfacelayerto preventlamination (Roscnqvist1959). Whencarriedout
sufficientlygradually,the procedurewill requirea long time to completebecauseof the vastquantitiesof
to makeuseof biocidesto control deterioration.
water involved. During this period,it maybe necessary
Its advantagesare that the woodis fully accessiblethroughoutthe treatment,and that it is inexpensive,
with no needfor specialistequipment.
In general,this techniqueis now only usedfor very large structures(suchas ships)whosebulk cannotbe
by immersiontreatments,and only in conjunctionwith a bulking pre-trcatmcnt.
accommodated
4.4.3

Surface Treatments

Some of the first treatments of waterlogged wood were oils used in furniture restoration (beeswax,
carnauba wax, linseed oil, tung oil and other drying oils) that were tried out as surface treatments
(Barbour 1990). Though they achieved some filling of the lumcns near the surface, their inability to
diffuse fully throughout the wood void spacemeant that only stabilisation of the outermost layer of wood
took place. They were also unsuccessfulin blocking moisture movements in the wood, or at lending the
wood increased strength. As a result, the use of these oils quickly lapsed in favour of other more
effective treatment systems. Surface coatings following impregnation treatments, however, continued
for some time, using high molecular weight PEGs or an epoxy resin after drying (Brdker and Bill 1979;
Christensen 1970).

4.4.4

Silicate-Based Treatments

4.4.4.1 A lum
The earliest method to gain general usage as a treatment for waterlogged wood was the alum method, in

which objectswereplacedin a hot saturatedsolutionof potassiumaluminium.sulphate(KAI(SO4)
aiming to replacethe water in the poreswith a massthat would congeal,preventingshrinkageon
drying. After drying, a linseedoil treatmentwasappliedto the surface,followedsometimesby shellac.
This treatmentachievedboth successfulbulking and surfacetensionreduction,but no increasein
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this methodis no longeremployed,becauseit doesnot preventsluinkageentirely and producesa heavy,
brittle end result. A variation on this treatmentwasthe additionof glycerolto the alum, meantto solve
the problemof excessbrittleness.Unfortunately,objectstreatedwith it wereheavilydarkenedand
extremelyhygroscopic.As well, adsorptionof water underhumid conditionsled to the alum gaining
waterof crystallisation,expandingas it did so,and leadingto fragmentationof the wood.
4.4.4.2 The Thessaloniki process

Treatmentwith sodiumsilicate,morerecentlyknown as the Thessalonikiprocess(Borgin 1978),was
usedat the British Museumearlier this century(Scott 1923). In this process,after an initial phaseof
partial drying, silicatesare precipitatedin the wood in the form of barium silicateby immersionof the
woodin concentratedbarium hydroxide. High occurrenceof collapsein woodundergoingthis treatment
hasoccurredas a resultof the alkalinity of sodiumsilicate (Grattanand Clarke 1987).
4.4.5

Early Use of Polyethylene Glycols

4.4.5.1 Properties ofpolyethyleneglycols

Becausepolyethyleneglycols(hereafterPEGs)havethe longestcontinuoushistoryof usein the
treatmentof waterloggedwood,somediscussionof their propertiesis calledfor.
PEGsare moreaccuratelytermcdpolyethyleneoxides. Their correctchemicalnameis
polyoxy 1-2 ethancdiyl. These molecules possesstwo terminal hydroxyl groups and many oxygen atoms
in the polymer chain available for hydrogen bonding. The successof PEGs lics in the fact that they are
have
in
in
thus
the ability to totally replace water in the cell
and
all
proportions
soluble
water
completely
wall of wood. A bulking agent with limited solubility is unable to do this, since precipitation within the
cell wall prevents further diffusion of the agent (Grattan and Clarke 1987). Moreover, becausethey arc
non-rcactivc the cffcct is fully or close-to-fully reversible, even after ageing (Cooke el al. 1994).

PEGis availablein a variety of gradeswhich differ in molecularweight. In fact, thesegradesusually
containa mixture of sizesof molecule,with only the predominantsizestated(Skinner 1993). The size
is
difficult
in
to predictwith certainty,sincethey are not rigid chain
PEG
solution
aqueous
of
molecules
polymers,but on the contraryflexible polymerscapableof randomcoiling, with numerousfolds and
twists throughoutthe chain (Brownstein1982). This twisting increaseswith increasingmolecular
weight.
PEG is usedboth as a bulking treatmentand as an impregnant,largely dependingon the molecular
weight and concentrationused. A variety of different methodsis usedin its applicationdependingon
the requirementsof the object(e.g., tanking, spraying,surfaceapplication). It is capableof achieving
successfulprotectionagainstcollapseand shrinkage,and mayalso impart a degreeof increasedstrength
to the wood. This latter point is contested-,while Jovcr(1994)attestedto the successof high molecular
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The mechanismby which PEGstabiliscsthe woodon a macro-and microscopicscaleis complexand
not fully known. Finneyand Jones(1993)usedlasermicroprobemassspectrometryto probethe cell
structure,and confirmedthat PEGhaspenetratedthe cell walls of conservedwaterloggedwood.
However,the interactionof PEGwith individual cell wall componentsis muchmoredifficult to
establish.
PEG diffusion is relatively slow, so treatments of large objects take a long time to complete15-20 years. Impregnation treatments also leave the wood heavy and dark. PEGs exhibit excellent
stability at low pH but are susceptibleto thermal degradation, which is augmented in extremes of pH
(Bilz 1997). PEG solutions can sustain algae and bacterial colonies and thus may require the addition of
biocides to control. PEG is incompatible with virtually all adhesive systems,leaving doweling as the
only option where rc-asscmbly is required.
4.4.5.2 Total impregnation
The carliest treatments using PEG involved placing the wood in a heated solution of PEG 2000 or 4000,
the concentration of which was gradually increased to saturation levels (Christensen 1970). The
remaining water was then allowed to cvaporatc, leaving wood cell cavities full of the wax-likc, solid
PEG, which had enabled it to resist collapse during drying. It was fairly inexpensive. easy to apply, and
safe and stable over time, even in environments of high or fluctuating humidity (Jensen 1996). But its
drawbacks wcre the dark, waxy finish produced, and the unnatural heavinessand obliteration of surface
detail causedby the excesswax on the surface. Much work was required to remove this excesswax, a
PEG
treatments to this day. Where more serious problems arose
that
air-dry
all
with
remains
problem
large
PEG
because
the
the
of
size
of
molecules used (see Table 3.2). This was
with
penetration,
was
particularly the casewith larger timbers, and osmotic collapse was common in those of good condition
with solid heartwood remaining. In theory, there should normally have been enough of the smaller PEG
molecules within the PEG 4000 mixture to penetrate the more restrictive spacesin the cell wall (Jensen,
1996). The fact that this was not the case galvaniscd Christensen into studying the relationship bew,ccri
deterioration level, residual density, water content and permeability. The knowledge he acquired,
applied to choice of treatment process, led to amendments of the PEG treatment to improve diffusion
and to take care of the important problem of shrinkage (which total impregnation is not able to do to any
significant extent). Two possible options existed for preventing shrinkage: use of a better diffusing
medium (lower surface tension) or use of a smaller molecule. Christensen adopted the first initially in
his PEG/tcrtiary-butanol treatment (section 4.5.5.4) and discarded the secondbecauseof concern over
the hygroscopicity of smaller PEG molecules when measuredin isolation (section 4.5.3.5).
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4.4.5.3 Spray treatinentsfor large structures
Becauseof the long periods required for the treatment of larger timbers (such as ships) by immersion,
spraying provides a good option; it allows for public accessand monitoring of the wood during the long
treatment period. For this treatment to succeed,all surfaces must be kept continually wet with the
solution to prevent air getting in and blocking diffusion, and to prevent capillary tension collapse
initiated by the compression of the fully swollen inner core by a dry surface shell (Stamm 1959).
Ambient relative humidity during air-drying should be close to saturation to reduce the steepnessof the
moisture gradient, and thus surface checking. This is not usually possible for practical reasons,as well
as becauseof the associatedhealth risks, and accounts for much of the failure experienced in using this
method.
The technique continues to be used today for large structures such as the Mary Rose, and structures
left in situ such as the platform timbers at Flag Fen, A mixture of molecular %%,
eight of PEG was recently
bulk
by
to
technique
some Neolithic bark bowls before freeze-drying
success
spray
used with
(Ward et al. 1996).
4.4.5.4 The use qf. vmaller molecular weight PEG.v
Continuing work on the Wasa shipwreck saw the first experimentation with smaller molecular weight
PEGs to cope with problems of collapse and surface checking (IlAfors, 1990), First PEG 1500 and then
PEG 600 were tried. The successof these tests sparked a spate of experiments with different and smaller
PEG molecules, to deal with the differing pcrincibilitics of woods of different types and states of
preservation.

This work establishedthat hygroscopicitywas in fact substantiallyreducedwhentheselower molecular
weight PEGsweretied, howeverloosely,into the woodsubstrate.Their physicalcombinationwith
higher molecularweight PEGsalsoappearedto be a factor. New treatmentswith mixturesof high and
low molecularweight PEGswereadoptedinto generalpractise. The smallermoleculewasmeantto
diffuseinto the smallercapillariesand secondorder space,preventingshrinkage,and the larger PEG
larger
fill
the
the
included
to
of
poresagainstcollapse. Young and
coat
walls
or
moleculewas
Wainwright (1982)confirmedPEG400's ability to penetratethe smallervoid spacesof the cell wall
matrix, using microscopywith cobaltthiocyanatestainingtechniques.Justhow muchof emchshouldbe
usedand in what incrementswasmatterfor a greatdeal of discussion.Initially the emphasisremained
but
later
the
step,
on other drying methodswereexperimentedwith. A
second
as
on air-drying
modificationof this treatmentis the mostcommonlyusedtreatmentfor archaeologicalwaterlogged
woodtoday.
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4.4.5.5 Heating ofPEG solutions
Heating of PEG solutions is necessaryto cffect the initial mclting of solid grades of PEG (1500 and
above) and to allow them to remain in solution at any concentration. Heating was also thought to be
vital for the improvement of penetration throughout larger timbers and for the shortening of treatment
times. It was furthermore felt to be an advantage where reshaping of objects was called for (Christensen
1970, Jcspcrscn 1979). Moreover, heating helps control micro-organism growth in treatment tanks
(Zabel and Morrell, 1992).
Heating of PEG solutions, however, causesa number of problems. At temperatures significantly above
room temperature, e.g., the 60T at which impregnation is often carried out, Goring (1963) discovered
that softening of lignin and Ilcmiccllulose occurs. Hcat unfortunately also encouragesosmotic collapse
if correct steps are not taken. More recently, Bilz et aL (1994) pointed out the problem of thermallyinduced oxidative brcakdown of polyethylene glycol solutions with licating. They found that dilute PEG
iron
that
less
than
ones,
salts contribute to this dcpolyincrisation, and
concentrated
stable
solutions arc
that closed tank treatments help prevent it. The degradation of PEG was also reviewed by Glastrup
(1997), who found that it produced noxious compounds such as formic acid and formaldehyde. The use
found
hydroxyanisolc)
BHA
(butylatcd
was
successful at stibilising PEG against
antioxidant
of
The
1997).
Grattan
(Bilz
use of oxygen scavengersafter treatment storage has also been
and
oxidation
recommendedby Bilz et aL 1994).

4.4.6

Freeze-Drying

4.4.6.1 General
The freeze-drying technique dependson the sublimation of ice within the wood such that the liquid
its
loss
drying
are avoided. A range of techniques fill under tile
associated
with
the
stresses
phase and
terrufteeze-citying (also referred to as sublimation ciryikq or tvophilization). All that is required is a
frozen object, saturated with water or another solvent, and an environment that has a water vapour
ice
in
the
less
the object. This may be achieved by the use of
the
that
of
than
pressure
of
vapour
pressure
by
Depending
desiccants
three.
air
circulation,
or
a
combination
of
all
on the condition of
or
vacuum or

the timber, prc-trcatmentwith a wax or similar bulking materialmaybe requiredto minimise any
during
drying
distortion
the
that
occur
may
process,but total impregnationis redundant.
shrinkageor
The useof thesetechniquesto removewater from waterloggedwood remainsideal in theory,in practice.
however,certaindifficulties arc encountered.Thesedifficulties residein the intrinsic complexityand
variability of wood(Chapter1), to which are addedthe complicationsof its degradation(Chapter2) and
in the complexityof removingboundwater from frozen solutionsin a diverserangeof media,where
therehasbeena generallack of experimentalor empirical data (Ambrose1990). The fields of
cryotcchnologyin food scienceand biomedicalindustrieshavenow providedsomeof this dita, e.g..
primary freezingdamage,watervapourtransferefficiency,heattransfercfficicncy,overall drying rates,
cell distortion,chemicaldegradation,lossof physicalqualities,and post-dryingstoragerequirements.
130

But work is neededto apply this to waterlogged wood in a way of practical use to conservators. The
application of freeze-drying to archaeological materials is dominated by cfforts to deal with damage
arising in treatment and to scale up the processto accommodate large structures while at the same time

rcducingcosts.
4.4.62

Freeze-drying without pre-treatment

Experimentation with freeze-drying of archaeological wood began as early as the mid- I 950s (Rosciiqvist
1959). Initially, the technique was used in isolation, its advantage held to lie in its simplicity and noninterventionist approach to the material. But becauseof the damage that resulted, it did not become
widely adopted until much later (Ambrose 1970). The initial freezing stage produced cracking and
shattering of the wood; the vacuum drying stage produced shrinkage, and the final acclimatisation stage
produced warping and delainination. Earlier trials followed up the treatment with wax or epoxy resin
coatings to protect the surface and make it appear more like that of a historic wooden object.
The freeze-drying processcan take from days to years to complete, the limiting factors being the size of
the object and the quantity of water in need of removal. Vacuum freeze-drying is the fastest of the
techniques but its plant is relatively expensive both to buy and to run, and monitoring of the condition of
the wood throughout the processhas to be carried out by remote means.

The decisionasto whento stopthe processhasoftenbeena matterfor discussion,becauseboth
overdrying and incomplete drying can be a problem if tile process is not monitored properly. The
acceptablerate for rc-adsorption of moisture on completion of the drying processhas not received
sufficient attention. Frcczing-down temperature (-200C) is basedon the phase diagram for water, but
fails to take into account the high vapour pressuresexisting in wood's smaller capillaries. Concern has
been raised about the hygroscopic state the wood is left in if the bulking step is excluded. Ambrose
(1990) discards this concern, pointing out that the decreasedtotal ccllulosc-lignin ratio in degraded
wood is reflected in its diminished swelling responseand hygroscopicity once it has dried. The change
reflects both the poorcr. dTinity of lignin for water and the increased random hydroxyl bonding in
degraded cellulose.

freeze-dryingtreatmentscan neverbe totally successfulon their own, as they cannot
Nevertheless,
bulking
the
of
causcdby
removal
water. Franks(1981)summarisedthedamagc
shrinkage
prevent
causedby low temperatureand freezingon organicsystems.Thereis a need,then,for someadded
materialto protectthe cell walls againstthe expansionof water as it freezes,and somethingto provide
strengthand protectionto moredegradedlayers. In a recentpaperappraisingfreeze-dryingtechniques
for archaeologicalwood,Ambrose(1990)ascribesthis lack of successto the needfor moreprecise
informationon its sorptionproperties.
Many of the problemswith this treatmentare dueto the differing behaviourof adsorbedwater and free
wateron freezing. Ambrose(1990) sketchesout the changcstlicsc go throughduring cachof the steps
in the freeze-dryingprocess.Waterexpands13%on freezing,incrcincntcdwith cachfurilicr degree.
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This expansionis further aggravatedby meetingthe increasedviscosity,surfacetension,and shrinkage
of adsorbedwater as the freezingfront advancesinto the wood. The ultimate level of damageto the
obj ectwill be determinedby porosity,internal specificsurfacearea,and the structuralcoherenceof the
wood. It is possibleto seewhy dataof the sorptioncharacteristicsof a pieceof woodaboutto undergo
treatmentcould, with the right modellingprogram,yield the information neededto tailor freeze-drying
processparameterssuchas rateof frcczing-down,maximumfreezingtemperature,rateof sublimation
drying, relative humidity, and end point.
Ambrose's recent work provides the framework for new understanding and modification of the freezedrying process. His underlining of the significance of temperature gradient in producing drying stresses
has clarified the necessity of reducing the cooling rate drastically from the earlier "shock freezing"
approach (Nielsen 1985; Brtikcr and Bill 1979).

The initial approachto lesseningthe extentof darnagecausedby freeze-dryingwasto introducea pretreatmentstepinvolving PEG.
4.4.7

Solvent Exchange Impregnation Treatments

4.4.7.1 The organic solvent-drying treatment
This method was developed with the same aims as the freeze-drying method. Here, the water in the
liquid
lower
by
is
exchange
of
solvent
with
a
surface tension and higher
replaced
wood gradually
volatility than water. This is followed by controlled evaporation of the solvent from the wood, where
contractile drying stresseson the wood arc reduced through minimisation of surface tension. Though
in
fresh
wood
excellent condition this technique reducesboth collapse and
archaeological
and
wood
with
a proportion of shrinkage, in most arcliacologicalvN,ood solvcnt-drying often achieves neither becauseof

the weaknessof the remainingwoodstructure. In addition, solventssuchasalcoholsand acetonehave
beenobservedto causea small amountof shrinkage(Stamm1964),decreasein strength,and some
reductionin bendingresistance(Zabeland Morrell 1992). TI-dsmaybe responsiblefor someof the
changein shapeexperiencedby objectsthat haveundergonesolventdrying.
The methodhashad moresuccesswhen usedin conjunctionwith imprcgnantsandbulking agents.
Solventexchangeof water for a carrier solventis followedby exchangeof this solventfor an
impregnationagent,often a non-polarrcsin suchas rosin (colophony),dammarrcsin, beeswax,styrenes
or methyl mcthacrylatcs. These latter belong to the category of In situ polymcrisation treatments that
use either hcat/catalyst or gamma radiation to react monomers whose ability to permeate wood structure
greatly exceedsthat of larger molecules. Condensation polymerisation treatments include those such as
the melamine-formaldeliyde and cpoxy-bascd treatments. Vinyl addition polymerisation treatments
includes those such as mcthyl mctliacrylate (Munnikcndam 1967) and styrcne-polyester (Braker and Bill
1979). These non-polar resins act only as impregnants; since they do not interact with cell wall
constituents, they are not able to control cell wall shrinkage (Barbour 1990). Solvent exchange
treatments that incorporate polar agents such as the tertiary-butanol/PEG and cellosolvc-petroicuin/PEG,
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to
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being developed use watcr-soluble monomers that work as both bulking and impregnation agents
(Barbour 1990).
In general, solvent exchange treatments have had limited acceptancebecauseof the expense.the health
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When
All
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1987).
these
to
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tend
(Grattan
of
used on
and
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individual or smaller objects, however, diffusion rate and efficiencies arc greatly increased over other
treatments.

4.4.7.2 The tertiary-hutanollff(l

treatment

The tcrtiary-butanol PEG treatment has been perhaps the most successful of the solvent cxcliange
treatments.
Once Christensen had defined the problems of zonality for the treatment of waterlogged wood, he
developed this method of treatment to deal with the problematic Type III wood. The introduction of
improved
the penetration of PEG 4000 by using a
the
to
butanol
(t-butyl
process
alcohol)
tertiary
impregnation
during
It
thereby
the
reducing
stage,
shrinkage
protcction.
also
agent
carrying
non-polar
drying
by
its exceptionally low surface
the
with
stage.
more
associated
the
of
collapse
problems
solved
tension than by sublimation of the alcohol (Jensen 1996).

This treatmentis oflcn includedwith vacuumfreeze-dryingmethodsbecauseof its useor vacuumand
the low freezingpoint of tcrtiary-butanolto evaporateoff the solventcarrier. Strictly speaking,however,
this is not a freeze-dryingprocess,becausethe freewatercontenthasbeenremovedlong beforethe tbutyl alcoholis removedundervacuum (Jensen,1996). It involvessolventexchangeasa first step
followedby solventcarrier impregnationand then sublimationproducedthroughthe exceptionallylow
final
This
than
through
tcrtiary-butanol,
rather
pressure
per
stepis carriedout
tcnsion
se.
of
surface
slightly below25"C, the freezingpoint of t-butinol, and will work at normal air pressureas well.
The PEG/t-butanolmethodis rccogniscdto be somewhatcomplicatedand hazardous,but until the
by
its
Nt
be
PEG/frcczc-dry
treatment
these
to
the
concerns
outweighed
excellent
were
adventof
rcsults-lightwciglit, natural-lookingobjectswith high ASE, and increasedstrength. Post-trcatmcnt
surfaceapplicationsof PEG4000counteractedthe occasionalproblemwith crackedand fragile surfaces.
This methodcontinuedto be usedinto the 80sin Denmarkand Japan,but hasmorerecentlybeen
droppeddueto the expenseof the tertiary butanol,and the healthrisks and dangerof useof large
quantitiesof the chemicalundervacuumconditions.
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4.4.7.3 The Lyofix DML method
The Lyofix DML method was developed in Switzerland by Haas (BrAker and Bill 1979) and has been

demonstrated
to be an cxtremelyreliablemethodthat givesexcellentresults.
Lyofix DML, the replacementproductfor the original Arigal C treatment,is a triazine resin
(etherifiedmelaminc-formaldeliyde
precondensate).
Usewasmadeof this watcr-misciblccondensationresin in the conservationof woodfrom ancientlake
settlementsin Switzerland. Hardenedby licating in associationwith a catalyst,its advantagesincluded
the strengthit impartedto objects,the naturalappearance
of the treatedwood,the simplicity of the
Its
is
its
irreversibility,
hazards
disadvantage
the
time.
the
treatment
main
and
of
short
procedureand
for
large
it
did
Moreover,
formaldehyde.
not
prove
objects,as the chemistryof the process
suitable
using
allows only restrictedimpregnationtime. The costof chemicalsalso restrictsits useto smallerobjects.
Thoughcrackingand checkingis very uncommon,interior cavitieshavebeenfound to openup in the
Because
treatment's
the
the
the
time
shallow
penetration
very
of
of
wood.
as
a
result
after
a
wood
treatmentmusttakeplaceunderconditionsof very high pli (p1l 8 and above)to preventthe premature
precipitationof melamincformaldehyde,theremaybe problemswith compositeobjects-cracking and
discolorationhavebeennoted(BrAkcrand Bill 1979) Most commonly,the treatmentis followedby a
surfacetreatmentof wax or varnishto protectfragile surfacesand improveaestheticappearance
accordingto the tastesprevalentat the time.
It is ciTectivefor all woodtypes,the only differencebeing the time neededfor the impregnationstep.
Charredwoodand bark werealsosuccessfullytreatedwith this method.End resultsprovenot
hygroscopicand the presenceof formalin discouragesmicro-organisms.Occasionallya slight (up to
5%) increasein volumewas noted,probablythe result of the swelling cffcct of high p1l.
4.4.7.4 The alcohollether1rosin treatnient
Adopted from work by Christensen in the 1950s, this method was used for small delicate objects such as
the Vindolanda writing tablets, and was in use for some years (BrAker and Bill 1979). It had been
chosen at the time as the method most likely not to obscure the writing surface of the tablets. The
processinvolved dewatering the object first in ethyl alcohol, followed by an alcoliol-ctlier exchange and
then impregnation with rosin under vacuum, often in combination with various other natural resins and
beeswax. Drying was also carried out under vacuum. The low flashpoint of the solvents, in particular
cthcr, made this method very hazardous. Prc-trcatment with ammonia and hydrogen peroxide probably
improved both penetration and the appearanceof the wood.
The process takes slightly longer than the Lyofix method for impregnation, and a pimilar time for
controlled evaporation of the solvents. Occasionally, surfaces have neededc1caningwith
dichloromctlianc after treatment to remove excessrcsin.
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The successof the processis heavilydependenton the condition of the wood,with moderately
deterioratedwoodrespondingbetterthan undetcrioratcd.Denseand zonalwoodssuchasoak and yew
tendedto end up with stresscracking,for which they are given an additionaltreatmentwith PEG4000.
Compositeobjectsproveda problembecauseof anisotropicshrinkage. Objectstreatedwith the
for
fragility.
their
thoughtheir colour,texture,and surface
treatment
notorious
arc
alcoliol/ctlicr/rosin
detail are very good. The processis restrictedto small objectsand is irreversible.
4.4.7.5 The acetone-rosin trealment

This is the only oneof the solventexchangetreatmentsto haveremainedin usetill the present. This is
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The method was developed specifically to treat impenetrable oak and other densewoods. It usesa
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for the imprcgnant,rosin. Much of its successhasbeenattributedto the initial prc-trcatmcntwith acid.
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though
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shrinkage
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no
wood
protection
be
light-colourcd,
final
to
The
tends
a
mcdium-wcight object retaining good surface
product
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detail. It is non-hygroscopic and allows gluing. Though object dimensions remain stable over time,
despite earlier claims the treatment is not reversible (Fox 1989. Cookc et al. 1994).

The acctone-rosinmethodtendsto be lesssuccessfulon opcn-structurcdwoodssuchaswillow and
it
been
have
that
There
producesan ovcr-blcachcdlook andbrittleness
complaints
poplar.
(Cooke et al. 1994). The method is also not very safe, as it involves heating the acctonc-rosin solution.
Obvious advantagesof this method arc that, without its acid prc-trcatincnt, it does not put inctal-wood
composites at risk, and that it requires no special circumstances for drying. This simplicity has made it
ideal for use in field labs.

This processhasbeenusedto the presentthric for wood-metalcompositesand for smallerobjects(Fox
1989). It hasbeenadaptedto fit current healthand safetyregulations,and the acid prc-trcatmcnthas
bccn droppcd without appircnt cffcct on succcss(Grattan and Clarkc 1987).

4.5

Current Treatment Methods

PEG treatments dominate the conservation of waterlogged archaeological wood today, although the
emphasis of these treatments has changed. PEG impregnation treatments remain in use where size of

objector other logisticalconsiderationsmakeit practical,but PEGbulking treatmentsnow underlie
mostresearchprogrammesin the developmentof improvedconservationtechniquesfor waterlogged
wood. While increasein knowledgeaboutthe natureof archaeologicalwoodhasbeenlargely
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responsible for this change, the treatment's record for general reliability, versatility (range of application
techniques and MW of the polymer), low cost and easy application have also been factors. Its slow
treatment time and the cost implication of this are now of concern.
Recent researchccntrcs on improvements to diffusion factors and drying cfficicncy. Becauseof the slow
movement in this area over the last 20 years (Barbour 1990). treatment with sugars has received
renewed attention and a great deal of interest and experimentation. Treatments involving resins play a
lesser role than they used to, largely becauseof their irreversibility. Monomer radiation polyincrisation
treatments involving watcr-solublc imprcgnants arc under development where facilities allow, and
continue to have an advantage over PEG treatments whcrc wood-inctal compositcs arc involved. The
addition of corrosion inhibitors to PEG solutions has been introduced. Researchinto making passive
treatments more viable is just beginning to yield results.

4.5.1

ThePEG Tivo-StepI-Yocess

While it wasrecogniscdearly on that differing gradesof PEGcould be usefulin overcomingtile
problemsof penetrationin woodswith two or morezonesof differing docriorition, it wasnot until tile
currentdecadethat Hoffmann(1990)producedhis PEG tww-nepprocess.Prcviotistrcatmcntsliid
alreadyrecognisedthe ability of high molecularweight PEGsto control collapseby providing support
for the cell walls, and the ability of low molecularweight PEGsto diffuse far into the woodstructureand
prevent shrinkage by bulking out the second order space. But these treatments used the two grades
together as a mixture. Hoffmann's two-step process showed a fullcr understanding of the causesof
osmotic collapse. The smaller molecule was introduced first at low concentration, and then in
increasing concentrations, until sufficient moisture exchange from the central undctcrioratcd areas had
taken place and sufficicnt PEG 400 had diffused throughout the void system to provide initial
dimensional stabilisation against shrinkage. Only after this had been achieved was the larger molecule
added to complete the bulking of the more deteriorated layers, achieving support of voids and luincns in
a more mechanical fashion and thereby reducing collapse and impirting a degree of increased strength.

Becauseof its high level of success,this methodhasbecomethe standardmethodfor the treatincritof
Only
types.
the modc of application (spray, immersion, surface
all
sizes
and
of
waterlogged wood
application) and the drying mctliod'vary. depending on logistical considerations. However, the process
is neither sufficiently infallible nor predictable in its results. A great deal of work has therefore gone
into deciding just what levels of each grade of PEG are neededfor an object. This has involved research
into the chemical and physical nature of waterlogged wood and the interaction of the PEG molecule with
it.
By now it is acceptedthat low molecular weight PEGs lower overall hygroscopicity in archaeological
wood-both below that of untreated wood and below the PEG itself. The blame for dark, wa-looking
PEG-trcated objects must therefore be related accurately to flaws in the drying process. This was
established first in experiments by Roscnqvist (1975), whose adsorption isotherms showed lower
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Incorrectly estimating the final concentration of low molecular weight PEG can potentially produce
hygroscopic objects,just as overestimating high molecular weight PEG will causea surface residue to be
left, obscuring surface detail. This new understanding has resulted in abandonment of total
impregnation treatments in favour of partial impregnation. %,here the wood is treated with only just
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the
PEG
the
requirements
of
sample.
to
excesswill exhibit the
sorption
surface
satisfy
enough
in
low
PEGs
Indeed
its
this
PEG
hygroscopicity
excess
state.
molecular
%%-eight
own.
will
on
as
same
exert surface tension cffccts in the void spaceand capillary surfaces similar to that of water itself
(Ambrose 1990). In air-drying treatments where their use is both as bulking agent and as surface
tension reducers, low molecular weight PEGs may be used at concentrations well above the sorption
1985).
(11offinarm
dried
the
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of
capacity
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provided a inatlictriatical model (PEGCON)
rarely
greatly,
contribute
could
for estimating the optimum proportions. concentrations. and increments for these two chemicals in the
two-step treatment (Watson 1982). It is calculated in balance with the relative loss of dry cell matter in
the wood to be treated, compared with that of sound wood of the same species. This model and program
has come in for some criticism of late (Skinner 1994) becauseof the necessityto incorporate a "fudgefactor" in order to make up for gencralisations in the model that yield suggestedconcentrations of much
too high a value. Hoffmann has adapted PEGCON calculations to take into account the FSPsof
degraded woods (Hoffmann and Blanchette 1997). Ambrose (1990) suggeststhat the use of quantitative
computer imaging systemsin conjunction with stained microscope sections would allow a better
in
degraded
to
cell
surface
area
volume
sound
of
versus
wood. lie bclicvcs
ratios
of
relative
assessment
that it would be much more accurate in what it tells us than the simple weight loss ratios used in
PEGCON. Recently, Jensen(1996) has releaseda new computer program with a mathematical model
called DIFCON that incorporates data for diffusion rates of PEG with sorption data for various wood
species,and models for estimating accurate internal volumes. This program holds a great deal of
promise but has been little tested as yet.
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4.5.2

Freeze-Drying with PECY

The initial approachto lesseningthe extentof damagecausedby freeze-dryingwasto introducea
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to lower the freezingpoint of aqueoussolutionsand protectagainstfreezingdamage(Franks 1981).
Methodsto alleviatefreezingdamagehavebeenvarious. Christensenintroducedthe PEG/tertiary
butanoltreatmentinitially to copewith the ice expansionproblem. The combinationof a bulking agent
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lack of confidencein the methodand in low molecularweight PEGsslowedits generalacceptance.
Once these concerns had been allayed. PEG 400 was chosen for use with freeze-drying becauseof its
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freezing. Whether PEG 400 indeed displaces water next to cellulose is brought into question by
Brownstein (1982) (section 4.4.4.1). Its slightly biocidic properties gave it advantagesover sugars.

Moreover,lessbulking agentwasrequiredand it had a quickerdiffusion time than total impregnation
trcatincnts.
The usc of PEG 400 in conjunction With frcczc-drying continucd until the nccd for a bulking clicmical

in additionto the surfacetensionreducingmaterialwas recognized.Freeze-dryingfrom mixturesof
PEGsbecameformaliscd,on adoptionof Hoffmann'stwo stepprocessas the standardprc-trcatnicntfor
freeze-drying.Indeed,for any artefactof a sizeto fit in the conventionalfrccze-drycr,this is now the
for
treatment
almostall waterloggedarchaeologicalwood.
standard
Freeze-drying with PEGs yields excellent aesthetic results, much better than those from air-drying with
PEGs. This is thought to be becausefreeze-drying prevents PEG being drawn to the wood surface
(Grattan and Clarke 1987). A portion of the light colour of freeze-dried objects may be due to its
lightening cffects on humic acids reported by Omar et al. (Painter 1995). Painter claims this is a purely
from
the special rcflcctivc properties of the surfacescreated by freezeresulting
physical phenomenon,
drying.

Freeze-dryingequipmenttendsto be expensive,both to purchaseand to run. Fewapparatuses
arc
availablewith the internal capacityto treat very largetimbers,nevermind whole ships. This hastcndcd
to limit the useof this most successfulof treatmentsto smallerartcfactsand to conservationlaboratories
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increasingthe sizeof timbersand objectsableto be treatedin this fashion, Theselarger freezedryers,
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however, suffer from problems in achieving sufficiently high working vacuums and of removing the
high water vapour yield of the objects (Ambrose 1990).
Hoffmann and Fortuin (1990) reported on an evaluation of a study on freeze-drying of waterlogged
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freeze-drying method for larger pieces of waterlogged wood.

4.5.3

Treatments with Sugars

4.5.3.1 Sucrose treatment
For a number of years now, studies have been undertaken to determine the cffect of aqueoussolutions of
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drying. Recently, Morgos (1994) published
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wood
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wood samples (Hoffmann et al. 1994).
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Sucrose'sphysicochemical properties seempaiticularly suited to the conservation of wet archaeological
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(Hoffmann et aL 1994). Becauseof its easy penetration, treatment times are much shorter than for
PEGs, a few weeks to a month (Hoffmann et aL 1994). Microscopy of treated samples has shown its
Noldt
At
1994).
its
limit
(Schmitt
the
temperatures,
throughout
of
and
ambient
structure
wood
presence
solubility in water reachesconcentration of up to 70% g/g of sucrosein the solution, so that
impregnation can be carried out without any heating being required (Hoffmann et aL 1994).

The stabilisedwoodis hard andbrittle, and evenvery degradedwoodscanbe handledreasonablysafely.
On solidifying, the sugarforms an amorphousglassystateover the cell walls (Schmittand Noldt 1994).
This confersstrengthto the cell walls and, in addition, hasa considerableeffectin negatingthe
hygroscopicityotherwiseexpectedwith a sugartreatment(Parrentand Morgos 1994). Hygroscopicity
at mediumrelativehumiditiesis negligible,thoughproblemshavebeenreportedat 75-80%
(Hoffmannet aL 1994;Dean 1996). Betweenimpregnationand drying, sucrose-treated
woodcanbe
bent and reshapedas muchas the quality of the woodwill permit (Hoffmann1994).
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Sucrosetreatment produces objects that are quite natural in colour, feel and surface appearance.
Surfaces only rarely require cleaning of excessimprcgnant. It has proved to be reversible and is safe for

usewith metal-woodcomposites.
As a follow-up of the ELN-study "Sucrose," Hoffmann (1994) carried out more stringent tests on this
treatment, after which he was more cautious in his support of it. He found some of the same problems
occurred with sucrosetreatments as with PEG 3350 treatments on heavily zonated wood, suggesting that
diffusion was not universally improved by this method. There was however, less difference betwccn
different types of wood, making some simplification if adapted for bulk treatment. Residual shrinkage
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Becausesucrosemakesan ideal hostfor micro-organisms,a biocidemustbe used. Quite apartfrom
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Achieving evendistributionof the sucrosein the woodhasbeenfound to take as long asconventional
two-stepPEGtreatments.Goodresultsfrom the air-drying stepcan take as long as 15weeks
(Hoffmann 1994). The treatmenttends,in fact, to be very expensivebecauseof the high amountof
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4.5.3.2 Mixed sugar treatments

For sometime, mixturesof sugarshavealsobeenunderinvestigationas woodtreatments.A recent
appraisal and comparison of sucrose,mannitol and a sucrosc-mannitol mixture for a variety of
hardwoods showed some promising results (Morgos and Sctsuo 1994). Becausemannitol has smaller
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treatmentof multi-quality timbers,but with the advantageof being ableto be donein onestep,saving
time and money. End resultsappearto be stableover time.
Impregnationtakesapproximatelyoneweekfor small items,carriedout in incrementsat high
temperature.End concentrationsfor sucroseare still requiredto be high for a goodresult. A biocideis
necessary.Mannitol hasa tendencyto leavea white depositon the treatedwoodsurface,very difricult to
remove. However, when used as a mixture with sucrose,this premature precipitation does not take
place.

4.5.4

Treatmentsfor Wood-Metal Composite Objects

If waterlogged wood-metal composite objects can not be taken apart for separatetreatment, a problem
arises with the standard aqueousPEG treatment given to these objects to stabilise the wood component,

PEGsolutionsare mildly acidic in nature(pH 4.5-7). This hasbccngiven asa reasonfor adopting
sucrosetreatmentsfor theseobjects.
Various studies have been undertaken to measurethe corrosion rates of various metals in aqueousPEG
solutions (Cook et aL 1985; Gilbcrg et aL 1989; Selwin et aL 1993). Cook et aL (1985) also tested a
number of corrosion inhibitors for use in treatment solutions. They tested resins similar in structure to
PEG which also contained corrosion-inhibiting functional groups (organic amincs containing aliphatics,
PEGs, and PPG). Sclwin et aL (1993) also tested PEG solutions with a number of different corrosion
inhibitors aimed at individual metals; they found reduced corrosion rates in solutions containing
corrosion inhibitors. Most work of this sort has been carried out on clean metal surfaces,and the
authors envisage different results from metals with thick corrosion crusts that may prevent the inhibitor
from reaching the metal surface. The cffect of the inhibitor on the c1licacy of the PEG solution as
bulking agent was not discussed. The added cost of these chemicals can be relatively high.
Argyropoulos et al. (1999) published results of tests for Hostacor (a trctlianolamine (TEA) salt of
acylamido carboxylic acid) as a corrosion inhibitor for iron composite objects undergoing PEG
treatment. They measuredthe corrosion potential over time for the new, more biodegradable flostacor
IT on polished archaeological wrought iron without corrosion products. The results rcvcalcd that both
types of Hostacor spontaneouslypassivatedthe iron, regardless of the concentration or grade of PEG
used. A mechanism for this corrosion inhibition was proposed.
4.5.5

Radiation-Cured Resins

The useof radiation-curingresinscontinuesto be to studied(TrAnet aL 1990)at thosefacilities where
the technologyis available. Thoughthey havebeensuccessfulin addingstrengthand stability to
waterloggedwood,they continueto be non-rcvcrsiblc,makingtheir generaladoptionby the
conservationcommunityunlikely at the presenttime. Concerncontinueswith the useof organic
solventsin associationwith archaeologicalartcfactswhosesurfaceresiduesmaybe wantedfor analysis.
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4.5.6

TEOS

The use of oxysilanes to precipitate silicates within the remaining structure of degradedwood has been
applied to modem wood. The treatment has had some successin providing dimensional stability
(Irwin and Wessen 1976), but results have not in general proved consistent with archaeological wood
(Jcspcrsen 1982). For this reasonthe method is not in common use (Grattan 1987; Barbour 1990).
Tetracthylorthosilicate, however, has proved successfulwith smaller archaeological objects and with
very dense woods such as yew (Jensenet aL 1997). It works by depositing silica in wood cell walls by a
reaction with the water contained there. Ethanol vapour is a by-product. This method has not been
suggestedfor use with heavy timbers and it is non-rcvcrsible.

4.6

Present Trends in Conservation Research

4.6.1

The Cellosolve-lPetroleum Method

Detail of the cellosolve/pctroleum
methodwaspublishedrecently(Jensenet aL 1994). Dcwatcringof
the objectin cellosolve(I-ethoxy-2-propanol)is followedby solventexchangeof the ccllosolvcwith
takeplaceundercontrolledboiling either in vacuumor at normal
petroleum. Both processes
atmosphericpressure.This is followedby a PEG/petroleumimpregnationand a final vacuumdrying.
The processtakesfrom 4 to 60 days. Thoughsuperficiallysimilar to the earlicr alcohol-ctlicrtrcatmcnt,
this methodis not as hazardousand involveslesssolvent,aswell asachievingmorethoroughdiffusion.
Ccllosolveis, however,toxic. Sinceit is usedin this treatmentonly to aid the penetrationof petroleum
into the cell wall, it couldbe replacedby someother surface-activeagentthat would diminish the surface
tensionof the water (Jensenet aL 1994). Oneof the advantages
of this methodis that it is less
expensivethan freeze-dryingmethods(Jensen1996).
Jensenet aL (1994)do not feel that the methodis a replacementfor moretraditional conservation
methodssuchas freeze-drying,but rathera supplementarytreatmentfor small, delicate,and heavilydegradedobjects,for inctal-woodcomposites,for objectsthat needa very light and naturalappearance
or
for objectsthat needquick treatment. Preliminarytestshavebeenpromising.
4.6.2

Chemical Modification of Cell Wall Polymers

4.6.2.1 Selectionof treatmentagentby its sorptionproperties
Jensen(1996)hasremarkedon the fact that the mostcommonly-uscdwater-solubleimpregnationagents
havea very low affinity for the cell wall comparedto that of water. This resultsin a high sclcctivC
sorptionof water and a low concentrationof solutein the cell wall. A higher sorptionof the
watcr-solubleagentcouldbe obtainedby properlydesignedmethodsfor dehydrationin organicsolvents,
suchasthe cellosolvepetroleummethoddiscussedpreviously. But if wateris still going to be the main
solventin conservation,other agentsof Iiigher affinity mustbe found. Investigationsof syntlicsiscd
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4.6.2.2 Treatment based on residual chemical components
Ambrose (1990) also suggeststreating the chemical wood components themselves, rather than the
in
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products greatly affect the responseof saturated wood to drying. Conservators have not generally
lignin
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chemical treatments according to their relative proportion in degraded wood. This disregard of chemical
differences has been possible becausethe standard treatment basedaround water replacement and
bulking ofthe wood mass has by-and-largc been a success. More rccent'A'ork aimed at defining the
chemical properties of watcr-degraded wood for conservation purposes has been used to predict diffusion
behaviour rather than directed attention towards the need to work with the residual lignin as well as
depleted cellulose (Cook and Grattan 1985-,Hoffmann 1985-,Young and Wainwright 1982).
Rowell (1990) suggestsa number of treatments with the potential to chemically restore the cell
wall-matrix and cell wall polymers to a condition simulating their original state. lie believes
conservatorsshould pursue the course that was begun with some of the earlier treatments for
waterlogged wood -reacting

the remaining cell wall polymers using simple reactive chemicals,

crosslinking agents, or polymcrisablc systems. In general, becauseof lack of polarity and large
molecular size, these treatments did not achieve penetration of the cell wall. Their main functions were
encapsulating the remaining wood structure, strengthening it, and reducing surface tension cffects by
Newcr
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cellulose fractions back together through chemical reaction, either by crosslinking or bond-graft copolymerisation. Difunctional cpoxides and isocyanatcshave been used to crosslink hydroxyls on
cellulose, liemiccllulose, and lignin (Ellis and Rowell 1984). However, the results were non-rcvcrsible.
Graft co-polymcrisation of chemicals reacted with hydroxyl groups into network polynicrs-has been tried
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to achievethe samecffect. Unfortunately,
and mcthacrylate(Rowell 1990b)havebeenco-polyrnerised
noneof thesestudiesincludedexperimentswith archaeologicalwood.
Narayananet aL (1993)carriedout oneof the few trials using archaeologicalwood. They discussedthe
sulphatc,
resultsof studieson tryhydroxyhcxanc,polyacrylicacid, pentacrythritol,polysodium4-styTcne
agarand gclatincgels. However,only oneof them,polyPET,
protein, caboxylatcdpolybutadienes
comparedfavourablywith PEG. This product(probablypcntacrythritylsulphate)left a white hazeon
the surfaceof woodstoredat mediumhumidities(58%), solvationand reprccipitationcycles. It requires
heatand its long-termstability is questionable,making it unlikely to be adoptedby conservators.
Zirconium compoundsaimedat stabilisinglignin residueshaverecentlybeentestedby Sutcliffeand
Wood (1997). Used as co-monomcrs with methyl metbacrylates, zirconium has been shown to aid
treatment of waterlogged wood after radiation polymcrisation.

4.6.3

Oth er PEGs

Dean et aL (1994) investigated the potential of Brcox 50w PAGs (polyalkylene glycols) as a replacement
for lower molecular weight bulking agents to stabilise waterlogged wood. They fclt that it showed good
results as a single grade treatment for slightly degraded oak, as well as in combination with PEG 4000

in the two-stepprocessfor woodof mixed grades.This chcmi;al hasa lower hygroscopicitythan the
lower molecularweightsof PEG,aswell as low biodegradabilityand excellentASEs. Diffusion rates
arc fasterand the productis fully reversible.
4.6.4

Alternative Methodsof Freeze-Diying

4.6 4.1 General
Freeze-drying is perhaps the most successfultechnique applied to the conservation of waterlogged wood,
But it has always remained out of reach as a conservation treatment for large objects such as whole ships
and other structures that can not be dismantled. The scale of operation in vacuum frcczc-drycrs is fine
for objects up to a few kilos but rapidly becomesproblematic as the mass of the object increases. This
difficulty is a function of the need for much more energy and increased plant size to operate the larger
chambers. More importantly, increasing chamber capacity cannot yield a commensurate gain in drying
capacity for the larger timbers. Becauseof the diminishing yield of water vapour as wooden objects
increase in thickness, the heat transfer to the ice surface necessaryfor sublimation has to be carried out
through an ever-tl-dckening dried layer. Manipulation of conditions in the chamber can help overcome
this to a certain extent, but those techniques that use heat to increase thermal gradient causeextremely
desiccating conditions at the outer surface and may, in addition, cause migration of PEG and swelling of
wood components (Ambrose 1990; Watson 1987).

For thesereasons,alternativesto vacuumfreeze-dryinghavebeensoughtfor applicationto larger
woodenobjects.
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4.6.4.2 Non-vacuum freeze-drying
Various approachesto non-vacuum freeze-drying have been experimented with, some basedon
exchangesof desiccantswithin a freezer facility (Dicscn and Storch 1992), some rclying on air
have
been
fan
(Ambrose
1975).
Large
by
systems
composite
artcfacts
cffcctcd
powerful
exchanges
successfully freeze-dried at normal air pressure in engineered environmental enclosuresand similar
techniques have been used successfully on entire ships (Drocourt and Morcl-Dclcdallc, 1985-,Amoignon
and Larrat 1985).
Non-vicuum freeze-drying is normally carried out in freezing cabinets equipped with fins for air
circulation over the object and an ice trap for drying the moisture laden air that is removed. The dried
air will then undergo rc-licating to approximately -5*C before being rc-circulatcd over (lie wood in a
continuous cycle. Provided the air vapour pressure remains less than the saturation or ice point vapour
pressureof the ice surface at -5 T, sublimation will continue successfully. The prcscnceof light-wcight
fractions in PEG 400 aids in lowering the freezing range of the solution and contributes to a reduction in
the potential evaporation, thus slowing the process(Ambrose 1990). The transport of water vapour
through the dried surface during atmospheric pressure freeze-drying is up to eight times slower than
with convcntional vacuum freeze-drying, and the temperature gradient bctwccn icc surfacc and outer
dried surface is also very small. As a result, non-vacuum freeze-drying has the advantage of avoiding
the extreme desiccation of vacuum methods. Vapour transport rates, rather than heat transfer,
determine the time taken to complete the process. This factor, however, may be thought to be of less
importance than the reduction in plant and running costs cffcctcd. Experiments conducted at Canadian
Conservation Institute, comparing the two systemsin terms of total costs, concluded that non-vacuuni
freeze-drying cost 10% that of vacuum freeze-drying (McCawicy et al. 1982).
Problems with this technique ccntrc around incomplete and insufficient air circulation and flow rates,
and leakage of moist air into the system.
4.6.4.3 Natural environmentfreeze-drying
The potential for natural freeze-drying in outdoor enclosures in cold climates has been rccogniscd for
some time (Grattan and McCawlcy 1978). Researchersat the Canadian Conservation Institute
experimented with opcn-air freeze-drying of dugout canoes,using dry, cold winter conditions in Canada.
Grattan et aL (1980) experimented in five locations across Canada and had considerable successwith
relatively non-dcgradcd wood. The main limitation of natural climate frcczc-di)ing is the length of the
cold, dry season. Drying rates for this technique have been determined to be a function of the square
root of object mass over time (MI/2/1) (Grattan et aL 1980). Weather patterns in the northern
hemisphere were not able to provide sufficiently long a period to complete the drying of very large
timbers. It was possible in this case, however, to remove the remaining water in controlled microcliniatc
chambers indoors (Bergeron 1987).
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Grattanand McCawley(1980)claimedthe advantageof this techniqueovcr that of conventionaltotal
impregnationtreatmentsto lie with reducedtreatmenttime. Becausethis freeze-dryingprocessrequires
only partial bulking of the woodbeforedrying, the entire treatmenttook onethird the time of the
Ambrose
large
for
(1990)hascalculatedthe comparativevapour
treatment
structures.
such
conventional
pressuredeficitsfor non-vacuumfreeze-drying,natural freeze-dryingin Canada,and Antarctic
freeze-drying.His dataindicatethe Antarctic to showmostpromisefor this drying technique.Air flow
and length of drying seasonin this areaarc alsomoresuitedto freeze-drying(Ambrose,1994). The
costsof transportto this regionwould still appearto limit its practicalapplication.
Though little work appearsto havebeencarriedout sinceGrattan'sinitial experimentsand treatments.
Lan (1995) reported successin conservation of a hcavily-degraded boat by natural climate freeze-drying.

No pre-treatmentwith bulking agentwasused. The lack of successin sometimberswasattributedto
the shortnessof the freeze-dryingperiodfor the denscrand larger wood.
The advantagesof both these forms of atmospheric pressure freeze-drying over total impregnation for
larger structures arc the good surface aesthetics resulting, the lower drying strcss experienced as a result
of lower thermal gradients, and the savings in chemicals, energy, and capital costs. Becausethe process
is relatively slow, it permits more careful monitoring and adjustment to suit the individual object. Its
disadvantageslie in administrative and transport logistics. and provision of suitable housing against
winds and rain.
4.6.4.4 Supercritical drying

A newvariant of freeze-dryinghasbeenproposedby Kayeand Colc-Hamilton(1994)which, like freezedrying, cflectsthe negationof the liquid/gasinterface,but doesnot requireprc-trcatmcntfor success.
This techniquewasconsideredsafefor wood-metalcomposites,and wasreportedto leavewoodwith
goodstorageand displaycharacteristics.It is cffcctcdby a rapid processof solventexchangewith
methanol,and then an exchangeof the methanolfor C02 by the addition of dry ice. This. then, is
convertedinto a supercriticalfluid by raising the temperatureto 40T and applyingvacuum. The drying
stageis completedovernight. Minimal shrinkages(6-10%)werenotedon test samples.Its main
disadvantages
are the amountof methanolrequiredand the necessityfor vacuumplant. This equipment
is, however,muchlessexpensivethan the costof a conventionalfrccze-drierand it is cheaperand
quickerto run. No bulking agentsare required.
fragmentation
More recentexperimentson larger archaeologicalsamplesresultedin spontaneous
(Pantcr pers comm 1996).
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4.6.5

Extraction of Metal Salts

Graham et aL (1976) documented the problems encountered when damp or wet wood comes into direct
formic
extracts
wood
such
as
and acetic acids produce
water-soluble
contact with metal-whcre
localised acidity next to the metal surface. The cffccts of corrosion products adjacent to wood, in
hemiccllulose
Wissing
decomposition
induce
(Marian
iron,
to
and
of
catalysation
seen
were
particular
1960). More recently, MacLeod et al. (1990) discussedthe interactions of iron corrosion products with
waterlogged wood. MacLeod and Kenna (1991) outlined the cffccts of corrosion on the mechanical
strength and chemical stability of wood structure. A mechanism for cellulose degradation by metal
catalysed hydrolytic auto-oxidation was given, and rates of it were measured. The problem of
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MacLeod and Kenna (1990) discussedthe deterioration of archaeological wood by pyrites. The
solubilisation of metal corrosion products can also be a problem during treatment, as they are able to
depolymcrise PEG. MacLeod and Richards (1997), using FTIR and NMP, report on the impact of metal
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Most conservatorsagreethat thereis a needfor the removalof corrosionproductsand other saltsfrom
objectsbeforetreatment. However,methodscannotbe developedto achicvcthis cffcctivcly until we
betterunderstandthe mechanismof their formation.
Colc-Hamilton et al. (1995) evaluated the usefulnessof nuclear magnetic resonanceimaging to probe
iron levels in wood under conservation. MacLeod et al. (1994) compared extraction chemicals for use
during treatments involving metal-wood composite objects. They found 2% ammonium citratc solutions
in association with 5% PEG 400 at neutral pH to be the most cffcctive. Both substanceswere found to
participate in its removal. This was an improvement on more traditional alkaline solutions that are less
hcmicclluloses
found
dissolution
have
been
(Marian and Wissing 1960). The
to
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cause
and
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treatment left no residues.

4.6.6

Biological Inhihitors

Fungi andbacteriahavebeenfound to degradePEGsand impedetheir penetrationinto wood,in
additionto releasinghydrogensulphidcand mycotoxins(Deanet aL 1990). Effectivccontrol methods
mustbe sensitiveto the quantityand typeof micro-organismpresent,the physicalandchemical
properties of the object, and the storage environment or conservation process.
Physical controls such as brushing, lowered temperature, and special filter systemsfor the water in
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healthand safetyregulationsreducethe choicefor use. They aretoxic andvery expensiveto disposeof.
Few havebeenfound to remaincffectiveovertime and they interferewith 14Cdating. Gould (1988)
testedlow oxygenatmospheres
with somesuccess.Dawsonet al. (1982)experimentedwith the useof
(1985)tested
asa resultof low penetratingpower. Jespcrsen
ultraviolet, but found it unsuccessful
biological controlssuchaswater snailsand perchand found themto be successful.
Pointing et al. (1994) carried out preliminary experiments with thermal pastcurisation and ionising
gamma irradiation. Their tests were limited to smaller timbers, however, and concerns have been
expressedas to their effects on wood durability (Schcffcr, 1963). Butterfield (1987) demonstrated that
gamma radiation produces acceleratedageing of cellulosic materials. Pointing et al. (1994) recently
carried out further investigations to assessthe suitability of gamma irradiation for stcrilising wrapped,
waterlogged archaeological timbers destined for long-term storage. No detectable radiation-induccd
changes in moisture content, cellulose stability, or strength were observed except at dosesfar higher than
those necessaryto achieve complete stcrilisation of the wood. Gamma irradiation does not result in any
residual radioactivity in wood. Again, relatively small timbers were tested.
Physicochen-dcalcontrol methods, such as Spriggs' (1996) silvcr/coppcr sacrificial electrodes, have been
shown to work effectively over time. They produce no interference with PEG, and arc inexpensive to
use. This method has been used with some successin situ at Flag Fen. Bacteria arc known to
immobilise copper, and may eventually posc a problem (Mouzouras et al. 1990).
4.6.7

Storage Systems and in situ Rehurial

Reductionsin funding leavelargequantitiesof archaeologicalwooduntreatedfor manyyears,which
producesa needfor successfullong-termstoragemethods.Rcburialand extendedstoragemethodshave
beenunderdiscussionfor a considerabletime (Dawsonet aL1982). A comparativeEuropeanprojecton
storagemethodswasrecentlyreviewedby Sacttcrhaug(1990).
Threeapproachesarc conventionallyusedin the long-termstorageof waterloggedwood-wrapping,
tanking, and freezerstorage.Recently,reburial hasbeengiven someattention. Problemswith wrapping
comeaboutas a result of the permeabilityof the polythcneby air (Lucas,1982). Dryingoftimbcrs
occurswhen this methodis usedfor long periods. Pitmanet aL (1993)havereportedthe vulnerabilityof
wrappedtimbersto attackby the wharf-borcr,a wood-boringinsectcapableof puncturingthe
polyethylenewrappingmaterialscurrentlyin usefor waterloggedtimber storage.Tanking, or the
storageof timbersunderwater-saturated
conditions(ponding),is not alwayssatisfactorybecause
continuingexposureto oxygen,changingwater chemistry,problemswith micro-organisms,and erosion
causecontinuingdeteriorationin the woodunderstoreover time. Freezingsuffersfrom the problems
discussedin a previoussection(section4.4.5) and maybe impracticalfor larger timbers. The problems
with the developmentof a successfulreburialenvironmentlics with achievingtruly anoxicconditions
and a suitableburial chemistryin a relativelyshortperiodof time (Mouzouras1994).
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Mouzourasel aL (1990)comparedthe deteriorationof timbersunderwet storageby wrapping,ponding,
instrument,theyestablishedthat
and rcburial on the seabcd. Using the Pilodyn resistancemeasurement
therewasnot muchdifferencein conditionbetweenthosewrappedin polythcneand thoseponded,and
not very muchdecayhad occurredto either in the ten yearssinceexcavation.Theyfclt that the success
of polyethylenewrappingslay with the depletionof oxygenwithin, the pH unsuitablefor microorganisms,and the little or no exchangeof water causingbuild up of toxic metabolites.Theydid not
commenton the possiblecffectsof drying. Woodburied in the seabedsufferedgreatlyfrom erosion,
damage.
fungal,
borer
from
bacterial,
and
and
DeJong (1981); Nelson (1982); Stevens(1982). Tuck (1982), Jcspcrscn(1985), Jonesand Rule (1990)
have all experimented with reburial, mostly without success. Caple (1994) discussedthe problems of

modellingthe natureof anoxicburial environmentin order to either to preserveor createsuch
environmentsfor rcburial purposes.Accuratedeterminationof chemicalparameterswithin soil deposits
was found to be difficult without the disturbance of soil equilibria significant to the study. A later paper
(Caple et at 1997) establishesthe correspondenceof low Eli environments with good preservation
conditions for organic materials.

Coles(1994)rccogniscd(lie needfor rcburial studiesto go hind in hind with wctlandpreservation
a
carriedout specificallyto improvein situ preservationof archicological material. lie discusses
number of ongoing projects in Europe. Brunning (1997) reports on interim hydrologicil analysesof the
Somcrsct Levcls Trackway.

4.6.8

Treatmentsfor Fossilised Wood

Work is being carried out to extend treatments for waterlogged archaeological wood to charred and
fossil woods. PEG 300 with air-drying was successfully used to treat a fossilised Miocene trce trunk that
was almost entirely lignificd (Hoffmann and Blanchette 1997). This bulking agent was chosen for its
ability to penetrate the compressedcellular structure and becauseit would not crystallisc in the cell Nvalls
and risk destroying extraordinarily well-preserved ultrastructural information there. TEM established
the full revcrsibility of this treatment, allowing later analysis.

4.7

Summary

"The major problemis not that we do not haveadequatemethodsfor the conservationof waterlogged
wood,it is in rccognisingthe limitation of thesemethodswith respectto the sizeof objectthat can
be treatedwithin the restrictionsof the amountof time, moneyand facilities available."
(Clark and Squirrel 1982).
This statcmcntcontinucsto suinmariseaccuratclythe statcof watcrloggcdwoodconscrvationtoday.
Clark and Squirrelrccogniscdthat conservatorsof archaeologicalwoodcontinueto hopefor a single
"standardacceptedtreatment"that will fulfil all treatmentcritcria and that theycan follow without the
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needto individually assesseachobject,achievingsuccesswith all typesand conditionsof archaeological
wood. This attitudeis a naturalresponseto increasinglytight conservationbudgets.
If the conservatoris to be ableto get the information he needsin order to tailor his treatments
individually to suit the object,he needsto be providedwith moremeaningful,moreeasilyaccessible,
and lesstime-consumingtechniqueswith which to assessthe conditionof waterloggedobjects. Sorption
studiesarc at the ccntrcof mostissuesin waterloggedwoodtreatment. Permeability,diffusion rates.
drying behaviour,and internal surfacecalculationall dependon the sorptioncharacteristicsof the wood.
This studywill attemptto correlatethis informationwith someeasilyaccessibletechniquesin condition
assessment.
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5

Sorption Analysis

5.1 Introduction
Water sorption is at the centre of our understanding of the behaviour of degraded wood under
treatment. The conservator is concerned with three aspectsof the watcr-rclations of such material:

1. how to dry woodas rapidly aspossible,and without physicalclainage,to a stableequilibriumwith
the ambicntcnvironmcnt;
2.

how to introduce chemicals into the wood in such a way that they are evenly and fully distributed

throughoutits fibre system;
3. how to predictthe behaviourof a pieceof woodafter treatment,that is, in termsof its reactionsto
cyclic and suddenchangesin cnvironmcntalconditions.

Sorptionanalysisis the mostsystematicrouteby which to searchfor answers.But sorptiontestsare
levels
form
difficult
that
the
to
error
make
of
results
carry
out
of
any
of
without
numerical
notoriously
analysis (e.g.. pore volumes, R/D ratios, FSP) by-and-large meaningless (Skaar 1988, Wadsd 1994),

The initial brief of this researchwas to design a simple sorption apparatus, accessible(in terms of
data
to
to
produce
of good quality, either for artcfact appraisal
and
able
most
conservators,
materials)
or for conservation research. In order to test the performance of this apparatus, a systematic set of
sampleswere sent through a series of cycled stcpwisc sorption trials and their characteristic sorption
isotherms %%,
crc measured. To obtain more information about the chemical and physical
characteristics of the sample set tested, a number of other standard tests and analyseswere applied
(Chapters 6 to 8) and comparative degradation levels established. Once it became apparentjust how
impractical sorption analysis is for everyday assessment,these other analyseswere focussedtowards
finding some other simpler diagnostic test that would correlate with sorption figures and form an
indirect route to such determinations.

This chapterdescribesthe samplingstrategyand investigativeapproachof this thesiswork. It
design
description
the
of the sorptionapparatusand an appraisalof the results
of
a
with
continues
of fibre saturationpoint, level of hysteresis.void
obtainedfrom it. The appraisalincludesassessments
volume calculations, and comparisons with trends shown in archaeological woods reported in the
literature. The chapter concludes with an appraisal of the usefulnessof sorption measurementsto

archaeologicalwoodstudicsand conscrvation.

151

5.2 General Investigative Approach and Sampling Strategy
The aim in choosing a sampling strategy for this research was to investigate the ability of the tests
carried out to reveal important differences between artcfacts, and also to reveal the lesservariation
that exists within the single artefact. The latter is not a matter of sheer intellectual curiosity, rather to
test whether one small sample taken from a representative section of the artcfact is able to yield
information that can be applied meaningfully to the whole. The archaeological conservator is rarely
in a position to take multiple samplesfrom a single artcfact. Except in dealing with large structural
timbers, the taking of a sample wafer of a size to meet sorption analysis specifications (Section
5.5.3.1) may compromise the integrity of the artcfact. Preference must always lie with techniques that
require samplesof only milligram proportions.

S.ZI SampleMaterial

The first phase of investigation ccntred on samplestaken from a single artcfact-a plank
700mm x 162mm x 25mm.taken from the oak lining of a well in the Wcusof the Roman fort at
Roccliffe (WD93, F73; Plank 3.2), dated to the I" century AD. This artefact is radially split, with the
remains of a thick laycrof sapwoodalong its outcrcdgc. Neither end is original, though lossesare of
old date and show the characteristic heavier degradation in comparison to wood from the plank's
Quercus
it
be
Species
determined
identification
to
robur.
region.
central

An initial setof sampleswastakenby sectioningthis woodenplank throughits Icngtli, in three
dimensions.Figure5.1 showsthe samplecuts.

Series'A' samplescontrastwoodfrom the exposedendsof the plank with woodfrom the ccntrcof the
plank.

Series'B' samplesconsistof very intimately associatedsamplesfrom the centreof the plank, allowing
repeatabilityof resultsto be tested.
Series*C' samplesweretakenat evensamplingdistancesalong the lcngth of the plank, to test
variation throughoutthe object.

Series *D' samplesconsist of transverse slices through the thickness of the centre of the object, for
comparison with one another.

Scrics 'E' sampIcsconsist of frcsli modcrn oak (E 1) and scasonedhistorical (Durham Cathcdral door,
16'hC.) dry oak (E2), incorporatcd for comparison..
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The secondphase of investigation ccntrcd around a group of seven oak artcfacts from various sitcs in
the U.K. -fivc

rough-hcwn roundwood stakesfrom Flag Fen (1000 BC)-. a portion of quarter-siwn

structural timber from the drawbridge (Z-phase) at Wood Hall moatcd manor site (Mid-14'h C.), and a
roundwood stake upright from the SweetTrack (380013C). These artefacts were chosen for their
differing degreesof preservation, the Wood Hall wood at the top end and the Sweet Track wood at the
lowest end. All came from freshwater environments, though of very contrasting soil chemistries
(Caple et at 1994). 'WH I' representsthe Wood Hall timber, Series 'FF' representsthe stakesfrom
Flag Fen, and 'ST3' representsthe stake from the Sweet Track. No sipwood was representedin this
material, though outer layers were generally more degraded than the cores. Figure 5,2, below.
provides diagrams of these artcfacts in cross-scction, with indications of the comparative level of
degradation throughout the artefacts (Samples FF12, and FF9 have particularly hard inner cores,

shownby boundarylines).

In samplestaken for both phases, 'OUT' suffixes represent Samplesfrom the outer layers of the
artcfact, while 'INN' representsinner cuts. The material from these contrasting layers mirrors the
problems met by the conservator in dealing with zonally-degradcd oak.

r'-r - rr

"r V-Y

ine,

Inner
FF12/inn
WHI/Inn
Cln,,

FF1511nn
a

FF16/Inn

0
outer

in'n r

IFF611nn
ST3/Inn

Figure 6.2

outer

FFO/Inn

Cross-sectional drawings of oak arlefacts showing sampling and relative zonation. Relative
sizes maintained
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S.Z2 Sub-samplingfor Analysis

The sorption tests called for thin sample wafers of sufficient size (becauseof waterlogging) that their
dry weights would still be accurately measurableusing a thrce-decimal-place balance. The
waterlogging factor decided the dimensions of all sub-sampIcstaken for analysis. Figure 5.3 below is
a schematic drawing of the method by which sub-sampIcswere taken in order that relative

homogeneitycouldbe presumedfor materialsetasidefor the different analysesto be appliedto each
artcfact.

D3-INN
D2-INN
DI-INN

DI-OUT

Figure 6.3

Schematic drawing of sub-sampling of archaeological wood samples.

5.Z3 Nature of Sample Material

The natureof degradationof archaeologicalwaterloggedwood is very characteristicin someof its
Chapter
in
detail
in
2. In order to obtaina generalvisual pictureof the
discussed
manifestations,
conditionsprevailingwith the samplematerialundertesting,scanningelectronmicrographs(SEM)
weretakenof oneof the moredegradedportionsof the Romanplank (A3/Out).
The SEM photos shown on the following pages (Figure 5.4) illustrate features general to the
conditions of degradation of most of the sampics under study, if not of extent. Sampleswere prepared
in the standard fashion, involving initial solvent dehydration and fixing in ictractliyloilliosilicite
(TEOS) (Dey et al. 1989), mounting in ABS solvcnt ccinent. and gold coating.
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Figure 5.4a TypICdl appearance of degraded Waterlogged oakwood (11% residual cellulose) III Irdlisverse
section.
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5.3 The Sorption Method: Principles and Previous Research
The sorption characteristics of wood have been measuredvariously by electrical resistance,dielectric
FrIP,
DSC),
diffusion.
(NMP,
instrumental
mercury,
solute
techniques
membrane
measurements,
exclusion, and water vapour adsorption gravimetry (sorption method). Detailed critical reviews of
these methods can be found in the literature (Stamm 1965,197 la-, Skaar 1954,1988-, Stone and
Scallan 1967), and a number of the considerations were summariscd in Chapter 3. All of these
(except for the gravimetric method) require materials, equipment, and expertise that lie outside those
generally available to the conservator.

But there are serious problems with the gravinictric approach. the principle of which is the clIect of
Mercury
in
the
true
of
resorption
values.
porosinictry (Stone and
measurement
restricting
collapse
Scallan 1965), non-solvcnt water content (Tarkow et al. 1966), and solute exclusion (Stone and
Scallan 1968b; Lin et al. 1987-,Flournoy et al. 1993) all aim at avoiding this problem by using
materials that will not causeshrinkage or swelling in the cell walls and secondaryordcr/transient
capillary space. All have difficulty in overcoming pressurebarriers while trying to achieve diffusion
Electrical
into
these
capillaries.
methods (resistance, dielectric
smaller
of
alternative materials
largely
because
woods,
of the difficulties
archaeological
analysis) experience problems with
fibre
far
Morrell
is
(Zibcl
1992; Molinski el al.
that
saturation
and
so
above
very
wood
measuring
1991), but also becausehigh ash contents in degraded woods will produce anomalous results due to
their bulking effect (Stamm 197la). Porous plate membrane diffusion methods (Stonc and Scallan
1967, Brainhall 1995) have the advantage of being able to control and measureat the highest end of
the vapour pressure range, thus making it possible to measure rather than extrapolate to fibre
saturation point (0.9999 v. p.). This method is probably still the most accurate for carrying out
sorption measurements.

Instrumental techniques arc now beginning to take over in the field of moisture determinations in
Skinner
1991;
1997), nuclear inagrictic
(Simpson
Differential
scanning
calorimetry
et
al.
wood.
resonance(Araujo et al. 1992, Cole-Hamilton et al. 1995-,Mcnon et al. 1987, Skinner 1994), and
Fourier transform-infrarcd spectroscopy(Loudon 1988, Faix et al. 1994) have been applied to
assessingwater form and distribution throughout fresh and degraded woods. Much of this work is in
is
There
interpretation
however,
initial
the
results
of
complex.
are problems with
and
an
stage,
archaeological material particularly, where high ash contents causepeak broadening and overlap. It
be
for
before
be
to
tests
the sorption
techniques
these
time
ready
as
common
are
used
some
will
properties of wood.

Despite theseproblems of control and interpretation, the sorption method (graviinctric) continues to
be used to provide experimental data for wood sorption (Wads6 1993b, 1994; Avramidis 1993) arid,
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for the most part, has been prcfcffcd by investigators into the sorption properties of archaeological
wood.(Barbour and Uncy 1982-,Hoffmann 1985; Jensen 1996). Thus far, only largely descriptive
information and general conclusions have come out of these studies, though Jensen(1997) has used

his datato constructan alternativcnon-dcstructive,computcr-bascd
programfor calculatingdiffusion
co,cfficients for archaeological artefacts undergoing treatment that largely replaces Cook and Grattan's
(1991) PEGCON program. At the time of this doctoral research it was not yet possible to use this
program to test the validity of the results obtained here.

The resultsdiscussedin this chapterwill concentrateon determiningwhether,despitethe inherent
inaccuracicsof Ilic graviinctric method,the simplc apparatusdcsigncdfor this projcct is ablc to
determine basic differences between wooden artcfacts that would affect tile choice and type of
trcatmcntgivcntotlicm.

Stamm (1971) claimed that FSP varies only slightly with variations in the

bulk chemical composition of the wood substance,and it will be interesting to seeif this is true with
the Roman plank scctions. It is likcly that the differcnccs lic was rcferring to wcrc the vcry slight
diffcrcnccs cxisting with spccics of wood, ratlicr than the rathcr largcr oncs cxpcricnccd during
dcgradation. It will bc intcrcsting, also, to sce how much FSP valucs vary with physical propcrtics.
(Skaar 1988-,Panshin and dcZccuw 1980). Conncctions bctwccn the sorption rcsults and the
clicmical and physical propcrtics of the sampIcs will also rcccivc discussion in Chaptcrs 6 through 8.

5.4 Experimental Method
Non steady-statediffusion measurementsof water vapour sorption were made on the samples listed in
Section 5.2.1. By "non steady-state," we arc referring to measurementstaken of tile weight change
(moisture content) of a wood sample after a step change in relative vapour pressure (relative humidity,
RII). Discrepancies in results exist between these two approaches,and sorption models have arisen in
an attempt to accommodateboth (Chapter 3). Nevertheless, it is non steady-statemeasurementthat
is the standard approach used in the sorption method of measuring diffusivitics of wood (WadsO
1994). The table below suminarises the test steps performed for the three cun, es (initial desorption,
resorption. and secondarysorption) measured:

Curvc

Test Step (Rif %)

Initial
Desorption

(98+)

90%

Resorption

(0%)

10%

30%

50%

Secondary
Desorption

(98+)

90%

70%

50%

Table 6.1

Test steps (RH%)performed and curves measured.

80%

70%

60%

50%

40%

30%

20%

10%

(0%)

70%

90%

(98+)

30%

10%

(()%)
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The accurateconstructionof the Type11sorptioncurverequiresa minimum of six measuredpoints
for equilibrium moisture content. The better quality of the initial desorption curves as a result of
using eleven measuredpoints can be seen in the isotherms shoAm in the results (section 5.6) below.

It is unusual for an initial desorption curve to be measured, i. e., equilibrium moisture contents from
the saturated state to the ovcn-dry. Most studies start from the known point of ovcn-dry weight,
measureinitial resorption, and follow with desorption hysteresis. But since the information the
conservator needsto obtain about archaeological waterlogged wood pertains to the difference between
the original watcr-saturated state and dimensions and the changes that will occur to the wood if the
wood is allowed to dry without bulking (hysteresis), it is important to measurethis difference. For
this reason. the three curves tabulated above were measured for each of the test samples.

Three-dimensional sorption measurementwas chosen over onc-dimciisional. In onc-dimcnsional
sorption, samples are scalcd with a wax or resin on four of their six sides in order that flow is in one
direction only. In this study, however, minimum interference with samples was a priority (as it often
is for the conservator, in order to conserve sample material for multiple analyses) (Section 5.2.2,
above). Complete scaling of wood samples against water vapour diffusion is difficult to achieve.
Wadso (1994) discussesthe level of error introduced by incomplete scaling. Becauseof the
interference made to surface adhesion by water, complete scaling is still more difficult to achieve in
waterlogged samples.

Measurementsof water vapour sorption in wood arc difficult to carry out to any significant level of
accuracy. Too low-tech an approach risks meaningless results and, moreover. involves a great deal of
direct monitoring. The brief in this study however, was to investigate methods of analysis that could
be carried out by the conservator rather than the specialist. The design of an apparatus for making
sorption measurementswas part of this brief, and a full description of it is given in 5.5.1. below.
Wadso (1993a and b; 1994) published three papers that describe the design considerations of a much
more high-tech instrument. In the design of the apparatus used for this doctoral research, reference
was made both to his work and to considerations brought up in conversation with C&I

Electronics

Ltd. (Salisbury) who produce high-spcc sorption chambers for use in scientific research,especially
pharmacology. Results from parallel samples run by this company arc compared to closely related
samples in the present study and have been useful in gauging the relative accuracy of the sorption
apparatusdescribed below.
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5.5 Sorption Measurement Apparatus
5.5.1 Description ofApparatus

The apparatusdesignedfor this projectconsists,in fact, of two identical apparatirunning in tandem
in order that a higher volume of samples may be run simultaneously (Figure 5.5, previous page).

As shownin Figure 5.6 (next page)eachapparatusconsistsof.

An cnvironmentalcliambcrcreatcdfrom a standardpcrspcxdcssicationchambcr(BDII
Chemicals) into which inlets (2 cm diameter) were cut for a humidity/tempcraturc monitoring
probe (Vaisala HMP 35A); a polyethylene fccdcr hose leading from an ultrasonic water vapour
source, and a purposc-made extension to the balance platform that allowed the balance to

remainoutsidethe environmentalchamberduring the measurement
period. (Figure 5.6 below).

2.

A Mettler PM480electronicbalance(readability0.001g) with RS232interface,draft shieldin
place(top panelremoved).

A domestic ultrasonic humidifier (PIFCOTM 1074) with dcionising cartridge. Silica gcl
(desiccant) was used in lieu of a dc-liumidificr.

A simpleONIOff relay switchingcontrol device(coupling humidifier and dataloggcr).

4. A Squirrel 1001 SeriesTemperatureand Humidity monitoring (Grant Instrumentsand Lucien
Hatfield, Cambridge),speciallyadaptedto include an 1/0 port for the balancesand the control
devices.

The remainderof the apparatusconsistsof a woodenframe to lift the cmirorimcntal chamberup so
that the balancemaylie underneath,and a largecasecoveringthe whole in orderto buffer
environmentalchangesoccurringin the test laboratory. This latter item would not be requiredwhere
tightly-controllcdair-conditionedroom wereavailable.
a reasonable

All of the constituentpartsof the sorptionapparatusare equipmentcommonto conservation
laboratories,including the Squirreldataloggcr. Adaptationsto this standardpieceof environmental
monitoringequipmentcanbe madeat relatively small expenseand leaveit still suitablefor re-useas a
monitoringdevicefor museumor storeenvironment.
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Figure 5.6

Schematic drawing of sorption apparatus.
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Particularcarewastakenin the choiceof humidity/tcmpcraturcprobesbecauseof their centralrole
both as monitor of equilibrium relativehumidity and as 'humidistat' for the control device.The
for
(including
the two humidity/tcmperaturcprobes
repeatability)
and
averageaccuracy
nonlinearity
is: ±2% RH of readingfrom 0-90%RH-,±3% RH from 90-100%(reducedto 1%and 2% of reading
±0.3'C. Both probesunderwentannualrccalibrationat SIRA
whencalibratedto ASTM standards)-,
NAMAS accredited facility during the course of this study.

Averageaccuracyfor the electronicbalancesarc: repeatabilityI. Oing,linearity 2 mg. Taking into
), it would havebeen
accountthe relativesmall averagesamplesize(3 g wet wt./ 0.5g dry %vt.
preferableto haveutiliscd a fivc-dccimal-placcanalyticalbalancein order to ensureweight datawith
a lower inherenterror. Thesebalances,however,tend to be lessstableto environmentalstress,thus
the air turbulencecausedby the humidity input and extremesin vapourpressurewould have
introduceda level of error that negatedthis advantagein accuracy(Mettler TechnicalSupport.
pers. comm.1994).
5.5.2 Operation and Performance Characteristics

Test sample wafers were laid flat on nylon mcsh platforms around three sides inside the chamber.
One sample in each chamber sat on the modified balance platform throughout the experiment in order
that equilibrium could be accurately determined. The two samples chosen were those with highest
initial moisture content in combination with highest density, under the assumption that these samples
would take longest to reach equilibrium. All other samples were weighed at intervals of one day to
one week depending on the RH step involved. Samples were at all times handled in latcx glovcs. to
ensure that moisture and pollutants from the hands would not affect the results. The control systcm
for humidity was left running during the weighing sessionsin order that the samplesdid not begin to
rc-equilibratc to another level of humidity. The time taken to complete all measurementswas short
cnough to make such a problem unlikely. During the design of the system, tests were made of the
amount of change in weight that could occur during the weighing sessionas a result of the small
amount of drift in humidity that did neverthelessoccur. Average calculated drift in weight was less
than 1% of reading.

Stable cquilibrium conditions were maintained within the environmental test chamber by means of the
alternating operation of silica gel desiccant and ultrasonic humidifier. Each humidity step was
programincd into the dataloggcr as its temporary control value, with a plus or ininus 0.1% change
allowed before the humidifier was switched on or off, as suitable. Once the humidity reached the
appropriate level (as measuredby the humidity probe located directly above and within a ccntiinctrc
or two of the sample), the dataloggcr sent the messageto the control device to switch the humidifier
off. The presenceof silica gel, arranged evenly around the walls and base of the chamber, cnsurcd
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that the amount of humidity over-ride was not excessive,and that it was brought down to control
conditions relatively quickly. Tests carried out determined its ability to do this within, on average,
15-30 seconds-well within the data logging interval set. The high quality construction of the
humidity probes meant that their responsetime was very quick, and that changesaway from control
conditions would be rccognised and reacted to almost immediately. Figure 5.7 below shows the levcl
to which the control system of the environmental chamber was able to maintain stable humidities. It
is clear from this graph that these were only stable to approximately ± 2% RII.
100
90
80
70
60

oc
so
RH%
40

-

T"orsture

V-ý-

RH

30
20
10
0

0

10

15

20

25

30

Time(hours)
100
90

Towoorstum

80

RH

70
60

Oc so
RH%
40
30
20
10
0

35

40

45

50

55

60

65

Time(hours)
Figure 5.7

Humidity control at each step of relative humidity.

The graph also shows some variation in temperature. Though these experiments were not carried out
in a tcmperature-controlled room (which would have been prcfcffcd), tile buffering cffect of tile
insulated secondcase (Figure 5.6) was sufficient to keep temperature change down to ± 20C around
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the probablecffccts
the chosenisothermtemperatureof 21'C. Section5.4.1.3belowdiscusses
introducedby the sourcesof error describedin this section.
5.5.3, Vources of Error Affecting Design

Wadsd (1994) gives a detailed critical discussion of the sourcesof error common to the sorption
method of measuring moisture diffusivity of wood. He points out the systematic nature of many of
these errors, which means that volume of samples can not make up for them. fie also reminds us of
the lack of any standard reference material with which to test the accuracy of results. Error analysis
of the present apparatus and samples was out of the scope of the present study. but the larger
proportion of his considerations were taken into account in the design of the apparatus and the
preparation of the test samples (see also 5.2.2-,5.5.1; and 5.5.2 above). Some of these considerations
arc discussedindividually below.

5.5.3.1

Sample specifications

To ensure good measurementswhere three-dimensional flow his been chosen. it is necessaryto
ensure that sample thickness is small in comparison to its other dimensions. This will mean that the
diffusion coefficient in the main flow direction is the largest and most accurate evaluation of the
sorption isotherm using one or other of the current sorption models (Chapter 3). For this reason.
samples in wafer form were chosen, following recommendations laid out in Avrimidis (1993). Their
dimensions were roughly 750mm x 30mm xI mm, with the largest surface area presented in the
transverse plane.

Sample thickness was kept as exact as possible throughout the sample, by means of the micrometercalibrated diamond-bladcd.micro-saw used to cut the wafers (section 5.2.2). This was in order that

cdgingwaseliminatedas muchas possible,sincevarying thicknesswill havea relatively large
%%,
affecton the constancyof the diffusion cocfficicnt that appliesthroughoutthe isotherm.
5.5.3.2

Relative humiditv

There has been a tradition in sorption studies to use saturated solutions of soluble silts or graduated
molar concentrations of sulphuric acid to regulate the controlled relative humidity level of each test
step (Stamm 1964, Skaar 1988, Wadsd 1993b). This method lias been found to yield consistent and
controlled humidity levels in enclosed test chambers. flowmcr, tlicrc is a high tendency for salts from
the saturated solutions to be picked tip by moisture v1pour and redepositedupon sampic surfaces,
polluting samplesand seriously affecting the accuracy of measurements(Wadsb 1994,

UMIST pers. comm.1994). For this reason,a mechanicalmethodof introducingand controlling
purified (dcioniscd)watervapourwasusedin this study.
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The single most vulnerable point in the sort of sorption apparatus described in this study is the
accuracy of the temperature humidity probes monitoring and controlling humidity within the test
chamber. Pragnall (1988) suggestscaution when relying on electronic humidity probes under high
specification conditions. The best sensor,when correctly calibrated, will only exhibit an accuracy of
about ± 2-3% of reading. In addition. sensorsmay exhibit severenon-lincarity at high humidities
(above 85% RH) and at low humidities (below 15% RH). A humidity sensor accuracy of ± 2% RIj
leads to an error of ±0.5'C for the dc%vpoint,which is very serious in the course of an attempt to
measureFSP accurately. Similar errors result from a temperature sensoraccuracy of 0.5*C
(Pragnall 1993).

The speedwith which eachRH stepchangeis cffcctcdis also important and shouldbe ascloseto
instantaneous as possible, othenvise non-stcady-statesorption models can not be applied. Figure 5.7.
above, establishesa relatively instantaneous step change for the apparatus used in this study.

Sinusoidal variations in RH are common to sorption testing. Chapter 3 describesthe cffcct they have
on the sorption isotherm. Periodic variations of ± 3% RII arc not uncommon for even the more
sophisticated environmental chamber (Wadsd,1994). There is no question but that such variations
were incorporated into the measurementsmade in this study, and some of the inconsistencies in the
sorption curves reported in this study may well be attributable to them. However, Wadsd (1994)
calculates that the effect of such variation on sorption measurementsis negligible as long as the
variation is small in comparison to the step change in RII. This could not really be claimed for all of
steps measuredin this study. Wads6, however, goes on to say that the time period of tile 1111
disturbance is more important. As long as the time of disturbance is very much shortcr than tile time
taken to achieve equilibrium at that step, the cffcct is unlikely to turn up in the measurement.
Researchby Scott (1994) concurs. The test results shown in Figure 5.7, above, establish that the
average period of disturbance with this experimental sct-up is very small indeed (something in the
range of 15 secondsto a few minutes), compared with equilibrium steps taking a few weeks to a few
months. Indeed, over a period of time, a conditioning cffcct can be observed in the silica gel in the
chamber (Cassarand Martin 1994) which lowers the range of variation causedby the ovcr-ride of the
humidifier. This is indicated with an arrow in Figure 5.8 below.

170

h(jure 6.8

Conditioning

effect on silica gel dtiring sorption

run.

I'llis billTering effeci Illighl have been iiiacased had ArtSORBOO condillollill)"

papcl bCell liscd III.Sicad

Ic I,
o I' "i I ic; I gc I, si IIce Ca ss;IrcI 1//, ( 1994) report a 5-8 1inics beII cr bl I11'enIig capac I I.N 1,011Ile 1,01*11

-i

513-11

Tollperature

Tcnipci-alm-c was mcasurcd al 111C
(5 ininuics).
sallic illicl-val as 111111lidity
icnipcialurc

Icad to rapid cliallgCs iIIRIIb. N cl I:I liging I lie saIIII; I11011
vapoill, I)IC.-,SlIIc, and 111c('11ccl

mll bc regislacd
111C
C.\[)Cl'llllclll

ill clulligCS 10 Cquiliblimil

Illoislurc collicills.

Tollperatille

Ilfccled bY Icillim"IfIll-C gl-;I(Iicllls set up ill the chamber
cri-or in Rl I ol'O. 6'Yooh-cading (Pragnall

effect Oil

chalil"es ICcOIdCd

%%Cie
IICN'cl.Sil(I(ICII (as various 01,111C
plcý:Cdilig 1-11"111-cs
sho%%),and 1111111011)
control

can bc assumcd to ova-ricic anY cll"cct the) Illil"Ill II;Ivc had. I

NocrtheIcss,

Rapid clumpcs in

equilibrium

IlIcasurellicill, llo\\,C\,Cl, \\III I)c

A( 20`('ý a gradient 01'0,1A, 1)1.0(lllcc"all

1988).

moisture contents (1'.MC) will bc affecicd b.\ IcIlyclaillic

;11"obecause 01 11"

Condensation \.:Illlcs. The SkIII&II-d \; Illlc (11101cd
I" a decrease III INC

each 10"C incl-case ill temperature (Sminni,

1971a). Tcniperaluic

of P'ý, lol

vamition NNaskept doml Io i

b) IIIC;IIISOfII Ic cxtcI-II:IIIII SlII;IIcd casc IImI encapstiI;IIcd cacII cnviionnicnta I test cIimIibcITIIc
cl- (cillperature challpe is SIION\ilill file fil"Ill-Cbelow (Fil"llic .51)),
ofthe cxIcillal casc 101)[11,1,

171

30

25

20

15

10

5

oý
11 26 3G
i0/001C

-21 2(3 36
30/01/1.)6

01 26 36
31/01/96

05 16 36
31/07A)6

--- - -, -132636
09 26 36
31/07P96
31/07/96

,- --17 26 36
31107r, )h

--- -ý-21 16 36
31/01/96

I
-1--I,
01 :16 36
0, ) 2636
09 16 36
01/08AW,
011OB1,96 01AW1.16

Time

Figure 5.9

Effect of external insulated case on reducing temperature

change.

'I'lic clTectsoflenipcrature variation %%cre
this stlid) ;Ind \\(: Ic
monitored during dic tests calried 0111111
1,01111d
to have negligible effect Oil readings. Figure 5,10, I)CIO\%,
SIIO\\Sthis
100

25

Terriperatwe

20

15

HO

hit

1

Oc

Ulu
40

10

t quilibnum Moist ure Content
20

5

ý--4-7,
0
Figure

fi

41

5.10

Effect

of temperature

Tirne(Houis)

on equilibrium

moisture

.4
content.

172

5.5.3.4

Air mixing (velocity)

The mixing of air (bothwithin the caseand aroundthe immediatevicinity of the samples)is
importantin order to maintainpreciseequilibrium conditions. Temperaturegradientswill alsobe
in
by
locating
the
the
Temperature
in
avoided
sorption
sct-up
were
this
gradients
way.
avoided
by
by
the
the
the
balance
stirring
the
cffcct
on
chamber
air
caused
and
chamber
outside
electronic
input of humidificr vapour.
5.5.3.5

Weightmeasurements

Accuracy of weight measurementscan be affected by errors of method such as mould growh and tile
The
lattcr
from
solutions.
was avoided by the design of this
conditioning
salts
precipitation of
Studies
former
by
the
above.
the
mentioned
carried out by Scott (1994)
air
stirring
apparatus and
show that air movements discourage the growth of microorganisms.

is that producedby varying air
An unavoidableinfluenceon the accuracyof weight measurements
densityover the balancepan, causedby vapourpressurechanges.By locatingthe balanceoutsidethe
chamberand designinga purpose-builtweighing platform of nylon meshonly just the sizeof the
drift
hoped
Nevertheless,
in
it
this
to
themselves,
error.
minimisc
crept
over time and
was
samples
had to be factorcd out of the measurementsmathematically

5.5.3.6

Choice of equilibrium

The choice of final equilibrium weight is an area where perhaps the most significant error can creep
in. The effects of incomplete equilibrium on the sorption curve (cyclic desorptions) have been
described already in Chapter 3. Failure to wait for equilibrium will raise measuredEMC. valucs.
lowering
have
The
long
the
the
the
too
effect
of
whole
remainder
of
curve.
will
while waiting
common method of waiting for three similar readings will almost certainly lead to the former, while
waiting for a perfectly straight line in recorded weight will almost certainly lead to the lattcr as
sinusoidal humidity variations take cffect. The graph below (Figure 5.11) shows this lattcr effect, and
the following kinetic plot of data from the high-spccification CISORP apparatus (C&I Electronics)
shows the former (Figure 5.12).
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5.13-5-16)
(Figures
for
below
rcflcct tile complexity of choosing any one
the
curves
values reported
value to represent EMC at a particular RH.

5.5.3.7

Evaluationof results

Wadsd (1994) gives a very comprehensive review of the limitations of the sorption method for
calculating diffusivitics in wood, most of which lie with achieving exact thermodynamic conditions.
tic also reiterates the pitfalls inherent to evaluation of results from experimental sorption data. The
literature of sorption modelling also attests to these difficulties (Chapter 3). The model chosen %%ill

largely determinethe results. What is quite clear is that, for ordinary use(i.e., other thin the testing
of sorptionmodels).evaluationsof sorptiondatawould bestbe restrictedto a slightly moresubjective
and descriptiveappraisal. This is the approachtaken in the discussionbelow.

5.6 Sorption Data Results and Analysis
Sorption isotherms for a selection of the samples tested are reported in Figures 5.13 to 5.16
have
been
from
The
tile final three measured
the
plotted
curves
sorption
pages.
on
adjoining
No
for
the
clata-avcraging was carried out, though
steps
measured.
each
of
at
equilibrium
values
non-matlicinatical optimum fit was sought for the curves driven through these points.

Dashed lines on the curves represent what is thought to be the correct orientation of that portion of the
curve, where a problem that occurred during experimentation (a power cut) causeda wider spread of
final equilibrium values than was consistent with the construction of a Iýpc 11sorption cunc. A high
level of confidence can be given to the upper value shown, since there were signs in the total data set
collected that equilibrium was close to being reached.
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The sorption apparatus used for the experiments carried out in this thesis was not designed to the high
specifications of C&I's apparatus. In all likelihood, measurementsregistered for equilibrium at 98%
RII representeda humidity significantly higher than this and probably saturation conditions. The
humidity probe monitoring conditions registered 100% for a considerable proportion of time.
However, becauseit was impossible to be sure what conditions prevailed. equilibrium moisture
content values have been registered at 98%.

The most common approach used to calculate FSP from the sorption isotherm (given the impossibility
of measuring it) is extrapolation. Stamin (1971) discussesthe advantagesand disadvantagesof
extrapolating curves to 100%. WadsO(1994) has calculated the probable error value for this inciliod,
and rates it as significant. The main problem with the mcthod lics with the fact that the Kelvin
equation shows that condensation of water in all sizes of capillaries will cause slight reductions in
FSP
in
fact,
leading
in
to
these
occurring,
at lcvcls inuch more in
spaces,
pressure
relative vapour
accordance with 99.5% RII (Stanun 1971). Temperature fluctuations of even the slightest amount
(0.1OQ will also affect the value.

Ncvcrthc1css,as Stainin points out, the error inlicrcnt in the extrapolation method will have little
data
however.
does
It
collected in this manner
make
of
sorption.
cffcct on graphed measures
Comfort
5.6.5).
(section
for
fits
to
can be taken from the fact
models
sorption
calculated
unsuitable
that lossesto free and bound water arc now thought to take place simultaneously, making the
calculation of this point outside the reach of any but the most complex of models (Skiir

1988).

The values for FSP reported for the plank and artcfact samples in the tables below were taken directly
from measuredequilibrium values at 98% RH, with no extrapolation involved. Two cxtrapolatcd
EI
/Inn
E2/lnn
for
(fresh
becauseit was possible
(FSPEXT)
the
and
samples
wood)
arc
reported
values
to seefrom the curves that extrapolation would produce the standard FSP values publishcd for the
(undcgraded) species(Rjjsdijk and Liming 1994). The steepnessof the curves recorded for the
liclpful
be
in tlicsc cases,
it
to
that
was
unlikely
extrapolation
apparent
archaeological samples made
However. becauseof the more open structure of the degraded woods it seemslikely that recorded
values representclose to true FSP conditions for this wood.

FSPIDrepresentsFSPs measuredduring initial desorption (i. e., from %vatcrloggcd),while FSPR
representsFSPs measuredduring resorption from the oven-dry state. Only artcfact samples

A
desorption
in
latter
third
this
cunc
of
sccondary
measurement.
measured
order thit
was
underwent
tlicsc sampIcswould havc liystcrcsis curvcs for comparison and calculation.
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El/

E2/

WHI/

FF15/

FF9/

FF 12/

FF16/

FF6/

STY

Inn

Inn

Inn

Inn

Inn

Inn

Inn

Inn

Inn

FSPu)

44

43

FSPR

26

27

62

89

53

53

88

56

56

Samplc

32

Table 6.2

FSP values for plank samples.

BI/

132/

B3/

Al/

A2/

A3/

Cl/

C2/

C3/

C4/

C51

Inn

Inn

Inn

Out

Inn

Inn

Out

Inn

Inn

Inn

Inn

FSPID

68

73

79

78

79

68

75

58

56

59

53

FSPR

48

63

68

61

76

43

77

32

31

29

29

Sample

FSPEXT

Table 6.3

FSP values for artefact samples.

The FSPvalucsrcportedabovcdo not rcally sccmto distinguishthc trcnds%N,
c know to cxist bct%%,
ccil
llicsc woodsof diffaing IcvcIsof dcgradation.Variation is largc bowccii thcartcfict slillplcs, but the
Icastdcgradcdshowvcry similar FSPsto thoscof the mostdegradcdartcfacts. In the plank, outcr and
inncr sampicsyicld vcry similar rcsultsand thcre is morevariation bct%%,
ccil the valucsrccordedfor
the 'B' rcplicatcsampIcsthin thcrc is bctwccnthe cnd vcrsusiniddlc 'A' sampIcs.
Thcre is no qucstion,howcvcr.that valucsobtaincdfor the frcsh and historic oak arc vcry closcto
publishcdstandards,implying that the mctliod usedhereto docrininc FSPis not cntircly misguidcd.
It is alsoclear that valuesmeasuredfor the degradedwoodsare generallyand signifirmnilyhigher
than normalvalues,consistentwith reportsmadefor other arcliacologicalwoodstested(Barbourand
Lcncy 1982). What is also apparcnt is that FSP valucs takcn froin rcsorption curvcs (the Mindard

routeof suchmeasurements)
quite oftenyieldedresultsthat arc much lower (thoughno more
consistent)than thosetakenfrom initial desorptionfrom waterloggedmaterial. Certainof those
measuredwere.in fact, very closeto the FSPfor undegradcdoak wood.

The results for archaeological oak woods of varying levels of degradation, colicctcd and summiriscd
by Schnic%vind(1990) also show little systcruatic variation. It is unlikely. therefore, that FSP itself as
a measurecan be used to predict level of loss to ccll-%%,
all constituents or be used to compicle
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calculationsof porosity. It appearsthat thesefactorscan betterbe appraisedby a closerexamination
of the shapeand slopeof the entire sorptionisotherm.
S.6.2 Shape of Sorption Curves

Examination of the sorption curves in figures 5.14 and 5.16 show that EMC values measuredfor the
degraded archaeological woods arc consistently higher than those for the recent undcgraded wood.
just as Noack (1965), Hoffinann (1981), and Barbour (1983) found with thcirdata. Tlicscdiffcrciiccs
arc much morc strcsscdat the highcr humidity lcvcls (>70% R11). This is consistcnt with thc fact thit
the first portion of the curve (Type I Langinuir adsorption) representsthe rixcd relationship between
moisture bonding and ccll-wall composition, while the slope of the second portion of the curve
depends more on physical conditions in pore spaces(Rijsdijk and Laining 1994). Of course. miss
lossesto constituents as a result of degradation will also affect this region, becauseof their clTect in
reducing the thickness of cell walls, flic density ctc. The interesting thing is thit there ought also to
be some change in the slope to the first region of the sorption cun, c. if constituent ratios have
have
bonding
bccausc
to
total
sitcs
ought
cliangcd along with thcsc changcs,
nuinbcrs
of
changcd,

The slopcs in cach of the three main rcgions of the sorption isothcrin wcrc cxainincd to dctermine
dilIcring
dcgradation
lc%,
Rcgion
I rcprcscnts
bct%%,
diffcrcnccs
of
ccn
sampIcs
cl.
rcgistcrcd
wcre
what
the monomolecular bound watcr and covcrs the rangc from 10-30% P11;Rcgion 11.the polymolcculir
bound watcr covcring the rangc from 30-90% Rif, and Rcgion 111.thc capillary frce watcr covcring
the rangc abovc 90% RH (Hartlcy et a[ 1992). The information from this cxamination is sunimariscd

below,in Tables5.4 and 5.5. Numericaldatafor slopewascalculatedby dividing the changein EMC
(Ay) by the corrcspondingchangein RH (Ax) acrossthe rcgionsdcscribcdabovc.
El/

E2/

WHI/

FF15/

FF9/

FF12/

FIT16/

FFO/

STY

Inn

Inn

Inn

Inn

Inn

Inn

Inn

Inn

Inn

Region 1

0.15

0.14

0.12

0.12

0.14

(). 11

0.12

(). I1

0.12

Region
II

0.22

0.21

0.26

0.23

0.25

0.25

0.26

0.25

0.25

Region
III

0.74

0.98

5.75

7.05

3.18

3.40

6.68

3.59

3.41

Sample

Table 5.4

Range measured within regions of the Isotherms for artefact samples.
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BI/

132/

BY

Al/

A2/

A3/

C4/

C4/

Inn

Inn

Inn

Out

Inn

Inn

Inn

Out

Rcgion 1

0.12

0.12

0.12

0.14

0.13

0.12

0.14

0.13

Rcgion
11

0.25

0.25

0.25

0.24

0.27

0.25

0.24

0.23

Rcgion
III

2.76

4.22

4.66

4.24

5.41

4.65

3.93

3.96

Sample

I

Table 5.5

I

I

I

I

Range measured within regions of the Isotherms for plank samples.

What (his data shows is that this sorption data is disappointing in its inability to show diffcrciiccs in
lcvcl of constitucnt loss bctwccn sampIcs. The rcplicatc 'B' sanipIcs givc idcnticil data for thc thrce

regionsof their isotherms,consistentwith goodmethodology
k"
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Figure 6.18

Comparison of initial sorption curves for 'B' samples.

But the data from the cnd of plank sampIcs (Al/Out and A3/lnn) is also vcry closc to that of the

for
The
(A2/lnn).
the ar1cfactsamplesarc very flat and
recorded
curves
centralplank sample
featureless,makingcomparisonbetweenzonesdifficult. Examinationof resorptionand secondary
desorptioncurvesfor the plank samplesalsoshowthis flattening, and the fact that it is absentin the
soundrecentoak samplesis further evidenceof the irreversiblehysteresisthat occursin dcgn.dcd
sampleson drying. It alsosuggeststhat, if trendsimportantfor interpretationarc to be visible,
appraisalof sorptiondatafrom degradedmaterial shouldstart from its original saturatedcondition.
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In investigatingthe effectsof constituentlosson the shapeof the sorptioncurve,this chamctcristicof
irreversibleversusreversiblehysteresisbecomessignificant. Thesetwo conditionsweredefinedin
Chapter3. Reversiblehysteresiscouldbe thoughtto be prevalentin degradedwoodaswell as sound
below
30% RH, becauseapproximately
if
initial
desorption
curves
coincide
resorption
and
wood
30% RII is where completion of unimolccular adsorption is achieved. Differences in curves here
(either in height or slope) would suggestthat changes in constituent ratios were having an cffcct on
the number of free sites available for bonding in the wood cell walls. There is, in fact, some sign of
this in the degraded samples reported here (seeFigures 5.15 and 5.16).

Iicrc irreversible
As was mentioned in the previous section, approximately 55% PJl is Ilic point %%,
lossesto hygroscopicity are registered in both sound and degraded woods, as the permanent loss of
EMCs
in
for
bound
takes
this region of the initial desorption curve
place.
polymolccularly
water
sites
appear to ineasure significantly higher in archaeological samples than in undegraded recent simpIcs,
And they also measureproportionally lower in this region on thc resorption (hysteresis) curve. What
is
little
degraded
difference between resorption
is
in
is
thcre
that
the
sampIcs
very
more
apparent
also
and secondarydesorption values. while in the undegradcd samples there is slightly more, Is if tlic

moredegradcdthe woodis, the morc pcrmancntthe changcstaking placc within the ccll-%vall,

EMCs in the region of 90% PJI arc similarly of interest. EMC values measuredat 90% 1111rcprcsciit
the onset of capillary condensation in the fine pores. This is the case for sound recent wood. but
Barbour (1983) reported this abrupt increase in slope of the isotherm occurring lower down
(at 80% RH) in the degraded woods lie measured. When the sorption isotherms of the samples
decrease
in
in
the onset of capillary condensation is
this
such
no
examined,
project
arc
measured
recorded, though the slopes recorded for this region are rather steeper in archaeological woods than in
recent wood, and in the more degraded archaeological samples in comparison to the bcttcr-prcscr%-cd.

The implication of thcscbasicdiffercnccsbct%%,
ccn the cur%,
cs for degradcdwoodand thoscfor sound
is
hystercsis
FSP
that this woodwill displaymuchlargcr
(high
curvcs)
stccp
and
morc
wood
movcmentvalucsin uscand much lowcr dimcnsionalstability (Rijsdijk and Laming 1994)if lcfI
tintrcatcd.
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5.6.3 Comparison nith Changesto Constituents Ratios

Limited data are a%-ailable
for the adsorptionvalues of isolated wood components. The composite
graph shown bclo%vin Figure 5-19 gives a general picture of the differencesthat c.mst.
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Sorption curves for the three main wood constituents.

100
(RowelL 1990)

In hardwoods,holocelluloschasbeenfound to haveconsiderablyhigher sorption -.alues than the
wood itself

Lignins from hardNvoods.however. may have only slightly lower sorption values than the

Original wood (Stamm 1964) The combined sorption, %-aluesfor the holocellulosc and the lignin arc
often significantly higher than those of the wood itself because of problems in experimentation. In
addition, Zabel and Morrell (1992) have noted anomalies in predicted EMC trends arising from
Preferential attack on amorphous cellulose decreasing the overall moisturc-holding capacity of the
wood. as well as an absence of change to ENIC caused by more uniform removal of constituents.
Similarly. alkaline soil conditions, high salt (Rou land el al. 1984. Stonc and Scallan 1963) or high
mineral ash levels (Greddcin 1985) may also affect ENIC. Without knouingiv,. -hich of these is the
controlling factor in the degradation of an archaeological xvood sample, systematic trends can not be
dra'All between sorption %-ahics;
and changes to bulk constituents.
5.6.4 RID Ratios

Lz%*elof hN-stcresisshould make a useful measure of changes brought about to archaeological woods
through degradation. Rysicresis is commonly measured by averaging the ratios of the adsorption to
desorption moisture contents at se%tral selected relati%v humidity points. Results obtained by this
method are subject to %-anationrelated to the relative vapour pressures at -ahich the ratios arc obtained
and the limits of accuracy in interpolating moisture contents from the isotherm. Integration methods
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combining sorption equationsviith data calculatedfor areasunder each curve vicrc usedby Spalt
(1958) to (ncrcomc this.

This level of analysis ho%%r%-cr.
relics on choosingbavveenone or other of the a%-aibblcsorption
equations(Chapter 3) for this integration. as well as obtaining the physical and fitted constants
necessaryto completethe calculations. Tbcsc constantsare basedon such factors as: calculation of
the equilibrium bct%,.
-ccnthe fractional humidity and free dissolvediviatcr.equilibrium constantsof the
wood hydrates:equilibrium bct-.lt-ecnthe dissol%rdwater and cxterrial %2pourpressureand betweenthe
dissolved m2ter and hydrate water and the molecular weight of the wood polymers necessary to
Spalt (1959) provides these for a selection of

associatc%Aithoncmolectilar%vcightofvt-atcr.

hardwoods and sofhvoods, but not for oak- Ccn=

of them arc available in published volumes of

Physical constants. and Simpson (1973) has carried out the necessary work to provide some others.
But the relativclv slight research done on oak in comparison to more conuncrcially-valuable timbers
(e-g-, sofhvood species. cabinet makers' hardwoods) means that certain of the constants have yet to be
measured. V; hcthcr these constants can be presumed to apply to degraded wood of the species is
another question that has not yet been ans"-credL as far as I know, though the work of Jensen (1997) is
ccrtainlv aimed in this direction.

Nevertheless, it is quite ob%iousthat accurate. integration corrected. measurement of R/D ratios is, for
the time being. out of our grasp. This does not mean that mcaningfid infonnation can not be obtained
by cruder means.

The R/D %-alues
presentedin Tables 5.6 and 5.7 m-crccalculatedby selectingmeasured%-alues
at what
can be assumedfrom pre%iousdiscussion(section5.6.3) to be significant equilibrium relative
humiditics-3(r/o. Mr/a and 9(r/&-rcflecting points of interchangebetweentypesof water residentin
wood ccll ualls.

FF12/ I FF16/ I

El/

E2/

WHI/

FF15/

FF9/

Inn

Inn

Inn

Inn

Inn

Inn

3(r/. RH

1.43

1,49

1.04

1.37

1.28

50% RH

1.05

1.05

1.17

1.36

9(r/o RH

104

106

1.66

1.55

Sample

Table S.g

FF6/

STY

Inn

Inn

Inn

1.51

1.13

1.14

0.91

1.16

139

1.20

1.08

1.05

1.56

1.61

1.46

1.47

1.39

RD ratios nwasured for artefacts.
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BI/

132/

BY

Al/

A2/

AM

C4/

C4/

Inn

Inn

Inn

Out

Inn

Inn

Inn

out

30% RH

1.90

1.88

1.94

1.79

1.96

1.88

1.76

1.91

50'YoRH

1.47

1.42

147

1.45 : 1.53

1.37

1.16

1.21

90% RH

1.59

1,59

1.53

1.46

1.46

1.55

1.21

1.33

Sample

Table 5.7

RID ratios measured for plank samples.

A distinct difference showsup betweenR/D ratio %-alues
calculatedfor degradedarchaeological
samplesin comparisonto thosefor undegradedrecent wood. Hysteresisratios for degradedwoodsarc
much decreased in the mid-rangc (5(r/o)- Ratios measured in the low range (30'Yo)-4hosc arising
from losses to holoccllulosc--arc
the upper range (90%)-ansing

also decrcascd, though to a restricted amount. Ratios measured in
from physical changes to cell %%-alls-areconsistently higher for

degraded samples than for those bettcr-preserved.

The latter mould appearlikely to be the controlling factor affecting the sorption isotherm for degraded
waterloggedoak m.-oods.
5.6.5 Calculation of the Void Volume in Mqwd

An accuratepicture of the totalvoid volume presentin a sampleof wood would bewduable both as a
gaugeof degradationlevel and as a meansof calculating the maximum possibleuptakeof bulYing
chemicalsfor treatment.

The problems inherent in void volume calculations from data gathered by solvcntR2tcr sorption
techniques have already been thoroughly discussed in Chapter 3 and earlier sections of this chapter
(5.3). For more reliable results. data from the sorption isotherm can be applied directly to certain
sorption models, more specifically those based on -,mpour pressure as a dri-ving force (Brainhall 1995).
The barriers to making calculations based on sorption models -A-crediscussed in section 5.6.4.

Stammpra%idcsthe follcming cquationfor calculating void -t-olumcsdircctly from FSPN-alucs:
[(Yg..

=, -g
where:

)+(.,
+7/

V. is the sdid volume,g is Viaspecificgravityof theWOCW,
aridg. is the Cellwalldensity,M. is the SaturatiOn

FvxgstLwecontent, m is the moistme content, and p is the densitY Of w3ter.

Equation s. 1

Calculation of the void volume in wood.

(Stamm, 1964)
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SinceFSPvalues measuredin the presentstudy failed to show consistentrelationshipsi,*ith other data
measuredfor thesesamples(Chapters6 and 7), and since there is somequestionaboutthe validity of
the averageccfl-uull density figure of 1.5 g/cm when applied to heavily-degradedwoods(seeChapter
6 for discussion).calculation of void volumes%%-as
abandonedin favour of other more promising
techniques.

5.7 Summary
This chapter has attemptedto appraisethe valuc of sorption analysis in pro%idingthe conservatorulth
the information he needs(level of degradation.opennessof structure to penetrationby treatment
chemicals,residual hygroscopicity)in order to stabilise archaeologicalax1cfactscomposedof
%i2terlogged
wood.

While the sorption curvesproduced,%icldedconsistentdata for undcgradcdwoods,and the expected
trendsbctueen archaeologicaland recentvvoodLthosefor degradedwoodsproved generallyunableto
show up differencesbetweendegradedartcfacts. This must be presumedto lie more vvith the
complexity of factorsthat might influence sorption characteristicsin archaeologicalwoods;(changes
to constituentratios. ash content. organic residuesand physical changes)than to the level of error
characteristicto such measurements.
In addition. the sorption methodcan not be considereda practical one for day-to-dayappraisalof
archaeologicalwoods. The experimentstake a prohibitively long time to carry out (typically
6-12 monthsper sampic). The amount of care and expertiserequtredto yield data specific enoughfor
applicationto diffusion modelssuitablefor archaeologicalwood is beyondthat which is generally
available. Nevertheless,more descriptivedata aboutthe relative changesto the holding capacityof
for differently bound xuatercan be obtainedfrom the resultsproducedusing this apparatus.
IWOods
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6

Physical Properties Tests

6.1

Introduction

Determinationsof maximum moisture content and density are standardto the appraisalof the physical
propertiesof both modern timbers in useand the condition of archaeologicaltimbers being preparedfor
treatment. It has beenshou-nthat thesenvo measurementsare strongly correlatedulth other important
properties,such as wood strength and residual chemical componentlevels in archaeologicalwood
samples(Hoffmann 1982,Grattan and Mathias 1986,Hedges1990, Schnie-aind1990). Indeed,Hedges
(1984) has claimed that .,k-hcrcthe chemical composition of thewood speciesunder investigation is
kno-.,.
-m density can be usedto estimatethe presentchemical compositionof the archaeologicalartcfact.
Barbour (1994) and Jagcls(1982) addedmicroscopicexamination to the list of standardinitial testsfor
establishingthe condition of archaeological%vooden
artefacts. Both Barbour (1984) and Hoffmann and
Jones0 990) showedthe potential of fluorescenceand polarised light microscopyfor providing direct
evidenceof level of lossto ccll-u-Al constituents.
A numberof studieshavebeencarried out to assessthe usefulnessof moisture content,density,
resistancestrength.and nucroscopicexamination techniquesin establishingan accuratepicture of
condition in archaeologicalwood undergoingconscn-ation(Hoffmann 1982,Barbour 1984.Grattan and
Mathias 1986.Clarke and Squirrel 1985.Pantcr and Spriggs 1997.Hoffmann and jones 1990). All of
theseworkersconcluded.to -.-aryingdegrees.that such measurementswere susceptibleto high degreesof
error and inexactitude,but %hen studiedcritically could yield a rough guide to the physical condition of
the object-criough to inform the assessment
and treatmentprocesses.Despitethe problemsinherent to
density (and to Umax measurementsespecially).it is cL-iimedthat the two havethe potential to
summarisechangesto the chemistryand physical strengthof archaeologicalwood, information that is
crucial to predicting the artcfact's ability to standup to dning stressesduring treatment.
What the analyses set out in this chapter aim to do is provide flulhcr and more systematic appraisal of
thew techniques for cstablLslung the condition of artefacts and, moreover, to attempt to see whether any
direct relation between any of these measurements and wood sorption data can be established. It is
dealing
in
sorption data that can tell us what lc%-clsof porosity %,
the object we are attempting
arc
Aith
*-c
to treat. In the process, a rough picture of the rclative condition of the test samples i&ill be constructed.
Change in condition through the single artcfact uill be mapped out and a comparative -0cw of the range
of archaeological oak samples thavwcre used in the sorption trials -Aill be built.

6.2

Determination of Moisture Content and Maximum Moisture Content

6.2.1

Principles of. 4feasurement

The actual and maxunum water contents give the first impression of the condition of a piece of wood,
and thus are the inain basis of most classification schemes (Christensen 1970, Jagels 1982; Cook and
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Grattan 1991). Hoffmann (1982) establisheda close link betweenmoisture contentand level of
deterioration in a piece of wood by pro%idingdata that showsthe relationship betweenthe volume
percentageof ccll-,A2Usubstanceremaining in deterioratedwood, and its maximum water content
Moisture content determinationsare carried out to measurethe quantity of free water presentin the pore
svstcmof a wood. Kollmann and H6ckcle (1962) madea critical comparisonof 15 methodsof water
content determination applied to severalwood species. Four of thesemethodsare coveredby
ASTM D-2016: titration with m-atcr-selective
reagcnLdistillation with miatcr-immisciblesolvent,
drying. The simplest and most frequently applied method is
electrical resistance,and o%-cnA2cuum
oven-drying at a standardtemperatureuntil constant %%-eight
establishesthat all fire imatcrhas
e%-jporated
off. Too low a temperatureor too short a time fails to reachfree water in the innermost pore
spaces,too high a temperatureor too long in the o-.-cn hasbeenobscn-edto causevolatilisation of
certain of the ccll-wall extractivesand may causefractionation of cellulose (Stamm 1964, Skaar 1988).
The TAPPI (T- 12) and ASTM standardtests(timber industry measurementstandards)control for such
errors. Thesestandardsarc, in fact, designedto measurea quantity known as the maximummoisture
content (Umax) Miximum moisture content is the maximum amount (%) of water that a wood can
hold in its ftdly-saturatedstate This is a much more useful measureof the free water in waterlogged
samples,as it allows the calculation of the rclative percentagesof wood volume occupiedby ccll-m-all
substanceand that madeup of void and capillary systems.whereasmoisturecontentwill -.ary depending
on the post-cxca-.
2tional storageconditions of the wood. Maximum moisturecontentdeterminations
thus include an initial step invol-ting %-acuum
rcmcn-alof the air presentin the void spaces,before
weighing. o-.-cndrying. and weighing again.
While ovcn-drying hasbeenthe uni%-crsafly-acccpted
methodfor determining moisturecontent,it is
slow and destructive. As well, it mill give valucs slightly higher than true moisturecontent in woods
that containvolatile organic extractives(Rijsdijk and Lasing 1994). Though fresh oak-woodhas
considerablelevelsof theseextractives.waterloggedwood hasbeenfound to have lost most of its
extractivecontcnt. and should thus not suffcr from this problcm. NVhilcclectrical conductanccand
resistancemethodshavebeenproposedas an alternative (NbcLeod et al 1994)and arc rapid and do not
requiredestructionof the .,.wd- the interpretationof resuItshastendedtomardshigh levelsof
inaccuracy Gcncrafly. thesemethodarc limited to usein timbcrsAith moisturecontentsbelow 30%
(FSP)(Rijsdijk and Lasing 1994)
6.Z2

Problems and Interpretation

Moisture contents reported in the literature can be rather confusing and misleading, since some are
calculated as percentage based on waterlogged weight, others on (n-en-dry weight (Grattan and Mathias
1986). Comparison to the dry wood mass, i. e., the knou-n quantity. is now the standard in wood
consen-ation research as %vcllas in timber science. Archaeological woods from varying contexts have
been reported with mmmurn moisture contents ranging anyu here from 12% to I 00011/a.

191

Maximum moisture content (henceforth Umax) is meaningless unless related back to the standard for
green. unseasoned wood of the same species. Green oak-wood (Quercus robur) can be expected to have a
Umax of 64% thus anything over that percentage may be considered a sign of chemical or physical
changes to the wood, Species such as pine ha-tv green Umax's of as much as 200%. Because physical
(e.g., seasoning shrinkage) and chemical changes to the wood %III affect moisture content, the Umax
measure is least misleading -,,.hcn taken in context mith the density of the sample. This relationship -aill
be investigated in Section 6.3.

The major problem mith moisture content determinationsis that they are basedon graxinictric analysis.
Not only is it very difficult to weigh dry,samplesof wood mithout instantaneousabsorptionof moisture,
but it is equally difficult to achieve accurate wet vi-cights because of the highly %-ariableamount of water
that %ill tend to cling to sample surfaces (Sj6str6m 1981). In conjunction -Aith the relatively small
sample sizes a%-mlabicfor testing (in the perennial juggling between retention of artcfact integrity and
the needs of science). the resulting highly, %mriabledata must be interpreted uith general caution.

6.Z3

Erperimental

The overall sampling strategyfor this body of researchhas alreadybeendescribed(5.2.1). Moisture
contentdeterminations%vere
carried out on transverse-cutsample%-afcrsranging in original massfrom
the orientation
approximatcly2-4.5 grams. exceptingthe D-samplesfiromthe Roman%vcH
plank %%-here
of cut allowed only 0.5 gram samplesto be taken. The rangeof oak artcfactsoriginating from differing
contexts-.vcre mcasuredLas %vere
samplesfrom the Roman%vellplank. Sampling recommendationslaid
out in TAPPI T-1 I were followedmthcrem possible. All weight measurementswere madeusing a fourplaceMettler electronicanalytical balance.
Procedures laid out in TAPPI T-12 were followed. Initial sample weights -a-ererecorded before drawing
vacuum, in order that moisture-contcnt levels could be assessedalong with maximurn moisture contents.
Efforts were made to standardise the rcmo-*-Aof excess surface imatcr before wcighings, by touching one
comer to a piece of filter paper for an inten-al of two seconds. Dr)ing -a-ascarned out in a Gaflenkamp
dr)ing oven. and though it %,.
-asnot fan-assistcdL silica gel ensured the thorough rcmo-.ml of all moisture
evaporated from thc,.,.-ood samples. Dr)ing took from 24-48 hours to achic%,
e consecutive readings.

Pcrccntmoisturecontcnt was calculatedaccordingto the standardequation:

(WellVeighl - OvendryiVeighl)
x 100
OvendryiVeighl
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In Table 1. the ariefacts are ordered. lo%%est
inner %wod Uniax to highest Umax

Coiisistencý %%itliinthis

as the results of other methods of arialýsis are discussed
ordering oft tic aricfacts %iiII be re%ic%%cd

6.2ý 41(

*max and wood classific ation

C:-, a, Outer)

sw
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3!

i

ý (Oulff)

Figure 6.1

Variation in maximum moisture content throughout the Roman plank

Figure (1 1. aboNe.slioi%sthat our understanding of the deterioration sequence of the %%aterlogged
%%ooden
anefact holds Ime. nanielý that its outer laýcrs %N
ill Ne sigiiificantlý more deteriorated than its
inner core The Rontan %%ell
plank aiialýsed in the present studý fits into the Uniax limits of
Christensen's ( 1970) Class I deterioration IeNel at its outer edges and into Class 11in its ccritre. One end
of the artefact seems gcncrallý more deteriorated than the other (A., ). ýet the soundest %ýoodappears to
lie sonicN%here
around Cut 19. rather inore tomards the deteriorated end of the plank- but ne%crilieless
reasonabl%centralIN This information niaN suggest the orientation of the arlefact in the soil. greater
deterioration tending to occur to exposed rather than buried surfaces
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Variation in maximum moisture content throughout
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SAMPLE

Umax from total

WH1

FF16

FFIS

FF12

FF9

FF6

ST3

Inn

Inn

Inn

Inn

Inn

Inn

Inn

100

352

433

453

QO

5%

731

133

Q9

390

397

532

653

787

wood %
Umax Av. from

I

data Table 1%

Comparison of Inner and outer wood Umax averages

Table 6.2

Uinax measurements
of outerversusinncrA,ood can be seento accordwell with the drawingstakcn
from cross sections of the samples (see Chaptcr 5). A great deal of variety in the extent of the

deterioratedouterlayers,evenwithin oneof Christensen'sclasses.canbe clearly seen, This suggests
it can
that, despitethe largeinherenterror acknowledgedto be associatedwith this measurement,
degradation
the
condition
of
of
of an artcfact,as long as sonicthought
picture
clear
providea relatively
has bccn put into sampling.
6.2.4.2 Dýfferencesbetween water content and maximum moislure content

Hoffinann(1982)rcmarkson the possibilityof comparingwatcr contcntwith maximummoisture
contentto revealincompletewaterloggingand the presenceof air in woodenaricilicts. The similarity of
Umax to moisturecontentmaybe a usefulindicator of the level of post-cxcavationstressbroughtupon
the wood,and a predictorfor potentialproblemsin its treatment.
The differcncebctwccnthe watcr contcntand Umax incasurcdin plank sainpIcsprovcdto bc only vcry
slight-at

Since
Table
1.5%
6.3
below).
in
(see
the
this can be presumed to fall well
of
range
most

within the error range for such measurements,it might be concluded that the Roman plank was still very
thoroughly waterlogged despite the amount of time that had elapsed since its excavation. Initial
moisture contents of the other artcfacts were not made. It should be noted that 11offinann (1982) only

found largc variationsbctwccnUmax and watcr contcntin thoseof his sampIcsthat wcre in bcttcr
prcscrvation.

El/Inn

SAMPLE

E2/lnn

Al/Out

A2/lnn

A2/Out

A3/lnn

A3/Out

Moisture Content*/b

47

13

436

365

444

441

462

Umax %

83

64

441

365

439

446

462

Table 6.3

Comparison of moisture content to Umax figures In plank samples

6.2.4.3 Reliabiliývqftl)naxavaniea.

vuregfcleterioration

by a number
The significantlevel of error claimedto be associatedwith this measurewassubstantiated
from
in
Error
1.5-60%
both
approximately
ar1cfacts.
ranged
and
values
plank
triplicate
on
run
samples
of
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in
'D'
13-20%
high
the
shown
sections where the total simple size was
as
as
errors
plank samples,with
necessarilyvery restricted.

In general,error valueswere larger in outcr samplcsand tlicsc, too, exhibitedlessregulartrendsthan
thoseof inner wood. This is mostlikely associatcdwith the high amountof water licid free in the open
it
Such
is
lost
during
that
the
difficulty
all
none
of
process.
weighing
the
of
ensuring
poresand
fact
by
from
Umax
further
the
that
the
is
taken
multiple
measurements
of
corroborated
explanation
degraded
higher
the
associated
error
with
more
samples,
showed
rangeof artcfacts
6.2.4.4 Correlation between Umax results and sorption trends
As rcporlcd in Chapter 5, only the most general of correlations was revealed bct%%,
ccn sorption
in
for
While
FSP
degradedwoods
Umax
the
trends
studied.
woods
measured
values
characteristics and
higher
for
than
in
normal
values
undcgraded oak wood, regular and consistcrit
significantly
general
were
differences were not shown between artcfacts, reflecting the variety of degradation factors affecting
sorption properties. The shapeof the isotherms did however rcfIcct Umax dita in that the second
portion of the isotherm, which illuminates physical conditions cxtant in pore spaces.showcd consistent
increase in slope with increase in Umax.

6.3

Determination of Bulk Density and Cell-wall Density

6.3.1

Principles of Measurement

Density is the single most important indicator of strength and chemical integrity in wood. Expressedat
its simplest as weight per unit volume, it gives a very clear indication of the drying characteristics of a
piece of wood. In general, relatively dense woods such as oak exhibit greater movement under changing
Density
in
1981).
is
both
(Desch,
wood
a measureof the remaining ccll-wall
contents
moisture
substanceand a comment on the proportion of the wood taken up by the pore volume-indccd,

this

inverse
be
the
of the pore volume. Very often, the data quoted in the
as
expressed
measuremay
literature is for specific gravity rather than density. This expressesthe ratio or the density of the wood to
the density of water. This measure is helpful in standardising data for comparison bct%%,
ccn species. In
measuring either of these, it is customary to use oven-dry weight and current volume. as a wood
sample's volume, particularly that of waterlogged wood, will vary radically with changes in moisture
content (U. S. Forest Products Laboratory, 1989). Above 30% or FSP, however, density has not been
found to change with increasing moisture content (U. S. Forest Products Laboratory. 1989). Whether
this also holds true for deteriorated archaeological waterlogged woods is a matter for investigation.
Two measuresof density are significant to our understanding of the condition of an archaeological
Basic
density
is
density
basic
bulk
the
the
total
and
of
of (he
cell-wall
(Iensiýv.
artcfact:
(lensity
wooden

its
Chcmicll
dissolution
its
indicator
and
rcmnant
strcngtli.
and
physical
of the
porosity
of
an
woodand
Quercus
density
falls
Basic
this
of
robur
undctcrioratcd
generally
therefore,
measure.
affect
wood will,
in the region of 0.63 g/cm' (Fcngcl and Wegener 1984). Ccll-Avall density. in contrast. is the density of
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the ccil-wall matrix itself Ccll-wall density varies little between most undetcrioratcd woods, and is
Laming
(Rijsdijk
1994).
1.5
and
g/CM3
of
given as an averagevalue
Changes to the relative proportions of ccll-wall constituents as a consequenceof dctcrioration could be
density.
Barbour's
howc%,
(1984)
have
ccll-wall
to
on
results.
cr, apparently
cffect
a
noticeable
expected
density
to
ccll-wall
with increasing deterioration. No more recent work
change
showed no significant
has followed to test this conclusion, and without further appraisal it has since been incorporated into a
in
PEGCON
for
the
condition
of
e.
g.,
estimation
waterlogged
archaeological
wood,
of
methods
number
difficult
It
is
density
from
Umax
to envisage a theoretical construct that could support
calculations.
and
losses
in
in
to
that
the
and
severe
unequal
arc
recorded
ccll-wall
polymers
of
view
such a statement,
chemical analysis of this type of wood. Sclinicwind (1990), however, seemsto acknowledge the
Changes
this
to ccll-wall density will rcccive new appraisal in
to
measurement.
change
of
probability
this chapter.
As mentioned above, density can be calculated from water content where, for one reason or another. tile
single measurementonly is possible. Grattan and Mathias (1986) produce the standard equation for this
from the wood-sciencc literature. The equation is basedon two assumptions, tile first, complete
Umax),
(i.
before
e.,
and the second, a standard unchanging value for ccli-wall
measurement
saturation
density. The problem with the secondof these assumptions has already been discussed. Nevertheless.
relationships between basic density and maximum moisture content will also be tested, and attempts
from
for
the
this
to
of
results
resistance strength measurements.
appraisal
use
made

6.3.2

ProhlemssvithInterpretation

No single, standard method has been developed for determining the density (bulk or ccll-wall) of wood.
This is becausesample size, form, and regularity vary greatly. depending on the circumstanccs
governing their collection, e.g., increment boring, micro-sainpics, ctc. Stamm (1964) describes in dctlil
five methods of measuring density in wood: micrometry of a perfect parallclepipcd. watcr buoyancy
displacement, picnoinctric method, maximum moisture content, and mercury dilatoinctry.

Mention has

also been made in the literature of X-radiography as a method (Panshin and de Zccuw. 1980). The
small size and irregular dimensions of archaeological simpIcs commonly available make watcr
buoyancy and picnomctric methods those in most common use, Maximum moisture contcnt calciflations
are less commonly used, since error quoted for this method is in the range of 5% ovi

for sound modern

specimens(Stamm 1964).
Accurate and consistent density data are difficult to obtain without vcry standirdiscd proccdurcs, and
hcn testing detcrioratcd material such as archacological wood.
becomeeven more difficult %N,
Temperature of both wood and water must be constant at the specified standard temperature, and ovendry weights and volumes must be quoted at some specified moisture content. Some very basic
difficulties arise with density measurementsof wood, both becauscof the moisture it contains and

becauseof the inaccessibilityof a proportionof its void space.Partly is a resultof this. and partly
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becauseof the inherentvariationwithin wood species,a coefficientof variationof about 10% is
consideredsuitablefor describingthe variability of densitywithin a singlespecies(U.S. ForestProducts
Laboratory, 1989).
Becausedensity measurementsare gravimctric and rely on accuracy with both wct and dry wcighings,
they suffer from the sametendency to high error that maximum moisture content does, Additional error
will be introduced if the wood sample has originated from an object that has experienced crushing or
drying collapse. While density is expected to vary with mass loss during dctcrioration, increased
mincral (ash) content will interfere with this relationship and introduce error (unreliable trends) into
evaluation of the density results forthe morc-dctcrioratcd woods. Furilicrproblcms. irisc if density
have
that
samples
not undergone full saturation. As with moisture content,
on
arc
made
measurements
density mcasurcincnts arc largely meaningless unless Ilicy can be conipircd against standard values for
the speciesof wood under study.
Experimental

6.3.3

Density measurementswere carricd out on 1-2 grams of material cut from the test material rcinovcd
from the artcfacts. The picnomctric method was chosen over others becauseof its lesser tendency
towards error with small irregular sample material. Stamm's (1964) method and recommendations%%,
crc
followed. Temperature of both wood and water during the measurementswas maintained at 23T.
Moisture content quoted for dry weights was assumedto be cffcctivcly O'Yo,as samples were cooled ovcr
silica gcI and not allowed to re-cquilibritc to ambient humidity before weighing. Results arc listed in
Tables 6.4 and 6.5.

Cell-wall densitywascalculatedusing:

Rg =W
W" - (W1 - WJ

ONtamm1964)

where: Wd Is thedryweight,Wois theweightof waterIn thepicnometer,
andIN, Istheweightof thepicnometer,
water
and wood;and W. Is the weight of the originalsaturatedwood..

Basicdensity(R,,) figureswereobtainedby the following calculation:
Rg = Oven dry weight / waterlogged volume
from data provided by picnomctric measurements.

Densityvaluescalculatedfrom maximummoisturecontent(Umax) usedthe formula:

(11 max

Rg _ ý

100

+)/15)-

O.'chniewind 1990)
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I'llis I's 1101

heavily
is
difficult
in
density
rely
on
gravimctric
also
accuracy,
which
measurements
as
surprising,
degraded
In
the
cffccts
of
elevated
ash
of
more
content
characteristic
addition,
samples.
saturated wood
here.
Differences
density
losses
in
between
be
their
to
effects
outer wood and
show
wood must presumed
inner wood arc much less exaggeratedin the Roman plank samples than they are in the other artcflcts.
Zabel and Morrell (1992) rcmind us that certain microorganisms causesubstantial weight loss without
much change in wood volume, while others cause lossesto both. Actions of these latter might be
responsible for the relatively similar density lossesshown by sapwood and heartwood samples in the

Romanplank.
Replicate samples ('13). again, did not produce results that concur closely. If this were entirely due to
the error associatedwith this type of analysis, it is doubtful whether the other sampleswould have
did,
they
that
trends
or that sample cuts 12 and 13, lying in close association with one
the
regular
shown
figures.
density
It
seemslikely, therefore. that the crror in these
similar
such
show
should
another,

of saturatedwood
samplesis linked to methodologythat, like Umax, relieson weight measurements
samples,ratherthan to variation within the woodtissues.
Results from the artefacts (Table 6.5-,Figure 6.4) match up well with those for Umax, and thus agree
Grattan
in
Hoffmann
(1982)
Mathias
(1986). The higher bulk
the
and
and
charted
relationships
with
density of the historic oak compared to that of the fresh oak is expected. in that it will have been very
thoroughly seasonedand have thus lost significant volume compared to %%,
eight, These results also agree
The
density
W11
Scliniewind
I suggeststhat this artcfict has not
in
(1990).
those
of
reported
with
deteriorated much from its original state. Reference to its ash content (Chapter 7) does not provide
reason for suspecting that this has affected its density. Results for FF9 and FF6 establish with certainty
the presenceof a very hard inner core, in conjunction with a very deteriorated outcr layer. ST3. again,
cry
shows very minimal difference between outer and inner layers, and that is consistent %vithits %,
advanced deterioration. Comparison of the values for inner and outer samples suggestthat deterioration
of these two zones proceed together, though at differing rates, while the whole artcfact is undergoing
deterioration. To a certain extent, this contradicts Iloffmann and Jones' (1990) suggestions. made front
microscopic observations, that deterioration virtually completes dissolution of one set of cells before
front
deterioration
forward
the
onto undctcrioratcd cclls.
moving
6.3.4.2 Reliability qfbulk, density as a measure gf(leterioration
The relationships revealed by these data suggest that density is perhaps a slightly more uscftil measure
of the condition of waterlogged wood than is Umax. While differences in zonation show up with
consistency in both measures,density appears to show a slightly lesser tendency towards gross error,
e.g., as evidenced by the 'B' triplicate samples.
Basic densities of plank samples show reductions in density to approximatcly 30-35% of t1tat normal for
for
from
87%
densities
17%
Basic
to
that
of
artcfacts
range
approximately
this
of
normal
species.
oak of
for
(1990)
Schnicwind's
a range of archaeological artchcts orQuercus robur show a
results
oak.
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is not possibleto see
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with
rather
compared
since
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Bulk density calculated from Umax (Roman plank samples)
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WHI, showed a much-rcduccd loss of only 3% in ccll-wall density that matched well with an 11% loss
to constituents. Trends throughout the Roman plank arc consistent with both these observations and
for
Roman
higher
in
density
Ccll-wall
the
data.
tile plank's
Umax
plank
arc
values
generally
with
for
samples
than
the
and
outcr
wood
all of the woods tested show a generally
edges,
outer
ccntrc
at
larger loss to ccll-wall density compared with inner wood samples. Results for ST3 support tile
Jones
(1990),
disappear
in
by the
by
Hoffmann
that
to
and
zonality
oak
appears
wood
statement made
time Umax is 900% and bulk density is reduced to the region of 0. lg/ciu3.
6.3.4.5 Reliabili(v of cell-wall densi(v as a measure qf deterioration
As with the data reported for Umax and bulk density, sapwood samples do not show reliable trends. and
errors with these sections could be expected to be high as a result of higher and more variable quantities
however,
7.3.1).
'D'
(see
samples,
show very consistent results that rcncct those of
of mincral ash
previous analyses. The ccntrc of the plank shows significantly higher cell-wall density than the outcr
better
in
condition than the other, perhaps (as mentioned earlier)
much
appears
one
of
which
edges,
becauseof its orientation relative to cxposurc before burial. Sapwood samples show almost identical
lossesin ccll-wall density. What is interesting is that the dry oak now rcNcalsthe small amount of
deterioration not shown by bulk density data, where the years of seasoningcffccts coupled with loss to
constituents have resulted in a wood that has undergone shrinkage and thus an increase to its bulk
density. This would suggestthat ccll-wall density is a measure that can reflect quite small changes
within or between artcfacts.

Thoughlessextremethan lossesexperiencedin bulk density.thesefiguresshowingreductionsto cellwall densitycannotbe consideredinsignificant. Barbour'sown resultsshowed7% losses.on avcrige.
Presumablysincethis figure is closeto the 5% error that might be expectedfor certain methodsof
measuringdensity,it led to his conclusionthat no changeto ccli-wall densitycould be assumed.
Schnicwind(1990)anticipatesreductionin cell-wall densitywith degraditivc lossof carbohydratcsfrom
the lignocarbohydrate
complexof the cell wall. Grattan(1987)pointsout, however,that oncethe cell
wall becomesseverelyeatenaway,the internal volumewill begin to decreaseagainand the fibre
saturationpoint will fall correspondingly.
6.3.4.6 Umax-calculated bulk denshý,from experimental data
Schnicwind is also sceptical about the relevance of results of level of change to ccil-wall density that
have appearedthus far in the literature (e.g., Tanaguchi el al. 1986). Though acccpting the results as
have
does
feel
he
they
that
would
much cffcct on, for example, calculations of basic
not
meaningful,
density from Umax. When Umax-calculatcd density data is rccalculatcd using experimental ccll. %vall
density data from the present study, differences in the values for the resulting basic density were 21/u-3%,
and all were less than those calculated with the averagevalue of 1.5. Furthermore. results for better-

for
less
less
deviated
those
the
than
well preserved,and thus perhapsbetter
samples
preservedwood
density
(e.
affecting
g., elevatedashcontent).
of
variables
reflectour understanding
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However,resultsfrom both of thesemethodscan not be consideredto be significantlydifferent if
Umax
density
into
the
levels
taken
measurement
of
with
and
arc
account,
associated
of
error
estimated
And sincethe entire reasonbehindUmax-calculatedbulk densityis that it obviatesthe needfor a second
it is difficult to statethat accurateccil-ivall densityfiguresarc helpful in this case.
measurement,

SAMPLE

Umax-calculated

WHI

FF15

FF9

FF12

FF16

FF6

ST3

Inn

Inn

Inn

Inn

Inn

Inn

Inn

0.466

0.191

0.127

0.194

0.191

0.106

0.126

0.455

0.187

0.125

0.190

0.187

0.104

0.124

Bulk density'
Umax-calculated
Bulk denSity2

Table 6.6

Comparison of Umax-calculated bulk density from measured2vs. standard' values

6.3.4.7 Correlation between density results andsorption trends
As aircady discusscd in scction 6.2.4.4. dircct corrclation bctwccii sorption valtics such as FSP and
dcnsity valucs is not possibIc. The incrcase in slopc of the sccond portion of thc isotlicrin which was
shown to accompany incrcascd dcgradation would naturally apply particularly to dcnsity rcsults siticc

bulk lossesto cell wall constituentshavca radical cffcct on the physicalconditionof the porc spaces.
Discussionin Chapter5 reiteratedthe problemsassociatedwith useof averageccil-wall densityvalues
to calculatevoid volumes.

6.4

Physical Resistance Measurements

6.4.1

Principles (!f Resistance Strength Measurements

The measurement
of mechanicalpropertiesis an alternativeapproachto the assessment
of detcrioration
level in archaeologicalwood. In moderntimbers,the objectof suchtestsis to acquireinformationon
the working qualitiesof the woodand the amountof moistureheld within the tissues;in waterlogged
archacologicalwoods,however,suchtestsprovetlicmsclvcsby what theycan tell aboutthe clicinical
deteriorationof the wood,lossesto density,and the artcfact'sability to supportits own weight in
handling.Any appraisalof strengthin archaeologicalmaterialcan only be usefulwhererelatedto other
of deterioration.Zabeland Morrell (1992)report nicisurablechangesto mechanical
measures
propertiesbeforethe woodhasexceededa 5% lossof constituents.Thoughthe cffcctsof decayon wood
strengthhavebeenintensivelystudiedfor recenttimbers(Zabeland Morrell 1992)and for dry context
archaeologicaltimbers(Sclinicwind, 1990),very little dataexist on strcngtlivaluesfor waterlogged
for
And
tackling suchdeterioratedmatcrial tendto be so variableas to inakc
suitable
methods
woods.
dircct comparisonof rcsultsbctwccnstudicsdifficult.
The strcngth proputy most scnsitivc to small variations in decay is touglincss or rcsistancc to impact
loading (Wilcox, 1978). Muction

in touglincss or hardncss is a vcry good glugc of the carly stigcs of
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degradation (Zabel and Morrell 1992). This is, coincidentally, also the least destructive of the available
methods for evaluating strength in archaeological wood. Two measurementapproachesof this strcngth
property have been reported in the archaeological wood conservation literature: the Pilodyn (Clarkc and
Squirrcll 1985) and the Sibcrt Decay Detecting Drill (Pantcr and Spriggs 1997), Kazankaya Ct al.
(1985) also reported on a related method, though not in detail. All three methods proved relatively
reliable in showing a linear relationship between hardness and maximum moisture content. and some
correlation between hardnessand density over a range of waterlogged samples in different stitcs of
degradation. (Figure 2.18)
The Sibert resistancedrill was chosen over (lie others for the present study becauseof its ability to
provide infonnation on variation in deterioration throughout a timber rather than the gencraliscd
deterioration value given by the Pilodyn. Although classed as a destructive method of analysis. the
dainage causedto the surface of the object by the penetration of (lie drill pin is minimal.
The Sibcrt Drill produces a graphic representation of the rite of penetration into the wood of a 200 minlong high-speed probe under constant pressure. The amount of resistanceencountered in each
ccntiinctre is recorded as a series of lines drawn onto plotting paper on a rotating drum (Pantcr and
Spriggs 1997). It works on the principal of the resistanceof wood to an applied load. this load being
applied at a known rate (rather than the shock resistance measuredby the Pilodyn). This is akin to the
impact bending test used in timber analysis. It measures,however, the fracture surface area (the edges
of the pin) created by a constant energy source, rather than the amount of energy required to produce a
constant fracture. The resistance is dependent on the anatomy of the wood simple. the nature and
length of its fibres, its relative density and moisture content, and the type and amount of it extractives
(e.g., ash). Of these, direction of sampling and moisture content in particular havc been found to
influence depth of pin penetration in modern timbers. With waterlogged material, however. moisture
content is less influential, except in marginally-dctcrioratcd samples (Schnicwind 1990), Since
orientation is important, direction of sampling must be stated for results to be mcaningrul.
The main drawback to the Sibcrt ResistanceDrill is in quantifying its data. Though original
developmental researchproduced an equation correlating average number of bands per ccntinictrc and

bulk density,this relationshipcould not be establishedin testscarriedout on waterloggedtimbers
(Gabby1993,Pantcrand Spriggs1997). Nevertheless,its tracedprofilesyieldedclear viewsof
sequentiallevelsof resistanceprogressingthrough an artcfict/timbcr.
6.4.2

Pýoblems ivith Interpretation

Getting meaningful results from strength testing of archaeological waterlogged woods is vcry difficult.
Uneven decay is rccogniscd to affect results (Zabel and Morrell 1992). Pocketsof degradation produce
failure zones that can magnify strength losses in small areas of flic ccll-wall or wood tissues. In

addition,whenonly smallerspecimensare availablefor testing,accuracyhasbeenfound to bevariable.
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Measures of toughness (e.g., impact resistance) are, however, the most reliable of the strength mcasurcs
with such sample material, prid the values attained are comparable.
It is not unusual for archaeological woods to show significantly lower strength properties than recent
in
density
(Schnicwind, 1990-,Kommcrt 1981). This seems
reduction
accompanying
wood, without any
particularly the casewith the more highly deteriorated oak woods. Komincrt suggestedthat this implied
dctcrioration without mass loss. Schnicwind'S(1990) data collected for maximuincrushing strength,
static bending strength and stiffness of waterlogged wood illustrated that strength lossesappear not to be
directly proportional to mass losses,though ccll-wall density figures indicate that degradation of the
quality of the remaining substance(e.g., lignin) is taking place. Zabel and Morrell (1992) belicvc
elevated ash contents to be partially responsible for this, and also cite decay mechanisms such as brownrots and soft-rots, which have the tendency to create relatively large strength lossesbefore much loss in
mass has taken place. More completely degraded wood tends to show little difference in the degree of
strength loss resulting from different mechanisms of polysaccharide dissolution. Certain very high
levels of impact bending strength reported for archaeological timbers arc thought to be due to increases
in plasticity related to changesto the loss of crystalline ccil-wall constituents in relation to amorphous
plastic ones (11offinann, 1986, Jagels et al. 1988). Average residual impact bending strength of
archaeological waterlogged wood tends to lie in the region of 68%.

6.4.3

Experimental

Test drillings using the Sibert ResistanceDrill were carried out on a limited subsection of sequential
from
Roman
from
the
each of the individual archicological artcfacts from Flag
plank
and
well
samples
Fen and SomersetLevels. Samples chosen from the well plank were those from whoin sufficient
material remained to produce meaningful results from drilling.

Sample size was on avcrage 15 cin

(length, sapwoodto pith) by 3 cm (depth, thickness of plank) by 2-3 cm (width, along plank), Artcfact
samplescomprised whole remains of the artcfact. Samples were clamped lightly in a table mounted
vice, only enough to prevent slippage during the drilling process. All sampleswere tested in the water.
saturated condition. Measurements were taken in triplicate from the three principle orientations of
wood (seeFigure 6.9, following page).
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Orientation of drillings taken from artefacts

Resultstabulatedin Table6.8 originatefroin radial measuresonly, as the datafor this bestavoided
problemsof largeerror introducedby wood structure,and also showedmostclearly the changein
inner
layers
between
the
artcfact
and
core material. Resultsexpressaverages
of
outer
resistance
lines
Average
from
the
triplicate
per ccntimctrewereobtained.wherepossible.
measurements.
obtained
by countingthe numberof lines in eachcentimctredivision of the plotting paperand averagingthe
layers
inner
Areas
to
of the artcfict arc differentiatedon the
represent
outer
and
considered
results.
tracings in Figure 6.10. Where lines per ccntimetre became particularly sparse,average lines per
ccntimctre was calculated from the average slope of the line.

Bulk densityfor eachof the sampleswascalculatedfrom the datafrorn drill tracingsusing the following
equation:

D=

VB,. + 0.1
10.855

where:

(aficr Gahby 1993)

D Is the density In g/cm3, And B.. Is the number of bands per centImetre.
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6.4.4

Results and Discussion
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Sibert drill tracings from ends and centre of Roman plank
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Sibert drill tracings from fresh oak and WHI
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Sibert drill tracings from less deteriorated artefacts
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Sibert drill tracings from more deteriorated artefacts
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Impact resistancevalues for samplesfrom the Roman plank follow the trends set up with Umax and
density relatively closely. Central areas of the plank show graduated higher resistancevalues compared
to areas towards the outer edges. Outer samples show significantly lower resistancethan inner samples.
The most noticeable anomalous result is with the outer section of sample Cl. Though situatcd at one of
the deteriorated ends of the plank, and composed largely of sapwood. this sample shows much higher
resistancethan any of the other plank samples. Chemical constituents data for this sample may allow
Koinmcrt's (198 1) explanation to be adopted, since this sample shows relatively similar levels of
polysaccliarides to some of the more central and presumably less deteriorated samples. High resistance
values for this sample can also be explained by increased ash content (7.3,1). as Zabel and Morrell
suggested(1992), and which is not inconsistent with accepted trends bct%%,
ccn docrioration and elevated
ash content (Hoffmann, 1982).

Eithcr of thesccxplanations,strcngthlosswithout associatcdmiss loss.or clcvatcdashcontait. might
be (lie reason for the exceptionally high resistancevalue of the Wood Hall oak-ipproximitcly

150% of

that measuredfor fresh oak. But neither seemsto explain the relatively low values measuredfor FF 15.
though its levels of hot-water extractives arc significantly higher than those for sample FF9, suggesting
a certain amount of increased dctcrioration (section 7.3.1).
The potential for error showing up as a result of unevennessof degradation is particularly noticeable in
the tracing for FF6, where wavelike ripples in the resistanceplotted by the drill seem likcly to
correspond to Zabel and Morrell's experience of the failure zones produced by pockets of dcgridition.
The size of sample of Roman plank undergoing testing was comparatively small. which may explain
some of the variability in results (Zabel and Morrell 1992), more particularly in the trend cxpcricnccd
with secondand third drillings along the artcfacts that showed fewer number and shallower lines

comparedto the first tracing, despitebeing locatedfurther from the atiefacts'crids,
Trendswithin the other artcfactsshowvery consistentlikenessto Umax and densityresults. Contrasts
in densitybetweeninner woodand outcr wood.especiallystrongin samplesFF6 and FF9. alsoshowtip
in impact resistancevalues. Total lack of differentiationbctA,ccn inner and outcr regionsin ST3arc
borneout by impact resistancedataas well.
Rcsidual impact rcsistance strcngtli of the sampIcs tcstcd rangcs from 0,62% to 149%. This docs not

accordwell with Schniewind'sstatementthat 68% is the region within which residualimpact resistance
strengthfor archaeologicalwaterloggedwoodtendsto lic.
64.4.2

Physical resistance as a measure of deterioration

It appearsclearfrom comparisonsof graphicand quantifieddatafrom the Sibcrt Drill teststhat the
information
in
lies
the
technique
this
containedin the probetracings. Figurc6. lOquitc
mostly
of
value
from tests, The
clearly showshow easilytrendsbetweensamplesshowup on the plottedmeasurements
relativedepthof deterioratedouter layerversuscoreis obviouslysimilar for all samples,Sotoo is the
in
deterioration
thesewoods. As with manytechniquesadoptedfront the
of
strength
extent
relative
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timber industry, however, the method is not well suited to quantifying the dcterioration at the Iowa end
of the scale typical of much waterlogged archaeological material.

It is obviousfrom the calculatedbulk densitydata in Table6.8 that the equationprovidedby Gabby
(1993)doesnot work for deterioratedarchaeologicalwoods.as alreadystatedby Pantcrand Spriggs
(1997). Valuesfor the woodsin the presentstudyare almostan order of magnitudelowerthan the
Gabby
is
froin
his
literature
how
It
density.
for
bulk
figures
the
constantof
not
clear
chose
measured
10.855,thus it is not possibleto speculateon the sourceof the problemwith this equation.
WhcrcasZabcl and Morrcll (1992) commcnton the ncccssityof making inoisturc-contcntcorrcctions
for eachreadingfrom resistancetesterssuchas the Pilodyn and presumablythe SiberlDrill, theydo not
in
it
direction
be
Thcrcforc
how
these
to
to
they
corrections
or
which
make
need
made.
either
mention
from
Gabby's
the
the
to
corrections
with
results
study.
such
equation
present
mike
possible
was not
doubt
be
improvedby incorporationof Umax into thealgorithm.
density
to
no
would
resistance
relating
6.4.4.3 Correlation between resistance results andsorption trends
As a descriptive technique for determining degradation in archaeological woods, resistancestrength
by
data
for
information
the
the same wood. Gcncraliscd
given
sorption
echo
well
measurements
increase in EMC values accompanying increased mass lossesand the increase in slope of the second
decreased
by
figures
for
degraded
isotherm
the
are
matched
well
resistance
of
woods,
portion
Differences between zonal areas in the wood are also reflected in data from both types of measurement,

6.6

Polarising Microscopy Study

6.5.1

Pýinciples of Polarising Microscopy Studies of Wood

Polariscd light microscopy has established itself as a useful tool in the examination of wood
C6td
Kollman
1965.
1968. Parishin and dc Zccuw 1980-,FcngcI and Wcgcncr
(C6td
and
ultrastructure
1984-,Diaz-Vaz et al. 1991). Its usefulness in the study of archaeological waterlogged woods has been
establishedby Hoffmann and Jones (1990) and Blanchette et al. (1990), While commonly known as a
technique for examining mineral and metal sections, it can usefully be used in the study of biological
polymers as well, becauseof their natural bircfringcncc. Birefringence is a characteristic of materials
direction.
It
from
index
tends
to
arise
anisotropy within the material, more
with
varies
refractive
whose
It
becomesmost useful in the
molecular
orientation,
or
strain.
anisotropy,
crystalline
particularly
its
because
degree
degraded
to
the
of
ability
reveal
of residual orientation of
wood
of
examination
cellulose in wood fibrils. Under polariscd light, sound tissue shows bright bircfringcncc as a result of
the crystalline arrangement of cellulose chain molecules in the cell walls. Polariscd light also aids the
delineation of diagnostic signs through its ability to improve contrast. Though a number of instrumcritil
have
dcrining
transmission
techniques
microscopy
more
precise
clcctron
may
proved
at
and
analytical
degreeof crystallinity present in wood material (Stamm 1964; Bcdnar and Fcngcl 1974, Blanchette et
1990;
Passialis
1997),
Hemmingson
Newman
1994,
(lie advantage of polariscd
Daniel
1990-,
and
al.
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light microscopy is in the simplicity of the technique, requiring no special staining or coating s1cps,that
brings it well within the range of the average working conservator, and makes it an casy adjunct to the
investigation
in
identification
to
the
the conservation processof this
common
stage
activity
species

material.
6.5.2

Experimental

Samplesweretakenfrom eachof the macroscopically-disccmiblc
zonesof degradationin the wooden
from
Small
eachof the artcfactswerepreparedby soakingin a
cubes
ccntimctrc-squarc
artcfacts.
solutionof 15%PEG400/30%PEG4000for one month. in order that cellsof the very deteriorated
woods n-tight not fracture during frccze-sectioning nor crumble on cutting. Expcrimcnts carried out by
Young (1985) cstablislicd that the presenceof polyethylene glycols does not influence the level of
residual crystallinity of the wood.
After this preparation, the sampleswere sectioned to 15 jim thickness using a cryostat thin-scctioning
stage, non-vacuum freeze-dried within the cryostat chamber, fixed with DPX mountinglgcnt, and
mounted onto glass slides for examination. Transverse sections were chosen over other orientations of
have.
in
been
found
because
they
to be the most diagnostic for level and qPC of
general,
structure
wood
dcterioration-tlicy

best allow examination of ccll-wall microstructurc and layering (11offmannand

Jones 1990). Sample thickness was kept standard, following the recommendations of Kollman and C6td
(1968) and Young and Wainwright (1982), becauserelative bircfringcnce will be influenced by sample
thickness and the level of light able to get through.

6.5.3

Results and Discussion

The photomicrographs shown in Figure 6.14 on the following page establish the uscfuincss of this
method of appraisal for determining level of degradation in archaeological wood. They have been
ordered by increasing level of degradation, and accompanying relative loss of crystalinity to ccll walls.
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bctA,ccn increaseddegn.dition, as
Rapid appraisalof the samplesectionsshowsa clear correspondence
density
loss
discussed
in
Umax
to
by
carlicr scclions,
and
constituents
to
ccll-wall
evidenced changes
Regular
trcndsarc obscrvcd.
level
decreases
to
the
crystallinity.
of
and
Further analysis of these results by image-proccssing techniques could cstablish rclative crystallinity
indices (defined as the proportion of the crystalline and amorphous regions of wood) for cach of the
X-ray
diffraction
(crystallinc)
diffraction,
Using
X-ray
selective
comparing
patterns
and
samples.
indefinite X-ray diffraction patterns (amorphous), rather thin polarising microscopy, Passiilis (1997)
determined that the crystallinity index of samples of watcrloggcd. ircliacological woods (including
Quercus robur) may be reduced by as much as 3 times. Cursory examination of the results shown hcrc
indicate similar levels of loss, indeed the more degraded samples FF6 and ST3 can be seen to hivc lost
virtually

all of their crystalline material.

Comparison of these results with those for residual cellulose,

reported in Chapter 7, show close concordance.

In these samples, less than 30% of the cellulose

figure
be
to
this
artificially
expect
can
remains. and since we

inflatcd by lirgu-moiccular-wcight

degradation products of lignin (7.3.3), crystalline content of these samples is very probably considerably
lower. Barbour and Lcncy (1985) report the presence of small amounts of crystalline cellulose
lignin
in
in
to
the
thin
sheets
skeleton
continuous
wood deteriorated to below a bulk
remaining attached
density of 0.1 g/CM3 These findings arc confirmed by the faint remnants of crystallinity
.
in
in
Figure
6.14.
the
lamclla
photomicrographs
shown
visible
remnants
middle

visible in the

Time did not permit testingwhetherthis methodof examinationwascapableof showingup vcry minor
differencesin level of degradation(e.g.. by taking sectionsthroughoutthe plink), but the rcsultsfroin
FF9, FF12,and FF16do appcarto showthe ordercddccrcasein ctystallinity indicatcdby othcr icsts.
thoughthesesamplesare not very dissimilar in relativepreservation.
Hoffmannand Jones'(1990)and Blanchette's(1990) investigationof the structuralchangesin degraded
deeper,
by
much
went
making observationson the orderof dissolutionof
microscopy
as
shown
woods
leaching
intactness,
the
of constituentsand dclignification of the middle
structure;
wood
cells within
lamclla; presenceof bacterialerosiontrough versussoft-rotchain cavity degradation.and rclativc
intactnessof pit membranes(significant to increasedwater permeationand FSP). While thereis no
doubtthat suchlevel of examinationyields data importantto the understandingof the conditionof the
here
the
showthat the working conservatorwould be ableto gct cnoughdati
reported
artcfact, results
for his purposesjust from a generallook at thin sectionsfrom artcfacts-pcrhaps from the samesampics
takenfor speciesidentification.

6.6

Summary

The results from the physical tests methods examined in this chapter underline the weaknessof such
tests as single indicators of the physical and chemical condition of the wood substanceof archaeological
density
bct%%-ccii
trends
density
bulk
Umax,
reliable
general
were
at
showing
cell
wall
and
artcfacts.
by-and-large
They
between
three
these
consistent.
measures
proved
wcrc also
artcfacts, and results
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capableof exposingzonalvariation within artcfacts. But high levelsof error associated
with the
tendedto produceanomalousresults,moreparticularlywith the
gravimetricnatureof suchmeasures
moredegradedsamples.
The importance of representative sampling was cmphasised by the way in which honiogcniscd simpics
data
did
inner
produce
which rcflcct the true physical condition of the samples
not
and
outer
of
wood
from
inner and outer samples separately. In addition, one measure
to
obtained
compared
values
when
did not commute into another with any accuracy as shown by results from resistancemeasurementsand
density. The more descriptive results from the Sibert Drill tracings and polarised microscopy appear to
yield more detailed and useful information about the chemical and physical condition of archaeological
wood.
The ability of the data from the physical tests examined in this chapter to reflect chemical changes of
archaeological woods in any significant detail will be examined in the next chapter.
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Bulk Constituent Analysis
7.1

Introduction

It was Hoffinann (1982) who first suggestedthat it was worth investigating whether the degradation that
be
in
have
traced
to
their chemical constitution.
could
changes
undergone
most archaeological woods
Once such information was available, conclusions about the sort and degree of modification of the wood

drying
to
treatmentspredicted.
be
drawn
the
artcfacts
of
wooden
response
and
could
The chemical analysis he was referring to, and carried out, was a type of bulk constituent analysis
involving
by
timbcr-manuflcturing
the
and
communities,
wood-sciencc
gravinictric
standardiscd
already
from
digestion
found
11offininn
graded
tests.
chemical
the
various
residues
of
solubiliscd
analysis
be
interpretation
to
timbers
their
to be difficult. Grattan
variable
and
archaeological
of
analysing
results

and Mathias' (1987)later appraisalof this technique'suseas a gcneralisablemethodin the selection,
designand evaluationof treatments,concludedthat, though it wasperhapstoo time-consumingto prove
generallyapplicableto the conservator,resultscould revealtrendsmeaningfulfor diagnosticpurposes,
In addition it proveda moreaccurateand reliablemethodof dciming degreeof degradationthan either
in isolation. Bednarand FcngcI(1974).Fcngcl(1976),Fctigcl and
Umax or densitymeasurements
Wegener(1988);Kim (1990);and Passialis(1997)also reportedresultsfrom the awilysisof
archaeologicalwaterloggedwoods.
The advantageof chemicalanalysisover the moredescriptiveapproachis that the informationobtained
is numericaland easierto classify,and comparedto other simpler methodssuchas measurement
of
watercontentor probingwith pins, the resultsought to give much greaterinsight into chemical
far
be
the
morereliable (Grattanand Mathias 1986), The main
and
artefact
of
preservation
disadvantages
of bulk chemicalanalysis-sample sizeand time requirements(as muchas rive daysto
processone samplc)-are not dealt with in any constructivefashionin the literature. Zibcl and Morrell
(1992),however,reportedon a lesstime-consumingchromatographicquantificationof the major sugars.
glucan,zylan,and mannan.
This chapterwill investigatethe usefulnessof bulk constituentanalysisasa techniquefor illumimiting
the preservationconditionof waterloggedarchaeologicalwoodenartcfacts. Becauseor the time and
to detcnnincwhetherit vin
resourcecommitmentinvolvedwith this type of analysis,it will be necessary
give an adequateabsolute chemical characterisation of archaeological wood or whether, ra.thcr. it is only
capable of providing a rough guide to wood preservation. More significantly, results will be appraiscd
for their ability to illuminate the sorption relations within archaeological material. e.g., as a predictor
relating loss in cell-wall substanceand shrinkage, such as produced by Grattan and Mathias (1987).
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7.2

Bulk Chemical Analysis by Preferential Solubilisation

7.ZI

Principles of Measurement

The chemicalcompositionof soundfreshwoodvariesremarkablylittle within a singlespeciesand
thereforefor eachspeciesthereare approximatestandardvalues. The degradationthat most
be
has
therefore
traceablethroughchangesto its chemical
should
undergone
wood
archaeological
is
The
7.1).
(Figure
to separateand determinequantitath-clythe
chemical
analysis
aim
of
composition
chemicalconstituentsof the wood. The main chemicalconstituentsof woodarc, in broadcategories:
1. the macromolecularccll-wall components:cellulose,licmiccllulosc,lignin, and minor polymeric
substanccs
suchas starch,pcctinsand a small amountof protcin; and
2.

the minor low-molecular-weight compounds: extractives such as aromatics, tannins, Icrpencs,
aliphatic acids, estersof glycerol, fats, oils, waxes-, inorganics such as magnesium. calcium and
including
iron;
the mincral substances.
also
salts,
and
potassium

Wood

Low-motecutar-weight sutstancesl

ýOrganic matterý Inorganic, matier!

r7Extractives'
I
Figure7.1

Asm

cromolectilar substaný!

]s

Polysac char ide! ] LLignin

lCeiluiosel I Poly0sesi

Generalschemeof thechemicalwoodcomponents

(Sjdstrdm.1981)

Quantitativechangesin structuralcomponentsduring decaycan be monitoredby comparinggravinictric
dataof individual componentswith original valuesfor that wood. The chemicalcomponentsof wood
are separatedfrom the milled and dried wood, using a variety of chemical reagentsand sol%'cllt
describes
four
Sj6str6m
(1981)
alternative pathways for wood solubility analysis.
cxtractionprocedurcs.
Fcngel and Wegener (1984) give a particularly useful guide to these procedures, more especially those
laid out as TAPPI (Technical Association of Pulp and Paper Industry) standards. Grattan and Mathils

(1986)recommended
the useof ASTM (AmericanSocietyfor Testingand Materials)standardsinstead.
becauseof their relativecaseof applicationand greatlyreducedsamplerequirements.Resultsfrom (he
two systemshave been found to be very similar (Grattan and Mathias 1986). 11offinann's (1982)
detailed practical recommendations for both application and interpretation of wct chemical solubility
analysis are of immense aid to the study of archaeological material.

it canonly be thought
Sincebulk constituentanalysisis sovery time- and sample-consuming,
interpreted
if
it
trends
when
with other simplermeasurements
gencralisable
provide
can
worthwhile
suchas maximummoisturecontent,density,and ashcontent. IIcdgcs(1990)hasattemptedto corrclate
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mathematically,changesin densityto specificchangesto woodmass. Sincethis relation is basedon the
assumptionthat lignin is not lost during the degradationprocess,the conclusionsmustbe treatedwith a
be
it
assumedthat a numberof sourcesof cffor affectthe
must
and
amount
of
caution
certain
interpretationof his results. The meaningfulness
of this equationwill be investigatedin this chapter,in
addition to correlationsbetweenchemicalconstituentratios and changesto fibre saturationpoint,
7.Z2

Problems and Interpretation

The main problemassociated
with bulk chemicalconstituentanalysisof woodarisesfrom the difficulty
on small samples(Zibel and Morrcll 1992,
of carrying out accurategravimetricmeasurements
Sjdstr6m1981). In the testsoutlined in the next section,the potentialfor crrors arising from simple.
handling and the weighingof awkwardfilter cruciblesare very high. Evenvariationsin the methodand
the particle sizeto which the sampleis groundcan affect the outcomeof analysis(Browning 1967,
Wallaceand Johnson1993). Samplesare usuallyovcn-dricdbeforeanalysisso that moistureis rcinovcd
from the equation. But oven-dryingitself is problematicbecauseof the potentialevaporationof volatile
organicsfrom the wood(Skaar 1988). The drying is also rarely completebecauseof the apprcciabic
vapourpressurethat maybuild up within the drying oven(unlessit is particularlycfficicn(ly
fan-assisted),or unlessa vacuumovenis used.
Sample selection in archaeological material must be carried out carefully, not only becauseof the
variation in constituents between cell tissue types but, more importantly. becausesubstantial decay
gradients occur over even small areas of wood. The decay contributed by microorganisms may mcan
selective attack of specific cell types and the storage of certain breakdown products (e.g. sugars and
polyplienols) in the wood, thus artificially raising cell-wall component values (Zabel and Morrcll 1992),
A test for elevated protein content can show whether the presenceof fungi is artificially raising
polysaccharide levels in the wood analysis.
Hedgesel aL (1985) give the degradation order of wood as: licinicclluloscs, a-ccllulose, pectin. and
then first syringyl lignin units, followed by p-Hydroxyl and vanillyl lignin units. an order basedon their
natural resistanceto chemical and biological degradation. In general, deterioration in archaeological
woods has been observedto affect the holoccilulose fractions more than the lignin. Hoffmannandloncs
(1990) gave a more complex picture of the changes to polymer fraction ratios which is observable in the

They
lignin
that
the
the
out
study.
point
middle lainella skeletonleft in woodthat is
present
of
results
most severely degraded also contains some cellulose in crystalline form that has been prolectcd by the
relatively higher amount of extractives encrusting this area. They claim that this structure stays intact
until its specific gravity/density (Rg) decreasesto 0. lg/cm3. Trends in constituent lossesdo not appcar
to increasewith the age of the sample in any regular fashion, suggesting that a combination of the
chemistry of burial environment and exposure to microorganisms influence the dcgradation proccss.
Sincc solubility analyscsyicld dicir rcsults through the sequcntial stripping-off of clicinical colliponents
(hcncc preferential soluhility), problcms of intcrprctation can bc cxpectcd to arisc wlicrc the proccsscs
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Because
being
the
the
from
of
failed
the
have
all
of
component
measured.
residue
to
remove
used
losses
desired
to
the
contamination
of
and
of
residues
wood,
complexity
extreme structural and chemical
isolate are common. Hoffmann points out (1982) that in carrying out chemical analysis on wood. we arc
None
the
to
impossible
of
separate
components
quantitatively.
wood
the
to
possible:
make
attempting
losses
fraction
is
be
be
determined
Either
the
to
is
100%
pure,
or
must
not
successful.
methods available
Crawford
in
for
(1981),
methods
comparing
ofthe
various
to
component.
accepted produce apurc
isolating lignins from wood, remarks on the particular difficulty of removing all of the carbohydratc
fraction from around wood lignin. Holocellulose determinations by NaOH sohibility are particularly
for
2-5%
Errors
by
expected
even
are
modern undctcrioratcd woods
of
this
problem.
affected
(Hoffmann 1983; Grattan and Mathias 1986). Degradation of structural polymers typically incrciscs
their solubility in acid and base solutions, which may mean erroneously low values in carbohydratc
determinations invvatcrloggcd archaeological material (Hedges 1990). Klason lignin determinationASTM
been
found
degradation
in
TAPPI
both
to
methods-lias
to
and
produce
the method common
lignin end products which may artificially inflate lignin losses(Zabel and Morrell 1992). So the
DHP
(dehydrogcnation
MWL
(solvent
polymerisate)
analysis
and
way.
either
can
work
problem
for
lignin
lignin)
the
preferred
methods
critical
studies, since they arc able to
are
extracted milled wood
be totally specific in stripping the carbohydrates from lignin without degradation of the rcsidwil lignin.
These methods, however, require too much expertise to be suitable for general use.
The issue of contribution to mass loss by lignins as well as carbohydrates is thus put into question, We
because
in
lignins
involved
losses
to
the
to
as
as
carbohydrates
well
of
microorganisms
should anticipate
2)
because
(Chapter
degradation
and
of the published results of studies using more
wood
archacological
1975b,
Hatcher
Wilson
(Borgin
1988.
instrumental
methods
analysis
et
al.
et al.
chemically-specific
1993). The results discussedbelow will assessthe significance of lignin degradation to the total
degradation patterns in archaeological wood and challenge the assumption that lignin detcrioration does
from
Relationships
based
the
begin
the
are
almost
entirely
gone
wood.
carbohydrates
on these
until
not
from
density
Umax
6),
(1990)
(Chapter
Hedges
above,
calculations
and those
as
assumptions-such
underlying PEGCON-will

7.Z3

have to be reappraised.

Experimental

Chemicalanalysisof the main constituentsof woodwascarriedout on preparedsamplesof groundwood
flour madefrom 1-2gram cuts(wet) takenfrom the Romanwell plank and from other artcfIcts usedin
this study. Samplesectionswerefirst freeze-driedto reduceerror associatedwith ovcn-drying
(asexplainedabove)and thermaldecompositionobservedat temperaturesabove800C
(Grant and Macnaughlain1968). Milling wascarriedout using an agateball and samplechambcrin
This
done
flour
to
the
avoid
possible
contamination
was
machine.
of
conjunctionwith a powdcr-milling
1993).
Johnson
The
flour
(Wallace
the
from
fragments
the
inorganic
mill
and
was
of
metal
surface
with
insure
to
the
20-mesh
a rcprcscntatiN-c
size
by
size,
rccominendcd
particle
to
reduced milling an average
Johnson
for
1993).
(Wallace
Fincs
(0.50g)
assay
and
wcrc
in
aliquot
size
sample
sample relativelysmall
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included despite published concerns that they may interfere with analysis by clogging fine f iltcrs or by
Removing
fines
from
1975).
filters
(TAPPI,
archaeological wood samples would
through
coarse
passing
involve removing a disproportionate amount of the more scvcrely-degradedmatcrial. After preliminary
tests, filters were chosen that could accommodatefines without producing erroneous results. Until
analysed, sampleswere stored over silica gel to prevent uptake of moisture, and under refrigen, tion to
discourage microorganisms and protect from light.

Wood flour sampleswerethen subjectedto the standardtest seriesfor bulk chemicalanalysisof wood,
TAPPI
ASTM
depending
the
between
being
of
and
standards,
on rcportcd
certain
made
with choices
(Hoffinarm
Grattan
Mathias
1986.
1982,
material
and
archaeological
with
relativecffcctivcness
Panter pers. Comm. 1996). Determinations were made for each constituent by subtracting the residuc
before
digestion.
from
Material
by
digestion
digestion
is
the
the
residue
weight
removed
after
weight
for
determinations
that material.
to
percent
converted

Following is a list of the chemicalanalysescarriedout on woodflour:
1. Moisture content detennination (TAPPI standard-T12): was carried out on a selection of the ground
it
determine
in
to
whether
was necessaryto correct for moisture in the subsequent
samples order
determinations. This was not found necessary,as a result of the preparation and storage methods

usedwith the samples.
2.

Hot water solubles (TAPPI standard-T207): Water soluble extractives were dctcrinincd after

Starch,
distilled
boiling
tannins,gums,shortchain sugars,proteinsand
water.
extractingwith
inorganicsaltspresentin the woodwould be removedby this means. Cold watercxtractivc
determinationwasnot carriedout becausethis processcan be assumedalreadyto havetakcn plicc
in the burial environment.
Alcohollbenzene solubles (TAPPI standard-T204): Extractives such as waxes, fats, resins. oilsand
tannins were determined after extraction, using an ethanol benzene mixture. This test was Qirricd
determine
in
it
is
to
the
samples,
of
whether
selection
needed
work with
a
small
on
only
out
archaeological material. Certain researchersbelieve that most of these materials have already
by
hot
deterioration
to
them
make
soluble
sufficient
water extraction
undergone
(Panterpers. comm. 1996). As I did not carry out this last extraction, it can be presumed that as
following
determinations,
the
0.4%
of
these
could
make
part
up
components
most likely
of
as
much
figures
fraction
for fresh oak published by Fcngcl and
(according
holocellulose
to
the
to
contributing
Wegener 1984). Results from pyrolysis gas chromatography mass spectroscopy(Chapter 8) do not
appear to suggestthat these substancesmake any significant contribution to constituent proportions
in archaeological wood.

4. Hemicellulosedetermination (Hungate1938): Extractivc-frcewoodproduccdfroin previous
determine
hcmicellulose
dilute
I"his
(5%)
to
digested
acid
contcnt.
sulphuric
with
extractionswas
determinationwill alsoincludebreakdownproductsof the polyoseform.
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5.

Cellulose determination (TAPPI standard-T222): All remaining carbohydrates(celluloscs) were

dctcrniination.
(721/o),
by
digcstion
sulphuric
acid
yiclding
a
ccliulose
concentratcd
with
rcmovcd
6. Lignin determination(TAPPI standard-T222):Acid insolubleor Mason lignin wasdeterminedas
the residueafter the previousextraction. This residuecan be assumedalsotocontaina significant
proportion of the mineral ash present in the original wood samplc, and thus must be corrected for.
This method is acknowledged to remove as much as 3-5% of original lignin, cvcn in sound modern

woods(TAPPI).
7.

Ash content (ASTM D 1102-56): As it is extremely difficult to carry out this test with accurn,cy on
the residue from the previous determinations, ash content was determined on a scparatc sample as
the residue remaining after ignition at 600*C. This gives the mineral content as oxides.
Comparing ash contents obtained by this method with the few samples that underwent ashing aner
lignin determination established that this determination representedthe ash rcmaining in the wood

to be within 2%.
Chemicaltestswerecarriedout sequentiallyon eachwood samplefollowing the order given in the flow
chart (Figure 7.2) on the following page.
Becauseof shortage of time, double determinations were carried out on only one simple, Results front
this showed reasonably good agreement (within 2%). In these typcs of determinations, potential for error
is very high, therefore it would be safer to treat figures generatedby such tests with a level of

scepticism.
Resultsare listed in Tables7.1 and 7.2. In the casewherethe sumof the deiermincdconstituentsis less
than 100%,this discrepancyreflectsthe presencein the woodof solubledegradationproductsof
fragments
lignin
that arc not retainedon the filters usedin the inalysis.
or
acid-soluble
carbohydrates
.
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Wood Sample

Moisture Content
DeterrMnation
(TAPPIT-12)

Iý

Hot Water Solubl*s
(TAPPIT-207)

Alcohol/Benzene
Determination
(TAPPI T-204)

Iý

Hemicellulos*
Determination
(Hungate, 1938)

I

I
Ash Content
ASTMD1102-66

Cellulose
Determination
(TAPPIT-222)

I

Lignin
Calculation
(R*sidual)

I

Calculations
Remaining Cell Wall Material)

Figure7.2

Flow chart of sequenceof chemicaltests carried out on wood samples

7.3

Results from Bulk Chemical Analysis

7.3.1

Mass Normalised Yields

Resultsin Table7.1 and 7.2 belowhavebeenrecalculatedto expresscomponentpercentages
as mass
of the original amountof woodsubstancepresentin
normaliscdyields, in other wordsaspercentages
freshwoodof that species.Both Grattanand Mathias (1987)and Hedges(1990)arguethat this yields
datathat moretruly expressmateriallossesto the wood,and avoid the confusionproducedby individual
far
in
determinations
that
produce
may
values
excessof the original valuesfor that species.
constituent
by thc
Massnormalisedyields are calculatedindirectly by multiplying componentpercentages
proportionof cell-wall materialthat remains,a value basedon estimatedoriginal wooddensity, Thus,
(after Grattan andUathias 1996)

%LWS=100(1-YF)

F
Is
the
loss
in
is
the
and
%LINS
substance,
ratioof thefinaltotheoriginal
wood
weightpercentage
percent
of
where:
lignin.
And % LWS canbe calculatedby the following:

%LWS =

where:

Rgn - Rg
Rg,,

x loo

(Grattan andAlathlas 1996)

%LWS is the percentloss in wood substance,RgIs the bulk densityof the sample,and Rp Is the standardbulk

densityfor greenwood of that species.
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This cquation rclics on the assumption that lignin is not lost (to any significant cxtcnt) during

deterioration.

Sample

% Water Sol
Extractives.

% Hemicellulose

% Cellulose

% Lig &Ash
Residue

% Lignin

% Ash

AI/Out

5.36

10.52

23.03

21.84

17.50

4.34

Cl/Out

6.06

9.99

18.26

24.90

21.03

3.87

C2/Out

7.27

10.70

13.88

27.36

23.59

3.77

C2/Inn

3.13

5.85

15.24

27.01

24.48

2.54

C3/Out

9.09

11.43

14.38

24.76

21.07

3.69

C3/Inn

4.76

7.59

19.21

29.73

26.78

2.95

A2/Out

7.83

7.74

21.09

22.78

19.21

3.57

A2/Inn

11.08

10.41

21.50

18.47

15.54

2.93

C4/Out

9.54

8.77

10.54

31.21

27.69

3.52

C4/Inn

8.84

10.72

19.39

22.56

19.69

2.87

Mout

6.56

6.71

7.70

31.51

27.93

3.58

CS/Inn

7.23

9.76

16.87

27.12

23.64

3.48

A3/Out

8.24

10.91

8.67

23.09

19.25

3.85

A3/Inn

5.21

11.62

10.89

22.29

19.23

3.06

8.67

10.22

18.30

23.86

21.01

2.85

D3/Inn

5.57

11.73

15.92

26.39

21.11

5.28

FreshWood
(EI/Inn)

12.20

16.401

41.10

30.89

29.60

1.29

DI/Out
D1/Inn
D210ut
D2/Inn
D3/Out

Table 7.1

Mass normalised yields for sections across Roman plank
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Sample

% Water Sol
Extractives

% Hemicellulose

%Cellulose

%Lig & Ash
Residue

% Lignin

% Ash

El/Inn

12.20

16.40

41.10

30.89

29.60

1.29

E2/Inn

15.23

20.96

33.98

28.43

28.23

0.20

FF16/Out

9.71

12.85

13.66

22.71

17.50

5.21

FFIB/Inn

11.70

11.93

19.41

18.55

14.95

3.60

FF15/Out

11.04

FF15/Inn

5.05

15.99

25.83

15.88

13.89

1.99

FF12/Out

6.57

FF12/Inn

6.53

15.39

21.26

18.78

16.43

2.34

6.95

16.08

22.99

16.11

12.49

3.62

6.21

13.86

12.99

26.60

22.87

3.72

(Fresh Wood)

FF9/Out
FF9/Inn
FF610ut
FF611nn
WH1/Out
WHI/Inn

5.58
11.99

23.09

45.16

ST3/Out
ST3/Inn

Table 7.2

7.3.2

8.49

6.61

j
5.39

5.20

14.52

29.68

1.88
1.45

28.47

1.22

Mass normalised yields for artefacts

General Trends in Water-Solubles and Carbohydrates

(Hoffmann 1982;Hedges1990;Passialis1997)it is clear that we
From the work of other researchers
to carbohydrates
shouldexpectconsistentand accelerateddecreases
with increaseddegradationor the
samples.We might alsoexpectthe sameof water-solubleextractives,sincewe couldexpectall of this
materialto havebeenremovedearlier in the burial environment. Trendsexhibitedby solubility analyses
carriedout in the presentstudy,however,do not alwayspresentso clear an interpretation.
Hot water extractives can be seen in Figure 7.3 to increase towards the inner. Icss-dcterion,ted parts of
the plank, though still reduced from values measuredfor sound recent oakwood. This suggestssome
other causethan augmentation of these extractives by low-molccular-wcight degradition products from
cellulose or lignin, unless for some reason these types of extractives are less firmly bound into the wood

structurethan the nativehot-waterextractivesof soundwood. If this weretrue, hot and cold water
extractives produced by degradation could be expected to leach out of the degradedareasof j%.
ood
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relativeh quickly

SapNvoodvalues are also often higher I lum heartwood values A notIici explaiumon

for this might be I contribution to Nuter soluble extractives from sohible 11101gýIIIIL
SAIISIIUII 11;
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7.3.3

delermination.

General Trends svith Lignins and Ash

Measured lignin contents are much inore inconsistent (Figures 7.9 and 7 10) In a iminbei ol the
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Trends in lignin content measuredfor the aricfacts are very difficult to Interpret. arguing incompicic
removal of either cellulose or ash. FaIx ci ed. ( 1994) report bmwen

(:art)o1i.
N(jI;Ijc plc.ýc
fit
ji
.,
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HolocelluloselLignin

Ratios

Various indices have been used in wood degradation studies to summarise cliemical changes in ;l N\j\ t1i'll
allows comparison between samples. Crystallinity index has already been mentioned (Chapler 6) an(l
' offlic standard
guaiacyl/syringyl ratios will be discussedin Chapter 8. Becauseofour underslandilli.,
degradation path of wood, namely loss of polysaccharidesbefore lignins, tile cellulose/lignin ratio is
common to most degradation studies, regardlessofthe melliod ofanalysis used
2.1.1

(Galletti

and Bocchcrini

199-3i Stankimicz

el al. 1997). Holocclitilose

values in the prcscm siij(h %%cre

calculated by summing constituent fractions of cellulose and hemicelliflose only. and did not include
water solubics.

They are reporied in Figures 7.13 and 7.14 bclo%N.
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Because of the irregularity of the lignin results reported here. any attempt to summaiisc dic tesults tion,
bulk constituent anal)sis into a single index for degradation -1heholocellulosc/lignin iano I,, t11111L.
1%
holocclinlosc/lignin
to achieve anv level of success. As can be seen from Figures 7.15 and 7 10 belo%%,
ratios for inany of the more degraded wood samplesare significaiiflý highcr than thosc Im Ircsh
(E Mum) and recent drN iwod (E2/lnn). This suggeststhat no great level ofconfidence can bc platc(l III
[lie usc of these figures in any absolute comparative sensewith other published data oi to di; i%%
conclusions for the design of consmation treatments. This is not neccssaril) surpiising %%hcn
111C
difference in degradative patimays of cellulose and lignin are taken into account UcIlulosc luv, been
found to decomposeto sohible liquid and gascousproducts that can be lcachcd oi diffivwd ;i\%;i\ hoin
degrading \Nood(Ambrose 1990) In contrast, lignin tcuds to convert to inicruic(hale piodncjs on
degradation. some ofifluch remain in the degraded %%ood
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1985).
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7.4

Correlation between Constituent Losses, Umax and Density

7.4.1

Effects Producedby Bulk Lossto Constituents

In order to determine whether bulk constituent measurement is a useful tool for the assessmentof
ccii bulk losscs
archaeological waterlogged wood, it is necessaryto examine the level of corrclition bct%%,
to constituents and someof the simpler diagnostic tools used commonly to appraise degridation lc%,
cl in
archaeological wooden artefacts.

7.4.1.1 Effecton Umax
There is no question that loss to cell-wall polymers in degraded woods is directly connected to. 111
increase in maximum moisture content, as shown first in the results of Hoffmann (1982), Thegraph
shown in Figure 7.17 below shows this clearly, Total loss to constituents was calculated by subtracting
the sum of all mass normaliscd.constituent values, excluding ash, from one hundred.
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Total loss to constituents related to Umax

But the slope is not identical to Iloffinann's (a straight line), therefore the prcdiclivc value of such data
is put in question. The level of increase to Umax per unit loss to constituents is rclith-cly small at lite
lower levels of degradation, and very large once a certain amount of lite chemical components have been
lost from the wood. This argues that total lossesto wood through degradition are more significant Min
lossesto the carbohydrate fractions alone. It also argues that increasesto moisture coulcrit are primarily
related to a general opening up of physical space within wood structurc rather thin any change to
relative number of bonding sites (see also section 7.6 below),
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7.4.1.2 Effect on hulk density

As expected,bulk densityfiguresdecrease
alongwith lossesto ccll-wall constituents(Figure7.18.
below).
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Residual holocellulose related to bulk density

Basic densities of artefacts range from approximately 17% to 87% of that normal for oak in conjunction
This
from
1.6%
46%.
losses
to
total
to
correlation of results accords wc1l with
ranging
with
constituents
data for Quercusrobur published in Schnicwind (1990). Byllicpoiiitati%-IiiclibtilkdetisitylLisrcduced
to 0. Ig/cm3 (Hoffmann and Jones 1990), as with samplesFF6 and ST3, more than Ulf of original
cellulose contents has been lost. Though it appearsthat, after a certain lc%,
cl of docrioration. iron.1lity
disappears (as shown by samples A3/lnn and ST3), it seemsthat this does not necessarily begin until ffic

sampleshowsmoisturecontentsof 700%and aboveand densitylossesof 80%.
The graphabove(Figure 7.18) showsthat relatively largechangesto densityappearto be associmcd
with relativelynegligiblechangesto total lossof constituents,despitethe contributionmide by clc%-Itcd
ledgeof woodchemistryand degradation
ashlcvels. This doesnot appearto be explainableby our knoN%
patterns,unlessthe contributionof celluloseto overall densityis much lessthan that of lignin. This
meansthat either we can not rely on the single measureof bulk densityto makcassumplionsabout
residuallevelsof cell-wall polymers(e.g., for conservationtreatmentdesign),or that unacccptabIcIcvels
of error areproneto creepinto bulk constituentanalyses.Consideringthc Icvcl of viriabics known to
affecttheseresults,this is not unexpected.
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7.4.1.3 Effect on cell-wall density

Reducedoverall levelsof ccll-wall constituentsoughtto be rcflcctcdin valuesrecordedfor ccll-wall
density. Lossesof carbohydrates
from the ligno-cellulosestructureof the cell wall, while leavingthis
structurelargely intact (asevidencefrom microscopystudieshasshown).couldbe predictedto Icavca
residualsubstance
with lower massper unit volumethan that of the original ccll-wall substance.
Channellingof cell walls by soft rot andbacteria.and lossesto pit membranes,
would predict the saint
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Residual holocellulose related to cell-wall density

In the samplesmeasuredin the presentstudy,lossesto ccll-wall constituentsare mirrorcd by losscsin
cell-wall density(Figure7.19). Variationsshownarc not largeand the majority of the change10ccil.
wall densityappearsto havetakenplaceby the point at which 40% of constituentshivc bccu lost, bulk
densityis reducedto 38% of original values,and Umax is up in (lie regionof 325"N'.Aficr this point,
changesto cell-wall densityare negligibleuntil the very uppermostlevelsof degradition havcbecn
being the mostsignificant to
reached(aswith sampleST3). This may arguefor carbohydratelosscs;
affectccll-wall density,but it is questionablewhetherany moredirect correlationcan be rcachcd,

248

SOOD
4500

4000

3500

30 00

25.00

2000

16.00

1000

500
v*sh Oak
4000

000

7.4.2

050

1.00

ISO

200
Ash Contott (%I

2so

300

260

400
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The relationship between elevated ash levels and Umax and density have already been discussed(section
7.3.3). Its increase in line with lossesto ccll-wall constituents appears in Figure 7.20.

Figure 7.20

Ash content In relation to loss of constituents

The clearest indication of the close relation of level of ash to level of bulk constituent loss may be seen in
the results for sample ST3, where ash content drops away, back almost to lcvCls chin, ctcristic of fresh
wood. It was suggestedearlier in this chapter that (his might be the result of a generally opcncd-up
structure in this highly degraded wood. Yet results published by floffinann and Jones( 1990) rcportcd
an ash content of 10.6% for a wood almost as thoroughly degraded. going by density, residual
holoccllulose, and Umax. This suggeststhat ash content can not always be dependedon to paforin as
an accurate indicator of degradation in wood. Comparison of ash content values for this sample with its
bulk density values do, however, go some way to explain anomalous density results, 11creclevatcd ash
contents in outer wood samplescan be seento explain the artificially high density values mcasurcd for
this sample over its inner wood sample.
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7.5

Correlation between Ash Content, Density, and Resistance Strength

We havebeentold that strengthin woodis directly correlatedto moisturecontent(Chapter1). We also
know that lossesto cellulose,the main structuralpolymerof wood,will affectstrengthvalues. Lossesto
cellulosehavebeenshownto be rcflcctedin densitychanges.A final variableto affect strengthin wood
is level of mineral ashpresent.We haveseenits effecton densityin section7.4.2above. Whileclevited
ashcontentwill tendto causereductionsto tensilestrengthvalues,it will alsotend to causeelevationof
resistancestrengthvalues.
As discussedalreadyin Chapter6 (section6.4.4.1),ashcontentprovedto be a usefulmeasureto explain
someof the unexpectedresultsin resistancestrength. SamplesC I/Out and W1II /Out, which cxhibiled
higher-than-expected
resistancevalues,alsomeasuredunexpectedlyhigh ashcontent. It scemsprobablc
that this measuremakesa goodco-diagnosticmeasurefor degradationin conjunctionwith one or more
of the other availablemeasures.

7.6

Correlation Between Constituent Loss and Sorption Results

Degradationof cell-wall constituentsleadsto lossesof material from (lie cell wall niatrix. affecting(lie
physicalstructureand thus alsoaffectingthe permeabilityofthe woodto water. 11offinin(1982)rclalcd
lossesto holocellulosedirectly to increasesin water content,and Grattan(1987) relatedthem to
increasesin the fibre saturationpoint- up to morethan 60% in degradedwoods. This incrcasewas
attributedto increasesin internal cell wall volume,allowing morewater to fill this spaceas degradation
proceeds(Ambrose1990). Internalvolumesof tile woodcan be expectedto decrease,however.allcr tile
cell wall becomeshighly diminishedof constituents,which goessomeway to explaining certain
observedlower valuesfor fibre saturationpoint measuredin very degradedwoods(5,6,1). and someof
the anomaliesobservedin the slopesof their sorptionisotherms(5.6.2).
Changesto chemicalconstituentratios in woodcan be expectedto be reflectedindirectly in tile tipper
portionsof the sorptioncurvewherephysicalchangesare registered.and directly in lower portionsor
the sorptioncurvewherechangesto numberof availablesorptionsitesare registered.
As alreadyremarkedin Chapters5 and 6, bulk lossesto constituentswerecertainly registeredin the
increasedslopeof the upperportionsof the sorptioncurvesmeasuredfor the degradedarchaeological
woods. Samplesmeasuringhigher total constituentlossmeasuredcorrespondinglyhigher slopeiti this
region,by-and-large.Reducedthicknessof cell wails and reducedoverall densitymust be tile iu:ýor
factor driving this trend.
Changesto the initial portion of the sorptioncurve,attributabledirectly to changesin constiluclit ratios.
wasnot for the mostpart observedin the resultsfrom this study. Very small differcuccswcre obscrvible
in the slopein this regionbetweendegradedand undegradcdsamples,with moredcgradcdsamples
exhibiting very slightly steeperslopethin undegraded.This suggestssomesmall incre4iseto tolil
cd
numberof sorptionsitesin the wood,but much lessthan the lirgc increasesin hygroscopicityot).wr%,
by conservatorsin this materialwould havesuggested.This leadsus to concludethat theseincreasesin
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hygroscopicity may be more a factor of increasesto internal surface area in the wood, than to any net
increase in free sorption sites. Since lossesto carbohydratescan be expectedto reduce numbers of

sorptionsites,while increasesin smallercarbohydrateand lignin breakdownproductscanbe cxpcctcdto
increasenumbersof sorptionsitcs,it is perhapsnot surprisingthat the affcct of constitucritchangcson
this areaof the sorptioncurveis lessthan might havebeenexpected.
This meansthat measures
of constituentlossin archaeologicalwoodwill alwaysonly be a generalgauge
of changesto its sorptionproperties.
7.7

Summary

It should be clear from the discussion in this chapter and the previous one that no single stancLard
measure commonly used for degradation assessmentin archaeological wood is going to prove reliable as
a diagnostic tool. Hoffmann (1982) expressedsimilar (though less detailed) rcscrvations about the use
of bulk chemical analysis for the charactcrisation of degraded woods. GrawtanandMathias(1987)
concluded that this type of analysis is not usually worth the cffort. unless large batches of wood are to be
treated, and furthermore, that its results must be interpreted as guides rather than absolute indications of
the residual constituent levels in wood.
These reservations are reflected in the fact that very little evidence exists for conservators making use of
the data from chemical analysis in designing treatments for waterlogged wood, They have not, for
example, attempted to treat the major holoccllulose and lignin components as separateproblems. or to
devise chemical treatments according to their relative proportion in degraded wood. This disregard of
chemical differences has been possible becausefor many years the standard procedure for wood
treatment involved total water replacement and impregnation of the artchict with waxy, cryst.111inc.or
polymer solids. More recent work, aimed at dclining the chemical properties of %%,
itcr-dcgmdcd wood
for conservation purposes, (Cook and Grattan 1985-,Hoffmann 1985, Young and Wainwright 1982.
Ambrose 1990) has not yet led to greater attention to lite treatment of lignin as wcll as depicted
cellulose. The major problems that have arisen with new treatments aimed at stabilising individual ccllwall chemicals alone have been discussedin Chapter 4. These methods also tend to contravene basic

conservationethics,and the cfforts requiredto avoid copingwith the waterclementusually involvc
expensiveor undesirableamountsof organicsolvents.
Yet what othcr simple tool is available for the diagnosis of degradation in %vatcrloggcdwood by (he
conservator? And why, since results from these simple tools discussedin Chiptcrs 6 and 7 appear to
show consistent and reasonedtrends, can the conservator not rely on them as absolute prcdictors for
component levels, drying behaviour, or permeability in archaeological wood? Thcscarc questions %%hich
I feel arc in need of some concentrated critical appraisal.

The basicquestionunderlyingthis researchprojecthasbeenwholicr it is possibleto devisea inciliod
that is both non-technicaland inexpensive(in termsof finic, equipment,and materials)for the %%Drking
archaeologicalconservatorto find out what lie needsto know abouta pieceof detcrion,led moodin order
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to assesshow to treat it. Ideally, we would go right to source and attempt to obtain informationabout
the sorption characteristics of the wood. But Chapter 5 has shown how complex and time-consuming
this type of data can be to collect. So we look for another predictor that can provide this information
indirectly and is more easily accessibleto the conservator. This predictor will have to yield infornuition
on residual levels of carbohydrate (holoccliulose) in the wood becausethese lossesaffect the wood-watcr
relations and the drying behaviour of waterlogged wooden artcficts.

Conservatorshavea numberof apparentlyeasymethodsof obtaininginformationaboutholoccllulosc
contcnt-indircct measuressuchasbulk density,ccll-wall density,and watercontcm.and
TAPPI/ASTM standard preferential solubilisation tests for polysaccharides. But, as discussedin carlicr
chapters, each of these has its draiNbacks. The TAPPI/ASTM measureof holoccllulosc content is
accurate enough for new wood, but becomesincreasingly inaccurate the more deteriorated a piccc of
wood is. This is principally becausedeteriorated wood not only experiences lossesto holoccllulosc but
also undergoesa number of other chemical changes in the process (c,g., increase in mineral content.
fractionation of lignin, ctc.). Unfortunately. the TAPPI/ASTM tests pick up these products as wc1l and
therefore yield corrupted measuresof constituent contents. The other three measures(water content.
bulk density and ccll-ivall density) arc even less satisfactory. since they arc at best indirect mcisurcs of
holoccllulosc content, and also include a substantial degree of crror (Sections 6,2.2-.6.3,2,7,21),

Thcy.

like the TAPPI/ASTM tests, are also affected by other chemical proccsscsassocialcd with Wood
deterioration.

Nevertheless,
it is sometimesarguedthat thesearc adequatemeasuresfor tile conscmitor to use.on the
grounds that each of them appears to show a clear correlation with the degree of deterioration as
measuredby water content. This can be seen in Figures 6.4,6.8. and 7.13. In Cachgraph. the
horizontal axis ranks our 10 wood-samplcs according to their deterioration as measuredby water
content, while the vertical axis shows the bulk density (Figure 6.4). ccll-wall density (Figure 6 8). and
residual holoccIlulose (Figure 7.13). In each case, one can observe a clear positive or ncgativc
association between the indirect measureof constituents loss on (he vertical axis and the degree or
deterioration as measuredby Umax on the horizontal axis. It might be thought that using these
measuresthe conservator could simply read off the cellulose content corresponding to the givcn
measure,and choosethe treatment accordingly, for example, making use of a program such -is
PEGCON.

However,thereare seriousargumentsagainstthis approach. For onething. .11thouglionc obuins a cleir
corrclationbctwecnthe mcasureson the vcrtical axis and a ranking of samplesaccordingto
deterioration,it is not so clearpreciselywhat measureon the vertical axis onewould obtain for a gh-cit
absolutelevel of deteriorationin a sample. For another,thesegraphsshowthat the relationshipis not a
cly), not a straightline, and thus it seems
perfectone:the ten data-pointsmakeup a scatter(cffccti%,
likely that the apparentlysimplerelationshipbetween,say,bulk densityand Umax is peaurbcdby oneor
error, stochistic error within the simpic, and/or movementsin
moreof the following: measurement
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density
bulk
both
and watcr contcrit.
of
affect
one
or
that
underlying variablc(s)
also systematically
Furthermore, it is not even clear that the relationship between each of the variables on the wrticil
and the degree of deterioration on the horizontal axis is linear at all-ratlicr

axis

than, for example,

exponential,logarithmic,or invcrted-U-shapcd.
In order to devclop a reliable diagnostic for the residual holoccllulosc content in a givcn piece of wood.
it would be necessaryfor a researcherto obtain an accurate measureof the lioloccilulosc commit. as w6l

as of bulk density,cell-wall density,Umax,and preferablyall the othcr variablesthat are thoughtto
residualholoccIlulosecontent,for a very largesainpleof piecesof wood
affect (or to be associated
%Nith)
(several hundred at least). With a sufficiently large sample, the rescarchcr could thcn construct I
multiple linear regression model something akin to the following form:

Y=a+, 8,X,
where

+A

X2 +

83X3

+...

+r

Yz accuratemeasureof holocellulosecontentor mass loss to constituents

X, z

bulk density

X2

z

cell-walldensity

X3

=

residualholocellulose
constantterm
estimatedcoefficienton X1 (i.e. size of change In degreeof deteriorationwith aI -unit change In bulk
density)
estimatedcoefficienton X2 (i.e. size of change In degreeof deteriorationwith aI -unit changeIn cellwall density)
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,

estimatedcoefficienton X3 (i.e. size of changeIn degreeof deteriorationwith a 1.unit change in
residualholocellulose)

r=

errorterm.

If oneobtainedstatisticallysignificantcocfficicntson X1,X2, and X3, as well as a statisticallysignific.1111
estimateof a, then onewould havean equationinto which a practisingconservatorcould plug l1cr/his
measuresfor bulk density,ccll-wall density,and residualliolocclluloscfor a given pieceof wood.and
simply calculatean accuratemeasureof holoccllulosccontent.
However, there are a number of problems with this approach. First, and probably most important.
judging from the experience of the present study. collecting information on all the viriibles necessary
for a sample of several hundred pieces of wood in order to cstinilte such a nuiltipic lincir rcgrcssion
equation would be prohibitively costly in terms of time and resources.and is unlikcly cvcr to be r-irricd
out. Moreover, it may prove impossible to obtain data on a number of variabIcs that the theory of wood
science suggestsprobably affect cellulose content (e.g.. iron takc-up. etc.). thus cvcn iran cquation wcrc
estimated it might well contain sourcesof systematic error. Furthermore. cvcn though our scatter plots
suggestthat there is a clear relationship between these variables and true ccliulose colitclit or wood
deterioration, the regression analysis might show that once we control for other variabics thisappircia
intcrcst
find
how
be
it
Therefore,
intellectual
disappears.
to
out
although
of
would
clear relationship
detcrioration,
holoccllulosc
'low-tech'
or
content
wood
these
of
arc
as
measures
predictors
good
various
it is a very costly approach that might, in the end, might yield an equation that was scriously iniccuratc,
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or even one that was not useableat all. Certainly, in the present state of our knowledge, without the
requisite large data set having been collected and the requisite statistical analyseshaving bccn carried
out, these apparently low-tech approachesto assessingholoccIlulose content or wood detcrioration, and
thereby sorption characteristics, are seriously flawed: they measure the dcsircd variable only indircctly.
they are systematically perturbed by other chemical processeswc know to be nssociatcdwith wood
deterioration, they do not control for other variables, and they contain large sourcesof crror (both
measurementerror and, possibly, stochastic error).
Given these severedrawbacks, there is an urgent need for alternative diagnostic tools that can be used by
the practising conservator as a more accurate and reliable measureof cellulose content. An array of
such diagnostic tools does in fact exist, and a selection of the more acccssiblcones will be discussedin
the next chapter. Although apparently much 'highcr-Icch. ' the techniques of instrumental analysis
discussedin that chapter (Elemental analysis, FrIP, and Py-GC/MS) have many advintigcs, both
logistical and scientific, for the practising conservator. I will argue that these tools are, in the crid, much
less expensive than the array of indirect measuresdiscussedabove, becausethey rcquirc much lowcr
levels of lab technical knowledge, time and materials. and that their results are much morc acccssibleto
conservation use becauseof the more precise and accurate information they yield.

254

8

Instrumental Analysis

8.1

Introduction

Instrumental

analysis is a term sometimes used to describe the range of techniques for chemical analysis

that involve harnessing the interaction of radiant energy with matter to obtain information
structure of materials.

about the

The nature and concentration of elements and compounds present in a substance

can be obtained by this approach. High-energy radiant sources are used to study inorganic materials,
where they measure the relative amounts of energy emitted by the atoms excited in the substance.
Organic materials, however, tend to decompose when subJcctcd to the high energies necessary for such
excitation.

Therefore, the majority of instrumental

tccliniqucs suitable for the study of organic materials

such as wood ccntre around absorbancc mcasurcmcnts, which reveal the characteristic wavelengths and
intensities of radiation absorbed by a substance. Often, too, these techniques concentrate on the
molecular rather than the atomic structure of substanccs; which can make them particularly

useful in the

study of complex biopolymers.

A numberof instrumentalanalysistechniqueshaveshowntheir value in the charactcrisationof wood.
Much of the literaturepublishedup to now hasconcentratedon identificationand clarification of wood
constituents.Instrumentaltechniquesfound usefulin thesestudieshaveincludednitrobcnzencand
hydrolysis/HPLC
1988);
(Waltersand Hedges1988);CuO
(Iiyama
acid
et
aL
oxidation
pcrmanganate
(Sarkancnand Ludwig 1971; Hedgesand Ertel 1982);solid state13C,31p,and' 1I-NMR (Faix et al.
1994;Saiz-Jiminczet al. 1987);FrIR (Pastorova,et al. 1994;Faix et al. 1994);and pyrolysisgas
chromatographymassspectrometry(Boonet al. 1987;Faix el al, 1990;Obst 1983;PouwclsCIal. 1987).
Degradationstudieshavelargely concentratedon fossil woodsand aerobicfungal degradedwood
(Saiz-Jimenczand de Lccuw 1984,1986;Van Smccridijkand Boon 1987,Stankicwiczet al. 1997). A
much smallernumberof studieshaveconcentratedon the identificationof diagcnctic markersin
archaeologicalwood (Borgin et al. 1975aandb; Hedgesel al. 1985;Saiz-Jimcnczand de Lccuw 1986,
Hatcheret al. 1988,1989b;Lewis and Yamamoto1990;Wilson et al. 1993-,CaniarcroCral. 1994,Faix
et al. 1994;Nelsonet al. 1995;van Bergenet al. 1995). Only one paperdiscusseschemicalchanges
that might cffect moisturesorptionwithin wood(Faix et al. 1994).
Many of theseanalysistechniqueslie right outsidethe rangeaccessibleto the archaeologicalconscnator
in his everyday work, either becauseof cost or the expertise required both to run the anilysis and to
interpret the results from it. Three tccfiniqucs that the present study believes havc potcntial for
diagnostic use in wood conservation are discussedin this chapter. These arc: clcmcntal analysis
(CIHN), Fourier transform infrared spectroscopy(MR),

and pyrolysis-gas chromatography/miss

spcctroscopy(Py-GC/MS). The results from analysesof the woods undcr study in this thcsis will be
discussed,and the potential of the techniques for archaeological degradation studies cxamincd. Whcre
possible, evidence for the link bctwccn degradation level and sorption charactcristics will be rcvcalcd.
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Discussionwill concentrateon the insightsand conclusionsthat the non-spccialistcan obtainfrom the
data yielded by such analytical techniques.

8.2

Elemental Analysis of Wood Flour

8.ZI

Principles and Previous Research

In elementalanalysis,samplesare combustcdin a streamof oxygenuntil all organiccomponentsare
burnt to carbondioxide,watervapourand nitrogenoxide. After excessoxygenremoval,these
compoundsare separatedin a columnbeforepassingto a thermalconductivitydetector. Blanksarc
analysedsimultaneouslyto allow the massof the gassesto be calculatedfrom the areasunderthe
respectivepeakson a graphicaltracegeneratedby the detector. Resultsare usuallyexpressedaspercent
carbon,hydrogen,and nitrogen,with oxygencalculatedas the differencelcft after ashand water
contcntsarc takcn into account.
Elcmcntal analysis is a rapid and relativcly inexpcnsivc ructliod for wood charactcrisation and

degradationstudies. Samplesizerequiredis lessthan a milligmin, and resultsallow for immediate
superficialappraisal. The four elementalconcentrationscan be combinedto calculatethe absolute
quantitiesof constituentspresentin a sample. Plotting of ratios of theseelements(c,g,, in the form orn
van Krcvclen plot) will revealcompositionalsliifls indicativeof preferentiallossto certainof the sample
material'sconstituents.Publishedresultsfrom elementalanalysisshowchangesto the main wood
constituentsof degradedand undegradcdwoods(Hedgesel al 1984,1985;1ledges1990,Waiteand
King 1980;Wilson et aL 1993;Nelsonet aL 1995). Preferentialpreservationof lignins over
is clearly shownaswcll.
polysaccharides
This tecluiique has also proved a useful adjunct in thc clarification of the results from othcr analyscs
(Nelson et aL 1995). Nitrogen contents can be examined to detcrIllinc the prcscncc of protcins, an
indication of fungal degradation (Nelson et aL 1995), and increased lcvcls havc been used as a gcncral
diagcnctic markcr for degradation in wood (Waite and King 1980; Zabel and Morrell 1995),
8.Z2

Experimental

Threesamplesof woodflour of approximatelyequalweight (2.3 ing) wcrc subjcctcdto cicnicrital
analysis. Samplesfrom the outer regionsof the Romanplank werecomparedto thoseof the ccn1ral
region,and samplesfrom eachof slightly-dcgradcd,mcdium-degradcd,
and highly-degradedartcracts
werealsoanalysedto examinethe usefulnessof this techniqueas a degradationmarkcr, Nitrogen.
hydrogen,and total carboncontentweredctcrmincd,using a Carlo Erba StrunicntazioncAnalyscr.
Resultsarc usuallyexpressedas percentcarbon,hydrogen,and nitrogcn,with oxygcncalculablensthc
differenceleft aftcr ashcontentis takeninto account.
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8.Z3

Results and Discussion

Results for triplicate analysesof sample O/Out provided weight percentagesas given in the table below.

Weight percentageof oxygenwascalculatedfrom the differenceremainingafter ashand moisturc
content were taken into account.

Analysis I

Analysis 2

Analysis 3

Carbon

Hydrogen

Nitrogen

Oxygen

M Percent

64.14

1.31

2.29

28.57

Carbon Ratio

1

0.25

0.03

Wt Percent

55.65

1.41

2.00

Carbon Ratio

1

0.30

0.03

Wt Percent

70.14

1.30

2.58

Carbon Ratio

Table 8.1

1

0.22

--7

22.29

0.03

Elemental analysis of a sample from the Roman well plank

Sample

Carbon

Hydrogen

Nitrogen

Oxygen

EIAnn

46.94

6.46

0.11

45.20

A IlInn

47.61

5.82

0.86

41.37

A24nn

47.80

6.10

1.01

42.16

A34nn

46.56

5.95

0.95

43.48

WHIAnn

45.43

8.33

0.21

46.15

FF124nn

47.55

5.54

0.37

44.20

ST34nn

51.73

5.79

0.39

40.87

Table 8.2

37.25

Elemental analysis of samples from the artefacts

As the results above show, lower hydrogcn and oxygen contents (in rclation to carbon content) are
exhibited as degradation progresses,and thcy arc considerably lower than those from undegrided frcsll
oakwood. According to Hedgesel al. (1985), this shifi corresponds to preferential Qirbohydratc loss.
Nelson et al. (1995) and Wilson et al. (1993) also observed thesechanges in dry-site archicologicil
woods. Weight percentagesof organic carbon can be seen to increase along with dcgradation ill file
sample results above. This, too, is consistent with the results of Nelson el al. ( 1995). The raised
nitrogen levels (as calculated in ratio with organic carbon contents) found in the degn,ded sainpics
above arc characteristic of raised protein content, and argue forn significint contribution to degradation

by aerobicpathways(Waite and King 1980). This firinly cstiblislics the liscrulnessor this techniqueto
producediagencticmakers for arcliacologicalwood.
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Where
there
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being
suspicion
reason
added.
that
or
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8.3

Fourier Transform Infrared Spectroscopy Analysis

8.3.1

Principles

In the techniqueof infraredspectroscopy,
radiationfrom an infra-rcd sourceis divided in a spectrometer
into two equivalentbeams.Onepassesthroughthe sampleccll and the other througha referencecell.
The two beamsarc then recombinedand focusedon a monochromatorslit wherethe component
wavelengthsof the spectrumare separatedout, finally to fall on a detectorthat cinits c1cctricalsignals
that canbe amplificd and recorded(Skoogand Leary 1992).
The differencein the absorptionbetweensampleand referencecells givesrise to the absorption
spectrum.This is expressedas a seriesof dark lines appearingin the spectrumat thosewavelengths
lines,
bands
Molecules
has
been
light
than
to
to
cich
the
absorbed.
rather
sharp
spectral
give
rise
where
bandextendingover a considerablerangeof wavelengthsand frequentlysuperimposed
with a fine
structureof separatelines. The absorptionbandsof the infrared spectraeachcorrespondto a particulir
changein the vibrational stateof a molecule,and cachline in the bandcorrespondsto a changein the
rotationalstate(Laidler 1978). The characteristicabsorptionsof mostof the organicfunctionalgroups
are known. Characteristicchangesto the spectraalsoallow the chemicalenvironmentaroundhydrogen
bonds to be identified. The complete spectrum with its selective absorption binds will be vcry
1,
in
fingerprint
from
1400
990
the
to
region
cin
will be unique to the
complicated and, particularly
intensity
The
of the peaks is governed by the number of molecules in the simple.
study.
under
substance
among other things, but this technique cannot be thought to be truly quantitative without rather coniplcx
corrections for peak overlap, scattering and absorption by the other matcrials involvcd in the technique

(Skoogand Lcery 1992).
IR spectroscopyis particularly good at picking up the presenceand extent of hydrogen bonding. The
hydrogen bonding within an organic molecule leads to a shift to lower frequencies within an absorption
band and an intensification of the band (Laidlcr 1980). This should mean that the relative proportions
by
important
be
identified
to
(very
this
free
the
sorption
characteristics)
can
molecule
on
groups
of
-OH
information
FTIR
focus
by
the
have
been
Studies
moisture
that
about
on
givcn
carried
out
analysis.
difficult
is
information
(because,
for
interpretation
but
tl-ds
very
of
the
sort
says
of
spectra
spectra,
Loudon (1988), of the masking of bands by the very wide absorbanccof water itself), still in rclitivcly
8.1).
for
(see
bounds
thesis
this
section
the
the
thus
of
remit
and
outside
early stages

FrIR is a very rapid technique,whosecquipincntcostsare relativelyinexpensive.indeedmorc within
is
The
size
rcquircd
for
sample
than
clcctron
l1licroscopy,
the
scanning
archaeologicalconservator
reach
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also suitably small, typically in the range of one milligram. Its main disadvantageis the high lc%,
cl of
peak broadening and overlap introduced by complex and degraded sample material,
8.3.2

Previous Research into Archaeological and Degraded Wood

Hergcrt (1971) summariscd the results of a comprehensive study of wood clicinicals. inorc specifically
the lignins, by FTIR. Crook et al. (1965) were some of the airlicst to investigate clegradmionof wood
using FTIR. They described oxidative cffccts visible in increased C-0 vibritions in the FTIR spcctr-.
i of
aged woods. Wayman et at (1971) investigated two ancient woods with this technique. providing some
of the first markers for degradation. Fcngcl (1991) discussedthe conipiritivc cffcclivcness of FTIRand
a number of other techniques of instrumental analysis for describing chemical and biologiQll
degradation in aged woods. Kim (1990) provided the most coniprchcnsivc study to date of mirkcrs for
degradation revealed by FrIR analysis of waterlogged archaeological woods, Wilson et al. ( 1993)
diffcrcritly-degraded
of
a
range
of
samples from shipwreck timbers.
spectra
provided comparative
Faix et at (1994) revealed the trend towards a gcncraliscd increase in hydroxyl groups in degraded
lignins.

A certainamountof literatureexistsdealingspccificallywith FTIR in conjunctionwith the solvingof
conscrvationproblcms.Kirillov and Mikolajcliuk (1990)studiedthe IR spectra,constructing
dcgridation in archacologirll
cellulose/ligninratiosfrom peakareasin orderto charactcrisc:
waterloggedwoods. Theyproduceda numberof statisticalincthodsfor usewith this iccluliqueto reduce
FTIR dati and
errorsbroughtin by peakoverlap,and found a closestmight-linc corrclationbct%%-ccit
Mills-Rcid
from
bulk
analysis.
et al. (1984)carriedout quantititivc incrcinciail
constituent
results
analysesof timbersfrom a waterloggedshipwreckin order to follow the progressordiffusion or
polyethyleneglycolsinto largestructuralblocksof wood. They modelledthe potentialor this technique
for studiesrelevantto archaeologicalconservationand its ability to yield meaningfulresultsto nonspecialistworkers. Theydid not, however,fccl that it could be usedeasilyforacLuratequantitative
for the
of FTIR microspectrophotonictry
work. Bakerandvon Endt (1988)discussedthe advantages
non-destructiveexaminationof works of art and othervaluableartcfacts%iherethe removalof sainple
materialis impossible.
8.3.3

Erperimental Method and Materials

Small sub-samples
from woodflours preparedby the methodsdescribedin Chapter7 weretAcn front
that arc the focusof this thesis,and groundfurther %%
ith oil agate
the archaeologicaland fresh%voods
mortarand pestle. Between0.9 and 1.0mg of the groundsainplewas mind by gntiding with
potassiumbromideand pcilcliscdin a SpcctraTcchQ%vik
approximately75 mg of spectroscopic-grade
Handi-Prcss.Everyattemptwasmadeto standardiscthe simple sizeusedforanalysis, in order that
crc measuredoil a Bonicin NIB50MR
peakintensitiesshouldbe morecomparable.Spectra%%,
sPCctromctcr
and proccsscdusing Win-Boincin Easysoft%%,
lrc.
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Identificationof peaksof interestfor comparisonwasmadeby referenceto the litcraturc listedabovc,
8.3.4

Results and Discussion

The discussionhereconfinesitself to a selectionof the inner sectionsof the artcflcts analysedin this
study. No attemptwasmadeto quantifypeakareasor calculatesuchindiccsas lioloccilulose/lignin
ratios.
Results from FTIR analyseswere largely clear and unambiguous. Good rcproducibility Qin be sccn in
the spectra shown in Figure 8.1 below-and much better congruence than displaycd in rcsults ftom bulk
constituent analysis.

8211!!

Figure 8.1

Reproducibility In FTIR spectra

8.3.4.1 Band assignmentsand diagenetic mark-ersfor wood degradtition
The table below summariscs the approximate band assignments characteristic or wood and certain
1
in
1200-1600
bands
In
the
cin- region and the those in the
general, the
of its diagenctic markcrs.
1700-1750 cm-1 region arise primarily from lignins. BandsinthellOO-1200cul"

rcgionariscfront

1730
by
band
is
Hemiccllulose
the
at
cm-1. Asinalipcakat896cul-,
represented
cellulose.
the lower-molecular-wciglitcarboliydratcs (Wilsonetal,

ariscsfroln

1993). Referencesgiven in the table below

refer to sourcesprovided in the literature on degraded wood, rather than to the originil idvitification or
the band.

200

Band crn"'

Origin

1730

Hemicellulose(Klm 1990)

1720

Brown-rotdecay marker(Kim 1990)

1700; 1715

Oxidisedfignin(Crookeet at
1965; Borginet aL 1975b)

1600

Lignin(Hergert1971)

1590; 1270

Degradedgualacyls(Fengel 1991)

1510

Lignin(Hergert1971)

1270

Lignin(Hergert1971)

1220; 1320

Syringyl(Fengel1991)

1225

Gualacyl(Fengel1991)

1120

Degradedsyringyls(Wilson et at 1993)

1110; 1060; 1040

Cellulose(Kim 1990)

1050

DegradedCellulose(Kim 1990)

896

Anchlomericcarbohydrates(Wilson st aL 1993)

Table 8.3

Band assignments for FTIR traces of degraded wood

Labelled FFIR Spectra comparing fresh to degraded wood ill conjunction with spectra or purc samples of
cellulose and isolated lignin are shown below for reference.

Wool)

;v
Fremb

Degrudect'

Lignin

1500

Figure 8.2

1000

IWO

FTIR spectra of fresh wood, degraded wood, cellulose, and lignin
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There are roughly sevenmarkers to watch for in the interpretation of FTIR spectra for signs of clicinical
changes to degradedarchaeological waterlogged woods. These are summariscd below,

1. Decreasein intensityof bandat 1730cm -1 due to lossesin licmiccliulosc(Kiln 1990).
2. Emergenceof singlebandat 1050cm -1,replacingthe threecclIuloscbandsI 110cill '1,1060 cill
1040cm -1 (Kim 1990).
3. Relativeincreasein intensityof lignin bands1600cin'"', 1510cin

1
1270
and
cin due to losses

in carbohydratcs (Kim 1990).
4.

Relative decreasein intensity of 1220 cm -1.1.120cm -1 due to prefcmitial syringyl loss. also to
arising of new band at 1120 cm -1 (Wilson et al. 1993).

5.

Bands at 1590,1270 indicating degradation of guaiacyls (Fcngcl 1991).

6.

Arising of band at 1720 cm -1 as a result of aerobic fungal decay (Kim 1990).

7.

Increase to bands at 1700 and 1715 due to oxidation of fignins (Crooke el al. 1963. Wlyman 1971,
Borgin et al. 1975b)

Detailed information about the vibrational and rotational perturbations to spccific functional groups
from which arise the bands listed above are well covered by the literature (Crook el al, 1963-.1lcrgcrt
1971, Fcngcl 1991; Wilson et at 1993, Faix el al. 1994), and therefore not discussed here,

8.3.4.2 FTIR spectra of degraded woods
The FTIR spectra that follow in Figures 8.3 through 8.6 show the results produced by analysesor.,
series of samplesfrom the degraded and tindcgrided woods that have made up this study,
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8.3.4.3 Trends revealed hy spectra

in other studiesof degradedarchaeologicalwoodarc
Trendslisted in Section8.3.4.1anddiscussed
clearly visible in the spectrafrom the woodsunderstudyhere.
Hen-dcellulose(band 1730 cm -1) begins to show significant loss in intensity with even the less degraded
of the archaeological samples(e.g., WHI). The band representing low molecular weight anchionicric
(linkage) carbohydrates(Wilson et aL 1993) at 896 cm -1 follows this trend closely, and both can be
seen to be almost entirely absentby the time a sample is measuring Umax 300% and has lost
approximately 25% of its holocellulose (Chapter 7).
The changes to the cellulose bands (bands I 110 cm -1,1060 cm -1,1040 cm -1) are somewhit more
complicated, though still highly diagnostic for degradation. Lcssdegradcdsamplcs(c. g., W]II)dispily
cry quickly they begin to be maskcd by a generally broader peak
separatebands in this region, though -%,
with a maxima at 1050 cin -1. Distinctive bands still remain within this larger band during the process
of increasing degradation, in particular bands at approximately 1125 cm -1 and 1030 cm --' . There arc
definable trends observablein the relative heights of these two peaks during the processof increasing
degradation. Lossesto hcmicellulose and relative loss in intensity of cellulose bands in relation to lignin
bands appearsto be accompaniedby a simultaneous increase in intensity of band 1125 cm ' rclativc to
the band at 1030 cm -' until toward the more extreme end of degradation two bands show up in the
,
place of the single band at 1030 cm -1. Some proportion of this change seemslikely to be associated
with the gradual build-up of carbohydrate degradation products in the wood sample, though the peak at
1125 cm -1 may well arise from degraded syringyls, as argued by Wilson el at (1993).
The relative increase in intensity of the primary lignin bands at 1600 cm

1510 cm -I and 1270 cin
.
in relation to the cellulose bands is clearly visible, and is progressive as degradation level incrcascs.
Changes to the intensities of the peaks to the IM-liand side of the lignin band range (1590,15 10 cin
1270 cm -1) in relation to those at the right-hand end (1220 cm

1320 cm -1) clewly reflect changes to

syringyl/guaiacyl ratios that accompany increasing degradation.
No sign can be seenof the aerobic fungal decay marker mentioned by Kim (1990), though this marker
has appearedin degraded archaeological woods from largely anaerobic contexts. It is difficult to tell
in
be
bands
lignins
the
1700 and
samples
analysed,
since
seen
can
of
whether any signs of oxidation
1715 are largely masked by the broad band spanning 1600 cm -1 to 1730 cin -1.

The discussionaboveemphasises
the powerof this analyticaltool to rcvcil diagcncticinforinationabout
difficult
is
Interpretation
oncethe significant markus arc
not
spectra
of
archaeologicalwoodsamples.
known. It is easyto seethat resultsfrom suchpost-analysisinterpretationcouldbe sununiriscd into a
systemthat couldbe usedto categorisewoodenartcfactsaboutto undergoconservationIrcanuctit.
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8.4

Analytical Pyrolysis Study

8.4.1

Principles

Pyrolysis is the thernial fission of a sample material, in the absenceof oxygen, into moiccuics of lowcr
less
fincly-ground
is
I
typically
than
In
sample,
ing
of
solid
a
small
matcrial,
analytical pyrolysis,
mass.
heated on a wire or in a quartz tube to a rising temperature sclicdulc in excessof NOT until high
temperature decomposition occurs, releasing volatile compounds. These compounds arc then oficil
by
fragments
The
to
by
analysis
mass
spectroscopy.
prior
that is
pool
of
separated gas chromatography
dctected provides a fingerprint characteristic of the sample in tcrins of both fragment nature and rclativc
distribution. Small sample size is not only an advantage of (his technique for archaeological use. but isa
from
bulk.
A
the
typical
tricc
sample
within
a wood sample
temperature
to
gradients
requisite avoid
contains 50-100 individual peaks, each corresponding to a product typical of one of the major or minor
from
Furans
compounds
are
produced
carbonyl
and
polysicchiridcs such as
constituents of wood.

froin
lignins
(Table
8.4).
Lignin-dcrivcd
hcmiccllulosc,
productsarc
phcnols
and
and
cellulose
particularly diagnostic as they tend to retain the mcthoxylation pattcrn (i. e.. the arrangcIlIcIlt of -OCI II
around the benzene ring) of the parent structural units. guaiacyl and syringyl, and "carry diagctictic
information on their side chains" (Saiz-Jimincz and de Lccuw. 1984),
Various variations in both sample degradation method and method of detection lhivc bccii cinployed.
direct
ionisition,
ion
total
filament
Curie-point;
currciinind oMinc Mine
chemical
pyrolyscrs;
e.g,
ionisation detection. Gallctti and Bocchini (1995) claim that the advantigc of filamcm pyrolyscrs (uscd
in the present study) over Curic-point systemsis that relatively larger amounts of sample can be
dishomogcncous
degree
higher
reproducibility
with
mitcrills
of
analysed, allowing a

such as %%ood

Unfortunately, the differences between these methods, tile specific sensitivities of differcitt detectors
havc
between
a significant cffcct oil rcstilts. more
to
runs,
will
sample
coil
and
changes
used,
I'his
tcnds to inake comparison of pyrogrinis of
times
products.
of
pyrolysis
on
clution
particularly
different origin difficult. For this reason. designation of pyrolysis product by rocrition time or scan
Bergen,
Comm.
(van
less
1997)
identification
is
thin
pers.
meaningful
much
considered
mide
number

by m1znumber.
Perhapsthe great advantageof pyrolysis over other degradation techniques is that sainple digestion is
likelihood
introduced
being
This
front clicutical
the
to
reduces
of
artcficts
analysis.
prior
not required
digestion. Though fresh wood may undergo prc-analysis extraction with dichloromcilmnetinct III nol to
remove resinous compounds (extractives) that would othcrwise yield mcrgcd Kiks. watcriogged wood
does not appear to require this extraction process, since tnost of these hivc bccn lost through dcgn.dation
and leaching in the burial environment (note absenceof peaks after scan no. 33W in Figurcs H 9-8.11)
Diaz-Vaz et aL (1991) has also reported no serious interference causedby the prcscncc of PEG in wood
samplesanalysedby Py-GC/MS, thus widening its applicability to post-trcatincia diagnostic studir-s
Gallctti and Bocchini (1995) point out its ability to show up protein mirkcrs (e.g., 4-incthylplicool.
indole, and 3-incthylindoic), indicators of aerobic dcgrad3tion pathways.
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is a very preciseand extremelybroldly-bascd
Pyrolysis-gaschromatography/mass
spectroscopy
techniquefor the recognitionof woodconstituents.Analysisthrougliputis quick anddatageneratedare
in digital format, thus readilyaccessibleto statisticalanalysisand patternrecognitiontreatments, Its
is that it doesnot providetrue quantitativeyields. This meansthat Pymain quoteddisadvantage
GOMS datacannotbe comparedon an absolutescalewith techniquessuchas gravillictric analysis.
Quantificationof yieldsfrom Py-GC/MSis occasionallycarriedout. moreparticularlyto constnict
polysaccharidc/ligninor guaiacyl/syringylratios (Stankcwicczel aL 1997). Quantificationof such
complexpyrogramsdoesindeedrequirespecialcare. Mergedpeaks,differential responsetimes, and
variousother factorsdecidedby the performanceof the coil can meanthat absoluteyicIds for particular
productsare unreliable. For example,it hasbeenfound that lessthin 20% of original lignin is
by the lignin pyrolysatcspresentin a chromatogram.This is, liowevcr.a much higher yicId
represented
than by other methodssuchas nitrobcnzcneoxidation (Galiciti and Bocchcrini 1993). Recentpapcrs
quoting ratiosconstructedfrom the sumsof the areasof the chromatographicpeaksassignedto the
relevantpyrolysisfragmentsare,howevcr,consideredto havegiven rcproducableand comparative
resultsfor deteriorationstudies(Galletti and Bocchcrini 1995.Stankicwiczel al. 1997),
Since, as Obst (1993) points out, no method or combination of methods is availible thit unambiguously
provides quantitative analysis of the chemical components of cell walls becauseor the difficully in
isolating pure lignoccllulosc fractions, perhaps the aim for quantititivc results needsto be rc-cumincd
It is arguable that the clear relative intensity yields of a PY-GC/MS tracc can provide much less
ambiguous markcrs for degradation level in complex materials such is watcrloggcd archicological
facility
And
the
though
such
an
analytical
maybe appear to be out,orrcic 11ofthe
of
cost
wood.
conservator of this material, the lack of preparation, speedof results, and relative case of intcrproll

loll

could make the cost per sample a worthwhile investment.
8.4.2

Existing Research into Archaeological and Degraded Wood

Pyrolysis-gas chromatography/mass spectroscopyis by now one of tile most widely used methods for
characterising degraded woods from natural environments (Wilson el al. 1993, Diaz-Vaz et al. 1991.
Faix et al. 1987). Gallctti and Bocchcrini (1995) rcvic%%,
cd the advantagesof the pyrolysis technique oN.
cr
other available techniques for charactcrising wood and its degradation products. Results froin luirdwood
pyrolysis studies have been found to accord well with those from FTIR data (Faix. et al, 1987). Faix
and his colleagues reviewed earlier work focussedoil wood and produced tile first systematic aticuipt al
identifying not only the prominent products but also the numerous degradation products of wood
Identification of lignins has received most attention, somewhat to the neglect of polysacchandes,
Identification of the latter has been found to be more difficult than that of lignin mirkcrs bcclusc of the
less diagnostic mass spectra from which the molecular ion may be absent. and becauseor mc nunibcr or
positional and structural isomers that can be generated by carbohydrate dehydration. Compilations of
lignin pyrolysis products have been published by Ralph and Hatfield (1991) and Mcicr and Rik (1992).
Names of pyrolysis products from wood have altered a great dell as research in this area h3s progressed
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and understanding of lignin structure has increased. This can make comparisonof pyrolysis products
from study to study time-consuming and confusing.
Much of the literature has concentrated on the identification of pyrolysis products rather than markcrs
for wood degradation. An early exception to this was Borgin et at (1975b) who used this method of
analysis in a general way to study the cffccts of ageing on wood constituents. Hedgeset al. (1985)
brought out one of the earliest studies of pyrolysis products of archaeological and geological wood
from
first
(1987)
data
Saiz-Jimencz
Py-GC/MS
the
that
produced
comparison
with
et
al
of
remains.
13C-NMR and chemical solubilisation analysis in charactcrising buried woods in relation to rcccnt wood.
Hatcher et al. (1988) published a study showing the cffects of increasing degradation on pyrolysis
products produced from wood. Hedgeset al. (1988) identified markcrs (elevatedvanillic acid versus
lignins
degradation
in wood. Wilson et at (1993) published the first systematic
for
of
aerobic
vanillin)
study of marine archaeological wood samplescomparing the results of a number of analytical methods,
including Py-GC/MS- More recently, Camarcro et al. (1994) and Nelson et al. (1995) have published
identified
in
degradation
data
products
archaeological woods by Py-GC/MS. Van
on
aerobic
more
Bergen et al. (2000) have published the first paper since Benner et al. (1984) that compares
diagcnctic
in
the
of
a
series
of
new
markcrs with archaeological woods
yield
variation
systematically
from various different burial environments.
8.4.3

Erperimental Method and Materials

Samplesfrom eachof the sectionstakenfrom the Romanplank and from both inner andouterwoodof
the rangeof oak artefactschosenfor this studywereanalysedusingpyrolysis-gaschromatography/inass
freeze-drying
Sample
consisted
of
prior to powderingto a homogeneous
preparation
wood
spectroscopy.
flour with agateball and samplechamber,in conjunctionwith a powdermilling machine. Samplesof
WHI/Inn)
E2/Inn;
(EI/Inn;
historic
and
wereextractedultrasonicallythreetimesusing
wood
and
recent
dichloromethanc/methanol(1: 1 v/v). Extractswereremovedand the residuesweredried undera
degraded
be
found
the
This
to
N2.
necessary
with
archaeological samples,
not
was
extraction
of
stream
below,
Indeed,
be
in
in
be
the
their
as
can
seen
results
pyrograms.
pyrograms of
seen
as can
fresh
interpret
those
to
than
of
peak
separation
and
clearer
more
arc
generally
show
archaeological wood
dark
dry
After
in
the
processing,
stored
cool,
samples
and
species.
were
same
modern wood of
degradation.
the
to
of
possibility
continued
reduce
analysed,
until
conditions

Filamentpyrolysiswasperformedusing a ChemicalData SystemsPyroprobe1000connectedto a Carlo
for thefilamentpyrolysiswcrcloaded
Erba GC coupledto a Finnigan 4500massspectrometer.Samples
into quartztubesinto the CDS 1000Pyroprobe.The temperatureof the pyrolysisinterfacetemperature
GC
"C.
CE
'C.
610
The
Pyrolysis
250
10
time
GC
injector
ovenwas
at
at
was
seconds
set
was
and
*C
Separationwas
*C
310
OC
(5
(10
4
from
35
to
minutes)
minutes)
of
min*'.
at
rate
a
programmed
achievedusing a fused-silicacapillary column (50 mx0.32 min) coatcdwith CPSil.5 CB (film
wasoperated
thickness0.4 tun). Helium wasusedas the carrier gas. The Finniganmassspectrometer
35-550
70
the
range
nilz
at a cycletime of I second.Compoundidentificationswere
eV,
scanning
at
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bascdon massspcctraldataand rctentiontimc comparisonswith rcfcrcnccsampIcsand datarcportcdin
the litcraturc (Pouwclset al. 1987;van Smccrdijkand Boon 1987;RalphandHatfield 1991;
Stankicwiczet aL 1997).
8.4.4

Results and Discussion

The current discussion considers only the results from a selection of inner sectionsof the Roinin plank
from
the other samplesanalysedproved valuable in asscssingboth
though
the
results
artcfacts,
oak
and

rcpcatabilityof rcsultsand scquenccin trcndsand arc uscdto inform ccrtainof the conclusions.
Figure8.7 (next page)showsthe partial ion chromatogranisof a sampleof freshoakwoodand a sample
from the Romanplank as representative
pyrograms.Peaknumbersrcfcr to the identifiedcompounds
listed in Table 8.4 (following).
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Seventycompoundswereidentified in all woodpyrolysates,in additionto the compositepeak
Levoglucosan.These,alongwith associatedoriginating woodconstituents,arelistedin Table8.4.
Peak

Comp2und

I
2
3

2-Hydroxypropanaldehyde
Toluene,Thiophene,Hydroxy-ketobutenal
Furan-3-one

4
5
6
7

3-Furaldehyde
Pentan-2,4-dienol
2-Furaidehyde
Hydroxymethylfuran

8

Furan-2-one

91

5-Me-2-furanone(P-Angelicalactone)
5-Me-2-furaldehyde

10
11
12
13
14
15
16
17
is
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
401/41
Q-

Table 8.4

4-Hydroxy-5,6-dihydro-2(H)
pyran-2-one
Phenol
3-Hydroxy-2-methyl-2-cTclopentene-1
-one
2-Hydroxy-3-methyl-2-cyclopentene-1
-one
2-Methylphenol
RhamnoseMarker

rrdz values
43+74
91+92/97+98
54+84

Origin
Cellulose(7)
Biodegradedlignin (7)

95+96
53+82
95+96
97+98
55+84

Cellulose(7)
Polysaccharldes(?)
Cellulose
PS/Cellulose
Cellulose

55+98

Cellulose

109+110
58+114
66+94
55+112
55+112

Cellulose

107+108

Guaiacol
(41-1)
2-Methyl-3-hydroxy
pyran-4-one
RhamnoseMarker

109+124
71+126
43+128

2,4-Dimethylphenol

107+122

5-hydroxymethyl-24etrahydrofuraldehyde
-3-one
MethylGualacol

57+69+43

Methoxybenzenediol
_
3-Methoxy-1,2-benzenediol
Ethyl Guaiacol
4-Methoxy-1,2-benzenediol
4-Vinylguaiacol
Syringol
4-(prop-I-eno)-guaiacol(eugenol)
5-Methyl-3-methoxy-1,2-benzenedioI
4-propanyl-guaiacol
4-formyl-guaiacol(vanillin)
C2-1,2-Benzenediol
4-(prop-2-enyl)guaiacol(cis-isoeugenol)
4-methyl-syringol
4-(prop-2-enyl)guaiacol(trans-isoeugenol)
4-acetyl-gualacol+ Gualcylpropan-2-one
-4 CIC
,G-C

HC (XyloseMarker)
BiodegradedLIgnin
Cellulose
Cellulose
BiodegradedLIgnin

107+108
43+128

3- and 4-Methylphenol

1,2-Benzenediol
5-Hydroxymetho-2-furaldehyde

Cellulose

_Polysaccharldes
BiodegradedLlgnln/?
Protein?
LIgnin
HC (XyloseMarker)
Polysaccharldes
BiodegradedLianin?
Polysaccharldes
Lignin

123+138
64+110
97+126

LIgnin
Cellulose

140+125
78+124
137+152
78+124
135+150
154+139
149+164
139+154
137+166

Lignin
_

151+152
123+138
149+164
153+168
149+164
151+166/162+166
162+147

_Lignin
Lignin
LIgnin
Lignin
Lignin
Lignin
Lignin
Lignin
Lignin
Lignin
Lignin
Lignin
Lignin
Lignin
Lignin

List of pyrolysis products and their origins

273

Peak
43
44
45
46
47
_
48
49
50
51
52
53
54
55
56
_57
_
58
59
60
61
62
63
64
_
65
66
_
67
68
69
70

Compound
5-etheno-3-methoxy1,2-benzenediol
"Vanillicacid" methylester
Guaiacylpropan-2-one
4-ethylsyringol
1,2-benzenediol
5-(l -propanyl)-3-methoxy
Di-methyl-vinylsyringol
"Vanillicacid"
G -<u
1,2-benzenediolcis
5-(2-Z-propenyl)-3-methoxy
5-formyl-3-methoxy1,2-benzenediol
S --son
S -, *5-(2-E-propenyl)m.c. trans
SyringylAldehyde
S -.-t
G
14
S-%S (sameas above)
S-, %S&G
G
S-1-1%VCli2

S =ý "
SyringicAcid
S
e)+1
S -ý4'
eo14
Sn
Cl 6F.A. &S -N-, O t4
Levoglucosan(2316-2434)

rrJz values
151+166
151+182
137+180
167+182
91+180
180+165
168+153
180+151
91+180
167+1687

Origin
LIgnin
BiodegradedLignin
Lignin
Lignin
Lignin
Lignin
Lignin
Lignin
Lignin
Lignin

119+194
Lignin
167+196
Lignin
91+180
Lignin
181+182
Lignin
94+119
Lignin
137+180
Lignin
192+177
Lignin
192+177
Lignin
119+917
_
_Lignin
196+181+153/178+ Lignin
135+147
137+180+124
LIgnin
167+210+168
Lignin
181+212+197
LIgnin
181+210+153
168+212+167
154+167+210
208+137+165
154+167+210
60+73

BiodegradedLignin
Lignin
Lignin
Lignin
Extractives/Lignin
' ''
PSILIgnin

_71
Table 8.4

List of pyrolysis products and their origins (con't)

Figures 8.8,8.9,8.10, and 8.11 showthe results for the inner, Icss-detcrioratcd layer of wood froin the
range of artcfacts under study here.
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Figure 8.8

Partial ion chromatograms

for sections from ends and centre of Romdn plank
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Figure 8.9
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Figure 8.10

Partial ion chromatograms

III,

for less-deterimated

ýI,

III.

ýIIIýIýIIII

artefacts

1

-'

Figure 8.11

Partial ion chromatograms

for more-deteriorated

arlefacts

ý79

8.4.4.1 General trends in degraded samples
The pyrolysatcs (Figure 8-7) of both archaeological and recent wood reveal tile characteristic distribution
of the major products derived from cellulose (C); also levoglucosan = LG), licmicclltilosc (tic) and
lignin. As with the findings of Diaz-Vaz et al. 0 99 1) in their study of wood samples from a pilacolithic
site in Chile, the pyrograms of deteriorated archaeological wood show very systematic and distinct
differences in the relative intensities of various of the pyrolysis products between fresh and recent wood
ofthe same species. In all of the archaeological wood samples. 2-Mcthoxyplicnols (Guaiacyl units - G)
and 2,6-dimetlioxyphenols (Syringyl = S), %viththeir vinyl, c1hyl or mc(hyl substiluctits dominate tile
furationcs
(furaldchydcs,
products
and pyrnnoncs) arc
pyrolysis
polysaccharide
pyrolysate, whereas
revealed in less abundance.
Peak intensities of most carbohydrates, in particular the pcntoses(Peaks4,7.11) rclativc to hexoscs
(Peaks 3,8-10,19,22,25),

show decreasedintensities ranging from only slightly decreased(W] 11) to

degradation
levels
for
in
line
(17173),
the arteficts. Curiously, carbohydrate
relative
with
absent
entirely
pyrolysatcs 2-Mcthyl-3-hydroxy (4H) pyran4-onc (19), which is a liciniccliulose mirkcr, and
5-liydro.xymctliyl-2-tctraliydrofuraldcliydc-3 -one (22) exhibit equal or higher intensity yields in
archaeological samplescompared with recent wood, until degradation levels are quite advanced
(e.g., samples FF6 and ST3). We can expect the first of these (which is a xylose inarkcr) to increase,
into
leads
degradation
licmiccllulose
the
the
to
of
separation
polymer
xylosc mannoseand
since
galactose,among other stripping of side-groups. It seemsreasonableto explain the secondof these
increasesas resulting from an artificial enhancement by breakdown products from the more complex
decay
fungi
in
has
been
the
wood
presence
of
observed to contribute to
although
carbohydrates,
enhanced carbohydrate fractions measured(Zabel and Morrell. 1992). Certain of these trcnds with
carbohydratesand wood degradation are well established in the literature (Hedges et al. 1985, Wilson et
last
including
1).
Galletti
1995),
(Diaz-Vaz
199
The highly diagnostic changes
1993;
this
el
et
al.
al.
al.
to levoglucosan, discussedseparatelybelow, have been somewhat neglected, perhaps becausefew of the
researchersanalysed sufficiently varied samples to establish any consistent trend.

Dominanceof syringyl derivativesover guaiacylproductsis in concordancewith pyrolysisdata
characteristicof hardwoods(Saiz-Jiminczel al. 1987). In general.the majority of lignin-dcrivcd
compoundsshowshigher intensitiesin deterioratedarchaeologicalwoodsthan in freshor recentwood.
This phenomenonis the resultof the proportionaldecreaseto carbohydratefractions,ratherthan any net
increaseto lignin pyrolysatcs,and is examinedmorecloselyin the sectiondiscussingCL ratios(below).
Changesto the ratio of syringylsto guaiacylsthat occurwith the moredegradedsamplesis also
discussedseparatelybelow,as is c-vidcnccfor the degradationlevel providedby the presenceof
catccholiclignin degradationproducts.

8.4.4.2 Levoglucosan

The pyrogramsof all woodsamplesare dominatedby a wide peakrunning approximatelyfrom scans
2300-2430(Peak71, Table8.4), with a basepeakat m1z60 + 73 (Rcid et al. 1993). This hasbeen
is
1995)
(Gallctti
Lcvoglucosan,
called
anhydroglucopyranose
and
to
sometimes
et
al,
assigned
from
lignin
fragments
originating
as
a
of
polysaccharides
well
as
number
pyrolysis
composed of
Changes
levoglucosan
[7
11).
8.7,
(Figure
to
the
total
area
of
appear to be particularly
pyrolysates
diagnostic for degradation level in wood. Levoglucosan yield can be seento decreasedramatically with
degradation, and follows the regular trend shown in other data gleaned from the artcfictual wood. such
link
Kelly,
1)
(199
Diaz-Vaz
these
to
the suppressive
results
and
al.
et
content.
cellulose
as residual

lcvoglucosan.
fonnation
high
the
of
on
content
ash
effectof
Sincelevoglucosanvariesin the rangeof scansover which it extendsand is particularlyirregular in
be
be
This
in
thought
to
area
could
problematic.
of
peak
extent
variation
measurement
shape,accurate
level
in
be
degradation
it
in
itself,
be
to
archicological
taken,
can
predict
wood.
since
of rangemight
lcvoglucosan
lignin
in
that
to
spans
seems
peaks
also
a regular
the
of
reduce
that
number
relative
seen
fashion with increasing degradation. In the pyrograms displayed above, lcvoglucosan can be seen to
in
dry
historic
43-53
in
fresh
43-48
in
43-54
peaks
oak,
oak
wood;
peaks
modern
span peaks
43-45/46
in
in
good
preservation,
peaks
relatively
wood of medium
woods
waterlogged
archaeological
degradation; and only peak 43 in scriously-degradcd woods. This sort of casily-obscrvcd trend brings
interpretation of pyrolysis data well within the reach of (he practising conscnator and has the potential
to be correlated with such characteristics as measuredresidual cellulose contents and ribrc saturation

point, to inform trcatmentchoiccsof archacologicalwoodcnartcfacts.
8.4.4.3 Polysaccharidellignin ratios

Datafor the tablebelow(Table8.5) wascalculatedby the suininingof total areasmeasuredfor the
following peaks:
Polysaccharides:

1,3-11,13-14,16,19-20,22,25

Total Lignins:

15,18,21,23-24,26-70

Ratiosbasedon peakheightsare alsoreported.
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Sample

PS.L Ratio (Peak Area)

PS.*L Ratio (Peak HeIghQ

AI/Inn

0.30

0.21

A211nn

0.17

0.13

A3/Inn

0.21

0.16

El/Inn

0.64

0.43

E2/Inn

0.80

0.34

WHI/Inn

0.76

0.35

FFl5/Inn

0.19

0.13

FF9/Inn

0.13

0.08

FF12/Inn

0.19

0.11

C411nn

0.08

0.04

FF16/Inn

0.07

0.04

FF6/Inn

0.04

0.02

ST3/Inn

0.04

0.02

Table 8.6

Polysaccharlde/lignin ratios for samples from Roman plank and artefacts

It canbe seenfrom theseresultsthat CALvaluesdecreasedramaticallywith degradation,Similar
findings were made by Diaz-Vaz et al. (199 1), Borgin et al. (I 975b) Saiz-Jiniincz el al. (1989). and Obst
knowledge
higher
(1989),
the
our
about
and
accord
with
susceptibility of carbohydratesto
al.
et

chemicalandbiologicaldegradation.
8.4.4.4 Guaiacyllsyringyl ratios

Bennerel aL (1984) point out that anaerobicbiodegradationof the polysaccharide
componentsccins
tightly coupledwith lignin biodegradation.Though lignin degradationand lossmayappearmuch less
dramaticin comparisonto carbohydratelossesin archaeologicalwaterloggedwoods,Py-GC/MSresults
showsignificantchangesto both lignin structureand relativeabundanceratios.
Hardwoodlignins;consistof both 2-metlioc),plicnols characteristicof guaiacylsand
2,6-dimctho.
Vphcnols characteristicof syringYls. Simpleplicnol units,p-hydroxyphenylstendto show
up only in legumesand monocotylcdons.Studiesof woodby Py-GC/MShavecatcgoriscdwoodsand
describedwooddegradationaccordingto the ratios of theset1ircemain groupsof pyrolysatcs,commonly
abbrcviatcdto H, G, and S (Faix et aL 1987). Problemsarisein constructingtheseratiossystematically
sinceideasarc changingasto which of the groupsto assigncertainof the pyrolysisdccomposition
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from
Section
degradation
(see
8.3.4.5),
in
the
resulting
products
catechols
also
products, particular
demethylation of lignins (Hatcher et al. 1989). Originally all were assignedto guaiacols (Faix, et al. ),
but more recent studies suggestthe need to assign certain of them to syringyls (van Bergen et al. 2000).

Oneof the mostcommonlyobservedphenomenain degradedhardwoodsis the selectivelossof syringyl
Two
199
1).
(Hedges
1985;
Diaz-Vaz
to
possible
guaiacyl
moieties
et
aL
et
aL
moietiesrelative
by
been
Selective
have
to
this.
syringyl-rich
ccll-wall
material
suggested
explain
of
removal
mechanisms

by
Hedges
its
lesser
degree
has
been
suggcstcd
el al
as
a
result
of
of
cross-linking
action
microbial
(1985). The secondmechanismunderdiscussion(Hatcheret at. 1989;van Bergenel al. 2000)involvcs
demethoxylation(seealsosection8.3.4.5below). This processcould leadto the formationof
(i.e., guaiacylunits), thus effectivelyenhancingguaiacyl/syringylratios.
monomethoxyphcnols
Table 8.6 showsthe comparativeG:S total peakareasfor the artefactstested. Data for the tablebelow
wascalculatedby the summingof total areasmcasurcdfor the following pcaks:
Guaiacyls:

15,18,23-24,28-30,32,34-37,3942,4445,49-50,58,63

Syringyls:

21,26-27,31,33,38,43,46-48,51-57,59-61,64-70

Sample

G:S Ratio (Peak Area).

G:S Ratio (Peak Height).

Al/Inn

0.58

0.63

A2/Inn

0.58

0.64

A3/Inn

0.65

0.69

El/Inn

0.37

0.47

E2/Inn

0.52

0.52

WH1/Inn

0.69

0.68

FF1511nn

0.34

0.41

FF9/lnn

0.32

0.37

FF1211nn

0.42

0.47

C4/Inn

0.59

0.63

FF16/lnn

0.42

0.51

FF6/lnn

0.32

0.38

ST3/Inn

0.45

0.50

Table 8.6

Gualacyl/syringyl ratios for samples from Roman plank and artefacts

The results shown above are not as straightforward to interpret as those reported in the literature. As
kept
if
but
is
consistent
to
to
choice'of
peaks
assign each category problematic,
mentioned previously,
between samples should produce comparative results. Calculation of peak areascan not be considered
is
baseline
so
the
or
reproducible
where
either particularly accurate
establishment of a consistent
difficult. Van Bergen et aL (1993) chose to use peak height over peak area to construct guaiacyl/syringyl
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ratios,claiming that they gaveaccurateenoughdatafor generalcomparisonsandtrendsto beproduced.
Selectiveand enhancedlossof syringylswith degradationis certainlyclear from examinationof the
pyrogramsincludedin this report. This perhapscouldbe seenasanotherexampleof the level of cxpcrt
knowledgerequiredby the practisingconservatorto interpretthe resultsfrom Py-GC/MSanalysis.
8.4.4.5 Catechols (henzenediols).

Additional evidencefor degradationin woodis providedby the presenceof bcnzcncdiols.These
largely resultfrom the demcthylationof guiiacyl units. Accordingto Ilitchcr et at
catccliolicsubstances
(1989), this is one of the first modifications to lignin structure to take place after the selective removal of
carbohydrates. Dcmethylation of the methoxyl group of the 2-mctlioxyplicnols (guaiacyls) is acccptcd to
result in the formation of 1,2-benzcncdiol (Van Bergen et al. 1994). Small amounts of this compound
arc occasionally detected in modern undcterioratcd wood (Ralph and Hatfield, 1991). Data from the
different
highly distinct 3-inctlioxy-1.2highlighted
have
the
of
a
number
presence
of
present study
benzenediol derivatives, in particular those with the C-3side chain preserved. These provide important
evidence for a similar demethylation processwith the 2,6-dimethylplicnols (syringyls), with the
implication that they, too, leave degradation products rather thin merely experience selective removal,
Partially-preservcd side-chains indicate that this dcmethylation too must take place very carly on, during
the initial stagesof degradation. The presenceof 3-mcthoxy-1,2-benzcncdiol in pyrolysatcs of rcccut
wood samples, albeit in very low relative amounts, would scem to suggestthis.
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Partial total Ion chromatogram of benzenediols
oak samples

(van Bergen st al. 2000)
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Benzcncdiolderivativesof both guaiacyland syringyl degradationcanbe observedin peaknumbers
15,24,29,36 (1,2-bcnzcncdiols).
and peaknumbers21,26,27,33,43,47,51,52,55
in the pyrogramsshownabove. Equivalentguaiacyl-andsyringyl-dcrivativcs
(3-mcthoxy-bcnzcndiols)
(Table8.4: mcthyl, ethyl, I-propcnyl, propyl, 2-propenyl(cis)., 2-propcnyl(trans).,ctc.), exhibit the
sameclution orders. Regulartrendscan be observedwith thesepyrolysisproductsin degraded
archaeologicalwoods. Morc-dcgradedsamplesshowcnlianccdlevelsof theseproducts,while recent
and historic woodstend to showthem absentor in very minor amounts.The mostdegradedsampIcs.
FF6 and ST3appearto showslightly reducedpeakintensities,particularlyfor the bcnzcndiols.3metlioxy-benzcncdiols.This is consistentwith the enhancedreactivityof theseproductsasa resultof
the extra ftee hydroxylgroupspresent. Dehydroxylationis predictedto completethe removalof these
productsas far as their chemicalevidencein pyrolysisstudiesis concerned(van Bergenet al. 2000).
8.4.4.6 Signýflcance to sorption properties of archaeological wood
The prcscncc of thesc cxtra hydroxyl groups on lignin dcgradation products is of significaricc in
cxplaining grcatly-increascd hygroscopicity and clcvated fibrc saturation points mcasurcd in dcgradcd
be
Loss
could
cxpcctcd to grcatly rcducc hygroscopicity of this
of
polysaccliarides
wood.
archacological
matcrial. And though the prescriceof augmented aniounts of shortcr-chain cirbohydratc fractions could

be expectedto contributeto this observedphenomenon,the quantitiesof thesefractionsactually
measuredas remainingin degradedmaterialwould not aloneappearableto accountfor this increaseto
watcr binding sitcs. Howcvcr, hydrovyl sitcs opencd up as a rcsult of lignin degradation could account
for the incrcascd hygroscopicity obscrvcd in archacological waterlogged woods.
It is clear from the discussion above that results from Py-GC/MS yield a large range of diagcnctic
indicators of degradation level for archaeological woods. Loss to carbohydrates. changes to
levoglucosan, changes to the relative intensity of guaiacyl over syringyl, and tile appearanceof
3-mcthoxy-1,2-bcnzcnediols arc all easily identifiable and follow predicted trends. The natural affinity
of this type of analysis to the design of conservation treatments sccins*clcar.

8.5

Summary

This chapterhasestablishedthe usefulnessof a numberof instrumentalanalysistechniquesin the
determinationof degradationlevelsin waterloggedarchaeologicalwood. The advantageof these
techniqueshasbeenseento lie in the fact that a list of clear diagnosticmarkcrsexistswhich canbe
from
does
Identification
for
in
these
the
these
analyses.
markcrs
not ticccssirily
results
of
searched
presumea specialistunderstanding.Furthermore,very small samplesonly are requiredto carry them
out and averagesamplethroughputtime is very short in comparisonto standardlaboratorytestsapplied
to woodanalysis.
This means that logistically, such techniques arc much less expensive than tile array of indircct
measuresdiscussedabove. They are also most satisfactory from a scientific point of view. They arc cvcn
diagnostic
tools, since they measure changes to holoccilulose content or other
as
satisfactory
more
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variablesof interestdirectly, ratherthan attemptingto measurethemby an indirectdiagnosticthat also
measuresa numberof otherchemicalprocesses.Furthermore,they are moreaccurate,in the sensethat
they do not containso muchpossibilityof measurement
error. For thesereasons,althoughthesetools
theyactuallyrequiremuch
are superficiallymorehigh-techthan thosecustomarilyusedby conservators,
lower levelsof technicalknowledge,time, and materialsthan do our existingdiagnostictools,andyield
much moreaccurateand direct information on the variableof interestto the conservatorchoosing
treatmentsfor deterioratedarchaeologicalwood. Moreover,theseanalyticaltechniquesallow rapid
screeningof largenumbersof samplesand provideinsight into the extentof wooddegradation.
It seemslikely that the future of archaeological wood studies aimed at answering conservation questions
is likely to lie with such techniques.
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Conclusion
Waterlogged nood conservation is ultimately directed towards Cffecdve drYing Of the artcfact, since
through this procedure is the best hope for its stabilisation. Successful treatment must achieve the
removal of almost all water from the artefact mithout collapse, shrinkage, dimensional change of any sort,
or saxw-related d-amage,either in the course of treatment or during its subsequent life in store or on
display. This is a taU order, especiafly mben added to the cost-saving factors %ilich must now also be
factored into consen-ation treatments of this material. Nevertheless, we already have a number of
don't have is all
adequately successful methods for the conservation of archaeological wood- What %%v
the information we might %%= for the modification of these techniques to provide fully predictable
results for the %idely variable material %%hich
comes in for treatment, or for the economical treatment of
large structures and bulk assemblages.
Chapters I through 4 of this thesis comprise a synthesis of a %%iderange of diVarate
literature have not yet been brought together for their possible cooperative
conservation

contribution

science of %%-aterlogged%,ood. It is for this reason that considerable

this section of the thesis.

It is hoped that in the process it was made clearjust

other disciplines'rescarch

is truly applicable to archaeological

kno%iedge of the materials science of waterlogged

disciplines

Aliose

to the

emphasis was given to

what proportion

of these

material, and %iicre large gaps in our

%vod tie. Many of conservation's

past mistakes in

treating this material have sternmed from assuming that it shares the properties of fresh wood, and certain
of these assumptions may be continuing
waterlogged

to limit our development

of improved

treatment techniques for

%%,
ood.

Chapter I clarified just %hich of the sources of .-ariability in %ood i4we likely to significantly affect its
physical. chemical and wAter holding characteristics. Species differences were found to be important
mostly in the context of softwood vs. hardwood distinctions, largely becauseof the differences to
durability produced by differing amounts of extractives and different levels and type of lignins present.
Large variations in native bulk density were also seento have an important effect on moisture carrying
capacity. The importance of taking into account past environment and construction techniques when
considering some ariefacts %%-as
also considered.
Chapter 2 attempted to bring together a complete picture of the degradation vectors affecting the
condition of the waterlogged %%vod
ubich comes in for conservation. Statements were also made about
the comparative contribution of each of these to the final condition of the wood.
There is cumnily a lot of research being directed to%%w&defining waterlogged burW environments, and
the discussion in Chapter 2 makes it clear that a single definition of the chemical and physical effects of
Walerlogging in soil can not be relied on. It was also made apparent that a clear picture of the chemical
and physical nature of the tignomflulose matrix of wood is still in the process of being refined by wood
scientists. Most of the conservation literature fails to define it accurately, and it is hoped that the
description given in this thesis may sort out some of the misconceptions abour it it was revealed in this
chapter that recent work on lignin degradation paths has exposed the fact that lignin degradation leads to

2S7

an increasein numbersof hydroxyl siteson the breakdounproducm Furthermorethe susceptibuityof
lignins to degradation%%-As
cleady established,leadingto the questioningof the standardlyheld belief in
conservationresearchthat degradationof waterloggedwood involvessolely carbohydrateloss. The
correction of this assumptionhis the potential to affect conservationau=cnt programsWicre up to now
they havebeenfairly exclusively aimedat treating the carbohydrateremainsin the wood.
It %%23
stressedin this chapterthat elementsof preburial decaymust be takeninto accountin our
conceptionof the condition of this material. In particular,the role of aerobicfLmgiin the degradationof
archaeological%2tcrlogged%%x)od
must be ack-no-AiedgedIt hasgenemllybeendiscountedby
conservatorsof this material up to now. It %%-as
shoAn in this chapterthat the fact that physical evidence
of theseorganismsis lacking in this material is most probablydueto subsequentcontinueddecayoncein
the burial environment- Other evidencefor their role in wood degradationremains. For example,it
appearsprobablethat it is basidioni)-cetesfungi %%bo
are responsiblefor the degradationof ligains
characteristicof %zterloggod%%ood,
and the net increaseto low molecularweight intermediatesof both,
ligrun and carbolipl-ates.responsiblefar the uxxcasedhygroscopicityof this material- levels which can
not be explainedeither by soft-rot and bacteria]decayor by chemicaldecayprocessesalone.
The intention behindthe s)-tithesisof ChaptersI and 2 %%-as
to makeit clearerthat the complexity of the
interrelationshipsbetuven the chemicaland physicalcharacteristicsof %%-atcrloggcd
archaeologicalwood,
their interdependencyand almostinfinite numberof possiblepermutations,makeit probablethat we may
haveto becomemore realistic in our expectationsof the conclusionswe are able to draw from the
analysisof archaeologicalwoodChapter4 madethe point that our aims and ex;xxiations of conservationtreatmentsof this materialcould
Alsodo %ith re-examination. It is probablythat we asktoo much in pressingfor a singletreatmentfor all
Watcrioggedwoodenartefacts. Misconceptionsand lack of informationaboutthe movementsand
chemicalinteractionsof avatmentchemicals%ithin the mmodmatrix led to muchof problemswith past
treaUnc= and continueto dog our attemptsto developnew onesandtailor thosewe haveto the needsof
the indi%idualartefact. This chapterattemptedto defiriemom clearly the distinctionsbetweeneachof the
main categoriesof treatmentapproachin currentuse--%%hw
their aim is andwhat they actually achieve.
It %%-As
madeclear that further researchinto the chemicalnatureand sorptionpatternsof our
behaviour
build
the
archaeologicalcuterial %%vtild
of
the
of
models
to
over-reaching
more
allow us
%literloggedwood and treatmentchemicalandprocesses%hichcould inform the treatmentprocessfor
the conservator.
The aim of this doctoralresearchwaspartly to do just that.andpartly to identify somequick, reliableand
accessibletechniques%hichthe conservatormight usehimself to assessthe conditionof waterlogged
objectsundergoingtreatment. Sincehis primary concernin treatmentis with issuessuchaspermeability,
diffusion rates.internal surfacecalculation.anddr)ing behaviour,the primary focusof this researchwas
10%ards
techniquesestablishingthe sorptioncharacteristicsof archaeologicalwood. Chapter3
establishedthe generallack of researchinto this areaof archaeologicalwood studiesup till now, and
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Chapter5 investigatedthe practicality of designingan easyand inexpensivemethodfor obtaining this
type of inform3fion for conservationpurposes.
The discussionin Chapter3 resultedin the clarifýing of a numberof points Miich make it clear %hy we
are having sucha difficult time predicting the effectsof bulking treatmentsand drying of our waterlogged
%%vodEstimationsorvoid volumesin all %%ood
are complicatedby,the irregularity of the surfaces
provided bý the lignoccifulosematrix of the cell %%alls,
ý%hichmeanthat pure surfaceor capillary
conditionsdo not pmvail. The gel-like natureof %%ood
substancemeansthat very complicatedmethods
%ill have to be usedto side steps%%rlling
effects%%ben
attemptingto assesspore volumeratios.
Modelling of water moverneritsuithin our archaeologicalADodare madedifficult becausethe
coefficientsand constantsrequiredb) the equationsin useby wood scientistshavenot yet beenmeasured
for our material, This is obviously an area%%hich
would profit from fiirther research.
None the less,as the discussionin Chapter3 sho%vexi,
certainareasof modelling (e.g., Darcy's Law of
bulk floA) aregoing to requirea grew deal of %%,
ork-beforethey produceuseful resultsfor archaeological
%%atcrlogged
Avod consm2tion. sincemany of the assumptionsuponubich they are baseddo not hold
for archaeologicalmaterialunderconservationtreatmentcondition&
Chapter5 fixind that basicdifferencesbet%%ven
%vooden
artefactsof differing preservationcould be
identified from dataobtainedfforn standardgravimetricsorptionanalysisof archaeologicalwood
initiated
fi7om
better
data
samples,It %%-as
measurements
that
%%hen
were
was
obtained
clear
significantly
the waterloggedstate.ratherthan in the standardmethod,from the oven dry state. While the numerical
dataproducedfrom this stud.
N (e.g. FSP)did not seemto produceusablesystematica-ends,the descriptive
dataprovidedb.%the shapeand slopeof the isothermplots was roundto be illuminating.
Resultsfrom the stud%of the slý

of the isothermsmadeit clearthat multilayer and bulk water
interaciions,makea highercontributionthanunilayer interactionsasdegradationlevel increased.The
implication of this is that masslossratherthanchangeto chemicalconstituentratios is the controlling
factor in the %%-ater
increased
is,
total volume
that
that
relationsof archaeological%---aterloggedwood
%%ithin
the wocKtproducedthroughdegradation.is a moreimportantfactor thanthe specificnumberof
bondingsitesremaining,.%ithinthe degradedwoodmatrix. RI) ratios %rxerevealedto differ
5%stematicalh tct-At-cn more degraded and less degraded woods and mirrored the trends discussed above.
in
idenL
for
hysteresi
in
that
constituent
changes
these
suggesting
results,
c
-omc rý
reversible
s was gi ven
difference
is
What
that
isotherms.
ratios had the potential to sho%%
revealed
was
also
up on sorption
IVI-een resorp(ion and secondar) desorption values is much reduced in more degraded samples,
is. the more permanent the changes taking place within the
luggcsting that the more degraded the %%vKýd
ccll-wall What is clear f!rom the results in this studý is that we may need to abandon our search for a way
10obtain the single measure of FSP in fa%our of more descriptive data about the interactions ofwater
future
in
the
humidities.
on
JCTO'is
the %%1x4c
And
to
that
this
rangc,,,vf
we need concentrate
ma) mean

Jc%cloping a different apprrwa4:
h to calculatinglevel of lossto cell -.%-all
constituentsandinternalpore
ýolumes Applicationora largervolumeof datato testJensen's(1997) DIFCONprogramcould be very
I aft-He im- ar& this erxi

289

Sorption measurements am %try lengthy in their production and prone to error. Future imt-stigations
wcukl profit bý, the further refining of methods such as DSC, NWR-i and porous plate membrane
measurements so dw thn are appropriate for archaeological uDod.
As it became apparent that there is no easy direct route to sorption-rdated information, a nurdber of
alternative diagnostic tools utre gnen critical appraisal for their ability to ghc accurate and detailed
indirect informMon abota wood sorption char=cnstics

(Chapters 6-8). Most of these tools were

adopted from vivW science for u hich there is a large literature u luch discusses their mcnts and
dmubxis
though comparati%vly hnlc imtstigation has gone into their applicability to archaeological
wood- Chapters I and 2 cstabli

the %rry significant differences which exist between the chemical,

Phrucat and mechanical properties of modem undegraded timber and degraded archaeological
V'2tcriogged vixxxi It vi-asnot unexpectcd, therefore, to find that. nriny of these techniques were less
mcaningfid in practice u hen applied to degraded u=rlogged

material, mom particularly vi hen used in

isolation to dr3u conclusions about the condition of archaeological aftefacts.
Chapters 6 and 7 established the difficulty in draviing systematic trends between physical and chemical
test data and sorption characteristics. %',
Uc certain of the mom general expected trends did show up
bctvkt= ph)sical and chemical data, the high error associated mith such measurements legislated against
their adoption as accurate single diagnostic indicators for charactcrising the presen-ation lc%-clor water
relations of archaeological vkoW& Bulk constituent analysis in particular failed to prcnide the irnpro%rd
Ingglif into thcchcmical pirescn-ationof the artefact claimed for it by Hoffman (1982) and Grattan and
hWuas(1987). Rest, ts did hourwirconclasi-wr3y establish the significance of tignin degradation as part
of the total degnidation of the object. indicating the need for reappraisal of a number of our calculations
that rely on this assumption.
Density is one of thesr, and the tests carried out in the course of this thesis established the need for
rMIPpratsal of this measure. Of all single indicators, this is the one most likely to pro%idc information
about the awe of the internal surEim of our uwd.

Results from measurementsof cell wall density

established conclusz%rJythat degraded archaeological v%wdsshow significant losses to cell wall density
,Aluch match up mril to measured bolocellulosc lossesand changcs to the sorption isotherm. This finding
cOntridicts the acorpted understanding about on cen-,.,.-all density in archaeological woods, and puts into
question the mathematical underpinnings of the PEGCON program utich are based on the average figure
of I cm I, as virD as the calculations on Ahich cell u2ll density from Umax and mass normalised yields
ý3
are standarMv bascd Tbcm is a mal nced now for ft dc%-clopmcniof a new sct of gandardised
procedurcs for phywcal assessmcni%hich arc applicabic and uscable by the u-itcriOgged wood
consmator The picnomcinc mcthod for mcasuring bulk and ccU m-A dcnsity vw*as
one Of thcsc

dLscusscd
in dus dxm&
This thcsis itntwgwcd

Wuiiqucs for obtaining uscM informafiOn about the condition Of
ualcrtogged arteExLs- Sibert Drill resistance tcstmg and polarised nucroscopy. Both of thcse were
found to be valuable w prcniding detailed and mcaningrul informafion about the m-oodsamplcs, and can
tue oftr

be"xOnInwndedford'eirumpticity

Futurework dinxted tom-Ardsapplying digital imaging analysis to
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to intCmalporc
nucrogmphsof archwological %oodscould be %-mybelpM tn obtammgdataon changCS
vol"MesAs arguedin the conclusionto Chapter7. caution shouldbe cxcrciscdto%ardsour currcnt preferencefor
Our
dependence
the lo%4
level
on
the
approach
i4wdin
assessment
of p"wn-alion
of %2terlogged
-tech
many of thesemeasuresis schouslyf1aurd. Levelsof mcasurcmcnierror inherentto thesetests,addedto
the high complexity of %wublescontrolling the degradationchemistryof watcrioggedmwd, meanthat
howcwr largea dataset studicdLa is lughly unfilkev that suchnumericaldatawfll producedependable
conclusions. 17hef3ct that this appearsto bc c%tnfarthcr diminishedthe higher the lc%,
Cl of degradation,
addsto this concern.
In the end. this thesisarguedthat the balanceof faisour must go to a selectionof instrumentaltechniques
of analysis.Quch thoughagainlittle iintstigated as )vt in termsof archaeologicalmaterial,showedvcrY
real and promising potential vkhentestedwith archaeologicalmaterialin the courseof this doctoral
research(Cbaptcr8). It u-asestablishedthat thesetechniquescould pro%iderelathtty detailed
information about the chemicalcondition of archaeologicalartefactsu hich might be indirectly linked to
conclusionsabout itsia-atcrrelations. And it furthermorearguedthat this information could be obtained
at much lower cost in termsof samplesizeand prcparation,analysistim, and expertisein interpreting
resultsthat haspm-iously beenassumedL
Chapter 9 cstablisbcd the high potential of three techniques of instrumental analysis as accurate and
reliable diagn=c

tools for degradation studies. Analyscs using FIIP, Py-GCAiS, and elemental

analysis rc%valcda number of useful and easily-rccogrusable mar-kcmfor degradation- The systematic
trends dispU)-cd b-, the data produced from these analyses make clear their potential to be summarised
into systems vkhicb could be used to categorisc vivodcn artefacts prior to conservation- Though only
uklaw

from these Utnds and sorption characteristics, IFTIR at least, may be
cormections;may be drav%m

able to provide direct mformation about the differing relativc proportions of types of u-atcr present in
archaeological vkvW samples. but more research w this area is urgently needed.
Pjmdts from all three of the techniques apphed pro%idedinformatwe data about rclative loss of
constituents. Though for the most part numerical analysis of the results was not carried out, for example
comparing the data obtained mith other measuressuch as %Doddensity or sorption slopes, it seems
Probable that ftuthcr study along these lines could be %-aluable.Nttern recognition of peak traces of both
F71R and Fý--GCAIS resulm )ielded predictable trends, and though not mithout its risks, seems well
U-111un
the reach of the practical consen-ator of this material Relative lossesto carbohydrates (nvr
lignins u2s %vryeasy to assess. A number of valuable degradation markers for waterlogged
archaeological wood were collated from the literature, and identified systematically in the results. In
&d"on a scncs of pre%uiusly unidcatified markers for synnM I degradation (3-mcthoxy- 1,2bcnzcnCdiols) ucre ulentMed during the course of this study. The dcmctho.,qlation of lignins is wh3t
contributes to the production of extra hydroxyl groups which helps explain the increasedhygroscopicity
Obsen-edin waterlogged arch3cological A%)od.
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In this final chapter I argue that the tools of instrumental analysis may be ultimately much less expensive
than the army of tests discussed in prnious chapters, since they require much lower levels of lab
technical knoAledgcý time and materials. and that their results arc ultimately much more accessible to
conservation use because of the more precise and accurate information they yield. Wicre only very small
samples am available for testing, instrumental analysis may be the only real -viable option. FTIR
instruments can cost as little as the X-ray cabinet swulard to most conservation laboratories, and a
cliange in aMroach might allow for the sharing of analytical facilities bet%ven a number of conservation
laborstoriciL

It seemslikely that the fin= of archaeologicalwood studiesaimedat amwering consemtion questions
is Ilely to tic %ith suchtechniques.
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