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Fig 1. A wedge of oak from a tree feUed in 1976. It shows the annual growth rings, one for each yeax 
from the innermost ring to the last ring on the outside just inside the bark. The year of each ring can be 
determined by counting back from the outside ring, which grew in 1976. 

I 

Fig 2. Cross-section of a rafter showing the presence of sapwood rings in the comers; the arrow is 
pointmg to the heartwood/sapwood boimdary (H/S). Also a core with sapwood; again the arrow is 
pointing to the H/S. The core is about the size of a pencU. 



Appendix - 3 

Fig 3. Measuring ring vridths under a microscope. The microscope is fixed while the sample is on a 
moving platform. The total sequence of widths is measured twice to ensure that an error has not been 
made. This type of apparatus is needed to process a large number of samples on a regular basis. 

Fig 4. Three cores from timbers in a buUding. They come from trees grovring at the same time. Notice 
that, although the sequences of widths look sinular, they are not identical. This is typical. 
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Sampling is done by coring into the timber with a hollow corer attached to an electric drill and 
usually from its outer rings inwards towards where the centre of the tree, the pith, is judged to be 
An illustration of a core is shown in Figure 2; it is about 15cm long and 1cm diameter Great care 
has to be taken to ensure that as few as possible of the outer rings are lost This can be difficult as 
these outer rings are often very soft (see below on sapwood) Each sample is given a code which 
identifies uniquely which timber it comes from, which building it is from and where the building is 
located. For example, CRO-A06 is the sixth core taken from the first building (A) sampled by the 
Laboratory in Cropwell Bishop. Where it came from in that building wiU be shown in the sampling 
records and drawings. No structural damage is done to any timbers by coring, nor does it weaken 
them. 

During the initial inspecton of the buUding and its timbers the dendrochronologist may come to the 
conclusion that, as far as can be judged, none of the timbers have suflScient rings in them for dating 
purposes and may advise against sampling to save further unwarranted expense. 

AU sampUng by the Laboratory is undertaken according to current Health and Safety Standards. 
The Laboratory is msured with the CBA. 

2. Measuring Ring Widths. Each core is sanded down with a belt sander using medium-grit paper 
and then finished by hand vrith flourgrade-grit paper. The rings are then cleariy visible and 
differentiated from each other with a result very much like that shown in Figure 2. The core is then 
mounted on a movable table below a microscope and the ring-widths measured individually from the 
innermost ring to the outermost. The widths are automatically recorded in a computer file as they 
are measured (see Fig 3). 

3. Cross-matching and Dating the Samples. Because of the factors besides the local cUmate which 
may determine the annual widths of a tree's rings, no two sequences of ring widths from different 
oaks growing at the same time are exactly alike (Fig 4). Indeed, the sequences may not be exactly 
alike even when the trees are growing near to each other. Consequentiy, in the Laboratory we do 
not attempt to match two sequences of ring widths by eye, or graphicaUy, or by any other subjective 
method. Instead, it is done objectively (ie statistically) on a computer by a process called cross­
matching. The output from the computer tells us the extent of correlation between two sample 
sequences of widths or, if we are dating, between a sample sequence of widths and the master, at 
each relative position of one to the other (offsets). The extent of the correlation at an offset is 
determined by the t-value (defined in almost any introductory book on statistics). That offset vrith 
the maximum t-value among the t-values at aU the offsets will be the best candidate for dating one 
sequence relative to the other. If one of these is a master chronology, then this will date the other. 
Experiments carried out in the past with sequences from oaks of known date suggest that a t-value 
of at least 4.5, and preferably 5.0, is usually adequate for the dating to be accepted vrith reasonable 
confidence (Laxton et a l 1988a,b; Howard ei al 1984 - 1995). 

This is illustrated in Fig 5 with timbers from one of the roofs of Lincoln Cathedral. Here four 
sequences of ring widths, LIN- C04, 05, 08, and 45, have been cross-matched with each other. The 
ring widths themselves have been omitted in the har-diagi-am, as is usual, but the offsets at which 
they best cross-match each other are shown, eg. C08 matches C45 best when it is at a position 
starting 20 rings after the first ring of 45. and similarly for the others. The actual t-values between 
the four at these offsets of best correlations are in the matrix. Thus at the offset of +20 rings, the t-
value between C45 and COS is 5 6 and is the maximum between these two w hatever the position of 
one sequence relative to the other 

It is standard practice in our Laboratory first to cross-match as many as possible of the sequences of 
the samples in a building and then to form an average from them. This average is called a site 
sequence of the building being dated and is illustrated in Fig 5. The fifth bar at the bottom is a site 
sequence for a roof at Lincoln Cathedral and is constmcted from the matching sequences from four 
timbers. The site sequence width for each year is the average of the widths in each of the sample 
sequences which has a width for that year The actual sequence of widths of this site sequence is 
stored on the computer. The reason for creating site sequences is that it is usually easier to date an 
average sequence of ring widths with a master sequence than it is to date the individual component 
sample sequences separately 
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average sequence of ring widths with a master sequence than it is to date the individual component 
sample sequences separately 

This straightforward method of cross-matching several sample sequences with each other one at a 
time is called the 'maximal t-value' method The actual method of cross-matching a group of 
sequences of ring-widths used in the Laboratory involves grouping and averaging the ring-width 
sequences and is called the 'Litton-Zainodin Grouping Procedure'. This was developed and tested 
in the Laboratory and has been published (Litton and Zainodin 1991; Laxton et al 1988a). To 
illustrate the difference between the two approaches with the above example, consider sequences 
COS and COS. They are the most similar pair with a t-value of 10.4. Therefore, these two are first 
averaged with the first ring of COS at +17 rings relative to COS (the offset at which they match each 
other). This average sequence is then used in place of the individual sequences COS and COS. The 
cross-matching continues in this way gradually building up averages at each stage eventually to form 
the site sequence. 

Estimating the FeUing Date. If the bark is present on a sample, then the date of its last ring is the 
date ofthe feUing of its tree. Actually it could be the year after if it had been feUed in the first three 
months before any new growth had started, but this is not too important a consideration in most 
cases. The actual bark may not be present on a timber in a buUding, though the dendrochronologist 
who is sampUng can often see from its surface that only the bark is missing. In these cases the date 
of the last ring is still the date of felling. 

Quite often some, though not all, ofthe original outer rings are missing on a timber. The outer rings 
on an oak, called sapwood rings, are usuaUy lighter than the inner rings, the heartwood, and so are 
relatively easy to identify. For example, they can be seen in two upper comers of the rafter and at 
the outer end of the core in Figure 2. More importantly for dendrochronology, the sapwood is 
relatively soft and so Uable to insect attack and wear and tear. The builder, therefore, may remove 
some of the sapwood for precisely for these reasons. Nevertheless, if at least some of the sapwood 
rings are left on a sample, we will know that not too many rings have been lost since felUng. Thus in 
these circumstances the date of the present last ring is at least close to the date of the original last 
ring on the tree, and so to the date of felling. 

Various estimates have been made for the average number of sapwood rings in a mature oak. One 
estimate is 30 rings, based on data from living oaks. So, in the case of the core in Figure 2 where 9 
sapwood rings remain, this would give an estimate for the felling date of 21 ( = 30 - 9) years later 
than of the date of the last ring on the core. Actually, it is better in these situations to give an 
estimated range for the felling date. Another estimate is that in 95% of mature oaks there are 
between 15 and SO sapwood rings. So in this example this would mean that the felling took place 
between 6 ( = 15 - 9 ) and 41 ( = 50-9) years after the date of the last ring on the core and is 
expected to be right in at least 95% ofthe cases (Hughes et al \ 9Z\, see also Hillam el al 1987). 

Data from the Laboratory has shown that when sequences are considered together in groups, rather 
than separately, the estimates for the number of sapwood can be put at between 15 and 40 rings in 
95% of the cases with the expected number being 25 rings We would use these estimates, for 
example, in calculating the range for the common felling date of the four sequences from Lincoln 
Cathedral using the average position of the heartwood''sapwood boundary (Fig S) These new 
estimates are now used by us in all our publications except for timbers from Kent and 
Nottinghamshire where 25 and between 15 to 35 sapwood rings, respectively, is used instead 
(Pearson 1995). 

More precise estimates of the felling date and range can often be obtained using knowledge of a 
particular case and information gathered at the time of sampling For example, at the time of 
sampling the dendrochronologist may have noted that the timber from which the core of Figure 2 
was taken stiU had complete sapwood Sapwood rings were only lost in coring, because of their 
softness By measuring in the timber the depth of sapwood lost, say 2 cm , a reasonable estimate can 
be made of the number of sapwood rings missing from the core, say 12 to 15 rings in this case. By 
adding on 12 to 15 years to the date ofthe last ring on the sample a good tight estimate for the range 
ofthe felling date can be obtained, which is often better than the 15 to 40 years later we would have 
estimated without this observation 
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T-value/Offset Matrix 
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Fig 5. Cross-matching of four sequences from a Lincoln Cathedral roof and the formation of a site sequence 
from them. 
The bar diagram represents these sequences without the rings themselves. The length of the bar is 
proportional to the number of rings in the sequence. Here the four sequences are set at relative positions 
(offsets) to each other at which they have maximum correlation as measured by the t-values. 
The t-value offset matrix contains the maximum t-values below the diagonal and the offsets above it. 
Thus, the maximum t-value between COS and C45 occurs at the offset of +20 rings and the t-value is then 
5,6. 
The site sequence is composed of the average of the corresponding widths, as illustrated with one vridth. 
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Even if all the sapwood rings are missing on all the timbers sampled, an estimate of the felling date is 
still possible in certain cases For provided the original last heartwood ring of the tree, called the 
hean-.vood/sapwood boundary (H/S), is still on some ofthe samples, an estimate for the felling date 
of the group of trees can be obtained by adding on the full 25 years, or 15 to 40 for the range of 
felling dates 

If none of the timbers have their heartwood/sapwood boundaries, then only a post quern date for 
felling is possible. 

5. Estimating the Date of Construction. There is a considerable body of evidence in the data coUected 
by the Laboratory that the oak timbers used in vemacular buildings, at least, were used 'green' (see 
also Rackham (1976 )). Hence provided the samples are taken /// situ, and several dated with the 
same estimated common feUing date, then this felling date will give an estimated date for the 
constmction of the buUding, or for the phase of constmction. If for some reason or other we are 
rather restricted in what samples we can take, then an estimated common felling date may not be 
such a precise estimate of the date of constmction. More sampling may be needed for this. 

6. Master Chronological Sequences. Ultimately, to date a sequence of ring widths, or a site sequence, 
we need a master sequence of dated ring widths with which to cross-match it, a Master Chronology. 
To constmct such a sequence we have to start with a sequence of widths whose dates are known and 
this means beginning vrith a sequence from an oak tree whose date of felUng is known. In Fig 6 such 
a sequence is SHE-T, which came from a tree in Sherwood Forest which was blown down in a 
recent gale. After this other sequences which cross-match with it are added and gradually the 
sequence is 'pushed back in time' as far as the age of samples will aUow. This process is iUustrated 
in Fig 6. We have a master chronological sequence of widths for Nottinghamshire and East 
Midlands oak for each year from AD 882 to 1981. It is described in great detaU in Laxton and 
Litton 1988b, but the components it contains are shown here in the form of a bar diagram. As can 
be seen, it is weU replicated in that for each year in this period there are several sample sequences 
having vridths for that year. The master is the average of these. This master can now be used to 
date oak from this area and from the surrounding areas where the climate is very similar to that in the 
East Midlands. The Laboratory has also constmcted a master for Kent (Laxton and Litton 1989). 
The method the Laboratory uses to constmct a master sequence, such as the East Midlands and 
Kent, is completely objective and uses the Litton-Zainodin grouping procedure (Laxton et al 1988a). 
Other laboratories and individuals have constmcted masters for other areas and have made them 
available. As weU as these masters, local (dated) site chronologies can be used to date other 
buildings from nearby. The Laboratory has hundreds of these site sequences from many parts of 
England and Wales covering many short periods. 

7. Ring-width Indices. Tree-ring dating can be done by cross-matching the ring widths themselves, as 
described above. However, it is advantageous to modify the widths first. Because different trees 
grow at different rates and because a young oak grows in a different way from an older oak, 
irrespective of the climate, the widths are first standardized before any matching between them is 
attempted. These standard widths are known as ring-width indices and were first used in 
dendrochronology by Baillie and Pilcher (1973) The exact form they take is explained in this paper 
and in the appendix of Laxton and Litton (l9S8b) and is illustrated in the graphs in Fig 7 Here ring-
widths are plotted vertically, one for each year of growth. In the upper sequence (a), the generally 
large early grov/th after 1810 is very apparent as is the smaller generally later growth from about 
1900 onwards. A similar difference can be observed in the lower sequence staning in IS35 In both 
the widths are also changing rapidly from year to year. The peaks are the wide rings and the troughs 
are the narrow rings, hopeflilly corresponding to good and poor growing seasons, respectively. The 
two corresponding sequences of Baillie-Pilcher indices are plotted in (b) where the differences in the 
eady and late growths have been removed and only the rapidly changing peaks and troughs remain 
only associated with the common climatic signal and so make cross-matching easier 
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(a) 

1S10 1975 T+IO-AOl 

19f6 THO-BO; 

Fig 7. (a) The raw ring-widths of two samples, THO-AOl and THO-BOS, whose felling dates are 
known. Here the ring widths are plotted vertically, one for each year, so that peaks represent wide rings 
and troughs narrow ones. Notice the growth-trends in each; on average the eariier rings of the young 
tree are wider than the later ones of the older tree in both sequences. 

(b) The Baillie-Pilcher indices of the above widths. The growth-trends have been removed 
completely. 
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