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Abstract 

 
No other terrestrial biome stores carbon as efficiently as peatland. Covering 2-3% of global 
land surface they are estimated to store as much as half the carbon contained in the 
atmosphere. With >30% peatland cover, Scotland has more blanket bog than any other 
country in Western Europe and these are estimated to have stored carbon equivalent to 
almost one hundred years of anthropogenic emissions. However, when disturbed, these 
same peatlands can turn into a significant source of carbon to the atmosphere. In the UK, it 
is estimated that around 80% of peatlands are disturbed. For instance, approximately 20% of 
UK peatlands has been drained and afforested with coniferous trees. While it is recognised 
that this may be a threat to the long-term carbon reserves stored in afforested peatland, 
there are very few studies measuring the effects of afforestation on the carbon balance of 
naturally open, nutrient poor peatland such as can be found in the UK. 
This thesis presents a novel, quick and robust method that could be used to compare carbon 
stocks between forested and open peatlands, based on tephrochronology, the identification 
and use of volcanic ash layers to reliably match stratigraphy. This method was successfully 
applied to three pairs of afforested and open blanket bog sites in the Flow Country. 
First, ITRAX scanning was tested as a tool for finding tephra within peat and it was found to 
be a highly efficient technique, both in terms of success rate and time. Three tephra layers 
were located across the Flow Country, improving the knowledge of tephra geochemistry and 
distribution as well as improving the accuracy of paleoecological carbon accumulation 
estimates produced from this study. The ubiquitous nature of some of these tephra suggest 
this study could be replicated across the north of Scotland.  
Along with the chronology, carbon content and bulk density data were then used to 
compare stocks between afforested and open sites.  The data highlighted a high variability 
between sites and thus that a higher level of replication than was possible in this short study 
will be required to effectively assess the impact of afforestation on carbon stocks. 
Finally, it has been demonstrated that data generated from this method can be integrated in 
Bayesian age-depth models to reconstruct paleoecological rates of carbon accumulation, 
which are almost entirely lacking for UK peatlands. This has been done for one core located 
within the Flow Country, providing a much needed context in which to view contemporary 
carbon flux measurements. 
The potential has been demonstrated for ITRAX scanning to be used for rapid detection of 
tephra layers in peat in the North of Scotland and other areas where volcanic ash deposition 
occurs. However, more work and especially a higher level of replication at the site level will 
be required to assess the impact of afforestation on carbon stocks. This should then be 
integrated to studies looking at carbon balance using flux-based approaches, and used to 
inform policy development in the future. 
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1. Introduction 
 
No other terrestrial biome sequesters and stores carbon as efficiently as peatlands (Dise and 
Phoenix, 2011). Covering 2-3% of global land surface, they are estimated to store an 
estimated 612 GtC (Yu, 2011) equivalent to half the carbon contained in the atmosphere 
(Dise, 2009) or more than one third of all carbon stored in soils (Post et al., 1982). 
Throughout the Holocene, peatlands have played a highly important role in mediating 
atmospheric C concentrations (Yu, 2011). Global peatlands have acted consistently as a sink 
of carbon (Yu, 2011; Charman et al., 2013) and in doing so have had a net cooling effect on 
global climate for all but the first few centuries of initiation (Frolking and Roulet, 2007).  
 

1.01 Peatlands in Scotland 
 
A greater proportion of the land area of Scotland is covered in peat than any other country 
in Western Europe (approximately 31%;  Milne & Brown, 1997; Montanarella, Jones, & 
Hiederer, 2006). Since the first peatlands initiated, soon after glacial retreat, they have 
sequestered an estimated 4523 Mt of carbon, which is equivalent to nearly 90 years of 
Scottish emissions (Milne and Brown, 1997; Scottish Government, 2014). However estimates 
of carbon stocks are considered poor and are based on little empirical data (Clymo et al., 
1998). Estimates of UK peatland cover vary greatly from 1.5 to 5.2 million hectares (Lindsay, 
2010). In their study Milne & Brown, (1997) assumed that peatland cover for Scotland could 
be under- or over-estimated by up to 20% . Even this relatively high figure may be an 
underestimate of the true error, given the extreme difficulty of mapping fragmented peat 
deposits in the mountainous parts of Scotland where the landscape is generally very rugged 
and contains many small hollows, knolls and valleys where peat may accumulate (Lindsay, 
2010). Early surveys, such as The Scottish Peat Survey (1968) were biased towards accessible 
areas with a view towards resource exploitation. As scientific and conservation interest in 
the peat grew this no longer was the case and the upper limit of the extent of Scottish 
peatland has frequently undergone upward revision (Lindsay, 2010), from less than 1 million 
hectares (Robertson and Jowsey, 1968) to more than 4 million (Milne and Brown, 1997). 
Estimates are complicated by different definitions of ‘peat’ and different maximum depths 
considered. Estimating carbon stocks adds another layer of uncertainty, as ideally bulk 
density and carbon content measurements are required down the length of the soil profile 
and such data is very rare in Scotland (Shotyk, 1997; Anderson, 2002; Lindsay, 2010). The 
most comprehensive study to date, the ECOSSE (2007) report into Scottish carbon stocks, 
used only 18 profiles for the whole of Scotland. Of these 18 cores C content analysis was 
carried out on only 15 and bulk density lower than 1meter was estimated rather than 
measured. In contrast Clymo et al. (1998), in a study on carbon accumulation in Finnish 
peatlands, used data from 795 profiles and still described the extrapolation needed to obtain 
national values as “heroic”. Located far away from major Universities and population 
centres, the peatlands of the far north of Scotland are particularly poorly mapped and data 
needed to assess carbon stocks is only fully available from a limited number of site from the 
far edges of this region (Shotyk, 1997; Anderson, 2002).     
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1.02 Flow Country 
 
The Flow Country is located in the far north of mainland Scotland covering approximately 
half of the northern counties of Caithness and Sutherland (figure 1). It is thought to be the 
largest area of blanket bog in the UK and possibly the Northern hemisphere (Pearce, 1994 in 
Warren, 2000). Covering 400 000 ha (Lindsay et al., 1988) with an area more than twice the 
size of Greater London (Lindsay et al., 1988; Watson, 2009) the Flow Country constitutes up 
to half of the Scottish peatland resource (Lindsay et al., 1988; Lindsay, 2010) It consists of an 
area of almost continuous flat, deep bog between Strath Naver in the west, the river Thurso 
in the east, Kinbrace in the south and the coast in the north (figure 1) and extends much 
further south and west than this, but in a less continuous more fragmented form (Charman, 
1990). The only other native peatlands of comparable size would be the fenland of East 
Anglia and the Bog of Allen in central Ireland, both of which have been almost drained out of 
existence (Lindsay et al., 1988). 
 

 
figure 1 a) Place names mentioned in the Flow Country and major settlements. Taken from JNCC report by Lindsay et al. 
(1988) 
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figure 1 b) Blanket bog cover in Caithness and Sutherland, referred to as the Flow Country. Taken from JNCC report by 
Lindsay et al. (1988)  

 
The average mean daily temperature is 8°C near the coast, and a cooler 7.5°C to 6 °C inland 
and across most of the Flow Country (Met Office, 2014a). The climate throughout most of 
the Flow Country is classed as hyperoceanic very humid southern boreal and lower 
oroboreal (Birse, 1971). Wind speeds average approximately 4.4-6.2 m s-1 (Birse, 1971) and 
rainfall varies from about 1020mm yr-1 with over 200 rain-days in Forsinard, to the west to  
880mm and 180 rain-days at Thurso in the east (Lindsay et al., 1988). Over the entire Flow 
Country even more variability in rainfall is seen, with up to 2500mm falling in the mountains 
to the west, 1200mm in central Sutherland and only 700mm in the far east of Caithness (Met 
Office, 2014b). In addition to this much occult precipitation is thought to occur through mists 
and fog which is not accounted for in precipitation statistics (Lindsay et al., 1988). There can 
be little doubt that conditions for healthy blanket bog growth are all well-met in the Flow 
Country with high and regular precipitation, high humidity, cool mean temperatures and a 
small annual temperature range (Lindsay et al., 1988). 
 
Compared with other UK peatlands, much of the Flow Country is relatively undisturbed with 
vegetation and morphology generally indicative of a wet healthy bog, similar to that more 
commonly found in Scandinavia and North America than the rest of Scotland (Charman, 
1995), however even here large areas of erosion and degraded bog may be found, with the 
area in the south between Ben Armine and Loch Shin being particularly eroded. In addition 
to being the UK’s single largest carbon store (figure 2), the Flow Country is an important 
breeding site for wading birds such as the Greenshank and Dunlin and before widespread 
coniferous forest planting, the region was host to 70% and 20% of the UK populations of 
respective these species. The region is also a globally-important site for the Golden Plover, 
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with 2% of the EEC population nesting here (Bainbridge et al., 1987). The Flow Country has 
important features such as patterned fens which are not seen anywhere else in the UK and 
therefore make an important contribution to national geodiversity (Lindsay et al., 1988).  
 

 
figure 2: Soil carbon density in the United Kingdom, taken from Milne and Brown (1997) 

 
The oldest peatlands in the Flow Country are thought to have initiated around 9000 cal. BP, 
(Charman, 1992). The period of greatest lateral spread is thought to have occurred between 
5100 and 3100  cal. BP (Tallis, 1998) and peat cover was not at its full extent till about 3500-
4000 cal. BP (Charman, 1995).  
 
During the early stages of the Holocene, the south west of the Flow Country was dominated 
by pine forest, the central regions by birch and the east was treeless as it is now (Durno, 
1957; Peglar, 1979; Charman, 1994). There was a deterioration in climate around 5500 cal. 
BP, accompanied by increased windiness (Keatinge and Dickson, 1978) and since this period 
natural forest been largely absent from the whole landscape, excluding some small patches 
of birch forest which remain around Strath Naver (Charman, 1990) and a brief period of pine 
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abundance starting at 4500-3500 year cal. BP and continuing for 300-500 years (Gear, 1989; 
Charman, 1994). The remains of these pines, often referred to as “Bog Oaks”, can be found 
throughout many bogs In Scotland and Ireland. The Flow Country has been situated beyond 
the climatic limits of oak and Scots pine for at least the last thousand years. During the 
construction of the Cathedral Church of Caithness during the reign of Edward I (1291) it was 
necessary to source seasoned oak from Darnaway forest, in Invernessshire more than 70 
miles to the south. (Rotuli Scotiae in Turri Londonensi et Domo Capitulari Westmonasteriensi 
Asservati, Vol 1 (1299-1377): in Steven (1951)). 
 
Although the Flow Country contains some of the most pristine areas of peatland in the UK, 
and despite its size and remote location, parts of the Flow Country have not escaped 
anthropogenic damage and exploitation. From early in the Holocene there is evidence for 
intermittent burning. There is evidence of burning in some of the oldest deposits from 8000 
cal. BP (Robinson, 1987) and 9000 cal. BP (Charman, 1992) and this burning is believed to be 
anthropogenic in origin from at least 7500 cal. BP, due to the increase seen in charcoal layers 
and the evidence of Palaeolithic settlement nearby (Charman, 1992). It is possible that 
burning played a role in peatland initiation by removing much of the initial forest cover, but 
it is very difficult to separate this from other factors such as grazing and climate (Charman, 
1992). 
 
Peat cutting has occurred on a domestic scale for millennia; however, during the 1950s this 
was scaled up, an experimental peat burning power station was set up at Braehour. It was 
hoped that this would provide enough power for the nearby town of Thurso while 
‘reclaiming’ 300-acres of farmland (Power and Farms from Peat Bog, 1955). The scheme was 
an economic failure and the station was closed in 1960, with the impacts of cutting fairly 
localised.  
The conservation value of peatlands has only been realised relatively recently, considerably 
later than for other habitats. For hundreds of years peatlands have been regarded as little 
more than wasteland; “the barren desert where nothing lives” (Macdonald, 1945) and may 
even be still considered wasteland by many people (Wilke and Mayhew, 2003). The only 
redeeming feature, in many eyes, was their use as a source of fuel for the working classes 
(Chambers, 1864) and up until recently they were omitted from national inventories of 
natural resources (Paavilainen and Päivänen, 1995). Early literature abounds with accounts 
of drainage in order to “reduce the black and barren heaths, to fertility and fairer 
complexion” (McEvoy, 1802; Chambers, 1864) and some scholars went as far as to call for 
the urgent destruction of bogs in order to eliminate the ‘chilling vapours’ they produced, 
which were blamed for the inability to grow crops in areas where they once thrived during 
the medieval warm period (Aiton, 1805). Government prizes were handed out for new 
innovations in the draining of bogs (Anderson, 1797) and subsidies for their drainage and 
destruction have continued into the modern era, resulting in the 80% of the UKs bogs being 
in a damaged and degraded state (Bain et al,. 2011). When attempts were finally made to 
survey UK peatlands, what was found was an “inventory of catastrophe” (Lindsay, 1993), the 
effects of which are so bad that land use change on organic soils in Scotland is now thought 
to be responsible for 15% of Scotland’s greenhouse gas emissions (Smith et al., 2009). 

1.03 History of forestry on peat 
 
Towards the end of the medieval period Scotland suffered from a shortage of timber. The 
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earliest reports of timber imports date back to the 11th century England (Richardson, 1921) 
and by 1450 very few buildings in Scotland contained beams of native oak. Timber for large 
scale construction projects, such as Stirling castle, had to be imported from abroad 
(Oosthoek, 2013) and reconstruction following the great fire of London in 1666 relied heavily 
on Norwegian timber imports (King Harald of Norway, 2005). In an effort to address this 
crisis from 1424 onwards a stream of legislation was passed in an attempt to halt destruction 
of forests and encourage their planting (Steven, 1951). For example, in England a directive 
was issued by Henry VIII for “every husbandman to plant 12 ashes within the ditches and 
closes of his farm” (Falkiner, 1903) and an act was passed by the Scottish parliament in 1609 
prohibiting the manufacture of iron from wood (Steven, 1951). During the 1600s Scottish 
landowners started to experiment with the planting of non-native trees for timber in order 
to raise revenue, increase game and beautify their estates (Oosthoek, 2013). Forestry was 
conceived as an excellent way to make use of Scotland’s abundant ‘wasteland’ (Oosthoek, 
2013) and a ‘battle with nature’ ensued (Guillebaud, 1938; Macdonald, 1945; Steven, 1951). 
One of the first documented attempts to drain a bog for forestry in the UK was made by the 
Duke of Argyll around 1730, which ended in failure to produce a return on investment and 
“the trouble and expense were very great” (Chambers, 1864). Many further attempts were 
made to grow trees in areas of deep peat located in cold, windswept, and marginal growth 
conditions; one of the most notable, and best described examples, is Knockboy in Ireland. 
Knockboy was perhaps the first large scale attempt to afforest peatland using public funds 
and one of the best historical comparisons for the tax incentive driven planting of the 1970s 
and 1980s discussed later in this section. Planting at Knockboy Connemara, was carried out 
in 1890 under extremely marginal conditions, to quote  Falkiner et al. (1903):  “a rockier or 
more wind-swept spot than Knockboy may not be found in all Ireland, and had the trees 
found root in its sterile sheets of rock, or sustained the unchecked onslaught of Atlantic 
storms, the difficulties of forestry elsewhere in Ireland must have been small indeed”. 
Planting was carried out in part due to considerable political pressure (Falkiner, 1903; 
Forbes, 1932) and one of its primary objectives, described in the first report by the board, 
was that " if the trees grow in this exposed situation close to the shores of the Atlantic it will 
demonstrate that much of the waste lands of Ireland could be turned to profitable 
account.". In this it utterly failed and like many preceding and following attempts was a very 
costly failure, costing nearly £2000 (Falkiner, 1903) a tremendous sum for the time. Instead 
of proving that trees could grow on all ‘waste lands’ Knockboy was held up as a warning to 
future foresters. Despite this, a belief continued, among some foresters, that trees could 
grow anywhere and on all ‘wasteland’ (Falkiner, 1903; Forbes, 1932). This belief has arguably 
persisted, to a greater or lesser extent, into the modern era.    
 
From the 1940s to the 1980s more than a fifth of all UK peatlands were planted with non-
native conifers (Cannell et al., 1992; Haines-young et al., 2000; Patterson and Anderson, 
2000) in an effort to boost strategic timber reserves and make use of land that was still 
deemed unproductive wasteland: “the wide desert where no life is found” (Macdonald, 
1945; Oosthoek, 2013). Advances in technology such as the Cuthbertson plough and new 
tractors, made planting possible on a scale not seen before.   

1.04 Global forestry on peatlands 
 
Globally  4% of peatlands, or fifteen million hectares, are estimated to have been drained for 
forestry (Zoltai and Martikainen, 1996), more than for other land use, with agriculture and to 
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a far lesser extent horticultural mining of peat being the other major reasons for drainage 
(Armentano and Menges, 1986). The main driver for peatland drainage in Fennoscandia, 
where the most extensive peatlands in Europe are found, has been for forestry. Over half of 
global peatland drainage for timber production has been in Fennoscandia and  this figure 
increases to 90% when Russia is included (Paavilainen and Päivänen, 1995). As a 
consequence the majority of research that has been carried out into the effects of drainage 
for forestry has been carried out in Fennoscandia and Russia. Peatlands used for forestry in 
this region are usually naturally-wooded, with open bogs making up a small proportion of 
drained peatland area (Turunen, 2008), therefore forestry operations aim to stimulate the 
existing trees rather than carry out ploughing and planting as in UK forestry. The conditions 
and impacts are consequently inherently different than in the afforested UK blanket bogs 
where little research has been done. There is a need for further studies to be carried out on 
oligotrophic naturally open peatlands, which make up nearly all of UK and Irish peatland 
(Turunen, 2008). 
  

1.05 Forestry in the Flow Country 
 
The cumulative damage caused to the Flow Country by peat cutting, by the experimental 
power station and by drainage for agriculture is significant but a far more damaging land use 
change has been the planting of non-native Sitka Spruce, Picea sitchensis, and Lodgepole 
Pine, Pinus contorta, most of which took place in the 1970s and 1980s eventually resulting in 
the afforestation of 17% of the Flow Country (R. A. Lindsay et al., 1988; figure 3). The 
majority of planting in the Flow Country is quite different from other plantations in the UK 
due to the marginal conditions for growth and the way in which plantations were funded.  
 
Prior to the 1980s the establishment of tree plantations in the Flow Country was relatively 
small scale, with experimental plots such as Borgie, Strathy, Skiall, Watten and Rumster set 
up by the Forestry Commission (Bartlett, 1953; Zehetmayr, 1954). These plantations were 
inspired by the success, in terms of survival, of plantations established on peat in the late 
19th century in Glen Orchy (Macdonald, 1928) and Corrour (Stirling-Maxwell, 1907). Although 
these plantations proved that the development of trees on peat was possible, the costs were 
very high and growth was slow (Oosthoek, 2013). The Forestry Commission sought to find 
methods to plant successfully and efficiently on a larger scale. Even so, early plantations in 
the north, such as Borgie, initially failed (Zehetmayr, 1954), and were certainly never 
commercially viable. Persistence, combined with experimentation with different 
management techniques, eventually paid off allowing the plantations to establish and 
survive. The lessons learned and the knowledge gained from these early plantations paved 
the way for future planting in Scotland and the Flow Country, although the much-cited goal 
of a ‘forestry led economic revival of the highlands’ (Steven, 1951) was never achieved.  
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figure 3: Blanket bog and forest plantations located on bog within the Flow Country, Taken from JNCC report by Lindsay 
et al. (1988) 

 
 
No private forestry companies operated so far north in Scotland until the late 1970s 
(Bainbridge et al., 1987) and when planting occurred it was often motivated primarily by the 
low cost of land rather than by conditions suitable for growth of trees. The private planting 
that occurred in the 1970s and 1980s was estimated to have been 70% funded by taxpayer 
revenue and would not have been economically viable without both the subsidies and tax 
breaks provided by the government (Bainbridge et al., 1987). Land was bought, prepared 
and planted by the initial investors, the costs of which could be written off against tax paid 
on income. In order to avoid tax on the timber the forests needed to be sold on to a third 
party, who, through the change of ownership, was then able to harvest the timber tax free 
(Bainbridge et al., 1987). However, even without the costs of planting the forest and the tax-
free status of the timber, the plantations regularly cost more to harvest than the value of the 
timber (RSPB personal communication). For these reasons in the more remote sites trees 
were sometimes planted without any intention of harvesting, follow-up maintenance was 
not carried out, or was carried out sparingly. In some cases foresters did not fertilise, thin, 
plant shelterbelts or maintain ditches. This has led to forestry plantations that are quite 
different from those normally seen in the UK; therefore it may be argued that the limited 
amount of research that has been carried out on peatland carbon balance in UK peatland 
forests may be of questionable applicability to these types of plantations.     
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1.06 How might afforestation affect peatlands and their carbon balance? 
 
The impacts of forestry operations on ecosystem carbon balance are highly variable and 
difficult to predict, with contradictory evidence for maritime climates (Paavilainen and 
Päivänen, 1995). The response depends on many different factors, the relative importance 
of which can be expected to vary from site to site. These factors include, but may not be 
limited to, differences between peatland types and fertility; differences in drainage and 
ground preparation practices and their effectiveness; the tree species planted; planting 
density; forest management; regional and micro climatic conditions and the life cycle of 
wood products. Impacts are also likely to vary over time (Laiho, 2006; Minkkinen et al., 
2008). For example where bogs have been prepared for planting, and when they are 
harvested, large emissions have been found to occur due to the high amount of disturbance 
(Trettin et al., 1996). Alternatively both rapidly growing and mature forests can appear to be 
strong carbon sinks under favourable climatic conditions despite being strong sources over 
the whole planting lifecycle (Hommeltenberg et al., 2014).  
 
When a peatland is drained in preparation for commercial forestry there is a gradual loss of 
peat forming bog species, such a Sphagnum mosses. Many bog species, such as Sphagnum,  
respond negatively to the decrease in precipitation and photosynthetically available light 
reaching the bog surface as the canopy closes (Pyatt and Craven, 1978). Sphagnum is greatly 
important for peat formation due to its highly recalcitrant properties that make it resistant 
to decay (Breemen, 1995). The presence of trees increases evapotranspiration resulting in 
the drying of the soil and the aerated acrotelm extending deeper into the peat, reducing the 
amount of plant material that reaches the anaerobic catotelm. This, combined with the loss 
of bog species, causes the virtual secession of peat formation (Hargreaves et al., 2003).  
 
In addition to the secession of new peat formation, existing peat and peat carbon is lost as 
the water table is lowered and previously anoxic peat is exposed to oxygen, stimulating 
microbial respiration. Effective drainage has been shown to increase decomposition in peat 
by approximately 50 times from an annual loss of about 0.1% mass prior to drainage, to 5% 
mass  (Clymo, 1983: in Lindsay et al. 2010). It is possible that above ground tree growth and 
increased litter input may compensate for the loss of peat carbon over the short term 
(Paavilainen and Päivänen, 1995). However, respiration rates in afforested peat soils are 
notoriously variable (Cannell and Milne, 1995) and it is therefore difficult to tell when this 
may be the case. Despite this the carbon losses from afforested peat in nutrient poor 
oligotrophic peatlands tend to be high (Cannell and Milne, 1995) and timber growth in the 
north is slow due to the harsher climate and strong wind damage (Cannell and Milne, 1995) 
suggesting that plantations such as those found in the Flow Country are more likely to be 
sources of carbon, than those further south.  
 
For many artificially drained and afforested peatlands, time since planting is thought to be 
the dominating factor when looking at whole ecosystem carbon balance (Paavilainen and 
Päivänen, 1995). UK peatlands can be strong carbon sources during the years immediately 
after drainage and planting (Trettin et al., 1996; Hargreaves et al., 2003; Byrne, 2006), these 
have the potential to be sinks during the early rapid stages of tree growth. This cannot 
continue indefinitely and the plantations will at some point become sources again as trees 
reach maturity and oxidative losses from the peat outstrips sequestration by the trees 
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(Hargreaves et al., 2003). Although the effect of planting on the carbon balance for the Flow 
Country is unknown, planting has been shown to have caused irreversible drying, shrinkage 
and cracking of the surface peat layers; acidification; large nutrient losses; increased 
concentrations of elements and ions in surface runoff; increases in sediment mobilisation; 
and physical and chemical changes damaging to bog plant communities (Miller et al., 1996; 
Shotbolt et al., 1998; Anderson et al., 2000; Warren, 2000). Understanding the carbon 
impact of afforestation on the Flow Country peatlands is crucial for planning of restoration 
and harvesting of forests, and must take into account many variables. 

1.07 Carbon stored in peat vs. forest 
 
Firstly, it is important to remember that the carbon sink in trees is temporary and they 
cannot continue accumulating carbon indefinitely (Minkkinen et al., 2008). Eventually the 
carbon stored by the forest will be outstripped by oxidative loss from the peat (Lindsay, 
2010) which will likely be increased further by the disturbance caused by harvesting (Trettin 
et al., 1996). For instance (Cannell and Milne, 1995) estimate the maximum carbon stored 
within the trees and the litter in a Sitka spruce forest of yield classes 8-24 to be equivalent to 
31-44 cm of deep peat or 18-26 cm of shallow peat, meaning when more than this amount 
of peat is oxidised the ecosystem would be a net source over the period of a full rotation. 
The value for the Flow Country is likely to be closer to the lower end of this estimate due to 
the lower yield class of Sitka planted this far north, approximately yield class 12, (Bainbridge 
et al., 1987; Pyatt, 1990). In addition to this 89% of planted area is categorised as high risk 
for wind throw and the trees are susceptible to Pine Beauty Moth infestations. This often 
necessitates the harvesting of forests before they are fully mature and before they have 
reached peak carbon storage (Bainbridge et al., 1987; Warren, 2000).  
 
Secondly, peat can be viewed as a very long term carbon store, with residence time thought 
to be in the region on 1200 years (Post et al., 1982). This is much greater than the residence 
time of carbon in commercial plantations, which are likely to be relatively short-term stores 
(Dewar and Cannell, 1992) depending greatly on the use of the timber after harvesting. Uses 
such as construction have a lifetime measured in centuries, compared to paper products 
which have lifetime of a few years. Lodgepole pine timber, on average, is estimated to have 
a lifetime of 62 years and Sitka Spruce timber a lifetime of 55 years (Byrne, 2006). However, 
because of difficult growing conditions Flow Country timber is relatively poor quality and 
therefore less suitable for long term uses such as construction. Because of this the lifetime 
of the timber products is likely to be shorter than this. While carbon accumulation in forests 
and forest soils usually plateaus off as the forest matures, typically about 59 years for Sitka 
spruce of yield class 12 (Cannell et al., 1993), in the UK bogs have been accumulating carbon 
for over 9000 years and are still only two thirds away from their theoretical limit of growth 
and of carbon storage (Charman, 1992; Clymo, 1992), and there is some doubt whether this 
concept of a limit to growth is correct, or applies to blanket bog (Belyea and Baird, 2006). 
Palaeoecological evidence shows northern peatlands accumulated carbon faster during 
warmer climate periods during the Holocene (Charman et al., 2013; Loisel et al., 2014). It 
seems reasonable that, if UK bogs can be kept in healthy condition, it is reasonable to expect 
them to continue to sequester carbon long into the future (Bain et al., 2011).  
 
Changes in the overall ecosystem carbon store of a natural site, are likely to be highly 
variable both between sites and over different timescales. We are still a long way off 
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knowing which sites may be sources, which may be sinks and over what timescale this may 
be true. What is known, however, is that planting on peat will result in the direct loss of 
carbon, and the indirect loss of potential sequestration, from a relatively stable long-term 
store in the form of peat, in return for storage in timber and forest material which is likely to 
be far more ephemeral (Lindsay, 2010).  

1.08 Studies on carbon balance of UK and Irish peatland forestry 
 
Evidence shows that afforested peatlands have the potential to be very large sources 
(Ojanen, 2014) and may even account for as much as 2.4% of UK emissions (Harrison et al., 
1994) but great uncertainties remain. Studies of carbon balance for afforested peatlands in 
the UK and Ireland may seem numerous at first glance (table 1); however, the majority of 
these studies are not empirical. Most utilise carbon accounting models, parameterised with 
data from quite different situations in continental Europe. The author is aware of only four 
empirical studies carried out in the UK and Ireland on the carbon balance of afforested 
peatlands (Anderson et al., 1992; Hargreaves et al., 2003; Byrne and Farrell, 2005; Yamulki et 
al., 2013) and although they shed some light on the carbon dynamics of afforested 
peatlands, all suffer from methodological limitations.  
 
table 1. Summary of UK and Irish research into peatland forest carbon. 

 

Study Methodology Locations 

Cannell et al. 1993 Carbon accounting Britain 

Cannell & Milne, 1995 Carbon accounting Britain 

Cannell et al. 1996 Carbon accounting Northern Ireland 

M G R Cannell, 1999 Carbon accounting UK 

Anderson et al. 1992 Depth comparison Bad a’ Cheo, Caithness 

Harrison et al. 1994 Literature review UK 

Hargreaves et al. 2003 Eddy covariance 

Auchencorth Moss, Midlothian 
Bealach Burn, Forsinard, Sutherland 

Channain Forest Sutherland 
Newton Stewart, Dumfries and Galloway 

Byrne & Farrell 2005 Chamber Flux study Cloosh Forest Co. Galway, Ireland 

Byrne 2006 Carbon accounting Republic of Ireland 

Yamulki et al. 2013 Chamber Flux study Flanders Moss, Stirlingshire 

 
 
The studies by Byrne & Farrell (2005) and Yamulki et al. (2013) provide flux measurements 
comparing forested and open peatlands for the first time in the UK. The former found 
significantly higher CO2 fluxes in forested compared to open peatland for their Sitka Spruce 
sites, but not their Lodgepole pine sites. This could be due to the higher degree of drainage 
required for Sitka. Their results are unfortunately complicated by the different ages, 
effectiveness of drainage and management practices between forests and, perhaps most 
importantly, the inability to separate autotrophic root respiration from heterotrophic soil 
respiration. This may well account for the drop in CO2 flux recorded for their clear-felled site, 
which, despite massive disturbance, recorded lower fluxes than forested or open peatland. It 
seems probable that this is due to of the lack of autotrophic root respiration in the clear-
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felled site compared to the forested and open sites;  large emissions have been recorded in 
clear felled sites in other studies such as Trettin (1996). In addition, Byrne & Farrell’s (2005) 
results were based on only 13 measurements carried out evenly over the space of a year, 
sampling over a 24 hour period. This is considered insufficient as even several years of 
continuous flux measurements can be misleading and go against the long-term trend 
(Hommeltenberg et al., 2014). 
 
Yamulki et al. (2013) recorded fluxes of greenhouse gases in drained and planted, un-drained 
and planted, restored and open sites. Their results for all sites (3.4- 7.2 tC ha-1a-1) were 
higher than those calculated by Byrne & Farrell 2005 (1-3 tC ha-1a-1). Unlike Byrne and Farrell 
(2005), Yamulki et al. (2013) recorded their highest value of CO2

 flux in their open peatland 
site and their lowest fluxes in their forested peatland. Yamulki et al. (2013) were also unable 
to take into account autotrophic root respiration, and made a serious error in comparing 
total ecosystem respiration in the open site with only below ground respiration for the 
forested sites (Artz et al., 2013). Their results were further compromised by the fact that 
their sampling period was only during the day and did not cover the full 24 hour period, as 
flux measurements ideally should, leading to criticism by Artz et al.(2013).     
 
In contrast to the other two flux studies  Hargreaves et al., (2003) produced their estimates 
of net ecosystem CO2 exchange by employing eddy covariance rather than flux collar 
measurements. Their study considered a short measurement periods for the forested 
peatlands measured.(Hargreaves et al., 2003) is an important study, as it was the first to look 
at new plantations in the years immediately after planting and to investigate changes in 
fluxes over the age of plantations. Their results were broadly in the range found by Byrne & 
Farrell (2005) and (Yamulki et al., 2013) to a lesser extent. However, they found newly 
planted forests to be sources of 2-4 tC ha-1a-1 and ‘mature’ forests to be sinks of 3 tC ha-1a-1 
4-8 years after planting and after canopy closure - although whether the canopy could 
actually be described as closed is a matter of dispute (Lindsay, 2010). 
  
Unfortunately, in this case measurements were only taken over a very short period of a few 
months per site and were then adjusted for annual variation using an annual dataset from 
their control site at Auchencorth Moss, Midlothian. There are several problems with this 
methodology. Auchencorth is far from the best example of a natural peatland. With its 
history of disturbance and close proximity to urban centres (18km from Edinburgh city 
centre), Auchencorth moss is of questionable quality as a control and does not strongly 
resemble the open peatland found near their forest sites. Auchencorth has been extensively 
drained, parts are mined for peat and the deepest area is dominated by a conifer plantation 
making it questionable as a baseline site (Lindsay, 2010). The net uptake of CO2 at 
Auchencorth resembles high Arctic peatlands (Soegaard and Nordstroem, 1999) more than 
average values for UK peatlands (Immirzi et al., 1992) and when exports of DOC and POC are 
accounted for the site may even be a net source of carbon (Billett et al., 2004) . Another 
issue, pointed out by Lindsay (2010) is that the ‘mature’ site of Hargreaves et al. 2003  at 
Mindork moss is, in fact, 30 years away from harvesting and the canopy is still open in many 
places with patches of poor tree growth, and therefore does not represent the emissions 
that may be lost over a full rotation of 60 years. A key assumption made by Hargreaves et al. 
(2003) in adjusting their forested sites for annual variation in climate was to assume that 
unplanted peatlands react in a similar way to planted ones. This assumption is probably 
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flawed given the ability of forests to decrease the amount of precipitation that reaches the 
bog surface (Pyatt and Craven, 1978), to alter the temperature of the soil profile (Heijmans 
et al., 2008), reduce solar radiation, and alter the humidity gradient, through sheltering 
effects. All these factors can be expected to vary between individual forests and peatlands, 
and will certainly be very different from open peatland. These limitations unfortunately 
mean that the results Hargreaves et al (2003), while interesting, have to be treated with 
caution.   
 
Anderson et al. (1992) take a different approach from most of the studies discussed so far. 
They measured bulk density and peat depths across a transect from forested to open bog 
and compared changes to a pre-planting depth map that was produced in 1966. They 
assumed that bulk density was the same between the open peatland and the forest plots 
before planting, which may not necessarily have been the case due to high variability often 
found within sites (Laiho et al., 2003). Incidentally, this variability, across unplanted peat, 
was later found to be the case for the Bad a’ Cheo site by (Shotbolt et al., 1998). Carbon 
content was not measured but rather the mass of ‘dry matter’, or dry peat, was compared 
instead. Unfortunately the high degree of error in the original depth measurements (±15cm) 
meant that only dramatic losses in ‘dry matter’ would have been statistically significant, and 
these losses were not found. The site was re-visited again by Shotbolt et al. (1998) who 
recorded depth and also bulk density, but only in the top 90cm, which is of limited use for 
determining changes in carbon stocks. Indeed, consolidation has been shown to occur across 
the whole profile, rather than just the drained section (Anderson et al., 2000) as the authors 
hypothesised at the time. Unfortunately no attempt was made to match stratigraphy 
between cores. However, Shotbolt et al. (1998) revealed large-scale subsidence of between 
40-80cm in the forested plots and also demonstrated the high degree of variability in bulk 
density within sites, as well as significant increase with afforestation. 
 
Despite their limitations these studies shed light for the first time on the carbon dynamics of 
afforested peatlands in the UK, and it seems likely from their results that response to 
afforestation is highly variable. There appear to be differences between species such as 
Lodgepole Pine and Sitka Spruce, or at least in the different preparation and management 
associated with these species (Byrne and Farrell, 2005). It also seems likely, from the sheer 
magnitude of the difference in fluxes found by (Hargreaves et al., 2003), that new 
plantations emit considerably more than those in their early to mid-stages of growth. The 
results from Clymo (1998) suggest that we cannot rely on basic models such as that in 
Eggelsmann (1984) for approximating oxidisation from subsidence, at least not in afforested 
peatlands, as the dynamics are considerably more complicated than previously thought. 
 
There are no published studies regarding the impacts on carbon balance of the mixed stand 
Lodgepole Pine and Sitka Spruce planting of the type characteristic of the Flow Country. 
Although experiments were carried by the Forestry Commission (Warren, 2000), it seems no 
published studies or reports were released. The mixed-stand planting technique relies 
heavily on  ‘beating up’, or the replacement of dead Lodgepole Pine in order to ensure 
optimal growing conditions for the more profitable Sitka Spruce (Bainbridge et al., 1987).  
With poor economic incentives for harvesting, because for example, the cost of the 
harvesting exceeding the value of the timber, as is often the case in remote Flow Country 
plantations (Norrie Russell, personal communication), beating up is unlikely to have been 
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carried out particularly as the true ‘value’ of the plantations are for offsetting tax not 
producing timber (Bainbridge et al., 1987). 
 
Further studies carried out in the Flow Country have reported subsidence along with drying 
and cracking of the peat (Pyatt and Craven, 1978; Pyatt and John, 1989; Shotbolt et al., 1998; 
Anderson et al., 2000). Progressive drying and the appearance of shrinkage cracks begins to 
occur once the canopy closes over. Such shrinkage cracks are thought to be very rare outside 
of the UK and Ireland (Pyatt and Craven, 1978), presumably due to the more intensive 
nature of forestry operations there.    
 
With over 9% of deep peatlands (Cannell and Milne, 1995) and 14% of shallow peatlands 
(Harrison et al., 1994) forested within the UK a large portion of national  terrestrial carbon 
stocks are at risk of becoming mobilised. We simply do not know how the carbon balance of 
UK peatlands reacts to afforestation and research done elsewhere in the world is of limited 
applicability to UK peatlands and forestry practices (Harrison et al., 1994; Turunen, 2008; 
Ojanen, 2014). Many of UK plantations established in the 1970s and 1980s are now coming 
towards the end of their first rotation and decisions will have to be about their future. 
Should such sites be re-forested or should attempts be made to restore the peatland back to 
its natural state?  
 

1.09 Radiocarbon dating in peatlands 
In order to understand how net carbon accumulation has changed over time and within sites 
it is necessary to have a reliable chronology. There are a range of techniques available for 
this with the most reliable over this time scale being radiocarbon dating and 
tephrachronology, discussed later in this chapter. 
 
Radiocarbon dating raw peat material is notoriously fraught with difficulties. Dates from 
different factions, such and humic acid and humin, can vary by thousands of years (Shore et 
al., 1995; Nilsson et al., 2001) and the relationship between these different factions is not 
consistent both within and between sites (Shore et al., 1995; Nilsson et al., 2001). These 
discrepancies are thought to be caused by two major factors. The first, believed to be most 
important, is errors derived from the deep penetration of roots commonly seen in sedge 
mires. As much as 90% of photosynthetically fixed CO2 is allocated to roots (Walén, 1986) 
providing a source of younger carbon in older peat remains. Partially decomposed root 
materials preferentially make up the humin faction perhaps explaining some cases where 
humin is found to have a younger date than humic acids (Shore et al., 1995). However a 
secondary effect is also thought to occur, dissolved organic carbon DOC, produced from 
either root extradites or from decomposition of peat, can move either up or down the peat 
column depending on changes in the hydraulic head of an ombrotrophic mire 
(Waddingtonlwa and Rouletb, 1997; Nilsson et al., 2001). Unfortunately other complicating 
factors may be at play as large differences between the ages of factions is found even in 
Sphagnum dominated bogs where vascular plant roots are rare (Nilsson et al., 2001).     
Radiometric dating is a relatively old technique pioneered in geological samples by Bertram 
Boltwood (Boltwood, 1907) and later applied to carbon by Willard Libby (Libby et al., 1949). 
This early technique relied on the measurement of the decay products relative to the 
radioactive isotope. In the case of radiocarbon dating 14C was measured along the beta 
partials produced during decay. The volume of material required for a successful analysis is 
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high with 1 ounce of wood (28.4g aprox) yielding 8 grams of carbon used in Libby’s early 
experiments (Arnold and Libby, 1949). Since 1949 radiometric techniques have progressed 
somewhat, with the advent of gas counting and liquid scintillation techniques for example, 
both improving accuracy. However the volume of material for this technique is still 
stubbornly high with one of the leading radiocarbon labs Beta Analytic, requiring 3-4 grams 
of carbon to carry out radiometric measurements (Beta Analytic, 2015), barely half that used 
in Libby’s initial experiments (Arnold and Libby, 1949).  
A newer form of radiocarbon dating, Accelerator Mass Spectrometer (AMS) dating became 
available in the early 1980s with development of the technique being described in detail in  
Hedges et al. (1980) and was done by directly measuring the rations of carbon isotopes 14C 
and 13C rather than relying on decay products such as beta partials. AMS radiocarbon dating 
was revolutionary in that it was both more accurate and allowed for smaller volumes of 
material to be dated. Beta Analytic, who require 3-4 grams of carbon for a radiometric date, 
require a minimum of 0.00025g of carbon for an AMS date (Beta Analytic, 2015). This has 
enabled a better alternative to directly dating the peat, the use of AMS macrofossil dating. In 
contrast to dating peat factions dates derived from the remains of mosses are highly 
consistent (Nilsson et al., 2001) and variation from above ground plant macrofossils is more 
predictable and considerably less than that from peat factions (Nilsson et al., 2001). It has 
even become possible to date pollen found within the peat (Brown et al., 1992). Care should 
be taken in sample preparation and storage however as fungal contamination can be more 
of an issue for AMS dating, given the smaller amounts of sample used (Wohlfarth et al., 
1988). 
Given the vast discrepancies in dates derived from conventional techniques (Shore et al., 
1995) and greater consistency of AMS macrofossil dates (Nilsson et al., 2001) It seems 
advisable that this technique should be used, whenever possible, in preference to bulk or 
faction dates. A potentially more accurate alternative to radiocarbon, tephrochronology, is 
discussed below.   

1.10 Tephrochronology 
 
Another form of dating that has potential in the Flow Country peatlands is 
Tephrochronology, or the study of volcanic ash. It provides a valuable tool for 
palaeoecologists by providing synchronous stratigraphic markers in sediment and peat 
accumulation profiles. It is also considered a more accurate dating tool than radiocarbon, as 
many layers are either from historically recorded eruptions, or the surrounding material has 
been radiocarbon dated many times to give a highly reliable age for the tephra layer.  
 
Tephrochronology has the potential to allow reliable direct comparisons in carbon content 
to be made and therefore is a core component of this study. In addition to being a tool in 
carbon stock calculations, tephrochronology is inherently interesting with direct effects on 
peatlands (Payne, 2005)  in addition to providing information on past airflow patterns and 
what ash flow patterns may occur in a contemporary  eruption. The superior dating accuracy 
also improves the general chronology of paleoecological studies, which is often the ‘Achilles 
heel’ in these studies. For these reasons, and the specialist methods and processes involved 
with tephrochronology, a significant portion of this thesis will focus on this topic.  
 
Over the last 25 years the true extent of tephra distribution from Holocene volcanic activity 
in Iceland has become increasingly apparent. Visible tephra from the Holocene period are 
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found only as far as Greenland (Zielinski et al., 1997) and the Faroe Islands (Wastegård et al., 
2001)  but the advent of cryptotephrochronology, or the study of tephra too small to see, 
has revealed numerous episodes of tephra deposition throughout northwest Europe 
(Lawson et al., 2012). Since Dugmore (1989) first identified microscopic volcanic ash in peat 
cores from Caithness, northern Scotland, tephras have now been found across Great Britain 
(Dugmore et al., 1995; Pilcher, Jonathan R., 1996), Ireland (Pilcher and Hall, 1992; Hall and 
Pilcher, 2002; Hall, 2003), in Russia (Wastegård et al., 2000), Norway (Pilcher et al., 2005), 
Italy (Finsinger et al., 2008), France (Kleber, 1994), Swizerland (Blockley et al., 2008), the 
Netherlands (Davies et al., 2005), Germany (van den Bogaard and Schmincke, 2002), Sweden 
(Oldfield et al., 1997) and Estonia (Hang et al., 2006). There have been several motivators for 
increasing tephra research. For palaeoecologists, tephra offers the potential for dates which 
are highly precise, cheaper than radiocarbon dates and without some of the problems of 
radiometric methods, and also allows for very precise correlations between sequences 
(Payne and Gehrels, 2010). For those interested in volcanic hazards, tephra can reveal the 
extent and frequency of tephra deposition with particular relevance to aviation. For those 
interested in the environmental impacts of volcanic eruptions tephra can precisely position a 
volcanic event in a stratigraphic sequence to allow the assessment of ecological and 
environmental impacts (Payne et al. 2013; Hughes et al. 2013).  
 
Research effort has been variable through the North Atlantic region and over the last 15 
years there have been relatively few tephrostratigraphic studies in Scotland, despite this 
being the area where cryptotephras were first identified. 14 Holocene cryptotephras are 
known from Scotland compared to 33 in Ireland despite greater proximity to the Icelandic 
volcanoes. While this may be partly explained by the movements of the tephra plumes 
(Swindles et al., 2011) it is difficult to exclude the possibility that the difference also partly 
represents variability in sampling effort, with 16 published studies in Great Britain compared 
to 28 in Ireland. One of the primary objectives (objective one, section 2) of this study is 
therefore to provide new records of tephra occurrence from Scotland, focusing particularly 
on the most northerly regions where tephras are most abundant.  
 
A key limitation on all cryptotephrochronological research is the time-consuming microscopy 
which is typically required to locate tephra shards. It has long been a goal of 
tephrochronologists to identify methods which may allow cryptotephras to be identified 
quickly and consistently, but these have met with variable success (Caseldine et al., 1999; 
Gehrels et al., 2008). Recently  Kylander et al. (2011) have demonstrated some success with 
ITRAX core-scanning technology. This is described in detail by Croudace et al. (2006), and 
combines XRF, X-radiography, magnetic susceptibility and optical imaging to identify high 
concentrations of basaltic tephra in lake sediments. However, Kylander et al. (2011) failed to 
find any rhyolitic tephra, of which all Scottish tephra are classified. The greatest number of 
tephra studies have been in peats where use of ITRAX has been limited (Unkel et al., 2008). A 
second objective of this study is therefore to test the ability of an ITRAX core-scanner to 
locate cryptotephras in peat cores. 

1.11 Concept of this project.  
 
From the literature it is clear that: 1) The impacts of afforestation on the carbon balance of 
naturally open, temperate peatlands is an important question which there is not currently a 
firm answer to; 2) This is a particularly important topic in the UK’s largest and most pristine 
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peatland area, the Flow Country, where peatland afforestation has been extensive and many 
plantations are now approaching harvesting age; 3) Direct comparison of carbon stocks is an 
important means of addressing afforestation impacts on carbon balance, of which no studies 
of that type have been carried out in the UK, those that exist globally have a number of 
important limitations; 4) there is currently a very small amount of Holocene carbon 
accumulation data for UK peatlands.  
The aim of this project is to develop an improved approach to addressing afforestation 
impacts on carbon stocks. This proposal is to use layers of volcanic ash –tephra- preserved in 
the peat as stratigraphic markers of known age. Tephra layers are known to occur in 
peatlands around the world and in the UK there are a number of these layers which have 
been well-studied and dated (discussed further in section 4). The author suggests that 
tephra layers can be used to precisely compare carbon stocks accumulated in fixed time-
periods between sites. This approach has not been previously trialled because the 
identification of tephra layers has involved time-consuming microscopy. To address this 
problem the use of an ‘ITRAX’ core-scanner from Cox analytical systems is proposed, this is 
described in more detail in section 4, which by simultaneously analysing multiple parameters 
should allow tephra layers to be rapidly and easily located. This study will trial this approach 
at four sites by taking paired cores in afforested locations and adjacent open bog, locating 
tephra and calculating carbon stocks. In addition to addressing the impact of afforestation 
on carbon stock (the topic of section 6) this approach also allows us to produce new data on 
rates and variability in Holocene carbon accumulation (section 5) and contribute new data 
on tephra deposition in northern Britain (section 4). 

2. Aim and Objectives 
 
 The main aim of this project was to estimate and compare carbon stocks between 
afforested and open blanket bogs in the Flow Country. More specifically, the project had the 
following objectives:  
  

1. To test the ability of an ITRAX core-scanner to locate cryptotephras in peat cores 
and to provide new records of tephra occurrence from Scotland, focusing on the 
northernmost regions where tephra are most abundant. 

 
2. To produce a high resolution reconstruction of the rate of carbon accumulation 

since peatland initiation in the early Holocene, using measured rather than 
estimated values; based on tephra-based chronologies.  
 

3. To compare carbon stocks in open and forested sites using stratigraphy reliably 
matched using tephrochronology.  
 
 

 
The next section of the thesis describes the methods used to attain these objectives. Each 
objective will then be discussed further in a dedicated result chapter. 
 

 



 

18 
 

3.0 General Method 
 
Methodology that is applicable to multiple sections of this thesis is outlined in this section. 
Methodology that is applicable only to individual sections will be discussed in those 
respective sections.  

3.01 Site selection 
 
Four sites were selected across the Flow Country and in each site one core was positioned in 
a plantation and one in nearby open bog. Sites were selected where the planting boundary 
lay along ownership lines, to minimize the possibility of bias on the part of the foresters for 
preferentially planting some areas (e.g. shallower peat, drier areas) over others. The study 
design aimed to span the different forestry practices most commonly used through the Flow 
Country, specifically mixed and single species plantations. Coring was carried out a minimum 
of 60 meters from the forest boundary and sites were selected on the basis of vegetation 
that was representative of the surrounding area from which the core was taken.  
 
Study sites were picked along a transect, from the north east edge of the Flow Country, 
bordering the A9 road at Bad a’ Cheo to Cross Lochs near the central Flow Country 
settlement of Forsinard (figure 4; table 2). Excluding Catanach, all sites fall within the 
euoceanic very humid southern boreal and oroboreal microclimatic zone (Birse, 1971) which 
is also the zone where the majority of Flow Country peat and forestry is found. Catanach 
falls into a similar category, but is classified as extremely humid due to the influence of the 
nearby Knockfin heights (Lindsay et al., 1988). All sites are classed as being exposed with 
wind speeds typically ranging from 4.4-6.2 m-s  (Birse, 1971) . 
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figure 4: Sites used in this study: Bad a' Cheo in the west, followed by Braehour, Catanach and Cross Lochs in the west. © 
Crown Copyright/database right 2014 An Ordnance Survey/EDINA supplied service. 

 
table 2: Site locations and distance between paired cores. For each site the open coring site is 
denoted ‘O’ and the forested site ‘F’ so for instance CATF is the forested core from the 
Catanach site.  

Site Code Reference Distance 
between 

cores 

Distance 
from planted 
edge (open) 

Distance 
from open bog 

(forested) 

Cross Lochs CRSL NC8509 4415 1000 
410 (historic) 
850 (current) 

50 

Catanach CAT ND0060 4876 500 325 140 

Braehour BRAE ND0820 4951 340 250 70 

Bad a’ Cheo BAD ND1670 5015 210 
60 (shelter belt) 

120 (plots) 
20 (plot) 

70 (shelter belt) 

3.02 Site description  
 

Bad a’ Cheo 

 
Cores were taken from forested peat ND16705 50158 and the adjacent open bog ND 16500 
50174 (figure 5). Bad a’ Cheo is one of the oldest plantations in the Flow Country, set up as 
an experimental site by the Forestry Commission in 1968. The forested core was located in 
the plot where the highest level of subsidence had been recorded, which was 80cm at the 
time that Shotbolt et al. (1998) surveyed the site (1996). The underlying geology at Bad a’ 
Cheo is sandstones, conglomerates, shales and flagstones (Lindsay et al., 1988; British 
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Geological Survey, 2014) and the site is located approximately 100 meters above sea level. 
Bad a’ Cheo is classified as a central watershed blanket bog, with pools and hollows being 
common. The vegetation is dominated by Sphagnum, with S. magellanicum and S. 
papillosum being some of the most abundant (Lindsay et al., 1988). The forested core was 
taken from the small 0.66 Ha mixed Sitka spruce/Lodgepole pine plot, close to the border 
with the pure Sitka Spruce plot, the open core was taken from among the natural pool 
system beyond the shelterbelt.  
 

 
Figure 5: areal image of Bad a’ Cheo forested and open coring sites 

 
Previous studies at Bad a’ Cheo have investigated subsidence, such as (Shotbolt 1998), 
Anderson (1992), Anderson et al. (2000). Other studies have investigated nutrient cycling 
and pollution (Chapman 2001; Miller et al. 2006) but no paleoecological studies have been 
performed at Bad a’ Cheo therefore very little is known about the age of the peat or the 
immediate vegetation history, however studies from Cross Lochs 33km west (see below) and 
a high quality pollen study from Loch of Winless (Peglar 1979), less than 14km to the North 
East do provide some information. The results of Peglar (1979) suggest that the landscape of 
eastern Caithness was largely treeless for the whole of the late glacial and early Holocene. 
Cross Lochs was largely treeless from the mid Holocene onwards, but had significant birch 
cover before then (Charman 1994). It seems likely that Bad a’ Cheo was somewhere in 
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between, being possibly treeless, or with sparse birch cover during the early Holocene and 
treeless during the mid to late Holocene.          

 

Cross Lochs 

 
Cores were taken from forested peat NC 84134 43941 (figure 7) and the adjacent open bog 
NC 85095 44154 (figure 6). Cross Lochs is part of the CEH (Centre for Ecology and Hydrology) 
Carbon Catchments project, described in Billett et al. (2009) and thus is currently the most 
intensively-studied site in the Flow Country. An eddy covariance flux tower was set up in 
early 2008 and has been monitoring net ecosystem exchange (NEE) more or less consistently 
since then. Data on aquatic carbon flux also exists from 2009 onwards, making this a suitable 
site for integrating long term palaeoecological data with contemporary flux measurements. 
In addition to this, numerous other studies on GHG fluxes and DOC are being carried out 
close by, and there is greater knowledge of the area’s palaeoecology (Charman, 1990, 1992, 
1994, 1995; Charman et al., 1995) than elsewhere in the Flow Country. Importantly, tephra 
have also been found close by (Charman et al., 1995; Dugmore et al., 1995). For these 
reasons the decision was made to sample the Cross Lochs site most intensively, allocating 
more radiocarbon dates and sampling at a higher resolution. The core was taken from within 
the footprint of the eddy covariance tower where gas flux is being measured. The paired 
forest site is located in the privately owned section of Dyke forest immediately west of the 
open site. Dyke forest is managed by Fountain forestry differs from the other sites due to 
the past use of a double throw plough, as opposed to a single. The open bog in and around 
Cross Lochs is believed to be in relatively pristine condition as the area around Cross Lochs is 
sparsely inhabited today, and other than the forestry human impacts are low. However 
anthropogenic disturbance may have been greater in the past as there was a major 
settlement nearby in the strath of Kildonan around 2nd century BC,  with over 2000 hut 
circles having been identified in the strath (Charman et al., 1995) and evidence of 
anthropogenic burning was found dating from 7500 cal. BP right up to the present day 
(Charman, 1992).  
 
Vegetation history at Cross Lochs shows that pine was largely absent from the site in the 
early Holocene (Charman 1994) and instead the dominant tree species was birch (Charman 
2008), from a review of the paleoecological data for the area Tipping (1994) hypothesises 
that these birch forests were probably sparsely distributed and often had open canopy, 
becoming more so further east. Trees are almost completely absent from the Cross Lochs 
site from about 5500 BP onwards (Charman 1994).   
 
The underlying bedrock at Cross Lochs is made up of migmatitic pelite and semipelite 
(Lindsay et al., 1988; British Geological Survey, 2014) and the site is located at approximately 
230m elevation. Cross Lochs is a mixture of ombrotrophic bog and ladder fen (Charman, 
1994). Our coring site was located in ombrotrophic bog containing Eriophorum vaginatum, 
Calluna vulgaris along with Sphagnum capillifolium, S. papilosum and S. cuspidatum.  
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Figure 6: areal image of the Cross Lochs open coring site, situated in the footprint of the CEH flux tower. Note forest 
visible to the north of the site has since been felled and is under restoration back to blanket bog. 

 
Figure 7: Forested coring site for Cross Lochs located in the Dyke forest 
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Catanach 

 
Cores were taken from forested peat ND 00533 48289 and the adjacent open bog ND00605 
48769 (figure 8). No palaeoecological work has been carried out at Catanach before, 
however nearby Station Hill at Altnabreac has been shown to contain at least two distinct 
tephra layers (Dugmore et al., 1995), making these sites attractive for coring. The plantation 
at Catanach represents one of the more remote plantations in the Flow Country, located 9 
miles from the nearest paved road, and a further 7 miles by narrow single track paved road 
before the two-lane road is reached. This means it is likely to be one of the less economical 
‘neglected’ plantations (Bainbridge et al., 1987; Warren, 2000), and may be more 
representative of the Flow Country planting than more easily accessible sites such as Bad a’ 
Cheo and Braehour. Catanach forest is owned by Fountains Forestry and is typical of a 1970s 
-1980s plantation. The microclimate at Catanach is slightly different from other sites, being 
classified as extremely humid euoceanic (Birse, 1971), due to the influence of the Knockfin 
heights to the south (Lindsay et al., 1988). The sampling site is located at approximately 
200m elevation.  
 

 
Figure 8: Coring sites for Catanach open and forest. Open core was taken from Dorrery estate owned by the RSPB, 
forested core from Catanach forest managed by Fountains Forestry.  

Braehour  

 
The Breahour cores were taken from Breahour forest (GPS: ND 08208 49512) , owned by the 
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Forestry Commission and the adjacent open bog (GPS: ND 07892 49381) surrounding Loch a’ 
Charin (figure 9) which is owned by Lord Thurso. Peat depth was found to be 144cm in the 
open site and 141 cm in the forested site.  
 

 
Figure 9: Coring locations at the Breahour site. Forest is owned and managed by the forestry commission, open site is 
owned by Lord Thurso.  

 
 
 
Breahour is aproximatly 130 meters above sea level and the forest was planted in the early 
1980s and, unlike Catanach and Cross lochs, is exclusively Lodgepole pine. Braehour is 
potentially one of the most disturbed sites with the remains of the peat power station 
located 3km to the north and the abundance of archeological features, including peat 
cuttings, identified in a report by Peteranna (2012). The open bog immediately outside of 
the forest plantation was outside the scope of this survey, so even closer archaeological 
features may exist including what looks like the remains of a wall or dwelling of some kind 
south of the coring site (figure X) . There is archaeological evidence for at least three post-
medieval shielings within half a kilometre of the study sites, and a farmstead several 
kilometres away, suggesting the area been used for grazing in the past (Peteranna, 2012).  
Underlying geology at Braehour is sandstone, siltstone and mudstone. The dominant bog 
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type is classified as an Eriophorum vaginatum ‘eastern’ blanket bog with high ridges and 
pools along with isolated hummocks. It is characterised by a Sphagnum mosaic within which 
Eriophorum vaginatum and Odontoschisma sphagnii are common components. Our site 
differed from the dominant type in that the site was relatively flat; however the dominant 
species was Eriophorum vaginatum. In addition to this the dominant Sphagnum species were 
S. capillifolium, S. palustre and S. fallax. 
 
Underlying geology at Catanach is semipelite (British Geological Survey, 2014). The dominant 
bog community around Catanach is classified as a low relief northern boreal blanket bog with 
ridge hollow complex and the characteristic community being Sphagnum-Betula nana-
Arctostaphylos uva-ursi (Lindsay et al., 1988), the dominant Sphagnum speciesbeing 
S.capillifolium, S. papillosum and S. cuspidatum. 
 
The only paleoecological study from the Breahour area was a pollen analysis carried out by 
Durno (1957) and unfortunately there are no radiocarbon dates, counts are low and 
temporal resolution is poor meaning its findings need to be interpreted with caution 
(Charman 1994). It is estimated from the map provided in Durno (1957) that their core was 
taken 4 to 5 km to the north east of our sites and this explains the large discrepancy in 
depth. The peat cored by Durno (1957) was 650cm deep, compared to 144cm in this study. 
The Boreal/Atlantic transition, marked by a rise in Alnus pollen, has been dated to 
approximately 3900 BP in the flow country (Moar, 1969; Charman, 1990) and was located at 
380cm depth in Durno (1957) suggesting the peat sampled by at Breahour may be at least 
6000-7000 years old. The results of Durno show the site to have been Sphagnum 
Tricophorum dominated down to 5 meters depth with a sharp rise in Ericatious pollen from 
about 280cm depth continuing to the surface. Levels of Betula pollen remained relatively 
steady down profile. Though a rise is seen in percentage tree pollen from about 200cm 
downwards, given the low counts in general this could easily have been transported from 
other regions, a theory backed up higher quality pollen studies to the east (Peglar, 1979) and 
the west (Charman, 1994) of Braehour which show pine to be almost completely absent 
during the Holocene.  
 

3.03 Coring Strategy  
 
Coring was carried out at a suitable distance from the forest edge, a minimum distance of 60 
meters away to avoid the impacts of forestry on open bog outlined by Shotbolt et al. (1998). 
Coring sites were selected where the hydrological effects of the plantation were no longer 
apparent and vegetation was deemed representative of healthy blanket bog such as 
Sphagnum mosses. At Bad a’ Cheo and Cross Lochs the characteristic hummock hollow 
microtope was apparent and indicative of healthy blanket bog. Pool and hummock systems 
were not apparent near the open bog sites for Braehour and Catanach and sampling would 
have had to occur much further away from the paired forest core in order to facilitate this, 
so instead cores were taken from peat representative of the peatland bordering the forest. 
Coring in the open sites was carried out on average 260 meters from the nearest tree or 
felled forest site, the closest being at Bad a’ Cheo where the avoidance of disturbance from 
access tracks and ditches further out into the open bog was desired. The site cored was still 
60 meters from the narrow, un-drained shelterbelt and 120 meters from the drained 



 

26 
 

forestry plots, which should have been sufficient to escape the 50 meter, and potentially 
much greater, hydrological footprint of the plantation at Bad a’ Cheo described by Shotbolt 
et al. (1998). At the other extreme, the Cross Lochs open site was located approximately 1 
km from the paired forest, which is further that we would have desired, but given the 
intensive study of the Cross Lochs site it was decided that the benefits of coring there would 
outweigh the drawbacks. In addition, the now restored Cross Lochs forest site lies 
approximately 400 meters to the north, opening up the possibility of a three way 
comparison of carbon stocks between open, forested and restored peatland at a point in the 
future. 
 
In the open bog, coring was carried out mid-way between the hollow and hummock 
(Vleeschouwer et al., 2010). Forest coring was carried out as close to the original bog surface 
as possible, on the very edge of the plough throw. All cores were taken from under a closed 
canopy with trees located a maximum of 2m from the coring site. Cores were taken with a 
1m long Russian corer, which was used in a technique modified from Vleeschouwer et al., 
(2010) to avoid compression of the peat. The corer was washed in a nearby ditch or pool 
between sampling.  Within each site, alternating cores overlapping by 10cm were taken no 
more than 30cm apart to avoid compression of the sample. The full peat depth through to 
mineral substrate was sampled, and once extracted cores were immediately transferred into 
1 meter sections of plastic drain piping and wrapped in polythene. Cores were transported 
horizontally and stored at 4°C until analysed. 
 
Duplicate cores were taken for Cross Lochs open, Catanach forested and Bad a' Cheo 
forested and open sites to provide additional material for analysis. 
      

 

3.04 Bulk Density  
 
Continuous 5cm samples were extracted for bulk density measurements for all cores, 
excluding Cross Lochs open which was sampled at a higher 1 cm resolution to match the 
superior chronology available for this core. Bulk density (ρb) was calculated as: 
 

ρb=Ms/Vt 
 
where Ms is dry mass in g and Vt is the wet volume in cm-3. Approximately 10-20 cm3 of wet 
peat was taken from each section and weighed. The exact volume (Vt) was measured using 
the water displacement method (Chambers et al., 2011). The samples were then placed in 
an oven overnight at 105°C and re-weighed to get Ms.    

3.05 Moisture content 
 
Moisture content was calculated down profile for all the cores along with bulk density and 
was simply calculated from wet weight/dry weight after the sample had been oven dried 
overnight at 105 °C.   

%H2O = (md /mw) x 100 
 

where %H2O is moisture content, md is dry mass and mw is wet mass. Moisture content was 
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compared between open and forested cores, both down profile, and in the top 30cm using a 
paired t-test conducted in R (stats package). 
 

4. Tephrochronology 
 
This chapter provides new data on the distribution and chemistry of cryptotephra found in 
the north of Scotland. It addresses the first and second objectives (see section 2 p. 15). 
Before presenting the results and discussing them further additional background is provided 
on tephra and tephrochronology. 

Method 
 
In this section the methods specific to tephrochronology are discussed.  

4.02 Locating tephra: Loss on Ignition 
 
Loss on ignition analysis was carried out at 5cm intervals for all cores (for the Bad a’ Cheo 
open core this was carried out on the duplicate). Between 10-20 cm-3 of wet peat was oven-
dried overnight at 105° C. The dried samples were then coarsely ground. Approximately half 
of each ground sample was archived for repeats and acid digestion if required; the other half 
was placed in pre-weighed crucibles that had been oven-dried and left to cool in a 
desiccator. The samples and crucibles were then weighed on a closed four-point balance, 
placed in a muffle furnace for 4 hours at 550° C, removed, left to cool in a desiccator and re-
weighed. As a check of whether LOI results are affected by carbonates, approximately 20 
samples from one core were then placed in the furnace at 1100 ° C overnight, cooled in the 
desiccator and re-weighed. Results showed that carbonates form a very small proportion of 
the peat (0.07% ±0.44 of dry weight) which was barely detectable with the balance used. 
Carbonate input is therefore unlikely to have affected the carbon content results presented 
in Chapters 5 and 6 and is not discussed further. 
 

4.03 Carbon content 
 
Oven dried peat samples were milled and 3mg (+/-0.25mg) was placed into foil cups and 
analysed using a using a Carlo Erba 1108 elemental analyser. Homogenised rice flour of 
known carbon and nitrogen content was used as a standard and standard checks were 
performed over 12 samples to ensure accuracy. A total of 311 measurements were taken 
from 5 cm sections. In the case of CRSLO core all available material, in the form of 1 cm 
samples, was pooled shaken and sampled.  Due to equipment failure 75 values, representing 
24% of the data, had to be interpolated from measured points using a linear regression 
against depth performed in R statistical software (See Appendix); these points were 
randomly spread across the cores sampled. Linear coefficients used for the interpolation of 
the % C content data were obtained using the least-squares method (function “lm”, package 
stats). The relationship between depth and C content was found to be strong for all cores 
with a P value= <0.05. Carbon content was compared between open and forested cores both 
down profile and in the top 30 cm using a paired T-test conducted in R. 
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4.04 Locating tephra: ITRAX core scanning 
 
Previously, a major disadvantage of using cryptotephra was the time involved in finding 
layers within the peat core. However, use of the ITRAX scanner has the potential to greatly 
speed up this process. The scanner is unable to provide unequivocal evidence of a tephra 
layer, but it is able to ‘point you in the correct direction’, indicating from X-ray imaging and 
changes in core geochemistry where tephra may be found. This can then be verified by 
burning or digesting the layer as in Dugmore (1995), whereupon the presence of tephra can 
be confirmed, thus eliminating the need for a time-consuming methodical search.  
 
Multi-sensor core scanning was carried out using the ITRAX Core Scanner from Cox Analytical 
Systems at the University of Aberystwyth, Wales (figure 16). Cores were prepared for 
scanning by skimming the top layer of peat using Stanley knife blades, ensuring the surface 
was as level as possible. Where this was not possible, for example in the uppermost layers of 
the core where live vegetation was present, the top of the core was covered to prevent 
damage to the sensor. For this reason ITRAX data tends to be of poor quality in the upper 
10-20 cm of each core, a timespan of about 200-1000 years. All the cores, excluding the 
duplicates that had been used for initial loss on ignition analysis, were scanned and high 
resolution X-radiographs were produced. XRF scanning was also carried out to determine the 
elemental composition of the peat. This was done at high resolution (200 µm) for the Cross 
Lochs open core, the Bad a' Cheo forest core and areas of other cores which appeared 
interesting. Magnetic susceptibility was measured for the Cross Lochs open core only, using 
a stand-alone detector that has been integrated into the ITRAX scanner.    
 
Where there was a spike in the ash content of the sample, where visible bands were 
apparent in the X-radiographs, or where spikes in key elements such as Fe, Ca, Ti, Mn were 
identified in the XRF results, samples spanning the zone of interest were microscopically 
analysed. The residue from loss on ignition analysis was prepared by acid washing following 
the method from Pilcher and Hall, (1992) The sample was soaked overnight in 10% HCl, acid 
pipetted off, before the sample was washed in distilled water and centrifuged at 3000 rpm 
for 10 minutes. The ash pellet was then pipetted out and dropped onto slides, which were 
kept at 70 °C on a hotplate to evaporate water, and coverslips applied. Slides were inspected 
microscopically at 400x magnification and tephra shards were identified by their distinctive 
morphology and vesicularity. Where tephra were identified, abundance was recorded semi-
quantitatively using a 5 point scale.  

 
ITRAX scanning alone provides a relatively crude indication of the elemental composition of 
tephra layers and is currently thought to be insufficiently sensitive enough to link them with 
a specific eruption, due to many of the important indicator elements such as Mn and Mg 
having high detection limits (Kylander et al., 2011). For this reason more sensitive analysis is 
required using an electron microprobe. The real value of ITRAX scanning is finding the tephra 
layers which will then require further analysis. 
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4.05 Magnetic susceptibility 
 
Magnetic susceptibility ( ) is sometimes used as a basic tool for locating tephra, though it’s 
effectiveness on cryptotephra is limited. It was measured in the Cross Lochs open core at the 
same time as ITRAX scanning was carried out. The component necessary for analysing   has 
been integrated into the scanner. 
 

4.06 Analysis of tephra shards 
 
When the presence of tephra was confirmed by microscopic analysis, samples for electron 
probe microanalysis were prepared using the method outlined by Swindles et al. (2010). 
Sub-samples spanning the zone of maximum shard abundance were extracted with 
minimum peat volumes of 1-3 cm-3 and typical volume of 5-30 cm-3.  
 
Samples were purified by the oxidization of organic material using the acid digestion 
technique. This was done in the following way. The sample was placed into 250ml Pyrex 
conical flasks and heated in concentrated H2SO4 in a fume hood fitted with a scrubber. Small 
amounts of concentrated HNO3

 were progressively added till the mixture stopped reacting. 
The resulting solution was cooled, then diluted and centrifuged at 3000rpm for 5 minutes. 
Dilutions continued till the solution was neutral or mildly acidic. Some samples were also 
filtered through 100µm and 12µm nylon mesh to concentrate shards and remove 
contaminants. A highly detailed description of the method is available from (Newton et al., 
2007).        
 
Once digested, thin sections were prepared following the method described by Dugmore et 
al. (1995). Samples were evaporated on to microscope slides and mixed with Epothin epoxy 
resin and hardener, and then ground down to 50-75 μm and polished with 6 μm and 1 μm 
diamond paste to expose flat cross-sections of the tephra shards (figure 12). Thin sections 
were then carbon coated and analysed using Cameca SX100 Wave-length Dispersive 
Spectrometer (WDS) electron microprobe (Edinburgh University) set to an accelerating 
voltage of 10 kV with a beam current of 10 nA and the narrowest beam size possible, 4µm. 
The contamination mark method was used to confirm the spot size with reference. 
Standards made up basaltic and rhyolitic glasses were measured alongside the tephra to 
assess machine performance. Primary line calibrations were made using a set of well-
characterised natural minerals, pure metals, and synthetic oxides: Na on jadeite, Mg and Al 
on Spinel, Si and Ca on Wollastonite, P on P K4, K on Orthoclase, Ti on Rutile, Mn on pure 
metal and Fe on Fayalite. Larger tephra, typically, 20-50 µm, such as those from the Hekla 4 
eruption, were analysed automatically overnight. Smaller tephra in the size range of 10-20 
µm were usually analysed manually due to small errors in the positioning of the beam that 
can occur during automatic analysis.  
 
Data from the microprobe analyses was then compared with reference data from 
(Tephrabase, 1995) using comparisons between elements outlined by Dugmore et al. (1995).  
 
From the detailed elemental analysis gained from microprobe analysis, tephra can be linked 
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to eruptions of known dates, or sometimes when the eruption is too old to be part of the 
written record, to the same tephra layers at another site where the surrounding material has 
intensely carbon dated. Data from the microprobe was compared to reference data for likely 
eruptions/layers, selected for comparison based on stratigraphy and where they have been 
found. By using elemental ratios outlined in (Dugmore et al., 1995) and from reference data 
provided from (Tephrabase, 1995) it was possible to distinguish between different layers. 
Examples of different ratios that can be used for identification are found in Dugmore et al. 
(1995). In this case FeO/TiO ratios were found to be effective in differentiating between the 
Lairg, Hekla 4 and Glen Garry tephra.. The ratio of CaO to MgO provided further 
confirmation for the Glen Garry eruption and Lairg A & B can be separated by the K2O 
content, which is typically much higher in Lairg B.  
 
The next sections will cover the main results in three parts: the first part will describe and 
discuss the use of ITRAX and tephrochronology for carbon accumulation studies, chapter of 
results will use the output from the first chapter to describe long-term trends in carbon 
accumulation in the Flow Country, and the last result chapter will explore the changes in 
carbon stocks between the afforested and open peatlands 

4.07 Method used in the identification of tephra using geochemistry 
 
Tephra layers were identified chemically in the following way. Their relative abundance and 
position within the stratigraphy of the core provided clues as to potential eruptions, the 
layers may be linked as demonstrated in table 4. Hekla 4 is known to be the most 
widespread and abundant tephra layer in the north of Scotland (Dugmore et al., 1995) so the 
abundance of the 7 suspected Hekla 4 layers (which were later confirmed as Hekla 4, see 
figure 14 and table 4) was an immediate clue as to their origin. Layers were then compared 
to reference data from a Europe-wide database called “Tephrabase” , as described in 
Newton et al. (2007). This was done using concentration of elements and elemental ratios 
characteristic of each eruption, as described and used previously e.g. (Dugmore et al., 1995)  
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Results 

4.08 Loss on ignition 
 
Loss on ignition of the cores revealed a background inorganic matter content typically 
between 1% and 3 % and many of the larger tephras were easily identifiable by peaks in 
inorganic matter. For instance in the Cross Lochs forest core the sample spanning the Hekla-
4 layer displays a 15% inorganic matter content, compared to the background level of about 
1-1.5% (figure 10). Most of the tephras found were associated with a notable reduction in 
loss on ignition, exceptions being the Lairg A tephra in the Bad a’ Cheo forest core and the 
Hekla 4 tephra from the Catanach forest core. It is likely the quantities of Lairg A were too 
small to show up on loss on ignition analysis. In the case of the Catanach forest core, it is 
more likely that the very end of the core was missed in the sampling. After inspection of the 
ITRAX data, a second sampling of the Catanach forest core was performed at the depth 
recorded by the elemental data and the x-radiograph, and this yielded 14% inorganic 
content in the 1 cm layer containing the tephra (figure 11e.) 
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figure 10:Inorganic matter as a % of dry weight and identifiable tephra marked by ▲ down the profile for: a) 
Bad a’ Cheo open b) Bad a’ Cheo forest, c) Breahour open ,d) Braehour forest 
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figure 10: Continued from page 32. Inorganic matter as a % of dry weight and identifiable tephra marked by ▲ down the 
profile for:  e) Catanach Open f) Catanach forest g) Cross Lochs open f) Cross Lochs forest.  
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4.09 ITRAX Scanning 
 
For XRF data, useful elements for indicating tephra include many major components of 
tephra for which the ITRAX is sufficiently sensitive. For this reason elements such as Mg and 
Mn are of limited value, as they are only usually present in small quantities within the tephra 
and have a high detection limit in the case of Mn, and in the case of Mg cannot be detected 
at all. Of the elements analysed, Fe, Ca and Ti were found to be particularly useful. Elements 
such as K, Al, and Si can also be used but were found them less reliable indicators due to the 
high detection limits of the scanner. However, the successful location of the Lairg A tephra 
depended chiefly on the peaks seen in Si, Al and K, which occurred simultaneously along 
with very small peaks in Ti and Ca. Peaks in Ti and Ca alone would have probably been 
attributed to noise without the consistent pattern seen across Si, Al and K.  
 
Many of the larger tephra were clearly identifiable in X-radiographs, for example the Hekla 4 
eruption pictured in figure 16. Smaller eruptions such as the unidentified tephra at 
CRSLO143 also showed up on X-radiographs, but small bands such as these were common 
even in areas where tephra were not found, suggesting that X-radiographs are not a reliable 
enough indicator on their own, but may indicate the increased probability of a tephra being 
present.   
 
All the cryptotephra identified were rhyolitic and large layers, such as Hekla 4, and were 
easily identifiable by a combination of large visible bands on the X-radiography and large 
peaks across the major indicator elements. Some smaller less abundant tephra layers, such 
as the Glen Garry eruption, were identifiable but only when care was taken to investigate 
even the smallest peaks in indicator elements, providing they occurred simultaneously 
across the majority of elements. This approach yielded a total of 72 one-centimetre sections 
to examine under the microscope (see methods section). The ITRAX proved to be superior to 
conventional loss on ignition analysis, detecting the presence of the Lairg A tephra where no 
ignition peak could be found (figure 10). The ITRAX also identified several other smaller 
layers that were not found in analysable quantities and that were not detectable with 
conventional loss on ignition, such as the CRSLO 138 tephra (figure 10 & figure 16). 
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figure 11: ITRAX scans consisting of XRF data for the major indicator elements and x-radiography for three tephra: a) 
Glen Garry , BADO114 b) Hekla 4 from BADF114, c) unknown eruption that stratigraphically matches Kebister found in 
CRSLO 148. Red arrows indicate peaks that were used to detect tephra. 
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4.10 Tephra layers found 
 
A total of 19 tephra layers were found (table 3, 4), of which it was possible to analyse the 
geochemistry in 10 (table 6). Only one core, BRAEF, failed to yield any tephra at all. The most 
commonly found layer, and the one containing the most tephra, was from the Hekla 4 
eruption found in all cores which contained tephra. The Glen Garry tephra was found in Bad 
a’ Cheo open core and the older Lairg A tephra in Bad a’ Cheo forest core. 
 
The stratigraphic position and probable age of the nine layers for which geochemistry is not 
available suggest linkages to three other eruptions, Hekla-S/Kebister, AD860 and Hekla 1510, 
all of which have been found in Scotland before (Swindles et al., 2011). Quantities of Hekla 4 
shards were difficult to determine as they were generally found in great abundance. 
Braehour Open was the exception to this as the shards appeared to be very diffuse when the 
Hekla 4 layer was found; it was decided to digest the whole 5cm segment to capture all the 
shards. Otherwise Hekla 4 appeared not to vary much in its abundance between sites.   
 
Table 3: Tephra found which could be linked to known tephra from their geochemistry. 
Reference data for identification was taken from Tephrabase (1995). Tephra layers found are 
generally referred to by the site code and depth. For example: BADO 200    
 
Depth in 
cm 

Bad a’ 
Cheo 
Open 

Bad a’ 
Cheo 

Forest 

Catanach 
Open 

Catanach 
Forest 

Cross 
Lochs 
Open 

Cross 
Lochs 
Forest 

Breah
our 

Open 

Braehour 
Forest 

97.4    Hekla 4     

102.4       Hekla 
4 

 

114.4  Hekla4       

116.7   Hekla 4      

122.7      Hekla 4   

134.3 Glen 
Garry 

       

165.6      Hekla 4    

200.1 Hekla 4        

228  Lairg A       

 
 
We found eight layers for which it was not possible to analyse geochemistry. Four match 
known eruptions very well in their stratigraphy, three are within the range of error for 
known eruptions (table 4) and the remaining three were found in regions of the profile far 
from any previously recorded eruption. It is not unusual to find individual tephra shards 
down the entire peat column (Charman et al., 1995) so it may be that these three small 
layers are not from any one eruption, but may be due to re-deposition by wind, movement 
in the peat column or simply from misidentification of silicates.  
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Site Depth (cm) 
Modelled age  of tephra 

layer 

Age of the closest eruption 
(cal. BP) 

Possible match 

Cross Lochs Forest 
 

19 567(184-1153) 440 Hekla 1510 

27 849 (365-1505) 772 (709-819) AD860 A, AD860 B 

Bad a’ Cheo Forest 57.5 2084 (1354-2825) 2176 (1966-2210) Glen Garry 

Cross Lochs Open 70.1 2548 (2428-2710) 2595 (2655-2535) BMR-190 

Catanach Forest 79 3495 (2751-4035) 3725 (3750-3700) Hekla-S/Kebister 

Catanach Open 126.3 4598 (4347-4956) 4287 (4345-4229) None 

Cross Lochs Open 138.3 3734 (3543-3890) 3725 (3750-3700) Hekla-S/Kebister 

Cross Lochs Forest 143.3 4797 (4507-5146) 4287 (4345-4229) None 

Cross Lochs Open 252 6912 (6449-7371) 6900 (6947-6852) Lairg A 

Bad a’ Cheo Forest 332.2 9428 (8975-9818) 6900 (6947-6852) None 

 
Table 4: Tephra layers confirmed using microscopy for which geochemistry could not be obtained, together with possible eruptions to which 
they could correspond using modelled tephra ages. These are compared with eruption ages taken from the supplementary data of Swindles 
(2011).
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Figure 12: Scanning Electron Microscope image of tephra from unidentified eruption located at 138.3cm b) Tephra from the Hekla 4 eruption in the Cross 
Lochs open core under a light microscope at 400x magnification, c) Tephra from CRSLO 69.5 under a light microscope 400X magnification, d) Cross section of 
tephra from the Hekla 4 eruption, ground and polished for electron microprobe analysis.   
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4.11 Identifying tephra 
 
This section describes the tephra found in this study were linked to known eruptions. A total 
of 19 tephra layers were found (table 3,4) of which detailed geochemistry could be produced 
for 9 layers (table 6,3). It was then possible to use the data for these 9 layers to confidently 
link them to eruptions of a known age. A few poor quality analyses, due to lack of large 
enough shards, were produced for one sample, Cross Lochs 69.5 (table 6), which were not 
sufficient for identification. 
 
Using ratios of elements taken from the literature, as outlined in the methods section, it was 
possible to distinguish between different eruptions. A table of averages is provided with 
some of the main characteristics used in linking the tephra layers with eruptions (table 4). 
However, it was found that the best way to link the two was through a visual comparison 
using chemistry plotted in figures 8 and 9, which are clearly highly comparable to reference 
data. Ratios of FeO and TiO were used to compare BADO134 with Glen Garry, for which 
there was a very good match with the reference data (table 4). For BADO134, CaO/MgO 
ratios also strongly matched the reference data (figure8). Likewise the FeO to TiO ratio 
provided a good identification characteristic for the Hekla4 tephra (figure 14, table 4).  
 
Ratios of FeO to TiO are quite similar for the Hekla 4 and Lairg A eruptions, but there are 
strong differences in the overall Fe and Ti content of the two eruptions, and this provided a 
good way of distinguishing the two. Lairg A has an average FeO content of 1.86% ± 0.64, 
much lower and less variable than that of Hekla 4, which is 3.69% ± 2.46. Overall though the 
best way of matching the BADF228 tephra layer to the Lairg A eruption was the visual 
comparison with reference data as seen in figure 13.  
 
Some variation was seen in the geochemistry of the Hekla 4 tephra, with a higher silica 
content being found in the three most easterly locations compared to the four most 
westerly (table 6), but otherwise chemistry was relatively homogenous across the sites, with 
little or no variation seen in the FeO TiO ratios either (table 5). 
 
Data for the CRSLO 69.5 tephra does not correspond very well with the Glen Garry eruption, 
or any other eruptions for which it is likely to be linked given the stratigraphy, more analyses 
of better quality would be needed to identify this layer. With so few shards present 
contamination is also a possibility that cannot be ruled out, so the author wishes to refrain 
from drawing infirm conclusions from the very small amount of data available on the CRSLO 
69.5 tephra. 
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Site Depth (cm) Main  characteristic 
used for 

identification 

Value for layer found Reference value for 
suspected eruption 

Eruption linked 
with 

Catanach Forest 97 FeO/TiO ratio 17.54± 4.29 17.83 ±5.69 Hekla 4 

Braehour Open 102 FeO/TiO ratio 18.24± 2.82 17.83 ±5.69 Hekla 4 

Bad a’ Cheo Forest 114 FeO/TiO ratio 18.31± 3.86 17.83 ±5.69 Hekla 4 

Catanach Open  116 FeO/TiO ratio 16.48± 3.45 17.83 ±5.69 Hekla 4 

Cross Lochs Forest 122 FeO/TiO ratio 18.22± 4.17 17.83 ±5.69 Hekla 4 

Bad a’ Cheo Open 134 FeO/TiO ratio 7.41 ± 3.52 6.67 ± 0.7 Glen Garry 

Cross Lochs Open 164 FeO/TiO ratio 17.59± 3.25 17.83 ±5.69 Hekla 4 

Bad a’ Cheo Open 200 FeO/TiO ratio 19.73± 3.47 17.83 ±5.69 Hekla 4 

Bad a’ Cheo Forest 228 % FeO 1.62 ± 0.12 1.86 ± 0.64 Lairg A 

 
Table 5: Tephra layers found and how their geochemistry compares with reference eruptions they have been linked with.



 

41 
 

 
 
 
 
 
Site Depth  Eruption SiO2 TiO Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

Cross Lochs 
Open 

69 Unknown 68.83 0.2 13.21 3.27 0.12 0.06 1.96 4.11 2.23 0.03 94.02 

Catanach 
Forest 

97 Hekla 4 69.41 0.33 13.09 4.8 0.16 0.26 2.52 4.52 2.41 0.1 97.59 

Braehour 
Open 

102 Hekla 4 71.68 0.18 13.42 3.04 0.12 0.06 1.93 4.98 2.6 0.02 98.01 

Bad a’ Cheo 
Forest 

114 Hekla 4 71.29 0.24 13.7 3.58 0.13 0.16 2.1 5.07 2.54 0.06 98.88 

Catanach 
Open 

116 Hekla 4 68.72 0.33 13.27 4.84 0.17 0.24 2.6 4.7 2.32 0.09 97.3 

Cross Lochs 
Forest 

122 Hekla 4 69.57 0.3 12.96 4.57 0.16 0.2 2.48 4.73 2.44 0.07 97.47 

Bad a’ Cheo 
Open 

134 
Glen 
Garry 

69 0.84 13.33 5.39 0.13 1.12 3.65 4.4 1.83 0.19 99.88 

Cross Lochs 
Open 

164 Hekla 4 69.83 0.28 12.98 4.22 0.16 0.17 2.34 4.57 2.51 0.06 97.1 

Bad a’ Cheo 
Open 

200 Hekla 4 71.46 0.17 13.54 3.17 0.12 0.09 1.94 5.08 2.57 0.03 98.2 

Bad a’ Cheo 
Forest 

228 Lairg A 73.4 0.08 12.52 1.62 0.07 0.03 1.32 4.72 2.71 0.01 96.47 

 
Table 6: Average geochemistry for the tephra layers which contained enough shards to analyse.  
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figure 11: Geochemistry of BADO 134 compared with reference data for the Glen Garry 
eruption taken from Tephrabase (1995) 
figure 13: a) Geochemistry of BADO 134 compared with reference data for the Glen Garry eruption, b)geochemistry of BADF 228 compared with reference data 
for the Lairg A eruption . Reference data from Tephrabase(1995) 
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figure 14: Geochemistry of the Hekla 4 layers from the electron microprobe data comparing FeO and TiO. Site codes are 
available in the glossary of acronyms.
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4.12 Magnetic susceptibility 
 
Magnetic susceptibility in the Cross Lochs open core was fairly constant at -1.65 χ (±0.89) 
and most of the variation that was seen was towards the edges of the core and was likely an 
artefact of the analysis process (figure 15). A slight increase in magnetic susceptibility is seen 
around 275-300 cm or about 7500-8200 years cal. BP; no corresponding change in the XRF 
data was observed. No tephra layers were detected using magnetic susceptibility, which 
could be due to low iron content in the tephra, high background iron content in the peat, or 
merely low concentration of tephra. 
 
 

 
 
 
 
 
 

figure 15: Magnetic susceptibility for the Cross Lochs open 
core, peaks were only recorded towards the end of the core 
sections, 10cm overlaps were not enough to compensate for 
this, core sections are illustrated by black rectangles. No 
discernible tephra peaks were found.   
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Discussion 
 

4.13 Effectiveness of ITRAX 
 
ITRAX scanning (figure 11,16) proved to be highly effective at identifying the larger layers, 
more so than would be expected from the findings of Kylander et al. (2011), who were only 
able to locate high concentrations of basaltic tephra. Altogether nearly 70cm of peat was 
flagged for further investigation using ITRAX data and while, at a cursory glance, this may 
seem like a relatively low rate of success for locating a total of 9 analysable, or 17 total 
tephra layers, considering that 33 meters of peat was scanned, the ITRAX has proved itself a 
very powerful tool for narrowing the search area, effectively concentrating the search to 
<2.5% of the total peat scanned. It is impossible, however, rule out the possibility that some 
tephra were missed by the ITRAX and loss on ignition, but given the scanner was able to pick 
up tephra layers of quantities too small to analyse using conventional techniques (section 
4.06), such as those listed in table 4, it seems probable that any layers the ITRAX missed may 
not have not been of much analytical use anyway. 
The key advantage of the ITRAX over conventional techniques is the speed of analysis. It was 
possible to rapidly scan 33m of peat; work which would have taken over a year of full-time 
work by conventional methods. The results show that this is an effective means to identify 
tephra. Another important advantage of the method is spatial precision. Using ITRAX it is 
possible to precisely locate the point of peak tephra position to the nearest millimetre, or 
theoretically even to the nearest 0.2 mm. In the past, accuracy of 5 mm, or more realistically 
>10 mm was the norm. A further key advantage is the non-destructive nature of the analysis. 
One of the problems encountered from using LOI as an analytical technique was the loss of 
analysable tephra material from the cores: greatest success was achieved when the whole, 
or as much as possible, of the horizon was digested. For the smaller layers such as Glen 
Garry and Lairg A success was only achieved when using a minimum of 20cm-3 of wet peat, 
far more than the 1-3 cm-3 specified in the literature (Swindles et al., 2010).        

4.14 Other potential uses of ITRAX data 
 
The elemental ratios of sedimentary deposits can tell a great detail about the 
palaeoecological conditions of a site. The detection thresholds on the ITRAX are quite high 
for some of the elements used in these analyses. However, its effectiveness has been 
demonstrated across some elements (Unkel et al., 2008).  Mn/Fe ratios are able to give an 
indication of the redox state (Koinig et al., 2003; Unkel et al., 2008) and have the potential to 
demarcate  the acrotelm/catotelm boundary, a common challenge in peatland science 
(Lindsay, 2010). Elements such as Ca and Ti can be used in records from ombrotrophic 
peatlands as proxies for windiness and storminess through atmospheric influx (Unkel et al., 
2008). Elements such as Br and Ti can give an indication of relative decomposition rates in 
the peat, along with I and Hg which do not show up on the ITRAX (Martınez Cortizas et al., 
2007). The correlation between carbon accumulation and Se, Br, I and Hg has also been 
found to be strong (Martınez Cortizas et al., 2007). Relative abundance of elements such as 
N,P, K, Pb, and Hg have been shown to change with different bog plant species (Pyatt et al., 
1979; Norton et al., 1997). Future work aims to investigate the changes in elemental ratios in 
more detail using the ITRAX data. It is hoped that additional data could be gained from 
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proxies such as macrofossils and testate amoebae, which would allow firmer conclusions to 
be drawn than if they were gained from elemental data alone.  
 

4.15 Tephra identified 
 
Tephra from three distinct eruptions, Hekla 4, Glen Garry and Lairg A were identified with a 
high degree of confidence using reference data from the online database (Tephrabase, 1995) 
described in detail by (Newton et al., 2007). 
 
The tephra layers found in these cores add considerably to knowledge of tephra deposition 
in the UK. Previously the Lairg A tephra has only been found at two sites in the UK, although 
this is likely due in a large part to the lack of studies and difficulties in detecting this 
particular layer, rather than it not being present. The sites where Lairg A has been detected 
are Lairg in Sutherland and Temple Hill Moss in South Lothian. Thus, these results represent 
the northernmost record for that layer in the UK. With less than 24 Scottish analyses 
available for reference data, the 15 high quality analyses (counts higher than 95%) produced 
in this study add considerably to the reference database. The TiO content for BADF228 falls 
in the low range of the reference data, at 0.077%, and is remarkably consistent, with a 
standard deviation of 0.005. This is compared to an average TiO content of 0.136% with 
standard deviation of 0.118 for the reference data, meaning that Lairg A may have a 
particular signature further north, or may perhaps represent different meteorological 
conditions when the tephra was deposited. 
 
The analyses for BADO134, identified as Glen Garry, fitted very well with the existing 
reference data, especially that from a study carried out in the Flow Country previously by 
Dugmore et al. (1995). Both this study and that of Dugmore et al. (1995) show a higher 
upper range of CaO and MgO than is found elsewhere, suggesting the chemistry of the Glen 
Garry tephra differs between regions of the UK, and that the north of Scotland may have a 
unique fingerprint compared to other regions. This hypothesis merits further investigation. 
 
The data for Glen Garry and Lairg tephras in this study show distinct fingerprints that fall 
within the range of available reference data, but tend to be distributed in a way that is 
unique to this study. Values of Ti for Lairg A are consistently low, and higher CaO values than 
normal were found in the Bad a’ Cheo open core for Glen Garry. In the case of Glen Garry 
this is consistent with the reference data available for the Flow Country (Dugmore et al., 
1995), but not the national or European data. It is possible this may indicate different 
weather conditions or different wind patterns in the Flow Country during the time of 
deposition. The Bad a’ Cheo site is now the most northerly location for Lairg A to be found 
outside of Norway and Spitsbergen, shedding more light on the deposition pattern of this 
eruption.  
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figure 16: ITRAX scanner at Aberystwyth University 

 

4.16 Summary 
 
We have met the first part of the first objective (section 2 page 15) by demonstrating the 

effectiveness of the ITRAX scanner for locating tephra within peat cores. It was able to do 

this  faster and more accurately then could be achieved using conventional techniques. 

We have also met the second part of the first objective (section 2 page 15) by locating three 

distinct tephra layers in this study, the chemistry for which will be added to a Europe wide 

database (Newton et al., 2007). These results will increase the number of reference analyses 

for the Lairg A eruption in Scotland by more than 50% and have given us a new perspective 

on tephra distribution across the north of Scotland. 
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5. Rate of carbon accumulation throughout the Holocene 
 
This chapter provides the first estimates of long-term carbon accumulation rate in the Flow 
Country. It addresses the second objective (see section 2 p. 15), and uses the chronology 
generated by a combination of the analysis of cryptotephra and accelerator mass 
spectrometry (AMS) carbon dating, as well as direct measurements of carbon and bulk 
density.  Before presenting the results and discussing them, some further methodological 
details are provided.   

Method 
 
Bulk density and carbon content data were derived in the method outlined in section 3 and 
4. This was combined with the following techniques to produce a high resolution profile of 
carbon accumulation throughout the Holocene.  

5.01 Carbon dating  
 
Given limited resources for radiocarbon dating, a strategy to date one basal sample per core 
was adopted, with additional samples dated throughout the length of the Cross Lochs open 
core as this is the most promising core to be investigated in future studies. All the dates 
were produced by AMS to allow the targeting specific peat macrofossil components. In 
particular, the use of Eriophorum roots was avoided, as they can give misleading results due 
to transport of young carbon (Shore et al., 1995). For the Cross Lochs open core wherever 
possible samples for dating were extracted from evenly spaced sections, but it was not 
always possible to find above ground macrofossils suitable for AMS dating. For this reason 
some areas, such as the top 40cm, were not sampled as the dates gained would have been 
poor quality, despite this being an interesting area of the core to look at. Sampling from 
post-bomb depths was avoided whenever possible as these dates are difficult to calibrate 
(Reimer et al., 2004). For the other cores only the basal sections were dated. The peat was 
inspected from the base of the core and samples were dated from the lowest depth in which 
datable macrofossils could be found. These were usually within 10cm of the base of the 
core, but in one instance, as much as 30cm of the base in the case of Bad a’ Cheo forest. The 
exception to this was the Cross Lochs forest core from which the lower 50cm was not 
sampled. 
 
The preparation of material for carbon dating was carried out at the University of Aberdeen. 
Peat samples of 1-2 cm-3 wet volumes were placed in glass beakers containing 10% HCL on a 
hot plate set at 70 °C for 30 min, or until the sample was completely disaggregated. Samples 
were then fine sieved at 160 μm and thoroughly washed in deionised water. Macrofossils 
remaining on the sieve were then placed in a petri dish and inspected under a microscope at 
100 X magnification. Samples which contained sufficient above ground material such as 
leaves, stems or charcoal were then cleaned by separating the dateable material from the 
rest of the sample manually using a pair of jeweller’s forceps. The resulting material was 
washed to remove fine root hairs if necessary.    
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The cleaned material was stored in distilled water in glass containers with a few drops of HCL 
added for preservation. In some cases selection of material for AMS was possible without 
going through this process. Several large birch twigs where found in the cores, along with 
visible Molinia caerulea remains that could be microscopically confirmed as rhizomes. 
Although the latter are classed as below ground material they seldom travel more than a 
few centimetres into the peat and are thus considered suitable for AMS dating (Dmitri 
Mauquoy: personal communication).   
 
Larger samples, such as birch and Molina fossils, were submitted to DirectAMS in the USA. 
Smaller samples such as those composed of Sphagnum leaves and charcoal were submitted 
to the Poznań radiocarbon laboratory in Poland that could handle the smaller volume of 
sample material. 
 

5.02 Age Depth Modelling   
 
Results from carbon dating (table 7) were combined with dating horizons from the tephra 
analysis (section 4, table 3) for age-depth modelling. Dates for eruptions and uncertainties 
were taken from the supplementary data provided by Swindles et al., (2011) and fed into 
Bayesian age depth modelling software BACON (Blaauw and Christen, 2011) using the 
default priors which are an accumulation mean of 20, an accumulation shape of 1.5, a 
memory mean of 0.7 and a memory strength of 4. Annual carbon accumulation rates were 
calculated using the carbon content for each 5 cm segment divided by the modelled age 
each segment spans. This was then run through BACON as proxy data to incorporate the 
uncertainties associated with dating the segments. Linear interpolation of the long term rate 
of carbon accumulation was also carried (table 8, table 9) out from radiocarbon dates 
calibrated in BACON and the ages of tephra layers published by Swindles et al.(2011). This 
was deliberately only done for the open cores to avoid any influences that forestry 
operations may have had through potential losses. 

Results 
 

5.03 Dating of the cores 
 
A total of 17 radiocarbon dates were taken consisting of 15 AMS macrofossil dates, one 
humic acid date and one bulk date (table 7) these were combined with tephra dates in the 
way discussed above. The majority of the radiocarbon dates were of a high quality and 
corresponded well with the dates derived from tephrochronology. The exceptions are listed 
below:  
 
CRSLO256 radiocarbon date is believed to inaccurate, as a very small amount of material was 
supplied and its inclusion would cause a reversal in the chronology. It has been included in 
the BACON modelling; but the preferred model does not pass through it. 
 
The BRAEF 131.5 date is also suspect as it was taken from a core rich in Eriophorum, where 
no material for AMS dates was available. Despite the sample being taken from a layer rich in 
Calluna rather than Eriophorum, the resulting date is uncommonly young for a basal date 
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and would mean the core accumulated carbon at over twice the rate of the others, which 
although possible seems improbable.  
 
The BRAEO 134.5 date is also considered somewhat suspect as although it is located over 30 
cm deeper in the core than the Hekla 4 tephra it is dated as being barely 300 years older. 
The core would have had to be accumulating carbon at over 70 g m-3 a-1 which is the upper 
extreme of what has been found in the UK (Immirzi et al., 1992; Anderson, 2002). Given that 
the average for that core is 13.73 g m-3 a-1 it seems improbable, but as with BRAEF 131.5, not 
an impossible value. However given the abundance of Eriophorum in the samples sent for 
dating it seems reasonable to suspect the sample being contaminated with younger carbon.   
 
While most dates were in the region expected, basal dates varied quite considerably. Bad a’ 
Cheo forest is the oldest peatland found to date in the Flow Country, and one of the oldest 
in Scotland with a basal date (in fact located almost 30 cm from the true base of the core) 
dated to 10,000 cal. BP. Contrastingly the open site started accumulating  at 8614 cal. BP.  
The youngest site at Braehour forest was dated to 2516 cal. BP, though this may be 
inaccurate as already discussed. The absence of the Hekla 4 tephra layer in this core is a 
strong indicator to it being younger then the Hekla 4 eruption (4287 cal.BP). Peat 
accumulation at the Catanach open site is believed to have begun around 5816 (cal. BP), 
with accumulation at the forested site occurring later, just before the Hekla 4 eruption 
around 4287 cal. BP. Cross Lochs open was the second oldest site at 9535 cal. BP. Braehour 
open is not discussed because the basal date is suspected to be inaccurate as discussed 
above. 
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table 7a: – Carbon dates from Cross Lochs Forest core 
 

Lab no. Mid-
point 
depth 
(cm) 

Material 
selected for 

dating 

Radiocarbon 
date (BP) 

 Best 
estimate 
(cal. BP) 

1σ 
Calibrated 
age range 

(cal.BP) 
 

Poz-62865 185 Charcoal 
 

5090 ± 40 5817 5743-
5918 

 
table 7b: – Carbon dates from Cross Lochs Open core 
 

Lab no. Mid-
point 
depth 
(cm) 

Material 
selected for 

dating 

Radiocarbon 
date (BP) 

 Best 
estimate 
(cal. BP) 

1σ 
Calibrated 
age range 

(cal.BP) 
 

D-AMS 
006125 

348.5 Betula stem 8567 ± 33 9535 9491-
9558 

D-AMS 
006126 

330 Molinia 
caerulea 
rhizome 

 

8279 ±32 9287 9136-
9405 

D-AMS 
006127 

312.5 Molinia 
caerulea 
rhizome 

 

7787 ± 32 8568 8460-
8632 

D-AMS 
006128 

118.5 Molinia 
caerulea 
rhizome 

 

3092 ± 25 3296 3234-
3370 

Poz-62858 81.5 Sphagnum 
austinii 
leaves 

2600 ± 50 2735 2495-
2844 

Poz-62860 201.5 Molinia 
caerulea 
Rhizome 

5040 ± 35 5815 5664-
5902 

Poz-62766 256 Molinia 
caerulea 
rhizome 

4170 ± 80 4694 4446-
4862 

Poz-62861 59.5 Charcoal 2405 ± 30 2426 2349-
2682 

Poz-62862 42 Charcoal 
 

1885 ± 30 1834 1731-
1890 

Poz-62863 94.5 Charcoal 
 

2805 ± 30 2907 2804-
2995 

Poz-62864 145.5 Charcoal 
 

3580 ± 30 3882 3777-
3977 
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table 7c: – Carbon dates from Bad a’ Cheo Forest core 

 
Lab no. Mid-

point 
depth 
(cm) 

Material 
selected for 

dating 

Radiocarbon 
date (BP) 

 Best 
estimate 
(cal. BP) 

1σ 
Calibrated 
age range 

(cal.BP) 
 

D-AMS 
006129 

353 Betula stem 8855 ± 31 100004 9779-
10157 

 
table 7d: – Carbon dates from Bad a’ Cheo Open core 

 
Lab no. Mid-

point 
depth 
(cm) 

Material 
selected for 

dating 

Radiocarbon 
date (BP) 

 Best 
estimate 
(cal. BP) 

1σ 
Calibrated 
age range 

(cal.BP) 
 

Poz-62859 427.5 Brown moss 
stems 

7830 ± 50 8614 8455-
8855 

 
table 7e: – Carbon dates from Catanach Open core 

 
Lab no. Mid-

point 
depth 
(cm) 

Material 
selected for 

dating 

Radiocarbon 
date (BP) 

 Best 
estimate 
(cal. BP) 

1σ 
Calibrated 
age range 

(cal.BP) 
 

Poz-62866 162 Charcoal  5080 ± 35 5816 5745-
5910 

 
table 7f: – Carbon dates from Braehour Forest core 

 
Lab no. Mid-

point 
depth 
(cm) 

Material 
selected for 

dating 

Radiocarbon 
date (BP) 

 Best 
estimate 
(cal. BP) 

1σ 
Calibrated 
age range 

(cal.BP) 
 

D-AMS 
006123 

131.5 Peat 2516 ± 23 2587 2739-
2493 

 
table 7g: – Carbon dates from Braehour Open core 

 
Lab no. Mid-

point 
depth 
(cm) 

Material 
selected for 

dating 

Radiocarbon 
date (BP) 

 Best 
estimate 
(cal. BP) 

1σ 
Calibrated 
age range 

(cal.BP) 
 

D-AMS 
006124 

134.5 Peat 4198 ± 33 4733 4845-
4620 
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5.04 Rate of peat accumulation  
 
The rate of peat accumulation found in this study is also slightly lower than that found by 
Anderson (2003) with these sites accumulating 0.36 mm on average every year (table 8) 
compared to Anderson’s 0.48 mm. The depth of the Cross Lochs core (348 vs. 348.5cm) and 
basal dates (10181 BP vs. 9535BP) are similar to Charman’s (1990) results with peat 
accumulation rates consequently very similar: (0.342 mm vs. 0.365mm). Unfortunately bulk 
density and carbon content analysis were never carried out on Charman’s core, making the 
comparison of carbon accumulation rates impossible. 
 

5.05 Age depth models  
 
Three cores were considered sufficiently well dated to assess changes in the rate of peat 
accumulation over time. These were the two cores from Bad a’ Cheo and Cross Lochs open 
(figure 17). Of these, the Cross Lochs open and Bad a’ Cheo forest cores show a slowdown in 
the rate of peat accumulation since the most recent date. The Bad a’ Cheo open, on the 
other hand, shows an increase relative to other points in the Holocene. When using the 
default priors for BACON the Poz-62766 date at Cross Lochs 256cm does not overlap with 
the modelled age (figure 17). This date suggests a reversal in peat accumulation and 
although reversals are theoretically possible (for instance in a floating schwingmoor) this is 
unlikely and a more probable explanation is that this date has been contaminated with 
younger material- most likely Eriophorum rootlets. Age-depth models for other cores have 
been produced, and unsurprisingly show large uncertainties for the cores with few dates. 
The date from 134.5cm in the BRAEO suggests an improbably fast rate of peat accumulation 
during the early stages of bog initiation. It is likely that this date is erroneous most likely due 
to contamination. During preparation it was found difficult to locate datable material in this 
core and the sample submitted for dating included some sub-optimal material.  
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figure 17: Age-depth model output obtained from the BACON package, using a combination of radiocarbon and tephra dates for a) Bad a’ Cheo forest, b) Bad a’ Cheo open. Also shown 
are: Iteration or how evenly dates are distributed, the peat accumulation rate, which is self explanatory and also the memory effect, which is to what degree the accumulation rate 
resembles the segment above, effectively the variability in accumulation. For this 0 is no relationship with the previous segment and 1 is a 100% relationship with the previous segment.  

 
 

a) b) 
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figure 17 continued: c) Braehour forested, d) Braehour open. Arrow points at suspected erroneous date Also shown are: Iteration or how evenly dates are distributed, the peat 
accumulation rate, which is self explanatory and also the memory effect, which is to what degree the accumulation rate resembles the segment above, effectively the variability in 
accumulation. For this 0 is no relationship with the previous segment and 1 is a 100% relationship with the previous segment. 

c) d) 
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figure 17 Continued: e) Catanach forested, f) Catanach open. Also shown are: Iteration or how evenly dates are distributed, the peat accumulation rate, which is self explanatory and also 
the memory effect, which is to what degree the accumulation rate resembles the segment above, effectively the variability in accumulation. For this 0 is no relationship with the previous 
segment and 1 is a 100% relationship with the previous segment. 

  

e) f) 
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figure 17 continued: g) Cross Lochs forest h) Cross Lochs open; arrow points at suspected erroneous date. Also shown are: Iteration or how evenly dates are distributed, the peat 
accumulation rate, which is self explanatory and also the memory effect, which is to what degree the accumulation rate resembles the segment above, effectively the variability in 
accumulation. For this 0 is no relationship with the previous segment and 1 is a 100% relationship with the previous segment.

h) 
g) 
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5.06 Long-term rate of Carbon accumulation in the Flow Country 
 

The rate of peat accumulation in the cores since basal date varies between sites, with the 
fastest accumulator, Bad a’ Cheo, increasing in depth more than twice that of the slowest, 
Braehour. However when rates of carbon accumulation are considered instead, taking into 
account bulk density and carbon content, the differences are much smaller. Braehour 
remains the slowest accumulator at 13.7 KgC m-2 a-1 and Bad a’ Cheo the fastest at 17.5 KgC 

m-2 a-1   with the other two sites intermediate (Cross Lochs 15.4 KgC m-2 a-1 and Catanach 16.5 
KgC m-2 a-1).  
 
 
 
Table 8: Total carbon stored after basal age, calculated from bulk density and carbon 
content, basal age derived from AMS dates, LARCA and peat accumulation from linear 
interpolation.  
 

Site 
(open Core) 

Total 
carbon 
KgC m-2  

Basal age 
(cal. BP) 

LARCA from basal 
radiocarbon date 
to surface in gC M-

2 a-1 ± SD 

Mean peat 
accumulation 
rate (mm a-1) 

Cross Lochs 147.2 9535 15.443 ±5.061 0.365 

Catanach 95.7 5816 16.458 ±4.204 0.279 

Braehour 83.2 4733* 13.734 ±7.263 0.239 

Bad a’ Cheo 150.5 8614 17.473 ±4.903 0.496 

Average: 119.2 7176 16.741 ± 5.358 0.356 

 
*date suspect ** Tephra date used in calculation as radiocarbon date suspect. 
 
Large differences in accumulation rates are also apparent when looking only at the more 
recent stages of the Holocene (table 9).  For instance, considering accumulation rates after 
the Glen Garry eruption (2176BP) in Bad a’ Cheo open and the CRSLO 42 date (1834 cal. BP) 
in Cross Lochs open, the two sites have quite different values. Cross Lochs in the west has 
accumulated carbon slowly at 10.7 KgC m-2 a-1, as opposed to Bad a’ Cheo in the east where 
the rate of accumulation is much greater at 19.8 KgC m-2 a-1.The two sites also appear to 
show contrasting trends with Bad a’ Cheo showing an increase in carbon accumulation after 
the date of the Glen Garry eruption, compared to a slowdown in the Cross Lochs core. 
Opposite responses are also seen during the period between Glen Garry and Hekla 4, with 
Cross Lochs site accumulating carbon at almost twice as fast as Bad a’ Cheo (figure 13). 
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Table 9: LARCA and peat accumulation rates calculated by linear interpolation from recent 
dates to the surface. 
 

Site from which 
open core was 

obtained 

Recent dates in 
cal. BP and their 

source 

Depth LARCA from recent dates 
to surface in gCm-2 a1 

Mean peat 
accumulation 
rate (mm a-1) 

Cross Lochs 1827 (AMS) 42 10.71 0.230 

Catanach 4287 (Tephra) 116.7 15.72 0.272 

Braehour 4287 (Tephra) 102.4 13.73 0.239 

Bad a ‘Cheo 2176 (Tephra) 134.3 19.81 0.617 

 
Changes in the rate of carbon accumulation over time for the two best dated open sites, 
Cross Lochs and Bad a’ Cheo are presented in figure 13. The two sites show considerable 
variation in carbon accumulation rates of between 10 and 30 gC m-2 a1 and both seem to 
respond differently over time. The data is reliant on modelled ages and although the figure 
incorporates the uncertainties in age of each individual 5mm section of core, it should still 
be interpreted with caution. 
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a) 

figure 18: Long term rate of Carbon 
accumulation derived from bulk density and 
carbon content data combined with modelled 
ages for 5cm sections produced by BACON using 
a combination of AMS and tephra dates for a) 
Cross Lochs open (11 dates) and b) Bad a’ Cheo 
open (3 dates). Uncertainty in age is 
represented by thickness of line. Note slower 
accumulation rates between 0-2000 and 4500-
6000 BP for Cross Lochs and 2000-4000 BP for 
Bad a’ Cheo. 

Carbon accumulation rate in g C m-2 a-1  

Carbon accumulation rate in g C m-2 a-1  
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Discussion 
 

5.07 Comparing LARCA from basal dates 
 
The value for LARCA in this study, taken from the basal date to the surface (16.741 gC m-2 a-1, 
table 8),  is roughly in line with averages found for Northern hemisphere peatlands 19-23 gC 

m-2 a1 and Southern hemisphere peatlands 22 gC m-2 a1 (Yu et al., 2010; Loisel et al., 2014). 
The values obtained for the Flow Country are slightly smaller than those found by Anderson 
(2003) for his cores in Wester Ross, (21.3 gCm-2 a1). However, Anderson’s average value is 
slightly skewed by results from his Glen Torridon core which accumulated at a rate of 35.2 
gC m-2 a-1. The results from this study are quite similar to his other cores with values of: 11.5 
gC m-2 a-1 for Glen Carron and 17.3 gC m-2 a-1  for Eilean Subhainn.  
 
The basal dates in Anderson (2003) were of variable quality with only one produced by AMS 
and the basal date from the Eilean Subhainn core having a calibrated range of >500 calendar 
years. This may explain some of the high variability between sites.   
  

5.08 How carbon accumulation has changed throughout the Holocene  
 
The change in the rate of carbon accumulation over time for the Cross Lochs core (figure 13) 
is broadly similar to that found by Anderson (2003), who recorded the slowest rates of 
carbon accumulation in the mid-Holocene (figure 19). Anderson’s Glen Torridon core 
recorded this slowdown at almost exactly the same time period as the Cross Lochs open 
core, 4000-6000 cal. BP approx. (figure 19). In the Glen Carron core, this slowdown occurred 
between 2000-4000 cal BP instead (figure 19)., which is similar to the Bad a’ Cheo core. 
Charman (1990) also recorded a slowdown in the rate of peat accumulation between 6000 
and 4000 cal. BP (figure 20), although it is impossible to be certain that this led to a 
reduction in carbon accumulation rate. Anderson (2003) attributed the slowdown to a peat 
composition shift towards more herbaceous material and also to drier conditions. Charman 
(1990) had an alternative theory, linking the decrease in accumulation with a shift from 
Cyperaceae to Calluna, though he also speculates that this change may have been driven by 
a decrease in precipitation.   

a) 
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Figure 19: Carbon accumulation rates spanning the Holocene in the three bogs analysed by Anderson (2002) 

 

 
Figure 20: Peat accumulation rates at Cross Lochs taken from Charman (1990) 
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Although detailed macrofossil analysis was not carried out, macrofossils were identified 
when possible while carrying out a search for material suitable for AMS dating. An 
abundance of Molinia caerulea was found between 201cm and 330 cm, depths which 
represent approximately 6-9 k BP. During the middle of the slowdown in carbon 
accumulation, at 180 cm, or approximately 4900 BP (cal.) the core was dominated by 
Eriophorum vaginatum with some Calluna vulgaris and a few Erica tetralix remains. The 
macrofossil composition of the core then appears something more akin to dry heath until 
about 81cm (or 2700BP cal. BP) where Sphagnum austinii remains were found. This 
corresponds well with the macrofossil analysis carried out at the Cross Lochs site by 
Charman (1990) who recorded highly humified Calluna/Eriophorum peat between 124-
142cm (4381-4834 cal. BP),  less humified Calluna/Eriophorum peat between 140-210 cm 
(4780-6998 cal. BP) and monocot rich peat from 210-340 cm. (6998-9853 cal. BP). Thus these 
results generally support the hypothesis of Anderson (2003) and Charman (1990), with 
changes in LARCA potentially driven by shift in vegetation. However, a more complete 
assessment would require full macrofossil analysis rather than the brief inspection 
undertaken here.   
 

5.09 Comparisons between Bad a’ Cheo and Cross Lochs 
 
One of the interesting findings has been the apparent contradictory responses seen between 
the Bad a’ Cheo and Cross Lochs core. Over the last two millennia Cross Lochs appears to be 
accumulating carbon at the slowest rate in its history, whereas Bad a’ Cheo appears to be 
accumulating carbon faster than ever. A seemingly contradictory response also occurs 
between approximately 4000 and 2000 cal. BP between the two sites, with Cross Lochs 
accumulating carbon rapidly, and Bad a’ Cheo slowing to its lowest rate. One explanation for 
this may be a threshold response related to climate. It is well understood that hummock 
forming species of Sphagnum, such as S. austinii or S. capillifolium, accumulate more peat 
over time than wet loving species such as S. cuspidatum. Although pool species such as S. 
cuspidatum have a higher rate of primary production, they are also much less resistant to 
decay, leading to a much slower rate of peat formation, and therefore carbon accumulation, 
compared to hummock species (Charman et al., 2013).  
 
However if the bog continues to dry-out conditions can become more favourable for 
vascular plant species (Eppinga et al., 2007), which typically accumulate carbon at a slower 
rate than Sphagnum. It is known know from palaeoclimate reconstructions that the period 
between 3700-2750 cal. BP was probably comparatively dry (Swindles et al., 2013) and that 
there may have been a shift to wetter conditions from about 2700 cal. BP (Swindles et al., 
2013). It therefore seems plausible that the two bogs responded differently to these 
changes. Cross Lochs is currently wetter than Bad a’ Cheo (figure 22) in terms of water 
content of wet peat, but this may not have been the case in the past. Despite the peat from 
Cross Lochs being drier, at present the site receives about 200mm more in precipitation than 
Bad a’ Cheo and this may mean that drying effects were more pronounced at Bad a’ Cheo 
than Cross Lochs in the past. Detailed macrofossil and testate amoeba analysis of the cores 
could confirm or reject this theory.  
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Another explanation for the apparent response may be historical peat cutting. Situated as it 
is on the very edge of the Flow Country, bordered by grazed fields and crofts, historical 
cutting may have occurred in and around the site and a peat mine currently exists by the 
main road approximately 1km to the south. A removal of approximately 50cm of wet peat 
would be sufficient to cause an apparent slowdown such as the one observed. High 
resolution dating could be used to rule this possibility out.  
 
Contradictory accumulation response was also seen between the profiles of Anderson 
(2002) (figure 19)with the response of  Bad a’ Cheo (figure 18) similar to that of Glen Carron 
due to the slowdown in accumulation seen between 4000&6000 cal. BP. Cross Lochs, on the 
other hand, is comparable to that of Glen Torridon in that carbon accumulation increased 
between 4000 and 6000 cal. BP, contrary to Bad a’ Cheo and Glen Carron. Anderson (2002) 
doesn’t comment on this, which may be because the contrast between his two cores was 
not as pronounced as found in this study. It seems likely that the response to climatic 
changes at these times was highly localised with threshold responses occurring at different 
times for each site. Peatland climate reconstructions are highly variable and it is important 
to remember that autogenic processes also play a role in peatland dynamics (Swindles et al., 
2013). Therefore caution should be used in interpreting data from one or a few profiles 
without additional proxy data, such as macrofossils and testate amoebae to confirm whether 
apparent changes in accumulation rates correspond with climatic indicators. Ideally, in order 
to make firm conclusions on palaeoclimate from peat records, consistent responses from 
many different cores should be observed, this is the best way to minimise the effect of 
internal bog processes which can be very strong at individual sites. High resolution dating of 
the area between tephra could provide more information about responses in these cores, 
and combined with proxy data it should be possible to have a good idea of what caused such 
different responses in the two cores.  
 
The variability in the responses between sites highlights the fact that if a clear picture of 
carbon accumulation rates in the UK is to come about, far more profiles are needed. The 
current total of three reasonable-quality reconstructions is paltry. To put this in perspective, 
Clymo et al. (1998) used a grand total of 795 cores to reconstruct LARCA for Finnish mires 
and still deemed the extrapolation “heroic” to consider their values to be truly 
representative of the national average. Great variation is seen in UK bogs and climate and 
the results produced for northern Scotland are likely to be very different from those of other 
parts of the country. However, considering that the Flow Country is the largest blanket bog 
in the UK and may even be bigger than English and Welsh peatlands combined (Lindsay et 
al., 1988; Lindsay, 2010), it is desirable that further research is focused on this often 
neglected region to reflect its size and importance.  
 

5.10 Limitations to findings on rate of carbon accumulation: 
 
The LARCA produced here should be interpreted with caution as they do not take into 
account the long term rate of decay or ecosystem maturity (Clymo et al., 1998; Yu et al., 
2003; Charman et al., 2013). LARCA has the advantage of being a relatively simple way of 
comparing accumulation values, but by not accounting for decay, the rate of carbon 
accumulation towards the surface is increasingly overestimated and in the words of Clymo et 
al 1998, the simplicity of LARCA can be beguiling.  
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In order to account for the rate of decay it is critical to know p* or the rate at which dry 
matter is added to the system and a* or the rate of decay in the catotelm. While p* is 
weakly related to degree days above zero, a* is weakly related to mean annual temperature  
(Clymo et al., 1998). Nevertheless, neither degree days above zero nor mean annual 
temperature are considered good enough to construct an accurate general model of p* and 
a*. Such a model does not exist. Instead, models tend to be bespoke, in the sense that they 
are tailored to the individual site. p* is thought to be the more variable of the two values 
and undoubtedly changes as the species composition of the bog also changes over time (Yu 
et al., 2003). The rate of decay in the catotelm, a*  is thought to be far less sensitive and 
more constant than the rate of addition of material from the acrotelm p*, as the 
environmental conditions in the deeper catotelm are relatively constant and are effected 
less by short term variations in weather and extreme climatic events (Yu et al., 2003).  
 
Eddy covariance measurements and measurements of NPP using the crank wire method are 
currently being carried out at the Cross Lochs site and it is hoped that these will give a 
reasonable estimate of the current p* value. When this data becomes available it will be 
possible to calculate a more reliable estimate of TRACA or ARCA (true/actual rate of carbon 
accumulation). For now it will have to suffice to say that the rate of carbon accumulation is 
likely underestimated for the deeper, older peat, making the slowdown in accumulation 
seen during the last 2500 years all the more apparent.  
 
The present study adds to the limited knowledge of carbon stocks in Scotland. The most 
comprehensive survey to date, the ECOSSE (2007) report, consisted of only 18 cores from 
which values for the whole of Scotland were extrapolated. For these cores bulk density was 
not measured below 1 meter but estimated, and carbon content was only measured in 15 
cores. These results show that bulk density varies considerably below 1 meter and the 
author would reiterate the call of Lindsay (2010) for more whole profile measurements. 
These results incorporate bulk density down the whole peat depth profile, and are combined 
with directly measured C content for the first time in the Flow Country. This data will add to 
what is currently a very small national dataset, which still needs a great amount of further 
development if reliable estimates of national carbon stocks are to be produced.   
 

5.11 Summary 
 

The second objective (section 2 page 15) has been met by reconstructing a high resolution 

profile of carbon accumulation rates at Cross Lochs open, which starts when the peatland 

initiated in the early Holocene and continues to the present. This will add to what is an 

extremely small dataset for the UK with only two other comparable profiles in existence. 

This is the first reconstruction in the UK and one of the few in the world, to take place from a 

site where carbon fluxes are actively being monitored. It will also provide a much needed 

historical context in which to view contemporary flux data.    
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6. Carbon Stocks 
 
This chapter provides the first direct comparison of carbon stocks between open and 
forested peatlands in the UK. It addresses the third objective (see section 2 p. 15), and uses 
tephra layers recorded in section 4 as stratigraphic markers. Before presenting the results 
and discussing them, some further methodological details are provided.   
 

Method 
 
Bulk density and carbon content were determined in the method outlined in section 3. The 
Hekla 4 tephra layer, described in section 4 was used as a synchronous isochrone to match 
the stratigraphy between the paired cores. 

6.01 Calculating Carbon Stocks   
 
Carbon stock (Cs) was calculated using the following formula:  
 

Cs= ρb x Cp x d 
 

where ρb is the bulk density in g-cm-3, Cp is the proportion carbon dry weight, and d is the 
depth in cm to the point of comparison. In the case of this study the depth to point of 
comparison was the Hekla 4 tephra, positioned from the peak in elemental data recorded by 
the ITRAX (see section 4).  
 
Cs  was compared in the open and forested sites. Braehour was excluded as it was not 
possible to locate a tephra within the forested core, most likely because peat formation 
started after the Hekla 4 eruption (see section 5). As a result it was not possible to reliably 
match stratigraphy so the site was excluded. 

Results 

6.02 Bulk Density 
 
All sites were compared for bulk density between open and forest cores. Greater differences 
were found within open sites than between matched pairs. The sites with the highest bulk 
density tended to be the shallower sites, drier sites such as Catanach and Braehour (figure 
21, 23).  Bulk density was typically lower in the deeper and wetter sites at Cross Lochs and 
Bad a’ Cheo. Although a greater bulk density (71% higher full-core average) was found in Bad 
a’ Cheo forest compared to Bad a’ Cheo open (figure 21), overall when all sites were 
considered no significant difference in bulk density was found. No significant difference in 
bulk density was found either in the peat accumulated after Hekla 4 (4287 cal. BP) (p-value: 
0.22), when looking at the top 30cm (p-value: 0.26), or when looking at the average across 
the total profile (p-value: 0.19).  
 
For all sites excluding Bad a’ Cheo the open core bulk density was higher in the surface layers 
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of the peat and decreasing down core, conforming to the concept of “haplotelmic bog” 
described by Ingram (1978). Bulk density then decreases sharply, and eventually becomes 
more or less constant in the case of two of the forested cores Bad a’ Cheo and Catanach. In 
the case of the other cores there is a trend for increasing bulk density with depth in the 
lower 2/3 of the cores.   
 
The greatest within profile variation was seen in the forested cores for Cross Lochs and Bad 
a’ Cheo, and the open core for Catanach; driven primarily by high values in the top 30-50cm. 
Variation in Catanach forested, Braehour open and Bad a’ Cheo open was very small, with 
Bad a’ Cheo being uniformly low density and Braehour and Catanach forest being uniformly 
high. A moderate amount of variation was seen in Cross Lochs open core, but not to the 
extent seen in Catanach open.    
 
Table 10: Average bulk density across whole profile ± Standard deviation (SD) for open and 
forested cores in the whole profile and top 30cm. 

 

 Average Bulk Density (ρ) in gcm-3 ± SD 
(entire profile) 

Average Bulk Density (ρ) in gcm-3 ± SD 
(top 30cm) 

Site Open Forested Open Forested 

Cross Lochs 0.083 ±0.013 0.091 ±0.025 0.104 ± 0.019 0.133 ± 0.036 

Catanach 0.105 ±0.023 0.112 ±0.017 0.138 ±0.033 0.127 ± 0.026 

Braehour 0.123 ±0.020 0.121 ±0.015 0.119 ± 0.009 0.138 ± 0.009 

Bad a’ Cheo 0.067 ±0.010 0.094 ±0.023 0.072 ± 0.004 0.161 ± 0.015 

Average 0.095 ±0.025 0.105 ±0.025 0.108 ± 0.016 0.140 ± 0.022 
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figure 21: Bulk density down profile for open (blue) and forested (red) cores for: a) Bad a’ Cheo, b) Braehour 
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figure 14 continued: c) Catanach , d) Cross Loch
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6.03 Moisture content: 
 
Great variability was seen between open cores with the two deeper cores from Cross Lochs 
and Bad a’ Cheo tending to be wetter and to have a low density, while the shallower 
Braehour and Catanach cores were at the other extreme, being both dry and dense. 
Forested cores from Cross Lochs and Bad a’ Cheo had lower bulk density and were wetter 
than the open cores at Catanach and Braehour, illustrating the greater amount of variation 
seen between sites compared to within pairs. 
 
No significant difference (p-value: 0.14, t=2.03) in moisture content was found between 
open and forested sites, this was true for both the whole profile and the top 30 centimetres 
(p-value: 0.15, t=1.9). Moisture content generally increased with depth. For Braehour and 
Catanach (figure 22) moisture content started off low, peaked in the top quarter of the core 
and then decreased slightly in the lower half. Bad a’ Cheo and Cross Lochs had fairly uniform 
moisture below about 40cm. The two shorter cores at Catanach and Braehour were also the 
driest (figure 22, table 11). The largest difference in whole profile moisture content between 
open and forest sites was seen at Bad a’ Cheo, the smallest at Braehour. Very little 
discernible difference was seen at the Cross Lochs site (figure 22, table 11). 
 
Cross Lochs and Bad a’ Cheo have very similar average moisture contents (table 11) but 
more variation is seen within the Cross Lochs profile as shown by the higher standard 
deviation. Of all the open sites Catanach has the lowest moisture content in the upper 30cm, 
but Braehour was the driest overall (figure 22, table 11). Cross Lochs forest was the wettest 
forest site, both in the top 30cm and on average throughout the whole core profile (figure 
22, table 11). 
 
 
Table 11: Moisture content throughout profile and in top 30cm for forested and open cores. 
SD = standard deviation. 
 

 Average moisture content (% ± SD 
for the entire profile)  

Moisture content (%± SD in top 
30cm) 

 

Site Open Forested open forested 

Cross Lochs 93.8 ±2.4 93.3 ±1.9 91.4 ±1.6 90.6 ±3.1 

Catanach 89.7 ±2.0 88.6 ±2.9 87.0 ±2.5 86.3 ±4.6 

Braehour 87.5 ±2.8 87.3 ±2.6 87.9 ±0.5 83.4±2.5 

Bad a’ Cheo 93.3 ±1.0 90.5 ±2.7 92.5 ±0.5 83.3 ±3.0 
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Figure 22:% Moisture content for a)Bad a’ Cheo b) Braehour. Blue indicates open core, red indicates forested. 
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      figure 22 continued: c) Catanach, d) Cross Lochs open; blue cross indicates open core, red cross indicates forested core
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6.04 Dry matter carbon content 
 
For all the cores, carbon content increased with depth, typically from about 45% at the 
surface to 55% at the base (figure 23). Catanach Open was found to have the highest 
average carbon content at 56.8%, whereas Braehour Open was found to have the lowest at 
50.3%  (table 12), despite both sites having similar bulk density (table 10).  
 
Deeper sections of cores had a higher average carbon content, with the highest values, of 
around 60%, not uncommon below 2.5 meters in the Bad a’ Cheo forested core. No 
statistically significant difference was found in average carbon content between open and 
forested cores when looking at the total profile (p-value: 0.1055) or in the top 30cm (p-
value: 0.8162).  
 
 
Table 12: Average carbon content of dry matter (%) in whole profile of the cores sampled   
 

 Average Carbon Content (%)  

Site Open Forested 

CRSLO 51.8 ±2.0 54.3 ±2.9 

CATO 56.8 ±3.7 50.5 ±2.3 

BRAEO 50.3 ±2.5 51.1 ±3.8 

BADO 52.6 ±4.2 51.9 ±4.5 

All 52.9 ±3.8 52.0 ±4.0 
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figure 23: Carbon content as % of dry matter in: a) Bad a' Cheo, b) Braehour; Blue cross represents open values. Red cross represents forested values 
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figure 23 continued: Carbon as a % of dry weight for: c) Catanach, d) Cross Lochs; Blue cross represents open values, Red cross represents forested values
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6.05 Carbon Stocks 
 
The difference in post Hekla 4 carbon stocks was non-significant between forested and open 
peatlands for the three sites where Hekla 4 was found (p-value= 0.24 and t=1.64). Analysis 
comparing total carbon stock (based on age-depth model interpolation using initiation date 
of youngest paired core) was also non-significant (Pp-value= 0.10 and t= 2.8302), (table 13)       
 
Table 13: Total carbon above the Hekla 4 layer and standard deviation (SD) 
 

Site Carbon stored above Hekla 4 
tephra  in the open core 

(Kg C m-2) +/- SD 

Carbon stored above Hekla 4 
tephra in the forested core 

(Kg C m-2)  +/- SD 

Cross Lochs 67.2 ±25.2 59.9 ±25.9 

Catanach 67.6 ±20.0 54.8 ±7.5 

Bad a’ Cheo 62.7 ±16.7 63.2 ±56.7 

 
 

Discussion 
 

6.06 Bulk density 
 
The failure to find any significant difference in bulk density between open and forested 
peatlands is strange, as several studies have clearly shown impacts (Pyatt and John, 1989; 
Paavilainen and Päivänen, 1995; Minkkinen and Laine, 1997; Shotbolt et al., 1998; Anderson 
et al., 2000; Lindsay, 2010). This is probably a product of the small sample size (n=4) and high 
variation between open sites which may not have been as pristine as first thought. 
 
For bulk density, values of 0.03 g cm-3 for the acrotelm and 0.12 g cm-3 for the catotelm 
(Clymo, 1992) have often been cited as reference values for bogs. However, in contrast with 
raised bogs many British blanket bogs, the sites from this study included, display higher bulk 
density in the topmost layers both for forested and open sites (Lindsay, 2010). Such a 
pattern in bulk density may be indicative of a damaged or destroyed acrotelm which is often 
thought to be caused by human disturbance (Lindsay, 2010). Such bogs are termed 
haplotelmic. While all of  these sites, particularly Catanach (figure 10,21) and excluding Bad 
a’ Cheo display some haplotelmic properties, such as increased bulk density and mineral 
content towards the surface, other properties such as surface topography and vegetation 
are more akin to what would be expected in a healthy acrotelm (Lindsay, 2010). Therefore it 
should be stressed that when sites are referred to as haplotelmic it is referring primarily to 
the pattern seen in bulk density and loss on ignition, and the term haplotelmic is only used  
for a lack of a more appropriate description. Considerable care was taken to locate sites in 
areas with minimal disturbance. However, the proximity of the forest plantations, the 
history of burning, the high levels of deer grazing, and deer stalking, suggest it is possible 
that even these relatively pristine open sites in the Flow Country experience some degree of 
disturbance. This is discussed further in section 6.09. While it is doubtful that the acrotelm is 
destroyed, it may be in a damaged state. Interestingly the only site where this effect was not 
found, Bad a’ Cheo, has been previously cited as an example of haplotelmic peatland 
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(Lindsay, 2010) based on the bulk density profiles taken from Shotbolt et al. (1998). Other 
measurements by Chapman (2001) seem to support this, showing highest bulk density 
measurements in the top 20cm. However both Shotbolt et al. (1998) and Chapman et al. 
(2001) took cores from an area where there is potentially substantial disturbance from 
drainage. Shotbolt et al (1998) were investigating changes in bulk density and subsidence 
along a transect of open to forested bog but clearly started their transect very close to a 
peripheral drainage ditch. It is impossible to assess this for Chapman et al. (2001) as no map 
or GPS co-ordinates are provided, but if cores had been taken anywhere in the northern half 
of the forest this would have undoubtedly been the case. The Bad a’ Cheo open core taken 
for this study was located very close to one of the points (point E) sampled by Shotbolt et al. 
(1998). It is estimated that the site sampled in this study was within 50 meters of that 
sampled by Shotbolt et al. (1998). Similarly, at this point, unlike others along the transect, 
the authors found bulk density to be uniformly low (0.06-0.08 g cm-3) with little variability 
down the core (Shotbolt et al., 1998) which is in agreement with the results presented here. 
The second transect of Shotbolt et al. (1998) shows a haplotelmic effect in bulk density 
throughout the open portion of their transect. However examination of aerial images once 
again shows the close proximity of a drain running parallel to their second transect, no more 
than 50 meters away from the sampling points. It seems to be the case that while 
haplotelmic peatland exists at Bad a’ Cheo, it has so far only been found within close 
proximity to drainage (<120 meters). While most of the sites sampled in this study display 
higher bulk density in the surface layers there is no clear evidence of drainage at any of the 
sites, other than at Bad a’ Cheo where the open core was situated more than 140 meters 
away. However other disturbances, such as trampling by deer and burning, may have 
occurred, for all sites excluding Bad a’ Cheo which has been fenced off from grazing since the 
forest was established in 1968.   
 
The high bulk density in the surface layers, particularly for cores like Catanach (figure 21) 
would appear to indicate disturbance. This may be because hydrological impacts of the 
forest extend further than previously thought, or through a linear disturbance effect caused 
by the forest fences. Large numbers of deer are thought to be present in the area and 
Catanach open, for example, is situated north of a deer fence that runs for >3km in an east 
west direction. Such fences may encourage trampling by herds, which can often consist of 
hundreds of deer as they attempt to move north and south around the forest. Deer paths 
are observable from aerial imagery at the Braehour site along with an unknown disturbance 
which appears to be at least 100 meters from the site sampled (figure 24). This is anecdotally 
supported by the fact that the only open site that does not display a haplotelmic effect in 
the bulk density has been protected from grazing by fences for the last 45 years. 
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figure 24. Areal image of Braehour open site. Red arrows point to evidence of disturbance, blue circle indicates coring 
location. 

 

6.07 Carbon content  
 
The average carbon content of the cores from this study, 52%, is substantially higher than 
the average reported for Sphagnum dominated northern peatlands, (42% ; Loisel et al., 
2014) but comparable to non-Sphagnum peat (51% ; Loisel et al., 2014). It is also comparable 
to average regional values for western Europe (54%; Loisel et al., 2014), though these are 
based on very few measurements. This figure is also very similar to the 51.7% average for 
peatlands in the eastern United states and Canada reported by Gorham (1991). The carbon 
content of the cores in this study is slightly less than that recorded for the only previous 
study in northern Scotland  (Anderson, 2002) who recorded an average of 54% for cores 
from blanket bogs in Wester Ross, approximately 150km south west of the sites sampled in 
this study. Carbon content data is available for the top meter for the Bad a’ Cheo site 
sampled in Chapman (2001) for a forested and open core with values of 48.6 and 43.7 
respectively. This compares with this study’s values of 50.1 ±2.7 for forested and 49.0 ±3.5 
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for open, suggesting significant horizontal variation in carbon content of the peat as well as 
bulk density. Higher carbon content is expected in more humified peat (Loisel et al., 2014) 
therefore some form of relationship would be expected.  

6.08 Moisture Content 
 
Differences in moisture content were unexpectedly small given the evidence of peat 
shrinkage and cracking in plantations on peat (Pyatt and Craven, 1978; Pyatt and John, 1989; 
Anderson et al., 1992, 2000). The authors own experience when coring at sites such as Bad a’ 
Cheo also showed considerable cracking. More variation was seen between open sites 
(maximum 6.3%) than between forested and open pairs (maximum 2.8%). Hydrological 
effects from the forest are unlikely to have influenced the results from open sites. In Bad a’ 
Cheo, the site cored closest to the forest, the largest difference in moisture contents was 
found, whereas in Cross Lochs, where the core was taken approximately 1km away, the two 
sites had almost exactly the same moisture content (0.5% difference).  
 
The results from this study show the peat to be dryer, and the drying effect appearing to 
continue deeper into the profile at Bad a’ Cheo than has been found previously by Anderson 
et al., (2000). Their data recorded 89.5% moisture at 30cm in the forestry plot compared to 
85% (table 11). This is perhaps not unexpected as Anderson et al., (2000) took 
measurements in a newer part of the plantation established in 1989 rather than in the 
earlier plantation, established 1968, where the Bad a’ Cheo forest core was taken. The data 
from this study compares better with that of Shotbolt et al. (1998) who measured moisture 
content for the older plantations at Bad a’ Cheo as well as the newer planting. For the 1968 
section Shotbolt et al. (1998) recorded values of around 93% moisture for their open sites 
dropping to about 80% for the forested, which is very similar to the results presented here 
(table 11). Previous data for other sites is unfortunately unavailable, but given that the 
plantation at Bad a’ Cheo is substantially older than at the other sites it is not surprising that 
the largest differences are seen here. What is surprising is the lack of difference in sites such 
as Cross Lochs and Braehour. This may be explained by poor drainage in the Cross Lochs 
forested site as it was, by quite some margin, the wettest forested core, actually being 
wetter than the Catanach and Braehour open cores. This was especially true of the top 30 
cm (figure 22) given that the Cross Lochs open core has the second highest moisture content 
of all the cores sampled, it seems logical that the similarity between pairs is more due to 
Cross Lochs forest being ‘wet’ rather than Cross Lochs open being dry. The same cannot be 
said of Braehour as both the forested and open cores are dry, with the open core actually 
being dryer than the forested at depths below 70cm (figure 22). Some invasion of the open 
peatland by trees was witnessed at the Braehour site and for that reason coring too close to 
these areas was avoided, but all the same the dry nature of the open bog was apparent from 
the topography and the vegetation. 
 

6.09 Carbon stock 
 
In planning the project it was logical to anticipate finding lower carbon stock in forested 
compared to open sites. This was expected as all the forested plots have been drained, as is 
common practice for peatland forestry, and it is well-established that drainage leads to 
increasing oxidative loss of peat (Cannell et al., 1993; Arnold et al., 2005; Simola et al., 2012). 
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There can also be large losses of dissolved and particulate carbon during afforestation 
(Worrall et al., 2003) However, although the results presented here show large spatial and 
temporal variability in carbon stocks (table 11, figure 13) no significant difference was found 
in the carbon stock accumulated since the Hekla 4 eruption between open and afforested 
blanket bogs (table 13). High variability in peatland characteristics between sites and a small 
sample size (n=4 or 3 once Braehour was excluded) are the most likely explanations for this 
non-significant result. Results from studies in Finland suggest that changes in peatland 
carbon are highly variable between different afforested sites, with a minority even showing 
small increases in carbon storage after drainage, contrary to the majority (Simola et al., 
2012). This suggests a high level of replication is needed.  
 
Another important factor to consider is that although it could be argued that these are 
amongst the most pristine British peatlands there are arguably no ‘natural’ peatlands 
remaining in the UK. The sites sampled may not have escaped human impacts in the recent 
or deeper past and these impacts are unlikely to have been of equal magnitude for both the 
paired sites. Braehour and Bad a’ Cheo in particular are situated close to the edge of the 
peatlands and settlements and may well have been affected by disturbance in the past. 
Braehour would have almost certainly have been grazed as it is situated only a few hundred 
meters from the nearest medieval shieling (Peteranna, 2012). Aerial imagery of the site 
reveals unknown disturbances nearby as well as deer paths (figure 24). Cross Lochs currently 
appears to be relatively undisturbed but this may not have always been the case. There is 
strong evidence for regular burning, at regular points throughout the sites history. Catanach 
is arguably the most remote site, with little evidence of contemporary or historical 
settlements close by. However its situation at the midpoint of a long and straight east west 
deer fence means it may be vulnerable to trampling by deer. 
 
By looking at post Hekla 4 carbon stocks calculations are made using the carbon 
accumulated over approximately the last 4000 years. A basic assumption of this technique is 
that both the paired cores have accumulated, or lost, carbon at a similar rate over this time 
period until planting. With so many potential sources of disturbance nearby, which are likely 
to be highly spatially variable, combined with the natural variation that is seen in peat 
accumulation rates, over small spatial scales (Charman, 1995) a high level of within site 
replication is desirable. The fact that peatland initiation times vary so much over a short 
distance, for example at Bad a’ Cheo where open and forested cores initiated approximately 
1500 years apart despite being less than 120 meters away (table 7), shows just how spatially 
variable peat formation can be. 
  
Another explanation for the high variability seen within open sites is that they all experience 
differing climates. There is a gradient of increasing rainfall to the west, with Cross Lochs 
receiving approximately 200mm more rain than Bad a’ Cheo. Elevation also decreases from 
west to east with Cross Lochs being the highest site at 230 m asl and Bad a’ Cheo the lowest 
at 100 m asl. Catanach is at approximately 200 meters elevation and Braehour around 130m. 
Relating in part to these climatic differences these sites have accumulated carbon at quite 
different rates. Previous evidence from Scotland shows that peat accumulation can vary by 
more than 300% in sites located less than 30km apart (Anderson, 2002). 
 
As well as these intrinsic differences in the peatlands the process of afforestation has varied 
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between the sites and is likely to have affected the carbon balance in different ways. Bad a’ 
Cheo is an experimental forest and is by far the oldest of all the sites, planted in 1968, but 
also one of the smallest. Braehour was planted by the forestry commission and is single-
species Lodgepole Pine, unlike the other sites which are a mixture of Lodgepole Pine and 
Sitka Spruce. Catanach and Cross Lochs are both typical of the widespread planting that was 
carried out in the 1970s and 1980s and are managed privately. However, Cross Lochs was 
ploughed using a double-throw plough whereas Catanach only used a single-throw plough. 
 
This sampling of a range of peatland types, forestry practises and climatic regimes was 
deliberate as it was desired that these study sites to be as representative as possible of the 
Flow Country as a whole. There were also additional advantages in coring sites such as Bad a’ 
Cheo and Cross Lochs due to the research that has been carried out previously. However, it 
is likely that by attempting to find a representative sample of Flow Country peatlands 
necessitated choosing sites with so many confounding variables that it has become difficult 
to identify the impact of afforestation against the background of considerable spatial 
variability. Due to these differences in long-term disturbance, climate and forestry practice 
three or four replicates has clearly been insufficient to detect an impact, despite such an 
impact remaining overwhelmingly probable.  
 
Furthermore, there are some methodological limitations to the approach this study has 
taken. By coring at the level of the original bog surface tour results do not capture the losses 
that may be occurring in both the plough throws and furrows. It is possible that carbon loss 
in both of these microforms may have been greater than in the original bog surface. The 
plough throw has undergone the most disturbance and is at the highest elevation above the 
water table so it would be expected to have a higher rate of oxidation. The furrows may be 
more prone to loss of dissolved carbon, particularly in storm events. Finally, even on the 
original surface, using the Russian corer meant that areas with large and numerous roots, 
where cracking and oxidation are more likely to occur, were avoided. Thus, by concentrating 
on the original bog surface away from the trees, the likelihood of finding a significant effect 
may have been further reduced. In future studies this could be addressed by coring within 
areas of representative ploughing within the furrow, at the original bog surface and in the 
plough throw.     
 
Despite the failure of this study to find a significant difference in carbon stock between 
forested and open cores the author believes that this study has demonstrated a useful 
approach to addressing this question. Previous stock comparison studies have been 
compromised by the lack of reliable stratigraphic markers. Cryptotephras can provide these 
markers but conventional methods would make this unrealistically slow. This study has 
demonstrated the effectiveness of the ITRAX scanner in locating tephra in peat, especially 
the large Hekla 4 layer found across all the sites sampled, and likely across the whole of the 
Flow Country. Using this technique, the ability to quickly and reliably match the stratigraphy 
across many different cores, has been demonstrated. This will enable the creation of a larger 
and more robust dataset that could be formed quicker and easier than would have 
previously been possible. It seems likely to expect that in the future larger-scale studies 
using this approach may well find significant differences with forestry.  
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6.10 Summary 
 
We have met the third objective (section 2 page 15) by successfully using the Hekla 4 tephra 
layer to reliably match stratigraphy when directly comparing carbon stocks in three of the 
four sites sampled. High variability was seen between sites and the small sample number 
(n=4, 3 when one site was removed) proved insufficient to draw firm conclusions. Despite 
this it has been demonstrated that this technique is effective and has the potential to be 
applied across many afforested peatlands in the north of Scotland.  
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7.0 General Conclusion 
 
The fate of carbon stored in afforested UK peatlands remains an important unanswered 
question. Due to the small number of sites and high variability found, this work is unable to 
address it entirely, but should be regarded as a preliminary study or proof of concept.  
 
Improved carbon stock-based approaches would be a valuable complement to flux based 
measurements, which face significant technical challenges in assessing afforestation 
impacts. Robust flux studies need to run over years or possibly even decades and involve the 
use of expensive equipment such as flux towers, and labour intensive data collection, such 
as assessing outputs of DOC. Flux studies in isolation will not be able to provide all the 
answers as trees are no longer being planted on deep peat so the combination of flux and 
stock studies is essential. Stock studies pose their own problems in terms of replication and 
representativeness of the coring sites, but are an essential component of the research mix. 
By situating one of the sites within a CEH carbon catchment area, the results from this 
project can be compared with those of contemporary flux and DOC measurements when 
they become available over the next few years, as pioneered by Roulet et al. (2007).  
 
The ITRAX scanner has proved itself to be a quick and efficient means of identifying tephra 
within the peat core. It appears to be a superior method when compared to conventional 
loss on ignition analysis, both in terms of time commitment and success rate. It offers other 
advantages in the form of elemental data that may provide other insights into peatland 
development, and is able to pinpoint the precise location of the tephra, thus eliminating a 
source of error in tephrochronology. Despite this, there are many ‘false positives’ that show 
up in the ITRAX results and so it should always be combined with microscopy. Results 
indicate scanning appears to work better in peat than in the lake sediments described by 
Kylander et al. (2011). Three distinct tephra layers were identified, with tephra associated to 
the Hekla 4 eruption found consistently at all the sites with the exception of the forested 
core at Braehour, which radiocarbon dating suggests initiated sometime after the eruption. 
The ubiquitous nature of the Hekla 4 tephra allows its use as a distinct isochrone from which 
late Holocene carbon stocks can be compared between peat cores across the Flow Country, 
and other areas of the world where tephra may consistently be found. This allows a level of 
precision and confidence which is superior to that which can be achieved conventional 
carbon dating or stratigraphy matching. This approach has allowed us to significantly 
improve on the method outlined by Minkkinen and Laine (1998) and Pitkänen et al. (2013), 
eliminating one of the major weaknesses in the direct comparison method. This technique 
has the advantage of being relatively quick and cheap, allowing it to be replicated many 
times.    
 
This is the second study to produce a Holocene carbon accumulation profile for a UK 
peatland. Bayesian age depth modelling has been employed along with high quality AMS and 
tephra dates to give what is arguably the most comprehensive dataset so far. In addition to 
the intensely-dated core at the Cross Lochs site this study also provides the linear rate of 
carbon accumulation from initiation for 3 other Flow Country cores, one of which would only 
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require only a few more carbon dates in order to produce another high-quality record. Data 
from these cores will add to limited knowledge of carbon stocks in Scottish peatlands and 
although much work is needed before truly reliable estimates can be made, this dataset has 
gone some way to improving those estimates, and increased the number of reference sites 
for what is an extremely small dataset. 
 
There has been a relatively limited amount of research on afforested UK peatlands (Lindsay, 
2010; Morrison et al., 2012) and what research has been undertaken shows variable results. 
However there is clearly a potential for very high C emissions in response to afforestation 
(Ojanen et al., 2014). The author believes that the non-significant result is much more likely 
a consequence of the small scale of this study and presence of confounding variables than of 
a lack of impacts of afforestation on carbon stock. Consequently it is also believed that a 
precautionary approach is required and would advocate foresters and land managers to 
avoid planting on peat until further evidence is available.  
 
More carbon is estimated to be emitted from degraded British soils than is being 
sequestered by both UK forests and functioning peatlands combined (Cannell, 1999), 
therefore it is important that the effects of land use change on peatlands are carefully 
considered before the natural state is lost, perhaps irretrievably so. Peatlands are the largest 
and most space-efficient store of terrestrial carbon. Healthy peatlands provide a long term 
and stable carbon store (Lindsay, 2010), while carbon stored in trees is far more transient 
and is almost all lost from the ecosystem after harvesting. Even if sites are only planted for 
one or two rotations, with the aim to keep the majority of soil carbon in the ground, 
restoring forested bog to peatland after harvesting can be exceedingly difficult and there is 
no guarantee the ecosystem can return to being a functional bog. Therefore by foresting 
peatlands there is a risk of mobilising the vast amount of carbon stored in peat reserves, 
compromising the function of the peatland ecosystem for years to come and running the risk 
of permanently losing their capacity to sequester carbon. By managing Scottish peatlands 
sustainably, carbon can be stored for millennia rather than decades and Scotland can protect 
what is already by far its largest store. 
 
This study has been small, and the high variability seen between open sites means any 
changes would have had to be very large to be statistically significant. Ideally, future studies 
would include a much higher degree of within-site replication. Comparability of bog history 
after the Hekla 4 eruption between open and forested cores could be assessed using 
macrofossil and testate amoebae analysis. This would enable like for like comparison. Small-
scale changes in vegetation between microforms could be accounted for. An example would 
be comparing a core, taken from the open site, dominated by Sphagnum after the Hekla 4 
eruption with a similar core taken from the forest that is also dominated by Sphagnum, 
rather than Eriophorum for instance, which would likely have accumulated carbon at quite a 
different rate. 
 
The key outcome of this study has been the development of the method for direct 
comparison of carbon stocks using tephrochronology and it is believed that this will be a 
valuable new approach for future studies. It is a rare occasion that a method is found that is 
simultaneously quick, cheap and robust. This is such a method. Another key advantage of 
this technique is that with its application, while simultaneously addressing a contemporary 
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ecological question with minimal extra resources, it may also be able to provide much 
needed insights into distribution and geochemistry of tephra along with palaleoecological 
rates of carbon accumulation as has been demonstrated here.  
 

7.01 Future research 
 
In the future this research could be expanded in the following ways. 
 

1. The method developed in this study, of direct comparison of carbon stocks 
stratigraphically matched using tephrochronology, could be used across many new 
sites in order to provide a statistically robust dataset to quantify carbon losses due to 
afforestation in UK peatlands. 

2. The estimates of historical carbon accumulation rates from LARCA could be improved 
(long term apparent rate of carbon accumulation) to ARCA or the actual rate of 
carbon accumulation by measuring inputs to the catotelm and the rate of decay. 
Doing this for a core spanning the Holocene would give a highly precise view of how 
fast a site is accumulating carbon in a palaeoecological context. 

3. The palaeoecological rate of carbon accumulation from the Cross Lochs site could be 
compared with the contemporary rate in the way described by Roulet et al. (2007). 

4. The chronology of the Bad a’ Cheo open core could be improved to produce another 
high resolution pan-Holocene carbon accumulation profile for the Flow Country. 
Combined with the data presented here this would double the number of profiles 
available for UK peatlands.   
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Glossary of Acronyms 
 

XRF- X-ray fluorescence is the emission of characteristic "secondary" (or fluorescent) X-rays 

from a material that has been excited by bombarding with high-energy X-rays or gamma 

rays. 

ITRAX – form of automated XRF scanning, provides High-resolution elemental profiles and 

geochemical proxy data used in this study for location of Tephra. 

BACON – Bayesian Age depth software which runs within the R statistical program. Name is 

taken from Bayesian accumulation 

LARCA – Long-term apparent rate of carbon accumulation  

ARCA – Actual rate of carbon accumulation 

CRSLO – Cross Lochs open, site furthest to the west 

CRSLF - Cross Lochs open, site furthest to the west 

CATO – Catanach Open, site north of Altnabrec station and the Knockfin heights  

CATF - Catanach Forest, site north of Altnabrec station and the Knockfin heights 

BRAEO – Braehour Open, located near Loch a' Chairn 

BRAEF – Braehour forest, located in forestry commission plantation of the same name 

BADO – Bad a’ Cheo open, site located furthest east, close to A9 road   

BADF – Located in Bad a’ Cheo experimental forest, adjoining the A9 road south of Mybster  

RSPB – Royal society for the protection of birds, own a large reserve based at Forsinard in 

the Flow Country 

CEH – Center for Ecology and Hydrology, Cross Lochs is part of the carbon catchment study.  

DOC – Dissolved organic carbon found in water. An important export of carbon from 

peatlands 

NEE – Net ecosystem exchange, usually refereeing to carbon dioxide. 

GHG – Greenhouse gas  
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Appendix 
 
This appendix contains the geochemical data for each tephra layer successfully analysed. For 
the layers where there was more than 10 good analyses available, data with low counts 
<95% was filtered out. 
This section also contains details on the interpolation of %C data, including the square 
analysis carried out in R. 
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Section 1: Geochemical data from microprobe analysis of tephra shards 
 
 
Geochemistry from electronmicroprobe analysis of tephra shards in the Cross Lochs Open core 164cm, Identified as Hekla 4 
 
Shard SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

1 70.74 0.2273 14.9556 3.9909 0.1572 0.0383 2.2222 4.9014 2.5091 0.0105 99.7527 
2 62.4706 0.7334 14.6492 10.0033 0.2852 0.7669 4.5883 4.6063 1.6733 0.2327 100.0091 
3 63.5771 0.7153 14.3994 8.9027 0.2827 0.5589 4.3073 4.8002 1.6802 0.2058 99.4297 
4 61.9812 0.8212 14.3316 9.2603 0.2948 0.87 4.5909 4.3371 1.6638 0.249 98.4 
5 63.4474 0.6778 14.2088 8.6299 0.3143 0.6523 4.6693 4.316 1.7806 0.2289 98.9254 
6 64.2654 0.5095 14.1843 7.4246 0.2646 0.3094 3.9382 5.0913 1.9001 0.1066 97.9939 
7 68.5581 0.265 14.1593 4.6653 0.1852 0.0886 2.722 5.2621 2.2748 0.0294 98.2098 
8 62.5206 0.6619 14.0632 9.1846 0.2883 0.6186 4.2912 4.839 1.7591 0.2099 98.4363 
9 62.4826 0.7234 14.0141 9.8249 0.3217 0.7365 4.5836 4.4527 1.6634 0.2374 99.0402 

10 64.8353 0.6881 13.9673 8.0733 0.2774 0.5439 4.0727 4.7093 1.82 0.1865 99.174 
11 71.073 0.2067 13.8961 3.6421 0.1415 0.0364 2.3395 4.4823 2.457 0.0135 98.2881 
12 68.0615 0.3391 13.8842 5.1675 0.1985 0.1302 2.9501 4.8693 2.2041 0.059 97.8636 
13 62.9507 0.6847 13.8601 9.2237 0.3216 0.6622 4.5565 4.3471 1.6322 0.2045 98.4432 
14 69.5491 0.2505 13.5742 4.453 0.1738 0.066 2.5727 4.9806 2.3661 0.0277 98.0137 
15 62.1047 0.6684 13.5422 8.5132 0.2885 0.6046 4.3213 4.7536 1.8142 0.1908 96.8015 
16 68.2431 0.3242 13.5093 5.3054 0.212 0.1218 3.0879 4.9834 2.2609 0.0255 98.0735 
17 71.7295 0.185 13.4224 3.1047 0.1415 0.017 2.2049 5.1657 2.5649 0.0095 98.545 
18 68.9532 0.2525 13.3149 4.0831 0.1731 0.0641 2.6778 4.7288 2.4749 0.0222 96.7445 
19 67.9804 0.3146 13.2868 5.3776 0.2111 0.0885 2.9565 4.851 2.1032 0.0439 97.2137 
20 63.8529 0.5927 13.1905 8.0501 0.2751 0.4814 3.7016 4.6956 1.8616 0.1667 96.8682 
21 70.0273 0.2071 13.1614 3.9344 0.163 0.0392 2.2086 4.7479 2.4265 0.0137 96.9292 
22 72.1934 0.1839 13.1524 3.3224 0.1504 -0.0037 2.1532 5.0759 2.5435 0.0223 98.7937 
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23 69.1471 0.2381 13.0364 4.2001 0.1697 0.1041 2.6872 4.8629 2.3586 0.0182 96.8224 
24 73.7374 0.0963 13.0124 2.3312 0.0848 0.0225 1.2943 3.5141 3.4548 0.0015 97.5492 
25 69.6314 0.2586 12.9746 4.3586 0.1548 0.0994 2.6066 4.4815 2.3511 0.0397 96.9562 
26 71.2122 0.1932 12.7337 3.6372 0.1297 0.0421 2.1009 4.8282 2.5544 0.0187 97.4502 
27 73.8383 0.0923 12.7225 1.9867 0.0774 0.0309 1.2995 5.1336 2.8666 0.0107 98.0585 
28 73.1037 0.1674 12.6925 2.187 0.0762 0.1157 1.3678 4.8276 2.8495 0.0026 97.39 
29 72.4566 0.1057 12.6682 2.0448 0.0742 -0.0003 1.2741 4.856 2.7784 0.0055 96.2632 
30 71.6534 0.1461 12.6001 2.6709 0.1051 0.0227 1.6977 4.7993 2.6399 0.0106 96.3459 
31 72.2721 0.1393 12.5198 2.3937 0.0687 0.0959 1.6836 5.1635 2.4358 0.0044 96.7769 
32 75.0237 0.0754 12.4807 1.6407 0.065 0.0369 1.3757 3.9266 2.787 0.0121 97.4239 
33 73.879 0.098 12.434 1.653 0.0876 0.0184 1.3224 4.5805 2.8537 0.0151 96.9417 
34 74.0995 0.0873 12.3824 1.9095 0.0801 0.0208 1.2173 4.7695 2.9316 0.0004 97.4984 
35 73.4666 0.0933 12.2885 1.9395 0.0797 0.0145 1.3092 4.6979 2.9906 0.0077 96.8877 
36 72.954 0.0979 12.2812 2.1251 0.0794 0.0332 1.2665 4.6337 2.9382 -0.0011 96.4082 
37 73.9028 0.091 12.2727 1.9343 0.0792 -0.0121 1.3788 4.6661 2.8977 0.0144 97.2249 
38 73.3399 0.0902 12.2637 1.9394 0.0823 0.0381 1.4874 4.9916 2.8227 0.0055 97.0609 
39 73.3802 0.1033 12.2627 1.9428 0.0892 0.0328 1.3234 4.4828 2.948 0.0104 96.5755 
40 72.2158 0.2345 12.1558 2.5604 0.1175 0.0371 0.5807 4.9609 4.2062 0.0036 97.0726 
41 68.0085 0.274 12.0512 4.62 0.1792 0.0952 2.6552 4.9865 2.1596 0.0378 95.0673 
42 72.6851 0.0958 12.0475 1.7517 0.0808 0.0296 1.3699 4.4938 2.8314 -0.0026 95.3829 
43 76.8013 0.0863 11.9807 1.7744 0.0853 0.0114 1.1442 4.3181 2.9968 0.0004 99.1988 
44 73.5981 0.0939 11.7891 1.7486 0.0729 0.0388 1.329 4.5959 2.9205 0.0106 96.1976 
45 74.9844 0.0931 11.7804 1.9231 0.0862 0.0264 0.9248 3.422 3.2946 0.0011 96.536 
46 73.0407 0.0852 11.5829 1.7626 0.0692 -0.0025 1.1813 4.7659 2.8425 0.0004 95.3282 
47 74.7353 0.0953 11.5421 1.8445 0.088 0.0366 0.9057 3.7881 3.4776 0.0112 96.5244 
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Geochemistry from electronmicroprobe analysis of tephra shards found in the Cross Lochs Forest core at 122cm, Identified as Hekla 4. 
 
Shard  Na2O Al2O3 MgO SiO2 K2O CaO FeO P2O5 TiO2 MnO Total 

1 4.6216 14.325 0.6991 62.7544 1.7005 4.2478 9.1185 0.201 0.7014 0.291 98.6603 
2 4.5717 14.2158 0.7687 62.7266 1.7298 4.3064 9.6748 0.2157 0.71 0.3058 99.2253 
3 4.6206 14.205 0.8204 62.3069 1.5897 4.7575 8.8448 0.2822 0.8081 0.2802 98.5155 
4 4.3903 13.9065 0.7213 62.0387 1.7684 4.5663 9.2786 0.2479 0.7021 0.2941 97.9142 
5 4.0096 13.782 0.4917 63.9889 1.7484 4.4234 9.4916 0.1775 0.6319 0.2884 99.0333 
6 4.732 13.7533 0.7144 62.4084 1.7312 4.2025 9.6605 0.2335 0.7267 0.281 98.4435 
7 5.1065 13.7176 0.0121 69.7436 2.3886 2.2778 3.6534 0.0103 0.2046 0.142 97.2567 
8 4.2966 13.5455 0.5355 62.9131 1.7926 4.3263 9.4829 0.1872 0.6447 0.3008 98.0251 
9 4.8599 13.5385 0.5991 62.5996 1.8311 4.3603 9.1455 0.2192 0.6822 0.2864 98.1218 

10 4.4373 13.4277 0.7255 62.8332 1.7057 4.1792 8.783 0.2472 0.7421 0.3013 97.3822 
11 4.7784 13.3447 0.0268 71.72 2.5453 2.0896 3.3807 0.0078 0.1762 0.1319 98.2013 
12 4.7723 13.3429 0.1944 67.556 2.0573 3.1971 6.0594 0.0677 0.3777 0.2188 97.8435 
13 4.8934 13.2928 0.0845 68.4839 2.3235 2.843 5.1516 0.0436 0.2967 0.1964 97.6096 
14 5.1514 13.2276 0.1138 69.1167 2.1628 2.9278 5.3619 0.0362 0.2974 0.1957 98.5914 
15 4.9822 13.1034 0.03 70.9822 2.5118 2.3045 3.909 0.0146 0.216 0.139 98.1928 
16 5.0472 13.0798 0.0681 69.0402 2.4261 2.4619 4.1555 0.0225 0.2355 0.1513 96.688 
17 4.8092 12.8118 0.031 73.2542 2.8311 1.3202 1.8925 0.0033 0.0892 0.064 97.1065 
18 4.6536 12.7982 0.0186 74.0671 3.0182 1.3601 2.073 0.0075 0.0907 0.0721 98.1591 
19 4.8775 12.7494 0.0449 68.8564 2.3256 2.6024 4.3545 0.0348 0.2693 0.1712 96.2861 
20 4.8879 12.6824 0.0052 73.2103 2.901 1.4823 1.8279 0.0042 0.0893 0.0969 97.1874 
21 4.6817 12.635 -0.0001 73.7135 2.9369 1.225 2.0705 0.0029 0.0936 0.0803 97.4394 
22 4.575 12.5639 -0.0089 72.8208 2.8242 1.3102 2.1034 0.0052 0.0916 0.0779 96.3632 
23 4.6499 12.5418 -0.0013 72.343 2.7678 1.3535 1.9909 0.0059 0.0905 0.0893 95.8314 
24 4.7345 12.5403 0.0073 74.3139 2.8917 1.2789 1.9454 -0.0037 0.0824 0.0847 97.8755 
25 4.9702 12.4807 0.0297 72.2397 2.7587 1.4211 1.8541 0.0011 0.0927 0.0811 95.929 
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26 4.4498 12.4343 0.0222 73.7809 2.8758 1.3598 1.7938 0.0004 0.094 0.0876 96.8985 
27 5.1636 12.4001 0.0245 70.8473 2.6196 1.938 3.1579 0.0011 0.1495 0.1125 96.414 
28 4.876 12.3724 0.014 73.1629 2.9519 1.3483 2.0829 0.015 0.0869 0.0748 96.9851 
29 5.0255 12.2104 0.0393 69.3579 2.3024 2.5352 3.8124 0.0362 0.2188 0.1585 95.6966 
30 4.8223 12.1982 0.0084 74.7827 3.0191 1.1268 2.1036 0.0004 0.0841 0.0766 98.2222 
31 4.5301 12.1546 -0.0118 73.6532 2.8926 1.4327 2.0889 0.0033 0.0931 0.093 96.9296 
32 4.7833 12.0455 0.001 73.3157 2.9166 1.3317 1.8359 0.0115 0.0892 0.0821 96.4122 
33 4.4215 11.8802 0.0193 76.7084 3.0965 0.9375 0.9521 0.0137 0.0886 0.0557 98.1735 
34 4.6722 11.4675 0.0116 73.628 2.912 1.3873 2.147 0.0096 0.0883 0.0889 96.4123 

 
Geochemistry from electronmicroprobe analysis of tephra shards found in the Catanach Forest core at 97cm, Identified as Hekla 4 
  
Shard Na2O Al2O3 MgO SiO2 K2O CaO FeO P2O5 TiO2 MnO Total 

1 4.2242 14.6462 0.7994 61.5684 1.6312 4.6715 9.2768 0.3116 0.7876 0.2907 98.2076 
2 4.8101 14.6065 0.627 62.7105 1.8137 4.4076 9.2616 0.2476 0.7065 0.2916 99.4826 
3 1.7677 14.5522 0.3042 66.4709 1.9839 3.6382 7.1651 0.1299 0.5162 0.2445 96.7728 
4 4.2444 14.4458 0.5915 62.7318 1.7592 4.2686 9.265 0.2226 0.6765 0.2682 98.4735 
5 4.3876 14.4372 0.7284 61.7508 1.6403 4.3951 9.0582 0.2774 0.7132 0.2763 97.6644 
6 4.8468 14.4039 0.9077 62.5491 1.6751 4.2406 9.1977 0.3311 0.8101 0.2834 99.2453 
7 5.1824 14.3477 -0.003 73.5185 2.3326 1.8181 1.2643 0.0118 0.1007 0.0675 98.6407 
8 5.0728 14.1051 0.5585 60.5548 1.7208 4.0371 12.9895 0.2094 0.8607 0.2914 100.3999 
9 4.9238 13.9212 0.5193 62.2967 1.7077 4.0209 8.5775 0.2081 0.6324 0.2908 97.0984 

10 4.6781 13.8583 0.8084 62.7435 1.4844 4.3488 9.5123 0.2755 0.7392 0.2985 98.7471 
11 4.8852 13.8207 0.8897 61.0658 1.6109 4.5376 9.727 0.3126 0.7886 0.2825 97.9206 
12 4.6542 13.6304 0.7089 61.7714 1.6772 4.4741 9.3418 0.2562 0.7179 0.2863 97.5183 
13 4.379 13.6259 0.674 62.3823 1.8261 4.3576 9.4595 0.2444 0.7189 0.3022 97.9699 
14 4.5567 13.5743 0.04 70.4863 2.7089 2.0762 3.2394 0.0198 0.1787 0.1399 97.0201 
15 4.5133 13.5472 0.7771 61.7625 1.6851 4.2547 9.0255 0.245 0.7245 0.2858 96.8207 
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16 5.1063 13.4918 0.0242 75.2462 2.827 1.437 2.184 0.0079 0.0957 0.0822 100.5023 
17 4.1861 13.486 0.4108 66.2307 2.0377 3.617 7.3781 0.1724 0.5902 0.2732 98.3823 
18 4.7984 13.4355 0.109 67.7678 2.3251 3.0127 5.2738 0.056 0.3146 0.1954 97.2883 
19 4.3492 13.3423 0.2605 65.4205 2.0476 3.2693 6.3866 0.0967 0.4118 0.2096 95.7941 
20 5.2779 13.2913 0.206 66.3001 2.0052 3.4564 6.3547 0.0591 0.3822 0.2217 97.5548 
21 4.821 12.8817 0.0287 72.9355 2.8457 1.3491 1.9297 0.0155 0.0927 0.089 96.9887 
22 4.908 12.7449 0.0165 73.0358 2.9192 1.3912 2.2649 0.0073 0.0863 0.0827 97.4567 
23 4.6816 12.7399 -0.0133 74.5915 2.9174 1.2042 1.6318 0.0118 0.0962 0.0766 97.9377 
24 4.6789 12.6077 0.0129 74.3054 2.914 1.3007 1.9795 0.0097 0.0889 0.0879 97.9855 
25 2.7037 12.5517 0.0074 74.5215 3.1214 1.5203 2.1766 0.0107 0.1175 0.0932 96.8238 
26 4.0626 12.4087 0.0171 74.4819 2.8529 1.4211 1.871 -0.0004 0.0912 0.0821 97.2885 
27 4.8139 12.3764 0.0061 74.904 2.7616 1.3508 1.7336 -0.0094 0.0922 0.0753 98.1046 
28 4.1649 12.3741 0.0341 76.2925 2.6844 1.2598 1.8061 0.0064 0.0747 0.0659 98.763 
29 4.4889 12.3372 0.0106 74.0151 2.8809 1.2549 1.9652 0.003 0.0956 0.0735 97.125 
30 4.7742 12.3194 0.0163 73.8969 2.8321 1.388 1.7693 0.0089 0.0965 0.0927 97.1943 
31 4.72 12.2711 0.0341 73.3555 2.8721 1.3628 1.9034 0.0008 0.0863 0.0772 96.6831 
32 4.5234 12.2514 0.0308 73.5252 2.8372 1.3549 1.9485 0 0.0976 0.0757 96.6447 
33 4.2827 12.1123 0.0225 73.1828 3.0576 1.3085 1.9862 0.0096 0.0887 0.0651 96.116 
34 4.5957 12.1051 -0.0104 73.7116 3.0995 0.9091 1.3452 0.0079 0.0917 0.061 95.9164 
35 4.7102 12.0818 -0.008 74.6335 2.9692 1.3371 2.1292 0.0044 0.088 0.0962 98.0417 
36 4.5766 12.0391 0.0113 73.0905 2.8099 1.4334 1.9389 0.0132 0.0848 0.0808 96.0786 
37 4.2273 12.0263 0.0274 73.9597 2.9193 1.3577 1.8525 0.0003 0.1035 0.0717 96.5457 
38 4.7456 11.8706 0.0227 73.9825 3.0087 1.2822 1.944 0.0093 0.0883 0.0734 97.0274 
39 4.8035 11.6498 0.0232 73.0701 2.8064 1.353 2.1303 0.0185 0.0907 0.0764 96.022 
40 4.5807 11.097 0.0341 75.4818 2.9011 1.3282 1.7901 0.0089 0.0847 0.0695 97.3763 
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Geochemistry from electronmicroprobe analysis of tephra shards found in the Bad a’ Cheo Open core at 200.1cm, Identified as Hekla 4.  
 
Shard SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

1 71.4127 0.094 12.6292 2.036 0.0816 0.0232 1.2701 4.9315 2.7502 0.0088 95.2372 
2 72.4119 0.0888 12.6629 1.9985 0.0927 0.0455 1.349 4.8331 2.7155 0.0053 96.2032 
3 64.687 0.4072 13.761 6.3295 0.2396 0.2065 3.3823 5.1973 2.0704 0.0913 96.3719 
4 72.5742 0.0848 12.606 1.8515 0.0907 0.0246 1.269 4.9956 2.9069 0.0121 96.4153 
5 72.6753 0.1111 13.0829 1.9828 0.0839 0.0173 1.3659 4.7352 2.7249 0.0083 96.7876 
6 73.2008 0.096 12.7114 1.8431 0.0863 0.0101 1.2772 4.9673 2.8508 -0.0039 97.0392 
7 73.642 0.0979 13.3257 1.9744 0.0821 0.0112 1.4261 4.7086 2.8379 0.0104 98.1163 
8 73.5316 0.0893 13.235 2.0258 0.0822 0.0357 1.3626 4.961 2.8769 0.0112 98.2114 
9 73.4037 0.0902 13.5215 1.7906 0.0806 0.0438 1.3303 5.1325 2.8305 0.007 98.2308 

10 67.5862 0.3375 14.7713 5.1839 0.1972 0.1939 3.0194 5.0264 2.0777 0.0597 98.4534 
11 74.6564 0.0931 13.0446 1.9592 0.0829 0.0134 1.4117 4.9142 2.6769 0.0176 98.8701 
12 74.1145 0.0956 13.4076 1.8247 0.0791 0.021 1.3257 5.1889 2.8747 -0.0028 98.9292 
13 74.2018 0.0928 13.1542 2.025 0.0789 -0.0039 1.4 5.4523 2.861 0.0063 99.2685 
14 74.9283 0.0999 13.3005 1.968 0.0721 0.0111 1.39 4.7823 2.9829 0.0126 99.5476 
15 74.2965 0.0911 13.6216 1.8213 0.0751 0.0188 1.451 5.4858 2.7779 0.0067 99.6458 
16 74.1593 0.0899 13.608 2.0335 0.0821 0.0013 1.4649 5.3092 2.8994 0.0081 99.6559 
17 73.111 0.099 13.8474 2.7629 0.1004 0.0567 1.8474 5.6569 2.3233 0.006 99.8111 
18 68.9723 0.2951 15.291 4.8773 0.2034 0.088 2.8369 5.1803 2.1134 0.0405 99.8983 
19 70.801 0.2061 14.6038 3.9178 0.1468 0.042 2.3109 5.4747 2.3843 0.0126 99.9 
20 64.9646 0.5411 14.5327 8.0806 0.2993 0.3916 3.9472 5.1964 1.9122 0.1285 99.9941 
21 74.8326 0.0957 13.5788 1.9389 0.0694 0 1.4385 5.4013 2.7837 0.0116 100.1506 
22 76.1176 0.0766 13.0458 1.8162 0.0823 0.0503 1.3434 4.8694 2.9158 0.0064 100.3237 
23 64.2805 0.6295 14.4589 8.69 0.2929 0.5024 4.4135 5.0932 1.8029 0.1626 100.3264 
24 74.9199 0.1037 13.7936 2.0499 0.0714 -0.0047 1.4112 5.282 2.8492 0.0151 100.4914 
25 65.9973 0.6746 15.2218 7.6351 0.2428 0.4935 3.7887 5.479 1.9436 0.2077 101.6842 
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26 76.4013 0.0762 14.2765 1.7431 0.0822 0.0289 1.371 5.0368 2.846 0.0082 101.8702 
            

 
Geochemistry from electronmicroprobe analysis of tephra shards found in the Braehour open core at 102cm, Identified as Hekla 4.  
 
Shard SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

1 71.4127 0.094 12.6292 2.036 0.0816 0.0232 1.2701 4.9315 2.7502 0.0088 95.2372 
2 72.4119 0.0888 12.6629 1.9985 0.0927 0.0455 1.349 4.8331 2.7155 0.0053 96.2032 
3 64.687 0.4072 13.761 6.3295 0.2396 0.2065 3.3823 5.1973 2.0704 0.0913 96.3719 
4 72.5742 0.0848 12.606 1.8515 0.0907 0.0246 1.269 4.9956 2.9069 0.0121 96.4153 
5 72.6753 0.1111 13.0829 1.9828 0.0839 0.0173 1.3659 4.7352 2.7249 0.0083 96.7876 
6 73.2008 0.096 12.7114 1.8431 0.0863 0.0101 1.2772 4.9673 2.8508 -0.0039 97.0392 
7 73.642 0.0979 13.3257 1.9744 0.0821 0.0112 1.4261 4.7086 2.8379 0.0104 98.1163 
8 73.5316 0.0893 13.235 2.0258 0.0822 0.0357 1.3626 4.961 2.8769 0.0112 98.2114 
9 73.4037 0.0902 13.5215 1.7906 0.0806 0.0438 1.3303 5.1325 2.8305 0.007 98.2308 

10 67.5862 0.3375 14.7713 5.1839 0.1972 0.1939 3.0194 5.0264 2.0777 0.0597 98.4534 
11 74.6564 0.0931 13.0446 1.9592 0.0829 0.0134 1.4117 4.9142 2.6769 0.0176 98.8701 
12 74.1145 0.0956 13.4076 1.8247 0.0791 0.021 1.3257 5.1889 2.8747 -0.0028 98.9292 
13 74.2018 0.0928 13.1542 2.025 0.0789 -0.0039 1.4 5.4523 2.861 0.0063 99.2685 
14 74.9283 0.0999 13.3005 1.968 0.0721 0.0111 1.39 4.7823 2.9829 0.0126 99.5476 
15 74.2965 0.0911 13.6216 1.8213 0.0751 0.0188 1.451 5.4858 2.7779 0.0067 99.6458 
16 74.1593 0.0899 13.608 2.0335 0.0821 0.0013 1.4649 5.3092 2.8994 0.0081 99.6559 
17 73.111 0.099 13.8474 2.7629 0.1004 0.0567 1.8474 5.6569 2.3233 0.006 99.8111 
18 68.9723 0.2951 15.291 4.8773 0.2034 0.088 2.8369 5.1803 2.1134 0.0405 99.8983 
19 70.801 0.2061 14.6038 3.9178 0.1468 0.042 2.3109 5.4747 2.3843 0.0126 99.9 
20 64.9646 0.5411 14.5327 8.0806 0.2993 0.3916 3.9472 5.1964 1.9122 0.1285 99.9941 
21 74.8326 0.0957 13.5788 1.9389 0.0694 0 1.4385 5.4013 2.7837 0.0116 100.1506 
22 76.1176 0.0766 13.0458 1.8162 0.0823 0.0503 1.3434 4.8694 2.9158 0.0064 100.3237 
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23 64.2805 0.6295 14.4589 8.69 0.2929 0.5024 4.4135 5.0932 1.8029 0.1626 100.3264 
24 74.9199 0.1037 13.7936 2.0499 0.0714 -0.0047 1.4112 5.282 2.8492 0.0151 100.4914 
25 65.9973 0.6746 15.2218 7.6351 0.2428 0.4935 3.7887 5.479 1.9436 0.2077 101.6842 
26 76.4013 0.0762 14.2765 1.7431 0.0822 0.0289 1.371 5.0368 2.846 0.0082 101.8702 

  
           

 
           

Geochemistry from electronmicroprobe analysis of tephra shards found in the Catanach open core at 116cm, Identified as Hekla 4  
 
Shard SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

1 61.1905 0.7931 13.7312 10.0986 0.2965 0.827 4.4439 4.4484 1.6801 0.3189 97.8281 
2 61.438 0.6714 14.3363 9.0687 0.297 0.6704 4.1374 4.9248 1.7815 0.2365 97.5621 
3 62.0777 0.7971 15.0411 9.6717 0.3063 0.9742 4.4312 4.7355 1.6594 0.285 99.9792 
4 62.0998 0.7268 14.0524 9.2164 0.2925 0.717 4.4441 4.213 1.6526 0.2525 97.667 
5 62.1982 0.6802 14.4417 9.7584 0.2919 0.6681 4.5054 4.359 1.6457 0.2275 98.7762 
6 62.4988 0.6954 14.7895 10.0271 0.2897 0.6221 4.332 4.6234 1.796 0.2111 99.8852 
7 62.5943 0.6915 14.3066 9.2028 0.2832 0.7121 4.3352 4.5554 1.7516 0.223 98.6558 
8 62.7758 0.6895 14.0334 9.4118 0.2999 0.7076 4.6171 4.5546 1.6734 0.2136 98.9764 
9 62.9002 0.699 14.9641 8.7192 0.2801 0.6887 4.2572 4.4868 1.7864 0.2325 99.0143 

10 62.9534 0.6974 14.0229 8.7653 0.2978 0.6039 4.2267 4.5865 1.7339 0.2311 98.1189 
11 63.1904 0.5545 12.977 7.7759 0.2813 0.3905 3.8477 4.8042 1.8245 0.1454 95.7913 
12 63.7462 0.7129 13.8685 8.6648 0.2742 0.6949 4.0459 4.6523 1.7114 0.2276 98.5988 
13 64.0135 0.7052 14.049 8.3408 0.2992 0.5619 3.9981 4.5667 1.7146 0.223 98.472 
14 65.9248 0.5001 14.145 7.2687 0.2412 0.316 3.4917 4.9583 1.9753 0.1148 98.9359 
15 66.648 0.3657 13.2351 6.1009 0.2304 0.1577 3.0286 4.7958 2.1324 0.0713 96.766 
16 67.5402 0.2699 13.1757 4.925 0.153 0.067 2.5804 4.7549 2.2367 0.0328 95.7356 
17 67.8525 0.2611 14.4563 4.5961 0.1758 0.0689 2.6757 5.0417 2.3456 0.0377 97.5113 
18 67.8905 0.3206 13.5106 5.3037 0.1897 0.1236 2.9056 4.7511 2.2393 0.0539 97.2887 
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19 68.3262 0.2908 13.3833 4.7033 0.1821 0.1128 2.8213 4.9312 2.2706 0.0433 97.065 
20 68.4829 0.3212 13.4646 5.3785 0.2037 0.143 2.9316 5.1201 2.1564 0.0502 98.2521 
21 69.1578 0.2052 12.9406 3.7888 0.1468 0.0595 2.223 4.7263 2.4015 0.0187 95.668 
22 69.4897 0.2103 13.6859 2.56 0.1482 0.1019 3.1911 5.4804 1.7086 0.0324 96.6086 
23 69.7252 0.2572 14.6521 4.5531 0.1647 0.2702 2.7817 5.4203 1.4738 0.0644 99.3628 
24 70.3977 0.228 13.6694 3.7851 0.1444 0.0568 2.284 4.7875 2.4314 0.0227 97.8068 
25 70.4692 0.1584 11.8957 3.1978 0.1211 0.0228 1.9616 4.664 2.6303 0.0107 95.1317 
26 70.9729 0.205 12.8964 3.8333 0.1535 0.0226 2.285 4.8518 2.4362 0.0254 97.6821 
27 71.0187 0.2022 12.017 2.8325 0.1314 0.0401 1.8677 4.7511 2.6303 0.0331 95.524 
28 71.2605 0.1882 13.1729 3.5445 0.1319 0.0308 2.1227 4.5042 2.5518 0.0133 97.5209 
29 72.3703 0.1195 13.3767 2.2835 0.0968 0.0261 1.4387 4.8477 2.5975 0.0216 97.1783 
30 72.5339 0.1021 13.1378 1.9749 0.0777 -0.0093 1.304 4.8614 2.7683 0.0129 96.7636 
31 72.5365 0.0978 12.1829 1.8394 0.0804 -0.0045 1.2483 4.7133 2.7474 0.0085 95.45 
32 72.9715 0.0963 13.0181 1.8171 0.0761 0.0079 1.2828 5.05 2.7697 0.0022 97.0917 
33 73.0263 0.0968 12.6778 2.0796 0.0821 -0.0078 1.2803 4.8379 2.8038 -0.0026 96.8743 
34 73.0414 0.0909 12.1528 2.0953 0.0906 0.0207 1.2923 4.8742 2.7393 0.0048 96.4025 
35 73.1932 0.0834 12.6721 1.7481 0.0857 0.0149 1.2056 4.4009 2.8344 0.0067 96.2449 
36 73.2003 0.0966 12.2334 1.7851 0.0704 0.0205 1.2816 4.5872 2.8557 0.0052 96.136 
37 73.3519 0.066 11.0644 0.876 0.0612 0.0125 0.6504 3.8227 5.2803 0.0099 95.1954 
38 73.5608 0.0941 12.6488 1.9759 0.0763 0.0418 1.2871 4.6527 2.8204 0.0056 97.1634 
39 73.9666 0.0988 11.8428 1.9855 0.0942 0.007 1.3655 4.7821 2.814 0.0067 96.9632 
40 74.4212 0.0986 12.8486 1.8766 0.0734 0.0009 1.2895 5.118 2.602 0.0022 98.3311 
41 74.897 0.0753 12.5494 1.7585 0.0726 0.0164 1.3272 4.3888 2.8463 0.0166 97.9482 
42 75.4093 0.0783 12.7585 1.2822 0.0745 0.0348 1.4097 4.177 2.776 0.0127 98.013 
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Geochemistry from electronmicroprobe analysis of tephra shards found in the Bad a’ Cheo Forest core at 114cm, Identified as Hekla 4.  
 
Shard SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

1 73.806 0.0912 12.8201 1.6277 0.0896 0.0383 1.3023 4.906 3.0212 0.0123 97.7147 
2 73.133 0.1007 12.687 2.0035 0.0734 0.0259 1.3252 4.9524 2.7455 -0.0031 97.0434 
3 63.3296 0.7063 15.556 8.5523 0.2757 0.7053 4.3555 5.0474 1.6979 0.237 100.4631 
4 76.2989 0.0867 13.5226 1.2191 0.0741 0.0135 1.1457 4.8208 2.8658 -0.0014 100.046 
5 62.9813 0.7274 15.1443 8.9435 0.3002 0.7227 4.4182 4.811 1.7988 0.2454 100.0927 
6 71.9973 0.1931 14.2822 3.626 0.1382 0.0238 2.0939 5.372 2.5509 0.015 100.2924 
7 74.2555 0.099 13.5539 1.898 0.0703 0.0267 1.3537 5.1457 2.8688 0.0081 99.2797 
8 68.6742 0.2559 13.3638 4.323 0.181 0.058 2.5758 5.4137 2.2417 0.0382 97.1254 
9 73.1187 0.0865 13.5851 1.9589 0.0883 0.0077 1.3349 5.0411 2.9414 0.0042 98.1669 

10 73.4872 0.0726 12.7621 1.8627 0.0764 0.0367 1.3354 4.4362 2.8235 0.0095 96.9024 
11 63.1539 0.7309 15.0259 9.268 0.2809 0.7365 4.5191 4.7676 1.813 0.2587 100.5544 
12 70.7543 0.2084 13.4454 3.663 0.148 0.037 2.1867 5.3663 2.4221 0.0352 98.2664 
13 73.6445 0.1507 14.6106 2.7734 0.1063 0.0849 1.8232 5.6471 2.5707 0.0175 101.4288 
14 74.4566 0.0928 13.0755 1.858 0.0666 0.0196 1.4058 5.1903 2.8108 0.0119 98.988 
15 72.7891 0.0919 13.4871 2.0144 0.0782 0.0246 1.3174 4.9939 2.7827 0.0088 97.5881 
16 73.3414 0.0985 13.5867 1.9031 0.0749 0.0289 1.3519 4.7866 2.8736 0.014 98.0597 
17 74.2175 0.0938 13.2118 2.1624 0.0817 0.0101 1.3725 5.5476 2.8036 0.0042 99.5051 
18 74.5517 0.0812 12.5617 1.678 0.0749 0.0343 1.2811 4.8321 2.6517 0.0021 97.749 
19 73.8368 0.0906 12.8741 1.8523 0.0746 0.044 1.343 5.1034 2.759 0.0039 97.9818 
20 63.9481 0.6661 14.919 8.5064 0.275 0.588 4.2358 5.2176 1.8505 0.2014 100.4079 

 
Geochemistry from electronmicroprobe analysis of tephra shards found in the Bad a’ Cheo Forest core at 122cm, Identified as Lairg A.  
 
Shard SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

1 72.4257 0.077 12.7577 1.563 0.0543 0.049 1.2697 4.9233 2.5491 0.0154 95.6843 
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2 73.9154 0.084 12.7029 1.638 0.055 0.064 1.3621 4.9353 2.6537 0.0046 97.415 
3 72.4601 0.0809 11.8517 1.6331 0.0575 0.0202 1.3408 4.5132 2.6714 0.0074 94.6364 
4 72.2267 0.072 12.4574 1.5271 0.0609 0.0289 1.2593 4.5947 2.5292 0.0091 94.7653 
5 73.1633 0.0792 12.9474 1.5864 0.0623 0.0328 1.3887 5.0086 2.6636 0.012 96.9443 
6 73.9765 0.0756 13.1788 1.6948 0.0632 0.0344 1.3425 4.6526 2.8137 0.0045 97.8365 
7 72.1896 0.0696 12.1069 1.5003 0.0638 0.0447 1.2876 4.7018 2.6315 0.0035 94.5993 
8 73.462 0.0815 12.4324 1.7499 0.0652 0.0272 1.3375 5.1047 2.6869 0.0131 96.9604 
9 72.9777 0.0884 12.3385 1.5743 0.0669 0.0289 1.2693 4.8545 2.733 -0.0021 95.9293 

10 72.5682 0.0673 12.3255 1.5305 0.0684 0.0267 1.3265 4.5639 2.6854 0.0098 95.1722 
11 73.8026 0.0775 12.2649 1.4983 0.0693 0.0387 1.3414 4.4673 2.687 0.0109 96.2579 
12 73.5934 0.0772 13.0971 1.5784 0.074 0.02 1.2706 4.6835 2.7889 0.0043 97.1873 
13 74.5517 0.0812 12.5617 1.678 0.0749 0.0343 1.2811 4.8321 2.6517 0.0021 97.749 
14 72.6551 0.0785 12.1051 1.4721 0.0762 0.0465 1.2876 4.3302 2.7688 0.0043 94.8242 
15 72.8548 0.0722 12.1988 1.7171 0.0788 0.0434 1.3047 4.7118 2.6702 0.0078 95.6595 
16 75.5344 0.0752 12.8787 1.8865 0.0789 0.0324 1.326 4.6246 2.9225 -0.0018 99.3574 
17 73.7053 0.0793 12.3718 1.7231 0.0806 0.0368 1.3437 4.8787 2.7623 0.0032 96.9847 
18 73.9582 0.076 12.6148 1.8003 0.0841 0.0242 1.2748 4.6855 2.8298 0.0056 97.3533 
19 74.5675 0.0795 12.6405 1.4383 0.0852 0.0028 1.3899 4.6014 2.7159 0.0092 97.5301 

 
Geochemistry from electronmicroprobe analysis of  tephra shards from Bad a’ Cheo Open at 124cm, Identified as Glen Garry: 
 
Shard SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

1 71.8387 0.686 13.5008 5.042 0.1185 0.6589 2.9365 4.4649 1.8766 0.1474 101.2701 
2 64.613 1.3026 14.0475 7.0903 0.1639 1.6953 4.8979 4.242 1.3999 0.4529 99.9052 
3 72.6443 0.6549 13.646 4.6546 0.1137 0.565 2.925 4.5176 1.936 0.1438 101.8009 
4 74.3759 0.5853 13.9489 3.7248 0.1008 0.4648 2.5823 4.3917 1.9941 0.1368 102.3054 
5 64.8011 1.291 13.1788 6.9049 0.1371 1.6906 4.8916 4.5707 1.464 0.3743 99.3041 
6 71.86 0.6911 13.1109 4.5944 0.1092 0.651 2.9265 4.8522 1.9212 0.1456 100.8622 
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7 64.2923 1.1107 13.3969 7.0118 0.1468 2.2517 5.3448 4.1993 1.4189 0.2392 99.4123 
8 70.5136 0.7225 12.6286 5.1554 0.1334 0.6737 3.0106 4.9311 1.764 0.1579 99.6907 
9 62.5356 1.415 13.537 7.7379 0.1685 1.9141 5.3039 4.1421 1.2947 0.4524 98.5013 

10 68.3233 0.8487 12.9398 5.4848 0.1453 0.9065 3.5375 4.5088 1.7434 0.2256 98.6638 
11 69.0827 0.7117 13.1489 4.5842 0.1192 0.5746 3.0447 4.6799 1.7134 0.1466 97.8059 
12 72.7104 0.0987 13.0685 2.02 0.0789 -0.0125 1.3843 5.3231 2.7449 0.0208 97.4372 
13 73.944 0.0734 13.0278 1.4884 0.07 0.0077 0.7262 4.3189 5.2109 0.0045 98.8719 
14 73.2372 0.6431 12.6949 4.4956 0.1235 0.6233 2.7065 4.4812 1.9327 0.1128 101.0508 
15 63.0501 1.2806 12.3947 7.4697 0.1729 2.5036 5.9338 4.0134 1.3102 0.2757 98.4047 
16 64.9826 1.3956 14.6457 8.1802 0.1686 1.792 5.4893 4.1452 1.3255 0.3978 102.5226 
17 70.5872 0.6807 13.0501 4.7099 0.1262 0.6497 3.2107 4.5284 1.8152 0.1309 99.4889 
18 70.1916 0.7285 13.2329 5.0113 0.1455 0.6907 3.1215 4.3273 1.7889 0.1247 99.3628 
19 60.1498 1.3061 14.2079 8.2678 0.1798 3.9685 7.3484 3.5442 0.96 0.2097 100.1423 
20 71.9283 0.6456 13.6767 4.2971 0.1036 0.5503 2.9257 4.7609 1.9201 0.1103 100.9186 
21 72.1727 0.6793 13.8803 4.4655 0.1305 0.5702 2.9113 4.0544 1.8174 0.1298 100.8115 
22 63.7096 1.4313 14.3949 7.7574 0.1754 1.8616 5.2761 3.9996 1.3448 0.4021 100.3528 
23 72.9275 0.4995 12.8402 3.7331 0.0937 0.3915 2.3153 4.6457 2.1072 0.0639 99.6174 
24 59.6699 1.3761 13.8154 8.6648 0.1826 3.7667 7.2935 3.8031 1.0036 0.2088 99.7844 
25 70.6834 0.5078 12.7359 3.4901 0.0931 0.452 2.1874 4.4959 1.9145 0.0727 96.6328 
26 70.3939 0.6502 12.579 4.4563 0.1293 0.5788 2.6952 4.3483 1.8797 0.0976 97.8083 
27 62.6851 1.5488 13.8454 8.311 0.1757 1.9765 5.4808 3.9406 1.1684 0.4306 99.5629 
28 73.6566 0.5179 12.3461 3.845 0.1003 0.3972 2.3271 4.6231 1.9466 0.0839 99.8438 
29 71.8699 0.7241 13.3355 5.1957 0.1243 0.6882 3.0852 4.6191 1.7794 0.1417 101.5632 
30 74.0275 0.5597 12.901 4.1181 0.0995 0.4185 2.1231 4.4085 2.2313 0.0903 100.9775 
31 71.6091 0.7563 13.5655 5.014 0.1392 0.7441 3.2055 4.6641 1.8513 0.1649 101.714 
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Geochemistry from electronmicroprobe analysis of tephra shards from Cross Lochs open at 69.5cm, it was not possible identify the origins  
 
Shard SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

1 70.5085 0.2665 15.2504 4.1517 0.1447 0.0745 2.6796 4.4062 2.3019 0.0489 99.833 
2 74.7909 0.1551 12.8728 1.1833 0.0431 0.0925 0.9167 0.0188 1.4599 0.0226 91.5558 
3 71.2914 0.2815 14.7221 4.3745 0.171 0.0914 2.4692 5.2516 2.3965 0.0323 101.0814 
4 59.0385 0.2093 10.7581 3.9472 0.1281 0.0847 2.2571 3.9327 1.9537 0.0209 82.3303 
5 68.0946 0.2609 13.593 4.0116 0.1597 0.066 2.5168 4.9059 2.4068 0.0312 96.0465 
6 71.6239 0.0947 12.298 1.8385 0.0803 -0.0091 1.3817 4.3818 2.7212 0.0155 94.4265 
7 70.8051 0.0863 12.3744 2.1005 0.0723 0.0321 1.1911 4.6613 2.7474 0.0116 94.0822 
8 64.4834 0.2498 13.784 4.5654 0.174 0.0736 2.2536 5.3565 1.8291 0.0243 92.7938 
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Section 2: Interpolation of missing C content data 
 

Interpolation of %C vales for Bad a’ Cheo Open 
 

 
Residuals: 

Min      1Q  Median      3Q     Max 
-9.7390 -1.8820  0.1757  1.4757 11.2080 

Coefficients: 
Estimate Std. Error t value Pr(>|t|) 

(Intercept) 47.247175   0.786484  60.074  < 2e-16 *** 
Depth        0.025399   0.003254   7.805 1.06e-10 *** 

--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 
Residual standard error: 3.243 on 60 degrees of freedom 

(19 observations deleted due to missingness) 
Multiple R-squared:  0.5038,    Adjusted R-squared:  0.4955 

F-statistic: 60.91 on 1 and 60 DF,  p-value: 1.057e-10 
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Interpolation of %C vales for Bad a’ Cheo Forest 

 
Residual standard error: 5.058 on 64 degrees of freedom 

(21 observations deleted due to missingness) 
Multiple R-squared:  0.09298,   Adjusted R-squared:  0.07881 

F-statistic: 6.561 on 1 and 64 DF,  p-value: 0.01279 
Coefficients: 

Estimate Std. Error t value Pr(>|t|) 
(Intercept) 48.93 4847   1.260990  38.807   <2e-16 *** 

Depth        0.015047   0.005875   2.561   0.0128 * 
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Interpolation of %C vales for Catanach Forest 

 
Coefficients: 

Estimate Std. Error t value Pr(>|t|) 
(Intercept) 47.09516    0.85213  55.267 8.11e-16 *** 
Depth        0.07079    0.01330   5.324 0.000181 *** 

--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 
Residual standard error: 1.211 on 12 degrees of freedom 

(73 observations deleted due to missingness) 
Multiple R-squared:  0.7026,    Adjusted R-squared:  0.6778 

F-statistic: 28.35 on 1 and 12 DF,  p-value: 0.0001811 
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Interpolation of %C vales for Catanach Open 

 
Coefficients: 

Estimate Std. Error t value Pr(>|t|) 
(Intercept) 54.38630    1.35061  40.268  < 2e-16 *** 

Depth        0.04249    0.01420   2.993  0.00584 ** 
--- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 

Residual standard error: 3.875 on 27 degrees of freedom 
(58 observations deleted due to missingness) 

Multiple R-squared:  0.2492,    Adjusted R-squared:  0.2214 
F-statistic:  8.96 on 1 and 27 DF,  p-value: 0.00584 
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Interpolation of %C vales for Cross Lochs Forest

 
Coefficients: 

Estimate Std. Error t value Pr(>|t|) 
(Intercept) 51.446319   0.785447  65.499  < 2e-16 *** 
Depth        0.032031   0.007411   4.322 0.000134 *** 

--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 
Residual standard error: 2.403 on 33 degrees of freedom 

(52 observations deleted due to missingness) 
Multiple R-squared:  0.3615,    Adjusted R-squared:  0.3421 

F-statistic: 18.68 on 1 and 33 DF,  p-value: 0.0001337 
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Interpolation of %C vales for Cross Lochs Open 

 
Coefficients: 

Estimate Std. Error t value Pr(>|t|) 
(Intercept) 50.398216   0.732164  68.835   <2e-16 *** 

Depth        0.008191   0.003599   2.276   0.0279 * 
--- 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 

Residual standard error: 2.674 on 43 degrees of freedom 
Multiple R-squared:  0.1075,    Adjusted R-squared:  0.08678 

F-statistic: 5.181 on 1 and 43 DF,  p-value: 0.02787 
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Interpolation of %C vales for Braehour Open 

 
Coefficients: 

Estimate Std. Error t value Pr(>|t|) 
(Intercept)  47.5411     0.8264  57.527  < 2e-16 *** 
Depth         0.0394     0.0102   3.863 0.000744 *** 

--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 
Residual standard error: 2.053 on 24 degrees of freedom 

(12 observations deleted due to missingness) 
Multiple R-squared:  0.3834,    Adjusted R-squared:  0.3577 

F-statistic: 14.93 on 1 and 24 DF,  p-value: 0.0007437 
 
 
 
 
 
 
 
 
 



 

120 
 

 
 
 
 

Interpolation of %C vales for Braehour forest 

 
Coefficients: 

Estimate Std. Error t value Pr(>|t|) 
(Intercept) 45.160226   0.716936  62.991  < 2e-16 *** 
Depth        0.088722   0.009391   9.447 6.02e-08 *** 

--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 
Residual standard error: 1.731 on 16 degrees of freedom 

Multiple R-squared:  0.848,     Adjusted R-squared:  0.8385 
F-statistic: 89.25 on 1 and 16 DF,  p-value: 6.024e-08 

 
 

 


