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ABSTRACT. The settlement time of Iceland has been debated for years as radiocarbon dates of bulk wood samples
have been interpreted to set a timing 150-200 yr earlier than indicated by tephrochronology (later than AD 871 £2)
and the Sagas (AD 874). This early date is also in conflict with the dating results on extensive series of short-lived
material such as grain and domestic animal and human bone remains of early settlers. The old-wood effect for the
charcoal and bulk wood samples has been suggested to explain this controversy. This study uses a Bayesian model,
implemented in the OxCal program, to show that the charcoal data combined with short-lived material (grain/bone)
suggest ages anywhere in the interval AD 854-922 (95.4% probability), indicating that the available '*C data cannot
be taken as compelling evidence that there was a settlement any earlier than AD 922. The Bayesian model shows that
the observed exponential distribution of the excess age of the bulk wood samples is exactly as expected if there was
an old-wood effect evident in the samples.
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INTRODUCTION

The settlers of Iceland were farmers originating from northwestern Norway and the
northern British Isles. According to the Sagas, written down in the 12th century, the settlers
sailed across the sea with families and domestic animals around AD 874. The date of
the settlement of Iceland has widespread implications for the Norse colonization of the
North Atlantic.

Changes in land use following the beginning of permanent settlement is recorded in soil profiles
across Iceland as a change in soil type and pollen composition (Hallsdottir 1987, 1996;
Erlendsson and Edwards 2010). The most pronounced change is in the abundance of birch
(Betula sp.) and grass pollen, where the Betula pollen declines simultaneously with increasing
grass pollen. Close to this stratigraphic transition, a volcanic ash layer occurs, denoted the
settlement layer due to its position in the soil. This ash layer is very distinct and easily
recognized and has been found in soil profiles over a large part of Iceland. Based on a relative
age determination, the tephra layer likely formed in an eruption in the last part of the 9th
century (Larsen 1996).

Several attempts have been made to date the settlement tephra layer by '*C dating organic
remains adjacent to the tephra, as reviewed by Sveinbjornsdottir et al. (2004). All the '*C
dates are mutually consistent, but they cannot give a precise date of the settlement tephra due
to the plateau in the calibration curve (Reimer et al. 2013) during this time interval. The
calibrated probability distribution is very large, from about AD 700 to 1000. However, *C
wiggle-match dating of five samples across a soil profile gave a more precise date of
AD 835+ 20 (Theoddrsson 1993). The tephra layer has also been recognized in Irish bogs and
14C wiggle-match dated to AD 860 %20 (Hall et al. 1993).

An absolute dating of the tephra layer was obtained from the GRIP and GISP deep ice cores at
Summit, Greenland. By counting annual layers down to the ash, the precise date of AD 871 £ 2
was obtained from the GRIP core (Gronvold et al. 1995) and AD 877 £ 4 from the GISP core
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(Zielinski et al. 1997). These dates agree both with the earlier '*C dates of the tephra layer and
the historical date of AD 874. As the chronological association between the tephra layer and
the earliest human occupation is not always clear, the settlement time is however still debated
(e.g. Theodorsson 1998, 2011, 2012) and needs to be resolved.

Since the 1970s, many attempts have been made to establish the chronology of the colonization
of Iceland. In the beginning, the dates were largely performed on large bulk wood samples
using the conventional '*C method (Grimsson and Einarsson 1970; Nordahl 1988; Hermanns-
Audardottir 1989). Some datings were also performed on large human and animal bone
collagen samples. No information is available on the 8'°C of these samples; therefore,
correction for the marine protein potentially consumed by the individuals cannot be performed.
Those samples might thus indicate earlier ages than the event they were supposed to date. Since
1990, accelerator mass spectrometry (AMS) dates on short-lived Icelandic material (grain/
bone) have been performed and 6'>C have been used for reservoir correction estimates
(Sveinbjornsdottir et al. 2004, 2010; Ascough et al. 2007, 2010, 2011, 2012).

14C dates of charcoal and wood samples have been interpreted as evidence of an earlier settle-
ment date than indicated by the tephrachronology and the Sagas (Hermanns-Audardottir 1989;
Theodorsson 1993, 1997, 1998, 2009, 2010, 2011, 2012). However, AMS 14C dates of truly
short-lived material of barley grains (Hordeum sativum) as well as domestic animal and human
bone remains of early settlers (Sveinbjornsdoéttir et al. 2010) are not in conflict with the
traditional date discussed above. The old-wood effect for the bulk wood samples has been
suggested to explain this discrepancy between the two approaches to '*C dating of the event
(Sveinbjornsdottir et al. 2004). Most of the dated charcoal and wood samples are taken from
cooking pits and floor deposits inside buildings made of turf walls. In the walls, the settlement
tephra layer has been recognized. Therefore, the wall turfs have been cut after the deposition of
the tephra layer (AD 871 £2; AD 877 £ 4); thus, the high '*C age of the charcoal and wood
samples seem unlikely to reflect the true age of the human occupation at the site. It has,
however, been argued that the turf could have been continuously renewed so that it cannot be
taken to represent the first occupation of the site (e.g. Theoddrsson 1998, 2012). In this paper,
we therefore refrain from using the tephra data but solely base our arguments on 'C data.

There has been limited research on the maximum lifespan of Icelandic birch and its resistance to
decay after death. It is known, however, that at the boundary between the boreal and arctic
zones in the North Atlantic the maximum age of mountain birch (Betula pubescens var. pumila)
is more than 100 yr (Govaerts and Frodin 1998). Furthermore, in a dendroclimatic analysis of
35 birch samples in south Greenland the oldest datable stem was 143 yr old (Kuivinen and
Lawson 1982). In Iceland, the oldest living birch tree recorded is 180 yr old and is found in the
forest of Hallormsstadaskogur in east Iceland (Eggertsson 2006). Decay of dead wood has been
assumed to be fast, although the cold climate and absence of ants in Iceland may slow down the
decay process. It has also been argued that dead trees in the upright position may survive decay
for several decades (O Eggertsson, personal communication, 2015), though this is still debated
(Theoddrsson 2010). Based on the age of the oldest tree recorded in Iceland and assuming that
trees can survive decay for 10-20yr, it is clear that Icelandic birch may have inbuilt age
exceeding 200 yr. Consequently, the assumption of short-lived indigenous trees to prove an
early settlement is misleading. However, to avail of the extensive volume of existing bulk wood
dates and at the same time to quantify in detail the interpretation of the large set of all available
14C data, we use a Bayesian “charcoal outlier” model, implemented in the OxCal program
(Bronk Ramsey 1995, 2009), combining data from both charcoal and short-lived material.
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This approach of benefitting from charcoal samples with inbuilt age by suitable modeling has
recently been discussed in detail by Dee and Bronk Ramsey (2014). Our model assumes that the
charcoal may be older than the deposition and takes into account the range of dates in
determining how old the charcoal is on average. The excess age of the charcoal samples is
assumed to follow an exponential distribution with the greatest probability that the charcoal is
just before deposition and exponentially decreasing probability towards higher ages. This gives
us information on the likely age of the wood used, and on the possible range of dates for the start
of the settlement of Iceland.

THE DATA

In the presented Bayesian model, we use the four "*C data sets from the settlement period, listed
below, that are available from the literature. An overview of these data sets has been given in
Sveinbjornsdottir et al. (2004, 2010), Vilhjalmsson (1991), and Hermanns-Audardottir (1989).
We have excluded two charcoal samples that are too young to be associated with the settlement
phase, both giving calibrated *C ages later than AD 1400 (U-4030 and U-2532). The dates used
are listed in the plot of the model output in Figure la—c.

Data Sets

1. In the 1970s, archaeological excavations were undertaken in Reykjavik at sites from the
settlement period and samples were submitted for dating (Nordahl 1988). The 35 conventional
14C dates obtained were compiled by Vilhjalmsson (1991). Most of the samples are from birch
(Betula sp.), but also one from European larch (U-2082) and one sample represents a collection
of short-lived grains (U-2674). The dated samples are either charcoal from cooking pits and
fires or wood samples from floor and hearth deposits. The '*C dates have been interpreted to
show that Reykjavik was settled around AD 700 (Theoddrsson 2012). The samples are listed in
the topmost six sum groups in Figure 1 (“Reykjavik charcoal/grain”).

2. Eleven conventional '*C dates on charcoal from the first human site in the Vestman Islands
(labeled Vestmannaeyar in Figure 1b) off the south coast of Iceland were obtained by
Hermanns-Audardottir (1989). Based on these dates, Hermanns-Audardottir (1989) places
the beginning of the settlement period to AD 650.

3. In 2001, another opportunity came to '“C date one of the earliest human occupations in
Reykjavik when excavation was undertaken in the center of the city of Reykjavik. The
excavation revealed a complete Viking Age longhouse. Eight pairs of barley seeds and wood
samples (Icelandic birch) from the same, oldest stratigraphic context of the site were '*C dated
by AMS (Sveinbjornsdéttir et al. 2004), labeled “Reykjavik AMS charcoal: Betula” and
“Reykjavik AMS grain: Barley” in Figure 1b. Based on the grain results, Sveinbjornsdéttir et al.
(2004) suggested that the settlement would not necessarily have to be placed any earlier than
AD 890, whereas taken at face value, i.e. assuming no old wood age excess, the birch samples
alone would place the settlement at least 100 yr earlier.

4. Sveinbjornsdottir et al. (2010) report 19 AMS '*C dates of early Icelanders, i.e. individuals from
pagan graves from different places in Iceland: 15 from human skeletons and 4 from domestic
animals (Figure 1c). The Norse settlers in Iceland were pagans, as the country had not converted
to Christianity until around AD 1000. In Sveinbjornsdéttir et al. (2010), the reservoir age
corrections were checked by comparing '*C dates of a horse (terrestrial), a dog (highly marine),
and a human (mixed diet) from the same burial. These relatively short-lived samples yield
reservoir-corrected dates compatible with the grain dates in data set 3.
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OxCal v4.1.7 Bronk Ramsey (2010); r:5

Marine data from

Sequencs

mopspneric aata

Reimer et al (2009);
I_R_qgl_l'%mm emer (et al (2009);

Settleme
U(500,1

nt Boundary(U
000)

500,1000))

-

Phase

Reykja

ik char

voal: unspecified Sum

;

R_Dat

[S
N

x|

0
7

L o
N

N
D
\
|
|

T

P

D D
D D
= T

0
S O O

I:UI

7 R_Dale(1190,

g

0
4

2R Da
P R_Dale(1140,
1 R_Date(1110,
8 R_Dale(960,9
8 R_Dale(685,1

&

70)

)

I/
75)

0)
10)

javik charcoal: Boj

0 R_Date(1375

ftom Layer Sum

70) —

1 R_Date(1330,

(1270

1U)

40)

0 R-Date(1270
3 R_Date(1140,
4 R_Date(970,7

javik Charcoal: O

der smithy Sum

5 R_Date(1640
9 R_Dafe(1360,

270)

60)

60) | — |

2 R_Dale(1345
/(4° 470

oU)

R-Date(121
1R_Da
2R Da

1R_Da

(1090,
(1050,

,55)

250
Z2oU)

80)
85)

javik Charcoal: Ld

bR _Da
6 R_Da
1 R_Da
4 R_Da
6 R_Da
9R_Da
B8R _Da
7 R_Da

(1275
(1260,
(1255
(1245
(1090,
(1080,
(1250
(1245

nghouse Sum

0)
L/

55)

60)
65)

65) -+

60)

5)

=

80)

100

200

300

400

500

600

700 800 900
Modelled date (AD)

1000

1100

1200 1300 1400 1500

Figure la—¢ Overview of the model output in terms of the probability distributions of the calibrated ages of all the *C
samples prior to (light shades) and after modeling (dark shades). The samples are grouped and the sum distributions given
for each site. The samples are ordered according to decreasing age. The modeled (posterior) age distributions of all samples
clearly concentrate in the interval AD 800-1000 as do the prior (unmodeled) distributions of all the short-lived samples.
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THE BAYESIAN MODEL

The Bayesian model makes use of the fact that in general charcoal dates will always be older
than their context as they relate to the growth of wood in living trees. There will always be some
passage of time between this growth, through the death or cutting of the tree to its use in a
building or as firewood. The subsequent conversion to charcoal may also be some time later
than this, though in this particular instance it is the use of the wood in which we are primarily
interested. A “non-informative” neutral assumption is built into the charcoal outlier model of
Bronk Ramsey (2009). This model assumes that charcoal most often has a date close the date of
the context, but with an exponentially decreasing chance of being substantially older. The time
constant associated with the exponential is left undetermined in the model and can take any
value from 1 to 1000 yr. To maximize the chronological precision of the settlement and in order
to gain some information on the real time difference between the charcoal and short-lived
material, we have in the general model included data from both charcoal samples and short-
lived material from some of the earliest recognized settlement sites. This provides the charcoal
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outlier model with the likely average age (the time-constant of the exponential) for the general
model. The outlier model allows the charcoal to have an excess age (old-wood effect) anywhere
in the range between zero and 10 times the modeled average excess age. In our general model
for the settlement, we simply assume that all of the dated samples from these early sites come
from a single phase of activity starting with the settlement. The settlement is allowed to take
place anywhere between AD 500 and 1000. The end boundary of the phase is a so-called Tau
boundary, where it is assumed that the distribution of samples declines exponentially towards
the end of the phase.

The Bayesian general model input is listed in Appendix A (Supplementary Online Material).
In the model, the '*C ages for humans and dogs from the pagan graves are corrected for marine
reservoir effect corresponding up to 60% marine dietary protein component using the 8'>C
model of Arneborg et al. (1999) and assuming the regional offset AR to be 52+ 71 yr (Belfast
online Marine Reservoir Correction Database: http://calib.qub.ac.uk/marine/), corresponding
to a reservoir age of approximately 450 yr.

RESULTS

Figure la—c gives an overview of the individual probability distributions of the calibrated ages
of all the '*C samples prior to (light shades) and after modeling (dark shades). The samples are
listed in groups corresponding to the individual sites and ordered according to decreasing age.
For each group, the sum distribution is shown with the heading indicating the site and sample
material. The seven groups listed first and marked with laboratory numbers U- and K- are
samples from data sets 1 and 2 above, dated by conventional decay counting. The remaining six
sample groups are from data sets 3 and 4 and measured by AMS as indicated in the headings
(AAR- laboratory numbers). No stratigraphic information is used in the model, apart from
assuming that all samples belong to the settlement phase. Terrestrial samples are shown in blue
while mixed marine samples (humans and dogs) are shown in black.

The modeled (posterior) age distributions of all samples clearly concentrate in the interval
AD 800-1000 as do the prior (unmodeled) distributions of all the short-lived samples. By
contrast, the charcoal prior distributions, corresponding to no assumption of old-wood offset,
generally fall in a wide age range, starting around AD 650.

In the statistical model that we have set up, the settlement is allowed to start anywhere between
AD 500 and 1000. As illustrated by the details of the settlement start boundary in Figure 2, the
model narrows the settlement to take place anywhere within AD 853-924 (95.4% probability).
This indicates that, although the settlement could be as early as AD 853, the *C data as it
stands does not constitute evidence that there was a settlement any earlier than AD 924.

Figure 3 illustrates the model output in terms of the excess age distribution of the charcoal
samples. The shape of the distribution closely resembles the prior assumption of charcoal most
often having a date close to the date of the context, but with an exponentially decreasing chance
of being substantially older. The model provides a median excess age for the charcoal of 84 yr
with 95.4% being less than 270 yr. These excess ages may seem surprisingly high, although not
incompatible with observed biological ages and estimates of preservation of dead wood in
Icelandic contexts and the fact that some of the wood used might originate from driftwood.
However, most of the bulk dates indicate inbuilt ages less than 100 yr, and inspection of the
model (Figure 3) as well as the individual probability distributions in Figure 1 reveal very few
excess ages that are above 200 yr.
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Figure 2 Probability distribution for the settlement date suggested by the
model when the full data set is used and combined with the charcoal outlier
model (see text). The modeled start boundary lies between AD 853 and 924 at
95.4% probability.
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Figure 3 Model distribution for the excess age of charcoal fragments. It
peaks at low age and tails off exponentially towards higher ages with a
median excess age of 84 yr.

The plausibility of the results on the excess charcoal ages can be illustrated using the same
charcoal outlier model but with data restricted to all short-lived material (Figure 1: “Reykjavik:
grain” and “Reykjavik AMS grain: Barley”) and AMS-dated charcoal samples (Figure 1b:
“Reykjavik AMS charcoal: Betula”) taken from the same context as the AMS grain samples.
For this data subset, the model provides a median excess age for the charcoal of 93 yr with
95.4% of the charcoal samples having inbuilt age less than 235 yr, in excellent agreement with
model output for the entire data set (Figure 3). The corresponding settlement boundary is
AD 877-955 (95.4% probability). Similarly, if we restrict the data set used in the general model
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Table 1 Bayesian model posterior output for the settlement boundary and the charcoal excess
age distribution (see text).

Modeled settlement Mean Median 95.4% upper
boundary (95.4% excess age excess age limit of excess
Data set probability) (yr) (yr) age (yr)
Full data set AD 853-924 105 84 270
All short-lived samples AD 877-955 104 93 235
+ AMS-dated charcoal
Reykjavik paired AD 779-942 71 53 201
samples grain and
charcoal

to the truly paired samples of “Reykjavik AMS charcoal: Betula” and “Reykjavik AMS grain:
Hordeum satvium” from the same context, the results are a median age excess of 53 yr with
95.4% being younger than 201yr. The corresponding settlement boundary is AD 779-942
(95.4% probability), the much wider range reflecting the limited data set. A summary of the
comparison between data sets is given in Table 1.

DISCUSSION

Allen and Huebert (2014) define short-lived materials as those with a lifespan of 10 yr or less and
for long-lived material, those with lifespan greater than 75 yr. The latter is not well suited for
14C dating, given their potential for inbuilt age. Already in the initial phase of "*C dating, it was
recognized that long-lived trees were not well suited for accurate '*C datings since much of their
stem can be early growth rings, considerably older than the outermost tree ring that reflects the
true age (Arnold and Libby 1949).

The proponents of an early settlement, however, have based their arguments on bulk wood and
charcoal samples, assuming that the lifespan and decay time of indigenous wood in Iceland are short.
However, studies have shown that the maximum lifespan of birch in the northern regions is more than
~150yr (Kuivinen and Lawson 1982; Govaerts and Frodin 1998; Jonsson 2004) and, according to
Eggertson (2006), the oldest living tree recorded in Iceland is 180 yr old. The resistance to decay after
death is debated, but there are some indications that it can be as high as several decades, resulting in
excess ages of the birch (i.e. the sum of lifespan and decay time) that could be at least 200 yr.

The mean and median ages in the present study reported in Table 1 are somewhat higher than
observed by Jonsson (2004) for the birch forest in Iceland (sampled in the dormant season from
September 1987 to April 1988), where he reports 58.9 £3.9yr (95% confidence limit) and
56.2 £ 2.8 yr for the mean age and median life expectancy, respectively. This may indicate that
the age distribution of the virgin wood in Iceland prior to human influence was different from
that of today. Selection of material of the first settlers was most likely different from that of the
study of Jonsson (2004), as the settlers were looking for good material for building construc-
tions, hence preferring big stems biasing towards selection of older material. It can also be
assumed that dead, more easily accessible trees were common in the unexploited virgin forest,
leading to a bias towards higher ages. It is also not unlikely that some of the wood that was used
by the settlers originated from driftwood. Thus, the dated material may have inbuilt age asso-
ciated with them to a variable degree and is therefore not well suited for establishing a reliable
date for the beginning of the settlement of Iceland.
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Our model, applied to both the full and the partial data sets, shows that all of the older *C dates
that we see for charcoal and bulk wood are consistent with the true context age of the samples
being just after the landnam tephra date of AD 871 + 2. Consequently, there is no evidence in the
14C dates that the settlement date should be moved back by 150-200yr from the traditional
date, as some of the charcoal dates at face value would suggest.

Given the unconstrained nature of the statistical model, it is not surprising that the data do agree
well, as indicated by the resulting agreement index A,oqe = 78.6% (Bronk Ramsey 1995). Con-
ceptually, the model simply reflects the fact that the measurements on short-lived material have '*C
dates that are consistent with the modeled date for the settlement, and that the distribution of
charcoal dates is exactly as one would expect if there was an old-wood effect evident in the samples.

CONCLUSIONS

Our Bayesian modeling has quantified a substantial old-wood effect in the sample material and
thereby negates the aforementioned assumption of a particularly negligible old-wood effect for
Icelandic bulk wood samples. Our findings thus demonstrate the unsuitability of bulk wood
samples alone to provide a reliable terminus ante quem for the settlement of Iceland. The use of
truly short-lived material is preferential to establish an exact chronology of the settlement of
Iceland. Bulk charcoal and wood samples can be useful if their potential inbuilt age is taken into
account by Bayesian modeling of a combination of the two types of samples.

It is of course entirely possible that the earliest traces of the settlement have not yet been found,
and that future excavations may provide "*C dating of short-lived material to prove an earlier
settlement date. However, the presently available '*C data do not provide such a proof.

SUPPLEMENTARY MATERIAL
To view supplementary material for this article, please visit http://dx.doi.org/10.1017/RDC.2016.2
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