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Transatlantic exploration took place centuries before the crossing of Columbus.
Physical evidence for early European presence in the Americas can be foundin
Newfoundland, Canada'?. However, it has thus far not been possible to determine

when this activity took place®>. Here we provide evidence that the Vikings were
presentin Newfoundland in AD 1021. We overcome the imprecision of previous age
estimates by making use of the cosmic-ray-induced upsurge in atmospheric
radiocarbon concentrations in AD 993 (ref. ). Our new date lays down a marker for
European cognisance of the Americas, and represents the first known point at which
humans encircled the globe. It also provides a definitive tie point for future research
into theinitial consequences of transatlantic activity, such as the transference of
knowledge, and the potential exchange of genetic information, biotaand

pathologies™.

The Vikings (or Norse) were the first Europeans to cross the Atlantic®.
However, the only confirmed Norse site in the Americas is LAnse aux
Meadows, Newfoundland®*? (Extended Data Figs.1and 2). Extensive
field campaigns have been conducted at this UNESCO (United Nations
Educational, Scientific, and Cultural Organization) World Heritage
Site, and much knowledge has been gained about the settlement and
its contemporary environment**™ (Supplementary Note 1). Evi-
dence has also revealed that LAnse aux Meadows was a base camp
from which other locations, including regions further south, were
explored®.

Thereceived paradigmis that the Norse settlement dates to the close
of the first millennium®; however, the precise age of the site has never
been scientifically established. Most previous estimates have been
based on stylistic analysis of the architectural remains and a handful
of artefacts, as well as interpretations of the Icelandic sagas, oral his-
tories that were only written down centuries later®' (Supplementary
Note 2). Radiocarbon (*C) analysis has been attempted at the site, but
has not proved especially informative®”*8, More than 150 *C dates have
been obtained, of which 55 relate to the Norse occupation'. However,
the calibrated age ranges provided by these samples extend across
and beyond the entire Viking Age (AD 793-1066) (Fig.1and Extended
Data Fig. 3). This is in contrast with the archaeological evidence and
interpretations of the sagas. The latter offer differing scenarios for
the frequency and duration of Norse activity inthe Americas, but both
the archaeological and written records are consistent with avery brief
occupation (Supplementary Note 3 and Extended DataFig.4). The unfa-
vourable spread in the *C dates is down to the limitations of this chrono-
metric technique in the 1960s and 1970s when most of these dates
were obtained. Suchimpedimentsincluded far greater measurement
uncertainty and restrictive sample size requirements. Furthermore,

many of these samples were subject to an unknown amount of inbuilt
age. The term inbuilt age refers to the difference in time between the
contextual age of the sample and the time at which the organism died
(returned by *C analysis), which can potentially reach hundreds of
years. This offset was also sometimes inappropriately incorporated
into summary estimates>.

Cosmicradiation events as absolute time markers

In our study, we use an advanced chronometric approach to anchor
Norse activity in the Americas to a precise point in time. Exact-year*C
results canbe achieved by high-precision accelerator mass spectrom-
etry (AMS) in combination with distinct features in the atmospheric
C record® %, Measurements on known-age (dendrochronological)
tree rings show that *C production usually fluctuates by less than 2%o
per year®. However, such time series have also revealed that produc-
tion of the isotope rapidly increased in the years AD; 775 and AD 993
by about 12%. (which manifests as a decrease of about 100 **C yr)*
and about 9%, (about 70 **C yr), respectively. These suddenincreases
were caused by cosmic radiation events, and appear synchronously
in dendrochronological records all around the world* %, By uncov-
ering these features in tree-ring samples of unknown age, it is pos-
sible to effect precise pattern matching between such samples and
reference series. In so doing, if the bark edge (or more specifically,
the waney edge) is also present, it becomes possible to determine the
exact felling year of the tree”. Moreover, it is not necessary to have
C dates for the outermost growth rings, because once the ring that
contains the AD 993 anomaly has been detected, it simply becomes
a matter of counting the number of rings to the waney edge. On the
basis of the state of development of the earlywood and latewood
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Fig.1|Dateranges obtained from our wiggle matchesin comparisonwith
legacy'*Cdata. a, b, Averaged probability density functions for different
sampletypes (Extended DataFig. 3, Supplementary Note 5and Supplementary
Datal).a, Samplessusceptible toinbuilt age. Light blue, whalebone (n=1,
uncorrected for marine reservoir effect); red, wood (n =17); brown, burnt wood
(n=7);black, charcoal (n=22).b, Short-lived samples. Light green, turf or sod
fromthe Norse buildings (n = 4); olive, outermost rings and twigs from
Norse-modified wood (n = 4). c, Wiggle-matched probability density functions
forthelastgrowthringofeachwooditem.Darkgreen,4A59 E3-1; navy, 4A 68
J4-6;0range, 4A 68 E2-2.

cells in the waney edge, one can even determine the precise felling
season.

Precise dating of Norse activity in the Americas

Here we present 127 *C measurements, of which 115 were performed
at the Centre for Isotope Research (CIO; Groningen), and 12 at the
Curt-Engelhorn-Center Archaeometry (CEZA; Mannheim). The sam-
ples consisted of 83 individual tree rings from a total of 4 wooden items
with find numbers 4A 59 E3-1, 4A 68 E2-2, 4A 68 J4-6 and 4A 70 B5-14
(Extended DataFig. 5, Supplementary Note 4 and Supplementary Data
2).Unfortunately, the lastitemis excluded from the remainder of our
analysisbecauseitspansonly nine years and does notinclude the AD 993
anomaly and therefore cannot be precisely dated (Supplementary
Data 2). Anatomical characteristics such as different numbers of growth
rings, varying growth-ring widths and the presence-absence of features
such as missing rings show that wood items 4A 59 E3-1,4A 68 E2-2 and
4A 68)4-6 come from different trees. Furthermore, they comprise at
least two different species, specifically fir, possibly balsam fir (Abies
cf. balsamea), and juniper/thuja (Juniperus/Thuja type; Extended
Data Fig. 6). In addition, the waney edge could be identified in all
cases.

The items were found at the locations shown on the site map in
Extended DataFig. 2. The association of these pieces with the Norse is
based on detailed research previously conducted by Parks Canada. The
determining factors were their location within the Norse deposit and
the fact that they had all been modified by metal tools, evident from
their characteristically clean, low angle-in cuts®®. Such implements
were not manufactured by the Indigenous inhabitants of the area at
the time®® (Supplementary Note 4).

Our individual *C results are consistently better than +2.5%. (10),
with some averaged results better than +1.5%. (about 12 *C yr). Our
corpus of replicated measurements is consistent with statistical
expectation, and no statistically significant offset (5.1+ 7.9 *C yr, 10)
was evident between the two C facilities involved (Supplementary
Data2).

Two steps are used to determine the exact cutting year of each
piece of wood. First, the range of possible dates for the waney edges
is obtained by standard *C wiggle matching against the Northern

Hemisphere calibration curve, IntCal20 (ref. ). Here we use the D_
Sequence function in the software OxCal (ref. *!) to match the full *C
time-series for each item. The resultant 95% probability (20) ranges
forthe waney edges all liebetween AD 1019 and AD 1024 (Fig. 1c). This
indicates that the AD 993 anomaly should be present in each of the
wood pieces 26 to 31 years before they were cut. In our numbering
system, this corresponds torings —31to -26, where the waney edge is
assignedtobe O, the penultimate ringis assigned tobe -1, and so forth.

Asecondstepisthenusedtodetermine the exact cutting year ofeach
item. This process hinges on identifying the precise ring in which the
AD 993 anomaly is found, and hence the precise date of the waney edge.
For this purpose, we use the Classical > approach?*? to match the *C
data from the six rings (-31to -26) most likely to contain the AD 993
anomaly against a second Northern Hemisphere reference (hence-
forth B2018). This dataset is preferred because the AD 993 anomaly
is less distinct in the smoothed IntCal20 curve (Fig. 2). The six-ring
subsets are compared with B2018 such that x> becomes minimal for
the cutting date of eachitem. The matches are conducted over arange
for each waney edge of AD 1016-1026 (Fig. 2a).

The optimal x* value for goodness-of-fit for the waney edge in all
three cases is AD 1021 (Fig. 2a). While other solutions pass the x* test
at 95% probability (AD 1022 for 4A 59 E3-1; AD 1022 for 4A 68 E2-2;
AD 1019, AD 1020 and AD 1022 for 4A 68 J4-6), the ideal positioning for
the precipitous drop in **C years in each case is when ring —29 corre-
sponds to AD 992 (inset of Fig. 2b). Furthermore, the formation of a
small band of earlywood cells in 4A 68 J4-6 indicates a felling season
in spring (Extended Data Fig. 7a). The felling season of 4A 68 E2-2 is
summer/autumn (Extended Data Fig. 7b). Past polyethylene glycol
(Methods) consolidation hinders determination of the felling season of
4A 59 E3-1.

Ourresult of AD 1021 for the cutting year constitutes the only secure
calendar date for the presence of Europeans across the Atlantic before
the voyages of Columbus. Moreover, the fact that our results, on three
different trees, converge on the sameyear is notable and unexpected.
This coincidence strongly suggests Norse activity at LAnse aux Mead-
ows in AD 1021. Further evidence reinforces this conclusion. First, the
modifications are extremely unlikely to have taken place before this
year, because the globally observed sudden decrease in **C values
is evidentin ring —29. Second, the probability that the items would
have been modified at a later stage is also negligible. This is largely
because of the fact that they all had their waney edges preserved.
This layer would almost certainly have been stripped off during water
transport, so the possibility of driftwood is effectively discounted®.
Further, the Norse would have had no need to reclaim deadwood
because fresh wood was abundant in the region at the time®. Finally,
ifit were scavenged material, the probability that all three items would
exhibit precisely the same amount of inbuilt age would be vanishingly
small.

The Icelandic sagas suggest that the Norse engaged in cultural
exchanges with the Indigenous groups of North America®. If these
encountersindeed occurred, they may have had inadvertent outcomes,
such as pathogen transmission’, the introduction of foreign floraand
fauna species, or even the exchange of human genetic information.
Recent data from the Norse Greenlandic population, however, show
no evidence of the last of these®. It is a matter for future research
how the year AD 1021 relates to overall transatlantic activity by the
Norse. Nonetheless, our findings provide a chronological anchor for
further investigations into the consequences of their westernmost
expansion.

Conclusions

We provide evidence that the Norse were active on the North American
continentinthe year AD 1021. This date offers a secure juncture for late
Viking chronology. Moreimportantly, it acts asanew point-of-reference
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Fig.2|Exact date matches obtained from the x> tests. The wood items are
identified as follows: 4A 59 E3-1(dark green); 4A 68 )4-6 (navy); 4A 68 E2-2
(orange). a, Outputs of the x? test against B2018 (ref. ?%; d.f. = 5, critical

value =11.07,95% probability), where the gold cross marks the year of best fit

for European cognisance of the Americas, and the earliest known year
by which human migration had encircled the planet. In addition, our
research demonstrates the potential of the AD 993 anomaly in atmos-
pheric*C concentrations for pinpointing the ages of past migrations
and culturalinteractions. Together with other cosmic-ray events, this
distinctive feature will allow for the exact dating of many other archaeo-
logical and environmental contexts.
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Methods

Sampling

After careful examination of the transversal and radial sections of the
wood, and ring counting, individual samples were collected under a
microscope for annual-ring measurement using a steel blade, follow-
ing the standard procedure for cleaving tree rings. Sample extraction
started at the waney edge. For each wood item, the sample of the waney
edge was given the number 0, the second-to-last ring was given the
number -1, and so forth.

Sample preparation and measurement

Thetree-ring samples were cut into small fragments again using a steel
blade. All of the wood samples were chemically pretreated and analysed
at CIO, Groningen. Forindependent control, 12 of the samples were also
chemically pretreated and analysed at CEZA, Mannheim. CEZA and
ClOrecently took partinamulti-laboratory intercomparison exercise
to ensure the effectiveness of their pretreatment protocols in which
tree-ring samples of unknown age were pretreated to a-cellulose and
then analysed for *C concentration by AMS®.

Procedures at CIO, University of Groningen

Thefirst step involves pretreating the samples to a-cellulose, the most
rigid and immobile fraction of the wood*. The method has previously
been described in full®. In brief, the wet chemistry involves a series
of strong solutions of acid-base-acid and an oxidant, with rinses to
neutrality using deionized and ultrapure water after each step. The
samples arethen either freeze-dried or air-dried at room temperature
for72 h. Toeliminate the additive polyethylene glycol (PEG), which was
presentin allwood items except 4A 68 E2-2, the aqueous pretreatment
is preceded by placement of the samples in ultrapure water at 80 °C
for36 h. Thislatter step builds on past studies of this contaminant®°,
In cases where the starting weight was <20 mg, and the wood was not
treated with PEG, the holocellulose protocol used at CIO was deemed
sufficient” .

Aliquots (about 5 mg, where possible) of the (alpha-)cellulosic prod-
uct are weighed into tin capsules for combustion in an elemental ana-
lyser (IsotopeCube, Elementar). A smallamount of the CO,(g) released
isdirected into anisotope ratio mass spectrometer (Isoprime 100) for
determination of the stable isotope ratios of C and N, but the majority
iscryogenically trapped into Pyrex rigs and reduced to graphite under
astoichiometric excess of H,(g) over an Fe(s) catalyst. The graphite
(about 2 mg) is subsequently pressed into Al(s) cathodes for measure-
ment by AMS (MICADAS, lonplus). The data were refined using BATS
4.0 andstoredin FileMaker Pro14.6.0. For quality control purposes, full
pretreatment and radioisotope measurements were concurrently con-
ducted onknown-age standards (for example, tree-ring material from
AD 1503, UK) and background wood (Pleistocene deposit Kitzbiihel,
Austria). Community-wide isotope ratio mass spectrometry and AMS
standards (for example, National Institute of Standards and Technology
oxalicacid Il, Merck caffeine, and International Atomic Energy Agency
C7 and C8) were used to validate the isotope measurements.

Procedures at CEZA, Mannheim

Samples MAMS-45877-45879 and MAMS-47884-47886 are pretreated
asholocellulose and are pretreated using the acid-base-acid method
(acid/base/acid, HCI/NaOH/HCI) followed by bleaching with NaCIO, to
extract the cellulose*. The second batch of samples (MAMS-50444-
50449) is pretreated as alpha-cellulose following the protocol used
by CIO described above. PEG contamination is removed in the same
way as at CIO by washing in hot ultrapure water. The cellulose is com-
busted to CO,inan elemental analyser. CO, is then converted catalyti-
cally to graphite. *C is analysed in-house using an AMS instrument of
the MICADAS type. Theisotopic ratios (*C/>C of samples, calibration
standard oxalic acid II), blanks and control standards are measured

simultaneously in the AMS. *C ages are normalized to 6C = -25%.
(ref.*?), where 8°C = (((°C/C) mpie/ (°C/2C)***™) ~1) x 1,000.

Modelsin the program OxCal

Allmodels employ OxCal 4.4 and use its standard Metropolis-Hastings
Markov chain Monte Carlo algorithm and default priors®. The code for
these modelsis provided in Supplementary Note 5andin therepository
https://github.com/mwdee/LAM1021.

Averaging

Averages are produced for each sample type using the Sum function
in OxCal 4.4.In each case, all of the relevant *C dates are included in
bounded phases. The main prior information used by this modelis that
each date is assumed to be part of a defined group?.

Wiggle matching

14C datafor each beam are wiggle matched against the IntCal20 cali-
bration curvein OxCal 4.4 usingits D_Sequence function®. Allmodels
show high convergence and run to completion.

Pattern matching using the y* test

The measured *C concentrations of tree-ring samples are matched
to areference curve through the classical statistical method of the x*
test?’*??, using the following x* function:

n 2
(R,—C(x-r))
XZ — i i
« Zl 8RZ+8C(x—r)*

Here R; + 8R; are the measured “C dates of the sample;
C(x —r;) +8C(x - r;) are the *C concentrations of the reference curve
for the year (x —r;), where r;are the tree-ring numbers of the samples
analysed; and x is a trial age for the waney edge. Measured dates are
matched to the reference data (that is, either higher or lower) in such
away that the y> becomes minimal for a certain value of x, whichis the
best estimate for the felling date of the tree”. To match the event accu-
rately, areference dataset is needed that has single-year resolution.
We use B2018 as this reference, which combines many annual *C results
for the years relevant to this study?®. The pattern-matching analyses
are predominantly carried out using Python 3 in Jupyter Notebook
6.3.0. Theresults on each of the wood items studied are shown in Fig. 2.

Wood taxonomy

From the three main fragments of wood (4A 59 E3-1, 4A 68 E2-2 and
4A 68])4-6), thinsections are prepared under a stereomicroscope with
magnifications of up to 50x. They are cut in three directions (trans-
verse, radial and tangential). As the wood was dry, the sections had to
be soaked in soapy water to get rid of air bubbles and to be able to see
the diagnostic anatomical features. The slides are examined under
atransmitted light microscope with magnifications up to x400 and
identified with the help of relevant literature* . The three samples
donothave any vessels, and therefore must be softwood from conifer
species. The mostimportant characteristics foridentification are the
lack of resin canals, the height of the rays (on average much lower in
4A 68J4-6 than in the other two samples) and the type, number and
distribution of the crossfield pits. Also, presence/absence of axial paren-
chyma, the shape of the ray cellsin crossfields, the pitting in side walls
and end walls of the ray cells, and the geographical provenance are
taken into account. Aswood sample 4A 68 J4-6 is compression wood
(reaction wood on the lower side of branches and leaning stems), the
distinction between cupressoid and taxoidoid pits cannot be made.
The identification for this sample is therefore uncertain with juniper
and thujaas possible candidates (Juniperus/Thujatype). The other two
samples areidentified with confidence asfir (Abies). Within this genus
furtheridentificationisimpossible, but balsam fir (A. balsamea), avery
common North American species, would be agood match.
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Extended DataFig. 5| Pictures of the wood items studied. White X indicates the location from where samples were taken. The black bars represent 5 cm. Top
left,4A 59 E3-1; topright, 4A 68 E2-2; bottom left, 4A 68 J4-6; bottom right, 4A 70 B5-14. Photos: M. Kuitems.
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Extended DataFig.7|Microscopicdepiction of the felling season of the end of the growthseason.a, Wood item 4A 68 E2-2;b, Wood item 4A 68 J4-6.
waney edge. Theblackbars represent1mm. ew =early wood, whichis formed Photos: P.Doeve.
during the first stage of the growth year; Ilw =late wood, whichis formed at the
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