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In 1988, three laboratories performed a radiocarbon analysis of the Turin Shroud. The results,
which were centralized by the British Museum and published in Nature in 1989, provided
‘conclusive evidence’ of the medieval origin of the artefact. However, the raw data were never
released by the institutions. In 2017, in response to a legal request, all raw data kept by the
British Museum were made accessible. A statistical analysis of the Nature article and the
raw data strongly suggests that homogeneity is lacking in the data and that the procedure
should be reconsidered.
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INTRODUCTION

The Turin Shroud (TS) is a piece of linen cloth approximately 4.4 m long and 1.1 m wide, con-
sidered by some to be the burial cloth of Jesus of Nazareth. The first certain historical record
dates to the second half of the 14th century AD. In 1987, after a decade of negotiations, three lab-
oratories (Arizona, Oxford and Ziirich) were chosen by the Vatican authorities to perform a '*C
test using accelerator mass spectrometry techniques (AMS). On 21 April 1988, a sample was
taken from one corner of the cloth, and pieces of the sample were delivered to the laboratories,
along with three additional control samples. The results were centralized at the British Museum,
where the statistical analysis was performed. In their Nature article, Damon et al. (1989) stated
that there was ‘conclusive evidence’ that the linen of the TS was medieval (AD 1260-1390 with
at least 95% confidence).
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Currently, non-specialists consider this general conclusion straightforward disproof of the
hypothesis that the TS is an antique linen cloth (Ball 2017). However, since 2005, a growing
number of studies have provided elements and arguments contradicting the medieval hypothesis
(Rogers 2005; Poulle 2009; Fanti and Malfi 2014; Bevilacqua et al. 2014; Boi 2017; Casabianca
2017).In 2013, a new statistical study based on a regression analysis seriously called into question
the reliability of the conclusions of the 1988 dating (Riani ef al. 2013). Recently, we obtained the
raw data and, for the first time, measured their convergence with the radiocarbon dates published
in Nature.

The basic idea of this paper is to conduct a robust statistical analysis using the raw data and to
compare these results with those obtained using the official data. We use statistical tests to deter-
mine whether the measurements intra and infer laboratories can be combined to obtain a calendar
range. Based on the statistical results, we question the level of confidence of 95% attributed to the
AD 1260-1390 calendar age range.

DATA AND METHODOLOGY

Since 1989, scholars interested in the TS have often requested the raw data from the laboratories,
without success (Pourrat 1991). This denial of access led to controversy and hindered the assess-
ment of the analysis performed by the British Museum (Marinelli 2012; Rinaldi 2012). In 2017,
several Freedom of Information Act (FOIA) requests to the institutions involved in the TS radio-
carbon dating were made. The British Museum replied favourably and made all its files, ‘not
dated or arranged in any order’, available. On 18 July 2017, the British Museum electronically
sent a file of 211 pages and in September 2017, one of the authors (T.C.) visited the British
Museum and scanned more than 500 new pages.

We learned that Ziirich performed 4 x 10 measurements for each of their five TS subsamples.
Oxford performed five measurements, and while the detailed measurements were not sent to the
British Museum, a mean was provided for two measurements, resulting in only three radiocarbon
dates. The Arizona report shows that 40 measurements (5 x 8) were made. Several scholars already
disclosed the eight Arizona radiocarbon dates (Van Haelst 2002), but these dates have never been
confirmed. We are now certain that the eight disclosed dates (designated Arizona raw 2) were cor-
rect. However, previously, Arizona modified the errors of two of its eight dates (designated
Arizona raw 1). In contrast to Ziirich and Oxford, Arizona included in its report eight computer
printouts along with the counts of the detected radiocarbon atoms (designated Arizona counts).

The Nature and raw radiocarbon dates (Table 1) show that relevant differences exist among the
estimates provided by the three laboratories: the Arizona minimum Nature estimate is 591,
whereas the Oxford minimum is 730; the Arizona maximum is 701, whereas the Oxford maxi-
mum is 795. Most importantly, discrepancies exist even within the laboratories. For example,
Arizona’s estimates range from 540 to 701, whereas Oxford’s estimates reach a value of 795.
The computed error in the radiocarbon dates by Arizona presents differences (the error ranges
from 30 to 41 in Nature and from 37 to 57 in the raw dates), whereas Oxford appears to have
produced consistent estimates (homogenous radiocarbon estimates between Nature and the raw
dates), but the computed errors in the raw radiocarbon dates are lower than the published errors
(the most relevant is 730+ 30 in the raw data against 73045 in Nature). Regarding Ziirich, the
problem is related to both the estimates and computed errors: the estimates are incongruent be-
tween the raw and Nature dates (a clear difference in the fifth observation, which is equal to
595 in the raw data and 679 in Nature). From a statistical perspective, these differences do not
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Table 1  Radiocarbon dates before present (1950) of the Turin Shroud (£ error)

Arizona Arizona Arizona Oxford Oxford Ziirich Ziirich
Raw 1 Raw 2 Nature Raw Nature Raw Nature
606 +41 606 +41 795+53 795 +65 733 61 733 61
574 +£45 574 £45 591+30 730+ 30 730 +45 722 +56 722 +56
753 51 753 £51 745 +46 745 + 55 635+57 63557
632 +49 632 +49 690 + 35 61747 639 +£45
676 £40 676 +59 595 +46 679 £51
540+ 37 540+ 57 606 +41

701 £47 701 £47

701 £47 701 +47 701 +33

Sources: Damon et al. (1989); Arizona, Oxford and Ziirich reports to the British Museum (FOIA 2017).

create a problem if they are irrelevant, but the data published in Damon et al. (1989) are affected
by several problems (Brunati 1996; Van Haelst 1997, 2002; Riani et al. 2013).

The Arizona counts table (Table 2) represents the eight sessions (A1, A2, A3, ...) included in
the report sent by Arizona to the British Museum. Two sessions were performed daily using the
same standards (A1 and A2, A3 and A4, A5 and A6, and A7 and A8). Due to a technical incident
encountered in the two first measurements of A2, the Arizona printout of A2 only includes four
values, one of which (17 584) is the equivalent of two measurements. For the purpose of the anal-
ysis, we chose to keep five values for each session and we attributed the mean value (17
584/2=8792, in italics in Table 2) to the two problematic measurements.

The methodology adopted in this study is classical. A central argument proposed by critics of
the TS radiocarbon dating results is that the computation of the p-value using the method in Ward
and Wilson (1978) contains an error (Brunati 1996; Van Haelst 1997). The Ward and Wilson
method is used to test whether the radiocarbon determinations can be combined (Ward and Wil-
son 1978, 23). Following Van Haelst (1997), we present the results of the chi-square tests using
the Ward and Wilson method to detect statistically significant inconsistencies in the raw radiocar-
bon dates and we perform ANOVA, parametric and non-parametric tests to determine possible
significant differences between means in the raw data to eventually validate the results. To test
the eventual existence of an interaction effect between the types of data (raw vs. Nature) and

Table 2 Counts of radiocarbon atoms in the Turin Shroud subsamples by Arizona

Al A2 A3 A4 A5 A6 A7 A8

8 226 8792 8 315 9 812 10 030 10 502 5128 6 838
9033 8792 7 637 10 020 9 450 11123 6319 6 841
9033 8767 7762 9 927 9363 11335 7744 7 089
9238 8 750 7 637 10 010 9 444 11 409 8 132 7191
9 206 8 843 7432 9 288 9201 11 327 8 287 7 882

Source: Arizona report sent to the British Museum (FOIA 2017, 110-7).
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the laboratory that produced the data (Arizona, Oxford or Ziirich), we perform a two-way
ANOVA. Hereafter, a 5% level of significance is assumed for all procedures.

Finally, due to the current importance of radiocarbon procedures, we present results obtained
with the software OxCal version 4.3 (OxCal 2018), which was used here to statistically analyse
specific versions of the radiocarbon dates. OxCal is an open-access diagnostic tool based on a
Markov chain Monte Carlo developed by Christopher Ramsey (Oxford) in the mid-1990s and
is currently used by many radiocarbon specialists (Ramsey and Lee 2013). The individual agree-
ment, model agreement and overall agreement indexes should generally all be over 60% in the
case of a homogeneous result. Several individual measurements below the 60% level combined
with model and overall agreement indexes below 60% indicate the presence of at least one prob-
lem in the data, probably due to a flawed measurement or contamination.

RESULTS

The ANOVA on Nature radiocarbon dates (Table S2) shows that at least two groups’ means are
significantly different from each other, providing evidence that the differences among the labo-
ratories are not irrelevant, especially for the Arizona/Oxford Nature dates (Table S3). The Ward
and Wilson test is also above the critical value (8,60 >5.99). The OxCal 4.3 software confirms
these results with an overall agreement index of 41.8%, strongly below the usual threshold of
60%. On 12 radiocarbon dates, three have a low individual agreement index (Table 3 for the
Ward and Wilson tests and the OxCal analysis).

Figure 1 shows a box plot representation of both the Nature and raw radiocarbon dates. Since
the columns of the raw radiocarbon dates provided by Arizona are only distinguished by the com-
puted errors, we just include one box plot for the Arizona raw radiocarbon dates (measured age),
whereas the estimates from Oxford are equal for both the raw and the Nature dates (except for the
related errors). The box plots show that the raw and Nature radiocarbon dates are highly similar
when referring to the same laboratory. However, notable differences can be observed among raw
dates with different provenances. Furthermore, the Arizona raw radiocarbon dates show a prom-
inent range, and the distribution appears to be slightly skewed (skewness =—0.13), whereas the
skewness of the Ziirich and Oxford raw data is evident (respectively, 0.40 and 1.36). The range is
higher and the skewness more apparent in the raw radiocarbon dates than in Nature.

Table 3 Ward and Wilson chi-square test and OxCal 4.3 analysis for the TS radiocarbon dates

Ward and Wilson test OxCal 4.3 overall agreement index

(critical value in brackets) (number of individual dates below 60% in brackets)
Arizona Nature vs. Oxford 8.60 41.8%
Nature vs. Ziirich Nature (5.99 for 3-1 df) (3/12)
Arizona Raw 1 vs. Oxford 10.75 18.1%
Nature vs. Ziirich Nature (5.99 for 3—1 df) (6/16)
Arizona Raw 2 vs. Oxford 8.55 28.4%
Nature vs. Ziirich Nature (5.99 for 3—1 df) (5/16)
Arizona Raw 1 19.24 21.4%
(14.07 for 8-1 df) (2/8)
Arizona Raw 2 14.45 34.6%
(14.07 for 8-1 df) (2/8)
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Figure 1 Box plots based on Table 1.

An understanding of the relationship that exists between the raw and the official radiocarbon
dates is important. To consider the simultaneous effect on the years BP estimates of the type of
data (Nature report data or raw radiocarbon dates) and the laboratory that produced the estimates
(Arizona, Oxford or Ziirich), we performed a two-way unbalanced ANOVA (via a regression;
Table 4).

The test of Factor A (variable on rows) and the interaction effect failed, whereas it was signif-
icant for Factor B (variable on columns); that is, the laboratory in which the assessment was per-
formed is relevant in explaining the observed differences.

To isolate the effect of the eventual significant differences among the raw dates, we replicate
the ANOVA only for raw data, using Arizona Raw 1, Oxford Raw and Ziirich Raw.

The results of the ANOVA of the raw radiocarbon dates indicate that the null hypothesis can-
not be rejected (p-value=0.0749, Table S6). Therefore, the observed differences are not statisti-
cally significant (at least at 5% significance). The Ward and Wilson chi-square for Arizona Raw
1, Oxford Raw and Ziirich Raw, using the corresponding errors, indicates that the estimates are
not consistent (15.99, with a critical value of 5.99). Thus, the three raw assessments given by
each laboratory are, with 95% of confidence, representative of the same phenomenon, but the
age estimated by the laboratories is not consistent.

We focused our attention on the Arizona raw radiocarbon dates and compared these results
with the results reported by Ziirich and Oxford in Damon et al. (1989). With the Ward and
Wilson test (Table 3), significant differences exist among the three laboratories when we compare

Table 4 Two-way ANOVA (via regression, a.=0.05)

SS df MS F p-value sig
Rows 286.5473 1 286.5473 0.0841 0.7745 No
Columns 47 367.44 2 23 683.72 6.9527 0.0046 Yes
Inter 740.575 2 370.2875 0.1087 0.8975 No
Within 74 940.61 22 3 406.391
Total 124 740.1 27 4 620.004
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the radiocarbon dates of Oxford Nature, Ziirich Nature and Arizona Raw 1 (10.75 >5.99), and
the radiocarbon dates of Oxford Nature, Ziirich Nature and Arizona Raw 2 (8.55 > 5.99).

When we use OxCal to analyse the radiocarbon dates of Arizona Raw 2, Oxford Nature and Zii-
rich Nature, we notice that five of the 16 dates are below the threshold of 60%. The overall agree-
ment index is 28.4%. With Arizona Raw 1, Oxford Nature and Ziirich Nature, the results are even
less satisfying (overall agreement index = 18.1% and six of the 16 dates below the threshold).

The same rationale applies to the intra-laboratory differences. We also computed the Ward and
Wilson test for the raw radiocarbon dates of Arizona, and in both cases (raw 1 and raw 2), the
null hypothesis was rejected. Using OxCal for Arizona Raw 2, the overall agreement index
(34.6%) is below the threshold (with 12.8% for A3 and 43.0% for A6), whereas for Arizona
Raw 1 the overall agreement index is lower (21.4%). Based on these results, a relevant problem
emerges in the consistency between the Arizona raw radiocarbon dates and the published results
from the other laboratories.

The analysis of the Arizona counts showed further interesting aspects. The eight counts of the
Arizona data were categorized into four groups (Al and A2, A3 and A4, AS and A6, and A7 and
A8) because they were executed on the same day using the same standards. The non-parametric
Kruskal-Wallis test (Table 5; see also Table S10 for the assumptions) shows highly statistically
significant differences even if we consider the eight counts both separately and gathered (p-values
< 0.0001).

The results show that the different assessments produced by the same laboratory (raw vs. Na-
ture) are not statistically significant, whereas the analysis of the raw radiocarbon dates confirmed
that the different laboratories produced different assessments and that these differences are, in
most cases, statistically significant.

DISCUSSION

The conclusions of the various statistical methods applied to both the Nature and raw results intra
and inter laboratories are concordant. Even when we apply the Bonferroni correction, a very con-
servative choice that increases the probability of type II errors (Perneger 1998), the results of Ar-
izona Raw 1 and Arizona counts are still significant (Box S1).

Some raw data are missing, even if they do not have a noticeable impact on our overall con-
clusion. The aggregation of the five Oxford measurements to obtain the three Oxford raw and
Oxford Nature results (2+2+ 1) is probably in favour of a homogenization of the radiocarbon
dates. Notably, as pointed out by Bray in his report to the British Museum dated 27 September
1988, the enlargement of the Oxford computed errors is probably the consequence of a more

Table 5 The Kruskal-Wallis test for the Arizona counts

Statistics Arizona, four gathered counts Arizona, eight counts
H-stat 25.7020 35.5932
H-ties 25.7092 35.6032

df 3 7

p-value <0.0001 <0.0001

o 0.05 0.05

sig Yes Yes
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inductive than deductive evaluation process (Turin Shroud Archive). The error of the TS subsam-
ple O1.2b has been changed from 730 +30 to 730 +45, whereas Damon et al. (1989, 613) affirm
that ‘Oxford errors below 40 are rounded up to 40°. Two changes were made to 50 years, one for
the subsample O3.2b of control sample 3 (from 1990+ 33 to 1990 +50) and the other for the sub-
sample O4.2u of control sample 4, from 785 =35 to 785+50 (Table S11 presents the raw radio-
carbon dates of the control samples).

On 31 August 1988, Ziirich explained to the British Museum its change regarding the ‘current
dependent effect’ (FOIA 2017, 136). Nevertheless, the conditions of this adjustment remained un-
clear to Arizona. In a letter to the British Museum dated 8 September 1988, Donahue and Damon
affirmed that they ‘do not understand how such a systematic calculational error could have
changed the values of their uncertainties’ (Turin Shroud Archive).

After the change in two uncertainties from Arizona Raw 1 to Arizona Raw 2, the chi-square
becomes almost acceptable (Table 3). This adjustment is unusual, since none of the radiocarbon
dates of the control samples were modified by Arizona. In its report, Arizona explained that

[for] these results the average of the ratios of OXII/OXI standards was different from more
than two standard deviations from its current value. (The average differed from the correct
value by 1.0%.) An additional error of +0.5% was added quadratically to the regular stan-
dard deviation of these measurements.

The two modified radiocarbon dates, which were achieved using the same standards, were clearly
not identical within errors. After the change, they appear compatible (Table S12).

Our statistical results do not imply that the medieval hypothesis of the age of the tested sample
should be ruled out. The two extreme Nature radiocarbon dates (591 +30 and 795 + 65) were pro-
posed as outliers, yielding a calibrated calendar age range of AD 1281-1302 with at least 95% of
certainty (Christen 1994; Christen and Pérez 2009). But, as emphasized by Ramsey et al. (2010,
959), ‘the inclusion and exclusion of outliers should not be seen as a black box to cover up poorly
understood problems in the data’.

Each TS raw and published radiocarbon date indicates a medieval interval for the fabric. Nev-
ertheless, this reasoning would simply assume a constant amount of '*C atoms among the sub-
samples. This basic assumption is not supported by the heterogeneity of the TS raw data, the
consistent ages of the control samples, the significant statistical trend in the TS radiocarbon dates
and the amount of foreign material found by the laboratories.

The hypothesis of a statistical significance only due to some difference in measurements among
the laboratories is weakened by the fact that the results were correct and consistent for the three
control samples (Damon et al. 1989; Riani et al. 2013). In addition, for Arizona and Ziirich, Egyp-
tian linen samples were tested and not mentioned in Damon ef al. (1989). Moreover, our statistical
analysis of the raw data supports the conclusion of Riani et al. (2013). They used the known loca-
tions of the tested samples in each laboratory and showed a significant decrease in the radiocarbon
age as one gets closer to the centre of the sheet (in length, from the tested corner). This variability
of the Nature radiocarbon dates in a few centimetres, if linearly extrapolated to the opposite side of
the TS, would lead to a dating in the future. Many hypotheses, not mutually exclusive, have been
proposed to explain this lack of homogeneity (Marinelli 2012). The environment and the history of
the sample could be part of the explanation. Despite the close visual inspection of the TS by textile
experts and the loss of weight of approximately 25% after the cutting (FOIA 2017, 162), Oxford
found and removed several textile fibres of different colours, including one identified by a textile
laboratory to be cotton, ‘possibly of Egyptian origin and quite old’ (Anonymous 1988; FOIA
2017, 104). Oxford mentions that in one subsample there may have been ‘glass’, perhaps sodium
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chloride crystals (Wilson 1995, 18; FOIA 2017, 103). In the original draft, Arizona indicated that
‘a red thread and three blue threads’ were removed from one of their subsamples (Turin Shroud
Archive). In 2010, Arizona recognized that they had kept one piece of an undated TS subsample.
On this subsample, the authors identified foreign material invisible to the naked eye, including a
blue substance described as ‘apparently wax’ (Freer-Waters and Jull 2010, 1522) and some cotton
fibres. Ziirich may have found an assortment of debris (Marinelli 2012, 26).

The protocol finally adopted in the 1988 TS test was heavily criticized at the time. Harry E.
Gove, the inventor of the AMS method, affirmed that ‘[if] one of the three laboratories obtained
an outlier result [...] it would be impossible statistically to identify it and the three measurements
would all have to be included in the average thereby producing an incorrect result’ (Gove 1989,
237). Our statistical analysis confirms that this criticism was warranted. The documentation pro-
vides a practical example of complex procedures that vary for each radiocarbon laboratory and
illustrates the way in which they can affect the reliability of a calendar age interval. As suggested
by one of the referees, there is a question as to whether the results are combined to give a
weighted average or calibrated individually. This will be the subject of further research.

The discussed statistical analysis reinforced the argument against the goodness of the radiocar-
bon dating of the TS, suggesting the presence of serious incongruities among the raw measure-
ments. Our results, which are compatible with those previously reported by many other
authors (Brunati 1996; Van Haelst 1997, 2002; Riani ef al. 2013), strongly suggest that homoge-
neity is lacking in the data. The measurements made by the three laboratories on the TS sample
suffer from a lack of precision which seriously affects the reliability of the 95% AD 1260-1390
interval. The statistical analyses, supported by the foreign material found by the laboratories,
show the necessity of a new radiocarbon dating to compute a new reliable interval. This new test
requires, in an interdisciplinary research, a robust protocol. Without this re-analysis, it is not pos-
sible to affirm that the 1988 radiocarbon dating offers ‘conclusive evidence’ that the calendar age
range is accurate and representative of the whole cloth.
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