C. Weyermann, J. Almog, J. Bugler, A.A. Cantu, Minmum requirements for application of
ink dating methods based on solvents analysis in@awork. Forensic Science International 210
(1-3) (2011) 52-62.

Minimum requirements for application of ink dating methods based on solvent analysis in
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Abstract

Several ink dating methods based on solvents asalysing gas chromatography / mass
spectrometry (GC/MS) were proposed in the last desaThese methods follow the drying of
solvents from ballpoint pen inks on paper and seeny promising. However, several questions
arose over the last few years among questionedhtrmis examiners regarding the transparency and
reproducibility of the proposed techniques. Thesestjons should be carefully studied for accurate
and ethical application of this methodology in weskk. Inspired by a real investigation involving
ink dating, the present paper discusses this péatiassue throughout four main topics: aging
processes, dating methods, validation procedurédata interpretation. This work presents a wide
picture of the ink dating field, warns about potainshortcomings and also proposes some solutions

to avoid reporting errors in court.
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Introduction

Determining when an ink entry was produced on aid@mt has always been a major issue in the
examination of questioned documents. For this reasany scientists aimed at developing dating
methods along the years [1-5]. There are three mgjgmoaches for ink dating on documents. The
first approach is based on the analysis of inklstabmponents that are specific to a certain period
in time. Production methods and compositions chaagéd evolve with time following new
industrial developments and processes. This appr@agenerally named in the literaturgatic
approach because the measured parameters are almost dblearin time [2]. It allows the
determination of the first possible date of existefor a given composition of ink and may thus
highlight anachronisms. Knowledge of some majottonisal changes in ink manufacturing is
available (e.g., introduction dates of the majassks of compounds and dates of major changes in
formulation). However, most knowledge of changegrnsprietary industrial information and not
readily available. This is probably the reason wjy the US Secret Service (Washington, USA)
and the LKA Bayern (Munich, Germany) reported hgvextensive ink samples and databases
[6,7]. Additionally a program started in the mid708 in the USA, in collaboration with the ink
manufacturers, for introducing annually modifiedgdo inks [2], but it covered only a fraction of
the whole ink market. The second approach, addiessehe absolute dynamic approach3] is
based on aging processes of ink on documentsakssmed that ink does not age in the cartridge
[8,9], but only after it is placed on paper wheyeslfade, solvents diffuse and evaporate, andsesin
polymerise. Aging processes of ink follow compleatipvays that are considerably influenced by
several factors other than time, which may acctdeoa slow down the aging. The influencing
factors can be ordered in three main classes [4(1)0jnitial composition of the ink (in the
cartridge), (ii) physical and chemical propertidstiee substrate (paper composition, porosity and
coatings) and (iii) storage conditions (temperatligit, air flux, humidity, neighbouring material
etc.). In practice, no information on these factissgenerally available. This is why the
determination of the absolute age of an ink enényains truly difficult. Measured changes are
reported as a function of time in order to estébdin aging curve or a portion of it and the objexti

is therefore more the determination of a time ratinge a precise date. The time scale considered
can significantly vary depending on the measuredamaters. For example, while solvents
disappear from the ink very quickly, dyes degramaticcurs more slowly. The third approach aims
at determining the relative age of a document immgarison to others (i.e., to order them in
chronological sequence) and is referred to asrétative dynamic approach[3]. The comparison

of the extent of ink aging may help reconstructthg sequence of apposition of ink entries on
documents. This can only be applied for inks ofgsame formula stored under the same conditions
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on the same type of paper (e.g. diaries) [11]. Thait applies to inks that only differ in the #&m
they were placed on paper. The general evolutionhefaging curve must be known [4]; for
example if a decrease of the aging parameter isa@@ as a function of time, it is imperative to
insure it will never increase whatever the condiio

The most promising methods in the 1980s involvesl dhalysis of sequential extraction of dyes
using thin layer chromatography (TLC) [12,11,13-2@] was based on the changes in the
extractability of the ink supposedly caused byhhedening of the resins [21,10,22-24]. The use of
this technique in caseworks was reported in tleeditire [18,25], but it was followed by a vigorous
controversy among the scientific community abouwt thmitations of this approach [5,26-42].
Several researchers tried reproducing the resddtained in previous studies and reported the
methods to be unreliable [43,35,34,36,28], whileeotscientists debated about the necessity for
inter-laboratory validation before their use in@asrk [33,27,31,32,4,38,41].

During the last decades interest has shifted thoakst based on sequential extraction and analysis of
ink volatile components by gas chromatography (G&ipled with mass spectrometry (MS) or other
detectors [44,17,18,34,45-58], which seemed maoenjzing in terms of reproducibility. Although
some forensic laboratories do already apply sughdating methods in practice, several issues
remain open including the inter-laboratory validati Triggered by a recent ink dating case in Israel
this article aimed at clarifying the ink datinglfidor justice purposes and guiding scientists uigio
validation of their methodologies, while highlighgi practical limitations. It was earlier
acknowledged that a central unsolved problem infild of questioned documents examination is
the unequivocal determination of their age [59].spite the significant progress in analytical
techniques and several published propositionsnfodating, the field of document examiners is still
divided about this issue, for reasons that willckaified and discussed throughout this articlee Th
purpose of this work is to give the status of tlagious ink dating methods that are based on the
analysis of an ink’s solvent components, show theiitations, and suggest methods to improve
them. It is subdivided in four main sections adofwk: (A) ink drying principles, (B) ink dating
methods, (C) methods validation and (D) ink datimgrpretation.

A. Ink drying principles
The dating methods considered in this article @t on the analysis of solvents from ink strokes
on paper. It was observed early that the amountsobfents in the ink strokes decreased as a

function of time [44], according to the followingeation [50,51] for the relative peak area (RPA):



RPA=p, +p, @‘[éj +p, Ee_[’;sj Eq.(1)

, Where pl is an additive constant, p2 and p4 pesvithe contribution of the first and second
exponential, and p3 and p5 are time constants iassedcwith the exponential. The ink drying
processes were earlier described in the literasrevo separated falling rate phases [51]. The firs
exponential represents the fast falling rate ofrdyyrapid solvent evaporation and diffusion into
the paper) and the second exponential representddtv falling rate of drying (slower evaporation
and diffusion processes) [50,51]. Low amountsabfents may even stay trapped in the ink matrix
for years [17,52,45]. Based on previous researdhesfollowing theoretical aging model can be
formulated: several processes occur simultaneousign ink is placed on paper, such as
evaporation of solvents in the ambient air, diffudabsorption in the paper and adsorption by the
paper substrate (Figure 1). Volatilization occuwtually in the ink surface, in the paper surfacarne
the ink and in the paper surface the opposite ftioenink. Moreover the solvent molecules may
diffuse into adjacent surfaces (for example inaglsbf paper sheets) [51].

The compound phenoxyethanol is the most widespsehent in ballpoint pen inks [60,57,61] and
therefore most dating methods finally focused esigkly on the analysis of this specific substance
(Figure 2).

As explained above, ink aging pathways and ratessanificantly influenced by a number of
factors that may slow down or accelerate the phemam [61,42]. These parameters must therefore

be extensively studied before a conclusion canreron the absolute age of an ink entry:

¢ Ink formulation

The influence of the initial ink composition on thging rates of inks is very important [45,56,23].

Two aspects must be considered: the compounds, (tB&@ss, solvents, additives) and their relative
amounts (initial solvent quantity in the ink formatibn). Blgler et al. actually suggested that the
type of resins influenced the aging rates as thbgerwed the presence of acetophenone-
formaldehyde-resin in ‘slowly aging inks’ [56]. i$ therefore very important to have a precise
knowledge of the ink market (for example throughrdndatabase) in order to develop a method on

selected representative inks.

¢ I|nitial ink quantity

The initial quantity of solvents in an ink strokis@influences significantly the aging process.(i.e
the drying of the ink). For example, it is deperidam the writing pressure (i.e., thickness of ink)
and/or also on the size of the ball in the ballpg@n. Lower evaporation rates were observed for

smaller volumes of solvents on paper (Figure 3emtine solvent ethoxyethanol was placed on the
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paper surface using a micropipette. With largemgjtias of solvent applied to the paper, a larger
accessible surface area will be available for exatppm (Figure 4), and thus a higher evaporation

rate will be observed.

This is problematic as the relative content of mhxgethanol varies considerably among different
ballpoint inks [38].The size of the ball of the lpaint pen and the pressure applied while writing,
both of which determine the thickness and deptthefink line, respectively, also affect the initial
guantity of phenoxyethanol found in 1 plug or 1 ofmnk line. Moreover, in research works, ink
entries are generally drawn as straight lineswatig solvents to diffuse away from the stroke.
Questioned documents will most probably carry texith curved lines from any alphabet. For
example, in the letter “0”, the solvents will diffiet to some extent away from the letter and partly
inside the ring. Higher quantities of solvents nhayfound in letters with dense lines compared to a
straight line of the same length (Figure 5). Tlepresents a major problem. When extracting 1 cm
ink lines from different letters, one is not gudesd to have always the same solvent quantity.
Aginsky tried to minimize this effect by calculagira mass invariant ratio between two samples
[52,34]. Bugler et al. even tested the mass indégece of a given aging parameter by analysing ink
entries of different lengths on the same paper. [B6i example, if 2 cm of an ink line containing O.
ug of phenoxyethanol per cm was analysed, one waddrd twice as much phenoxyethanol than
in 1 cm (Table 1). However if you calculate a ratetween two compounds founds in the ink
[52,50] or between two sequential extractions efshme ink entry [52,56], the ratio should be the
same regardless of the length of the ink line.

However, only thdength independendeetween two samples of the same entry is guarchnseel

not themass independencas pressure (i.e., thickness) and density @istribution) vary along a
stroke (Figure 5) [56].

In practice, it is impossible to ensure the homeggrof the ink applied on paper, thus the influenc
of such parameters on the solvents aging kineticst fme quantified. Dating would then be possible
only if the errors provoked by different solventagtities resulting from the above situations were
smaller than expected changes as a function o&glee This actually requires more research than

was published so far.

» Paper type
The influence of substrate structure (paper type) the drying process should not be

underestimated, as their porosity can differ quitdely within a same sheet of paper (pores
diameter between 0.05 — 1@n). Molecular diffusion, Knudsen (through pore)faion, surface

diffusion, capillary condensation of vapors, phggdion (absorption and adsorption),



chemisorption, migration and evaporation will ali imfluenced by the porous structure, the fibers
(e.q., cellulose fibrils) and the paper chemisatikdline or acidic, fillers, detergents, additivess.).
Aginsky stated having studied the influence of paype [52] (footnote 10) reporting it to be
negligible, but no details have been disclosed.|&Uet al. also studied the influence of the paper

type on the aging process and reported a strongndiepce on paper type for his method [56].

* Storage and environmental conditions

Due to the fact that diffusion and evaporation na@téms play such an important role in the drying
of solvents on porous media, a wealth of exteraeiors must be taken into account. Among these
are temperature (of air, substrate, ink), solvemtghour pressure, humidity, air movement
(laboratory, cabinets), the properties of solvemigtures (vaporization of the solvent mixture,
viscosity), and those properties of ink and papat tould affect heat transfer and mass transfer
coefficients. On that aspect, Aginsky wrote that resultssuggest that the Q (questioned) writing
is old (...) on condition that the document bearihg ©Q writing has been stored under normal
environmental conditions, for example, under ro@mpgerature and constant humidity and light
conditions[52]'. Lower temperatures and air flows will slowwn the drying process. Moreover,
room temperatures may vary considerably betweemsrmand winter (except for air conditioned
rooms), whereas humidity is rarely constant eveanimir conditioned environment.

Possible contamination of old strokes through sulveigration from fresh strokes on adjacent
sheets of paper should also be taken into accdun®2,61,51]. It was observed that solvents from a
fresh stroke (t = 0) can very efficiently migrateadjacent sheets of paper in a pile. It was found
that the quantities of solvent involved in this rakipn exceeded those found in a stroke after two
weeks [51], so that conversely, contamination sfrake by migration must be taken into account
for the dating of ink entries by solvents quanéfion. Paper blank analysis will help reduce tkk ri
[46]; however the contamination may be very lo&d][ Since solvents diffuse from the ink stroke
into the paper, the paper blank should not be sasinplo close to the ink entries [51]. One has to be
particularly careful regarding the way documents stored, due to the possibility of contamination
(in a notebook or file folder), but also becauséhefsuppression or reduction of drying processes i
tightly sealed (e.g., glass vial) [61] or semi-hetim (e.g. plastic cover) situations respectively.
Additional measurements are needed to follow tlyendrof inks on papers for long storage times
under such conditions. Storage conditions werelpatedied up to now in spite of their crucial
influence on aging kinetics. Most reports conta@tadcollected from documents which have been
stored only under laboratory conditions. From adadion point of view it is therefore important in
practice to apply a method within its range of aailility and to state exactly under which

circumstance the results are valid.



B. Dating methods based on solvents analysis des®d in the literature

First proposed by Stewart [44], further developmeesftdating methods based on solvents analysis
were inspired by the works of Cantu on sequentttbetion [11] and artificial aging [12]. Aginsky
proposed two multi-stagedbsolute dynamic dating methofs2,34,45]. These methods' principles
were briefly addressed in two preceding papersl[Al8 Aginsky’s methodology [52] is based on the
supposition that as ink ages, its resins hardetids® and subsequently the ink solvent
extractability decreases over time [45]. Solventslgtile ink vehicles) are analysed and more
specifically the rate of decrease of solvents artonethod 1 described belgvand the rate of
decrease of solvents extractabilitngthod 2 described beldwGaudreau and Brazeau of the
Forensic Document Examination Section of the CanAdaler Services Agency reported in a
conference presentation the use of a dating mdihedd on the same principles [48lodification

of method 1 described belgwMore recently, Bigler et al. described a metbhaded on the same
principles, but involving a different sample pregtéon [63,55,64,56] that has been implemented by
several laboratories in Germany, Switzerland anda@a (nodification of method 2 described
below as method )3 The first step of dating measurements generadysists of detection and
identification of the volatile components of th& ifdescribed, for example, as procedure 1 in [52]).
As explained above, the ink component used fomdais phenoxyethanol, since it is the most
commonly found in ballpoint pen inks [56,57,51].

Additionally, some recent developments based owniqus tests [17,50,44] proposed to calculate the
loss of phenoxyethanol in relation to a stable coumgl quantification such as a dye as a function of
time [65-67]. For the moment no further informatiere published about this alternative approach
and it will therefore not be directly treated imstpaper. However the same principles would apply t

their potential future application in practical eas

* Method 1
(described aRate of decrease of volatile components IR2Aginsky [52] andSolvent

loss ratioby Gaudreau and Brazeau [49])

Aginsky’s procedure [52] implies the removing ofatvgets of samples each consisting of of 10
microdiscs (about 1 millimetre in diameter) of tink on paper using a boring device (also called
micro punch device). Sample set 1 is placed ina &nd extracted with 10 microliters of an
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appropriate solvent with an internal standard. &ratiter of the extract is analysed by GC/MS (SIM
mode with detector set to monitor ions which arecdr for the identified substances and internal
standard). The mass of the ink solvent detected tfhe ink aging parameter P) is calculated by
means of the internal standard method. Sampl@ setheated moderately and analysed using the
same procedure as for sample set 1 to determimadiss of the ink solvent after heating (i.e. the in
aging parameterp. The rate of decrease of volatile componentsaisutated using Equation 2 in
Table 2. If the value of R is ca. 20 % or largeshows (on condition that the content of the aredy
ink’s solvent is not too small, at least, not léssn 1 nanogram per sample) that the natural agfing
the ink analyzed is still in progress, i.e., th& writing is fresh (Table 2) [52]. In his paper [52
Aginsky proposed an alternative ink aging parametérany volatile solid component of the ink was
detected: P = ratio solvent peak areas to nonil®ledmponent peak areas. However this method
was not mentioned again in later publications.

Gaudreau and Brazeau reported using a similar rdthdetermine the approximate age of an ink
entry in conference proceedings [49]. Two sample sach containing 10 plugs of ink are removed.
One sample set is heated at 70°C for 2 hours aed both are extracted with 15 microliters
acetonitrile containing internal standard for 5 ates. Using Equation 2 in Table 2, the authors
determined the following threshold values for phgmthanol:R > 50 %and 25%(including error)
allowing to state that ink has been applied to p&gss than six months (150 days) and less than one
year (300 days) prior to the test respectively (& &).

As of today, nobody else reported in the literawsimg this methoddowever, Andrasko presented

a modified solvent loss ratio technique involvingddiferent sample preparation (solid-phase
microextraction) [47,46] that was able to reveanfink is fresh (4-6 months old at most). He later
communicated his strong doubts about the feasilolitsuch ink dating methods stating that the
method he had presented was unreliable and thaesiuéts were not reproducibled solid-phase
microextraction method was also studied by Brazwal Gaudreau [54]. It should be noted that
this method requires that both the heated and tetheamples have the same or nearly the same

amount of ink. The method is not independent ofaim@unt or length of ink sampled.

* Method 2
(described aRate of decrease of solvents extractability B§eAginsky [52])

According to Aginsky’s report [52], two samples,ckaof 1 cm slivers of the ink on paper are
removed using a sharp scalpel. Sample 1 is placedvial and extracted with 10 microliters of a

‘slowly extracting weak’ solvent. 1 microliter dig extract is analysed by GC/MS (SIM mode with

! personal communication from J. Andrasko, 2003.



detector set to monitor ions which are specifictfor identified substances and internal standard).
The sample is removed, dried, placed in anothdrand extracted with 10 microliters of a ‘fast
extracting strong’ solvent. 1 microliter of the edt is analysed by GC/MS (same analysis
settings). The mass of solvent in each extracte{Mand Myong are calculated by means of the
internal standard method and the percent of theesblmass extracted in the weak solvent (P) is
calculated using Equation 3 in Table 4. Sample thes heated moderately and analysed using the
same procedure as for sample 1 in order to deterthi@ percent of extraction after heating)(P
The distance (D) between the value P apgsRalculated using Equation 4 in Table 4. MetRBad
actually an upgrade of method 1, as the total amobirextract MieatMswong (Table 4) should
theoretically have the same value as P (Table [®réffore the final R% can be extrapolated from
the raw results obtained by method 2, without aoldsti analyses.

Aginsky summarizedif the value of D is ca. 15% or larger, it showstlhe natural aging of the
ink analyzed has not levelled off yet, i.e., thatink writing is fresi52]. The followingthresholds
definitions were proposed in the literature in 1958):

* D > ca. 15%- It suggests that the questioned writing is fresh,it is less than eight-month old. If
such a result has been obtained for a questionedrdent dated, e.g. by over a year preceding the
analysis, the examiner can state with confidenaéttiis document has been backdated.

* D < ca. 10%- It suggests that the questioned writing is oldittis its age is larger than ca. two
months, on condition that the document bearing dbestioned writing has been stored under
normal environmental conditions, for example, unaem temperature and constant humidity and
light conditions. It should also be stressed thathsresults can also mean that the questioned ink’s
binder is not capable of cross-linking or undergpimther processes of ‘solidification’ due to aging
(though there are very few such inks on the market)

e ca. 10% < D < ca. 15% This means that additional samples of the questcentry should be
taken (if enough ink is available) to ascertaintistzcally if the mean of the D values obtained are
closer to 10% or 15%; in this case, the conclusionwhether the ink in question is fresh or old is
made with a certain degree of confidence.

It was then specified in an appendix to the artjblg] that if, in a real case situation, a necgssit
arises to narrow the interval comprising the reg af the ink in question, there were at least two
possibilities for this: (1) The ink formula is knawand reference samples may be prepared; (2)
Further thresholds determination as follows:

* D> 20 % corresponds to ballpoint inks younger thamobiths

* D <5 %corresponds to ballpoint inks older than approxetya® months

New upper-threshold values were later presentedcionference proceeding in 2002 (Table 4) [45].



This D parameter is then used to ascertain thatatiieg of the ink sample has not stopped yet
(Figure 6). The principle follows the idea that,emhink is fresh, P is high and B lower (then the
difference D is high and the sample is still drying/hen the ink is old, P is low and B also low

(then the difference D is low and the sample desgedts rate of drying).

The threshold values were defined using differetlipbint pens. If the type is not always reported
in the literature, the number of pens was specifimdween 30 and 50 [45]; 64 [49] and up to 85
[56]. Thus the influence of ink formulation was gome extent tested, particularly in the work of
Bigler et al. [56] who selected representative ifrken the ink library at the Forensic Science
Institute of The Bavarian Bureau of Investigatidts a consequence, the influence of the initial
guantity of phenoxyethanol was also evaluated. TEhighy only an upper-threshold indicating the
maximum age of an ink may be used [45,56,49]. Tlesgnce of a high quantity of phenoxyethanol
or the finding of a high aging parameter may inthicafresh ink, whereas its absence does not allow
any conclusion about the age [56] (see detailetherfions below)

No published account from other authors reportedguthis specific method. However, a method
based on the same principles, but involving a tBfie sample preparation, was reported recently in
the literature and is described below [63,60,56,64]

» Method 3
(described abk age assessment procedbreBlgler et al. [56])

Instead of a sequential extraction into weak anshgt solvents, the sample is thermally desorbed at
two different temperatures (e.g. 90°C and 200°@g peak areas of phenoxyethanol obtained at low
desorption temperature M and high desorption temperature;jdare used to calculate a ratio V
(corresponding to P in Equation 3 in Table 4) (Sable 6).

If the experimental procedure considers only sampbnd (%) is computed, then the decision
criteria were defined by Bugler et al. [56] asdols (Table 7):

 if V> 10%, ink is fresh. For example, if V > 25%k is not older than two months.

* if V < 10%, no conclusion can be drawn.

Bigler et al. found out that a large number ofitlkes aged too fast and therefore no conclusion can
be drawn when the ratio V is below 10%. Moreover &luthors stated that while according to their
test results, the proposed method for age detetimmaas applicable to ballpoint inks not olderrtha
1.5 years [55,64]. In practice, however, the acoyrmef the method and the properties of the inks
used in office work limit the measurable time sdalan ink age of up to 3-4 months [64].
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In order to minimize the potential occurrence ofsdapositive, the authors later considered
performing a series of five analyses every two gdek a period of two months, while letting the
samples naturally age (these are samples 2, 3jMT&ble 6) [68,64]. The authors also proposed
derivatization of phenoxyethanol in order to ins@aensitivity and decrease variability[68,64].
The results thus obtained are then used for cdioglaa similar aging parameter as the one
proposed by Aginsky (D in Table 4) [33] with thdfdrence that the subsequent samples are aged
naturally instead of artificially. In fact, artifel aging is faster, but actually still debatedykly in

the scientific community and it was not yet demaated to reproduce adequately the natural aging
of ink [42]. In this way, using the V% values oktlfive samples, each of which is older than the
previously analysed, an aging curve for the quastiank entry is obtained. It is then assumed, that
a significant drop in the slope of the curve rafieen ink which is still aging, and that no sigruint
drop in the curve reflects an ink which is not ggamymore. From mass screening it was deduced,
that aging of inks can be followed analytically lwthis method up to 6 months. As a consequence,
an ink which is still aging is regarded as being older than 6 months. Otherwise no conclusion
can be drawn. The assessment of a "significant"drothe slope of the aging curve is performed

using the statistical Neumann trend test. The v@lug calculated as follows [69,70]:

Q= - 1)&22()“ X11)? Eq.(5)

, Wheren is the number of measurements (erg5), X, X+1, ... are the measurements ordered
chronologically and is the standard deviation. This statistical treattrprovides a threshold value
for Q to decide if there is a trend in a series of Eogiven a selected probabiliy The probability
level has to be fixed by the examiner and is gdlye®%%. For example, a threshold value of
0.8204 is obtained fon=5 andp=95%. If the Q value is below the threshold valtleen the

conclusion can be drawn that the investigatedsritill aging given the selected probability level.

C. Validation of ink dating methods

The analytical dating methods require a considerabhount of time and resources. It is therefore
important not to underestimate the task of ensuhieg scientific validity before implementing them

in practice [71,72] (Table 8). In forensic ink dugj it is extremely important not to confound the
results of research experiments performed undardatry conditions on controlled samples, with

results obtained in real situations on uncontropdcimens of limited size, unknown composition

11



and undefined storage conditions [41]. Publishedks&/qresent interesting ideas and promising
orientations, but its reporting stage in publicatiadoes not allow yet for a wide application in
casework. Stewart and Fortunato [32] warned thia heed to routinely determine the age of a
document appears to have been a driving force ueld@ment of new ink analysis techniques. This
could be dangerous, in that the field may be dritkeadvance faster than the stage of development
of some of the techniques should allow.’

It is also of particular concern that measuremerdrg and irregulars are very rarely mentioned in
the literature and are generally not representdlarfigures. It is essential however, to makeatert
that predicted differences provoked by aging (urdigerent influencing factors) are in fact higher
than measurement errors [73]. Furthermore, therdidable in real cases is generally not sufficient
to repeat analysis several time in order to obtimean and a standard deviation. When low
guantities are analysed, such as solvents in itkesnthe detection and quantification limits (LoD
and LoQ, respectively) play an important role inedeining a threshold at which the method is not
applicable anymore [4]. Due to this small sampse sind the flowing time, it is seldom possible to
perform ink dating by solvent analysis again asi@me time has passed. The most demanding aspect
is actually the inter-laboratory validation. Asteth earlier, in the literature all necessary data a
actually required so that any new technique(s)demposed cabe scrutinized by other experts in
the field[32]. The transparency in forensic science has been aftknowledged as an essential
factor to avoid errors [74,75] and is a must, irdesrto develop a methodology in several
laboratories. Often, only final values or given @des (no raw data) are published in the literature
and the reader must accept the conclusions fortegtamhis lack of transparency about dating
methods was criticized early in the questioned duants literature. Stewart and Fortunato wrote in
1996 [32] thatIf a technique can be shown to be scientificallyrgbthen the next logical step would
be to conduct independent validation studies atediht laboratories. Before this can occur,
however, each technique must be carefully resedrelmel described so that others can reproduce
the methods and evaluate their effectivenéss.that Aginsky answered as follows [33Hdwever,
this recommendation does not seem irreproachablecoOrse, each method proposed for applying
in casework must be minutely described in a pradess$ journal and properly scrutinized. But, at
the same time, it should be realized that this rztway related, mainly, to the method presentation
practically has nothing to do with the method vatidns, at least, as for ink dating methods. The
matter is that these methods are the complicatedyrmstaged procedures containing a number of
limitations, “technological nuances” and pitfallshich all are difficult to exhaustively explain inet
article and which may serve as contributing factdcs possible inconsistencies between the
procedure, as it is used by the author(s), andhitsroper reproductions made by othevko want to

evaluate its’ effectiveness or conduct independahtiation study. (...) With the above reasons in
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mind, it becomes clear why attempts to reproducelai methods by using their description, even
very detailed, may well lead to confusing resullsa method may be reproduced incorrectly by
other scientists because of its difficulty, thee tlobustness of the method may be questioned. A
robust method would not be significantly affectgdsinall variations (i.e., error) introduced during
the procedure; and the procedures may be easilgriexpin other laboratories. Therefore forensic
scientists performing ink dating methods shouldtdbuate actively to the exportation of their
method to other laboratories, thus avoiding misustdading leading to improper reproductions. In
fact, to the present date, no two laboratories tltaink dating via solvent analysis use the same
method, however several laboratories participaitnthe International Collaboration on Ink Dating
(InCID , a subgroup of the European Document ExamnsinWorking Group) are striving to
harmonize their dating methodologies inspired eylork of Blgler et al. [56].

Once the validation of the tested methods is ahrdat satisfactorily [71,72], blind testing on
realistic samples will be imperative, in order toeck the reliability of the method under real
casework conditions. Brunelle and Cantu [27], Maegal. [31] and Aginsky [33] agreed on the fact
that ‘there is a serious need for outside proficiencyingsof current ink dating methodsAginsky
reported having been subjected to outside profigidesting in the Division of Identification and
Forensic Science of the Israel Police for methddezrease in extraction efficiency) [33,52,76]. A
document attesting that fact is available on thésite of Riley Welch LaPorte & Associate [76].
According to this document, Aginsky examined siftedtent ballpoint inks written on different dates
and his results were all correct. The age of ths Bt the time of analyses varied between 1 and 12
months. Five were younger than 8 months and oneoldas than 2 months. No indication about the
preparation of samples was detailed (e.g., typeramdber of different inks, type of paper, storage
conditions). The number of samples of this testiras very limited and the conclusion given used
only two thresholds (less than 8 months correspgndo D > 15% and more than 2 months
corresponding to D < 10% [52]). In our opinion,stidan by no means serve as a proof that the
method will work on realistic samples (i.e. corr@sg@ing to uncontrolled conditions encountered in
caseworks) and that different threshold values M6uld provide correct answerBor example,
recent studies by Bugler et al. [56] showed thatualhalf of the investigated inks were ‘fast aging’
and yielded low ratio even when still fresh andsthaulower-threshold value cannot be interpreted as
coming from an old ink. Moreover, the time span tten be considered to date inks through solvent
analysis using GC/MS is seriously questioned inftrensic community. Brunelle and Crawford
stated that the ink dating technology which is Hase GC/MS analysisannot be used to date inks
over six months olflL5,46] and Bugler et al. recommendeditalyze ink with a maximum age of 3-
4 month[64]. The feasibility of such dating techniques on inkesl than that must therefore be

demonstrated.
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Aginsky added thatBoth techniquesi.e., named here as method 1 andl@cribed have been used
numerously in actual cases involving tax evasioadiocal malpractice, altered wills, contractual
disputes, rackets, corruption and organized crimeg many times the conclusions stated on the
basis of the results of the ink dating examinatiacepted as conclusive by the courts of law in
Russia) directly affected a cag2]”. The fact that acceptance by the courtoimeatimes considered
as proof of validation of methods, while statingttthe same methods are probably too delicate to be
reproduced correctly by scientific colleagues stiobé strongly questioned. In fact all dating
methods should follow complete validation according above mentioned criteria (Table 8) before
their application in court. In conclusion of thiecion, Brunelle and Cantu underlined earlier the
ethical responsibilities of forensic scientists fpeming ink dating examinatiorf27] by stating that
‘Testimony involving ink dating that does not clgastate the significance of results obtained and
the limitations of what can be concluded from theutts of examinatiof...) would be unethical
according to AAFSAmerican Academy of Forensic Scienceg)idelines because it would be

misleading.

D. Ink dating interpretation

Interpretation of ink dating evidence plays an e8akrole in the dating process and should not be
underestimated in the development of dating methéHdt is very important to consider all the
possible alternative hypotheses for the obtainedltrdéo allow for a balanced interpretation of the
evidence [38,75,77,74,27]. A logical statisticahnfrework based on a likelihood approach was
proposed [38], because it is more correct thanthineshold approach generally reported in the
literature. It has the advantage of taking intooact the occurrence of false positive results which
cannot be completely avoided [27], particularlyaifield with many influencing factors that may
introduce additional errors.

For cases where an ink tests as being fresh Agimskye [52] that ‘If such a result has been
obtained for a questioned document dated, e.goyvby a year preceding the analysis, the examiner
can state with confidence that this document has lbackdated. One has to be particularly careful
as such a statement is actually influenced byhall factors mentioned above. In fact, it is not
unconceivable that an ink older than 8 months magome circumstances show a ratio D above
12% (for example, an ink signature on a documeatqd in a plastic cover with several other
documents also carrying ink entries and storeddald, humid room). Forensic interpretation must
therefore take into account all logical possilshti(i.e., alternative sources for observed resattd)
the probability should not be expressed on the tigses (e.g., it is wrong to state the following: *

is more probable that the ink is fresh given théaoted D% ratid). In order to formulate a
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statement in a balanced way, the probability shagkdially be formulated on the evidence given
two hypotheses (e.gt is more probable to observe the obtained D%adtithe ink is fresh rather
than if the ink is old' [78,75,74]. The likelihood ratio (LR) is thus defd by the probability of
observing a given value of D% if the ink is of age A months compared to the probability of

observing the same D% value if the ink was oldantA i.e., £= (A + n) months:

r=P(ODIt)
p(DIt,)

Eq.(6)

For example, the evidence can be evaluated givefotlowing two hypotheses:

* the prosecution states that the ink is 8 monlthgto

* the defence reports that the ink is 24 monthgtg)d

Aginsky [45] reported that the mean value and tiamdard deviation for 8 months old blue ink
strokes (from 50 different ballpoint pens) was [0.56 £ 1.13 %, while the values for 24 months
old blue ink strokes (from 30 different ballpoinens) was D=1.25 + 0.85 %. Accepting for
simplicity that D values for a given timgdre normally distributed, the LR can be calculdted

the following equation [79,80]:

_ f(DIy,.07)

LR= Ea.(7
(D1, ,07%) a7

wherep is the mean anef is the standard deviation of the D% value. Thesilgf probability for

a given value of D=d is generally given by thedwling function [79,80]:

1 d - u)?
F(D | 10%) = ex —ﬂ} .

1/2]70'2 202

If a D% value of 5% is obtained for the scenariosidered here, the LR is then written as follows:

- (D 756113 _002065_,
f(D |125,085 0.00011
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This would mean that it is 188 times more likelyolsserve D = 5% if the ink is 8 months olg) (t
rather than if it is 24 months olg)t This calculation can be repeated for all potdnalues of D in
order to represent a distribution of possible LR tfee given pair of propositiong &ind ¢ as a
function of D% (Figure 7).

However, as can be seen both densities of probahile considerably low and the LR value may
change considerably if another set of propositiorese to be compared. Unfortunately, the
necessary data is not available from the literatartest other scenarios. This logical approach to
interpret ink dating evidence has two main advasgagon negligible for the court: (1) it is more
correct because it takes into account the hyposhekéhe justice and the error rate (false positive
occurrence should not be neglected) and (2) itnallto test all possible scenarios and not limit the
results to values above a certain threshold. Aaldlitly this approach can be adapted to continuous
data and the influence of several factors on thiegagan be introduced in the model to evaluate

their impact on the strength of evidence [79].

Conclusion

The drying of ink on paper can to some extent bapared to the drying of a towel. Thus if the
towel was dipped in water or only used to wipe & sugface, one takes longer to dry than the other
(i.e., dependence on the initial quantity of sotyeif the towel is made of cotton or synthetic
fabric, again the length of time to dry will diff¢r.e., dependence on the type of substrate) and
finally the time to dry will not be comparable te towel was kept in a plastic bag or hung up
outside exposed to the sun and wind (i.e., depe@ed@m the storage conditions). Also, the
evaporation and diffusion of the ink solvents cancbmpared to a drop of perfume on a piece of
paper. Over time it evaporates and spreads latethliough the paper, and into any paper above
and below that may be in contact with it. This isywwhatever the ink dating method used may be,
the influence of factors such as those mentionevealnust be quantified and taken into account
when interpreting the results. At least some regerns should be expressed on the results if these
were not known (Table 9).

Furthermore, ink dating methods should be valid&tgdietermining their limit of quantification,
systematic error, repeatability (within laboratogyrecision) and reproducibility (between
laboratories precision). For the latter, commumacatabout the method should be open to allow
other laboratories to reproduce it. This step ofrfumisation between laboratories is not easy, but
should not be underestimated. In fact, for a quasds recurrent as the one of documents dating, the

necessary resources should not be an issue farsioreaboratories around the world. Ideally the
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technique should then be submitted to blind teshipgn outside qualified laboratory on realistic
samples such as is done in many other forensidptirees. This is not a small task because
preparing older realistic samples is not straigwfrd. However the methods seem to work for ink
up to 24 months old at most. It is therefore fdasib

This last requirement for ink dating methods isadequate and logical interpretation model taking
into account the methodology’s error rates, whiemmot be neglected in an ethical approach.
Calculations of likelihood ratios should allow fealanced answers to the court considering both the
prosecution and the defence hypotheses. This wiél the justice the necessary information to
consider all information at hand in a global Bagedramework.

To conclude this article, we wish to quote fromfBssor Michael J. Saks' recent article: "Forensic
identification: From a faith-based "Science" taceestific science” [81]:

"What can forensic scientists do while waiting forserious body of research to evolve that
illuminates their particular subfield? The shortsaver is: honesty and humility. Confine reports
and testimony within the bounds of the empiricadgted findings of the field, intelligently
understood (meaning: not relying excessively on amgle study of a limited aspect of a
phenomenon and not overgeneralizing). If veryeliisl based on empirically tested findings, simply
say so, while stating conclusions in a way thabgeizes and respects the limits of the available
knowledge. What one believes or hopes about a detlwhat one can know on existing research
are not the same. Refrain from exaggerating whatiadly is known at the present stage of the
field’s development. Remain within the bounds @dadknowledge. Abandon claims of uniqueness
and absoluteness. Recognize that forensic ideatiibic is a probabilistic endeavor. Abandon the
use of misleading terminology, such as “match” ‘odentification” or “scientific certainty.”
Offer descriptions and opinions with clarity andndar. Offer conclusions with modesty, unless
and until a body of serious empirically based kremgle allows more. Resist the culture of

exaggeration. Strive for science-based, not fadkdul, forensic science".
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Figure 1 —Simultaneous ink drying processes on paper: tHpdiat pen solvent molecules volatilize
(evaporate), diffuse (migrate and penetrate viami®n) and are adsorbed by the paper substraide W
grey arrows represent volatilization, black arraegresents diffusion, migration, penetration, apson and

adsorption.
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O\/\OH m.w. 138.2 g/mol
©/ b.p. 247°C
21.5cP

viscosity at 25°C

Figure 2 — Structure formula, molecular weight, boiling ipo@ind viscosity of the solvent phenoxyethanol.
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micrograms scale

Time / hours

Figure 3 - Superimposed curves for the evaporation of 10, 41, 60, and 10Qul of the solvent
ethoxyethanol from paper: the loss of weight innmicams (steps of 50Q0(y) is presented as a function of
the time in hours. Lower evaporation rates wereepkesi when smaller volumes of solvents were imtial
deposited on paper [61].

25



[N
N
]

[EEN
o
1 L

[ ]
Tom

o
1 L

Surface area / cm®
(o)}
1

2 -
0 ' ' T T T
0 5 10 15 20
Volume / l

Figure 4 - Visible surface area [cThtaken up by the solvents ethoxyethoxyethanol ¢E)opylene glycol
(D) and phenoxyethanol (P) a short time after deéjpason paper with a micropipette, as functionsttod
volume depositedyl]. The surface areas increased with the volumé, viere also influenced by the
viscosity, density, hygroscopicity and volatilitf the solvents [61].
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Figure 5 - Solvents diffusion from two ink entries: (left) flision away from a straight line, (right) diffusion
inside the loop of the letter ‘0’. The solvent centration may be significantly higher in 1 cm of fbop
compared to 1 cm of the straight line.
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Figure 6 Graphical presentation of the threshold valuep@sed by Aginsky in 1996 [33] to determine a
time frame within which a questioned entry has baanally written.
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Figure 7 — Distribution of likelihood ratio (LR) calculated asfunction of the D% values for the pair of
proposition: the ink is 8 months old)(tand the ink is 24 months old)(tUp to a D% of 4, the evidence
support the hypothesig while for D= 5%, the evidence is more probable given t
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First parameter | Second parameter Ratio (Table 4; Eq.(3))

Ink line length (cm) M1 (ng) M, (ng) M1-100% /( My+ M>)
1 30 70 30
2 60 140 30

Table 1 —The parameters Mand M are absolute quantities of phenoxyethanol anddapendent of the
length of the stroke, while calculating a ratiovibe¢n these two parameters yield a length indepénden
feature.
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Sample set 1 Sample set 2
METHOD 1 -
(normal) (artificially aged)
Sampling 10 microdiscs (1 mm diameter) of the inkpaper
Moderate heating
Treatment No treatment
(e.g. 70°C, 1h[52] or 2h[49]
. 10l [52] or 15ul [49] of appropriate solvent
Extraction o ) _
(e.g. acetonitrile with an internal standard)
Analysis 1l of extract analyzed by GC/MS (SIM mode)
Results P = mass of solvent T Pmass of solvent
Eq.(2) R(%) = [ (P - Py )/P]-100[52,49]

Table 2  Procedure to determine the rate of decrease afilotomponents (R) in inks on documents.
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Aging Threshold

Ink entry age Literature
Parameter value
Aginsk
R % > 20 fresh J y
[52]
Gaudreau and Brazeau
R % >50 less than 6 months
[49]
Gaudreau and Brazeau
R % > 25 less than 1 year (49]

Table 3  Summary of R thresholds values defined in theditee and in conference proceedings
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Sample 1 Sample 2

METHOD 2 o
(normal) (artificially aged)
Sampling 10 microdiscs (1-mm diameter) of the inkpaper
Moderate heating
Treatment No treatment

(e.g. 70°C, 60 min)

Weak extraction

10 ul of an appropriate weak solvent (e.g., carboratétioride)

Analysis 1

extract analyzed by GC/MS

Results 1

Mea= mass of solvent W= mass of solvent

Strong extraction

After drying, in 10ul of an appropriate strong solvent (e.g. chlorofprm

Analysis 2 extract analyzed by GC/MS

Results 2 Mirong= Mass of solvent Mong mMass of solvent

Eq. 3) P = 100- Pr (%) = 100-
[Mweal (Mweak* Mstrong] [Mweal (Mweak* Mstrong]

Eq. (4) D (%) =P - Pr[52]

Table 4 Procedure to determine the rate of decrease wésoéxtractability (D) of inks from

documents described by Aginsky [52].
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Aging Threshold )
Ink entry age Literature
Parameter value
D% >ca. 15 less than 8 months Aginsky [52]
Aginsky [52]
D% <ca. 10 more than 2 months o
proficiency
>ca. 10 )
D% more analyses Aginsky [52]
<ca.15
D% =220 less than 5 months Aginsky [52]
D% <5 more than 6 months Aginsky [52]
D% > 18 less than 6 months Aginsky [45]
D% 212 less than 8 months Aginsky [45]
D% =8 less than 12 months Aginsky [45]
D% =6 less than 18 months Aginsky [45]
D% >4 less than 24 months Aginsky [45]

Table 5 Summary of D threshold values defined in theditere and in conference proceedings.
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Sample 1 Samplen=2,3,4and 5

METHOD 2
(normal) (naturally aged)
Sampling 0.5 mm of the ink on paper
Treatment No treatment After several weeks

Weak extraction

90°C thermodesorption

Analysis 1

extract analyzed by GC/MS

Results 1

Mw= mass of solvent ML= mass of solvent

Strong extraction

200°C thermodesorption

Analysis 2 extract analyzed by GC/MS
Results 2 Migh= mass of solvent My= mass of solvent
Eq. (3) Vi (%) = 100 [Mow/(Miow + Mhigh)] V(%) = 100- [Mow/(Miow + Mhigh)]

Evaluation Test

Statistical Neumann trend test [70]

Table 6  Procedure to determine the ink age factor (V%)nés from documents described
Blgler et al. [56].
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Aging Threshold

Parameter valle Ink entry age Literature
V% >25% less than 2 months Bugler et al. [56]
V % > 10% less than 3-4 months Bugler et al. [64]
V % <10% no conclusion Bugler et al. [56]

Table 7 Summary of V thresholds values defined in theditiere and in conference proceedings.
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Aspects of reliability Short definition

Specificity [71] Ability to detect ink solvents

LoD, LoQ [71,38] Limit of reliable measuremer
oD, Lo ,
(detection and quantification)

Systematic error [71,38] Accuracy
Repeatability [71,73] Within laboratory precision
Reproducibility [71] Between laboratory precision

Outside proficiency testing [33,31,27BIlind testing on realistic samples

Table 8  Aspects of reliability for analytical methods. Beeaspects must be further evaluated before

the application of proposed dating methods in caaks.
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Minimum requirements Purpose

Study of aging kinetics and  Define limit of applicability of
influencing factors the method
Achieve transparency enabling
Description of methodology reproduction by other

laboratories

Reach intra_andter-laboratory

Validation of methodology .
reliability

Use of a logical interpretation Evaluate probability of evidenc
model given alternative hypotheses

Table 9  Summary of minimum requirements necessary to raaakfficient level of confidence in the

development and application of dating methods
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