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ITntroduction

Relative dating of archaeclogical remains is well
known as a method for ordering a group of samvles chrono-
logically. It cannot provide exact ages, as can absolute
dating, but it can provide a relaticnship between samvles,
as long ag they have been preserved under the same con-
ditions., 3Roth dating methods are usually based on how
the content of some element or compound changes over time.
The difference lies in the fact that the substances im-
portant for relative dating methods are greatly effected
by environmental conditions, while those important for
absolute dating methods are assumed to have a constant
rate of change everywhere. Thus a contreol for environ-
mental conditions is necessary when doing relative dating.
The most ocbvious contrel is that samples to be compared
come from the same archaeoslogical site. 7

In the summer of 1270, I undertook a nitrozen anal-
ysis of bone samples from fifteen gravelots at the Mound-
ville site in Alabama, on the suggestion of Vincas P. Stervo-
naitis, He has made a seriation of gravelots at Moundville
vasged on the pottery found in association with the burials
f1). He wished to have a radiccarbon analysis done on the
fifteen skeletons in order to nlace them in time. Unfor-
tunately, all of the bones, which were unearthed by C. 2.
Moore before 1041, are coated with the preservative Alvar,
This preservative, a carbon based polymer, would throw off
greatly any values obtained by radiccarbon analysis. For
this reason, he decided that a relative dating technique
that does not involve any of the elements contained in Al-
var would be more suitable for his purposes., Although
it would not give absolute dates, it would provide a chrono-
logical check on the pottery seriation. And so, in August
of 1070, I went to the Smithsonian Institute in Washington,
D. C. to get the bones from Mr, Steponaitis, and a ovroce-
dure for nitrogen analysis from Dr. David von Endt.

During the course ¢f my analysis, I had the excellent



fortune of recieving an offerftofhsyefé fincrine analysis
done on the bones by Dr. Albert L;;Héﬁédh:at Brookhaven
National Laboratory in Unton,'ﬂew'Yofk e was aware of

my nroject, and of the utlllty fluorlne datlnc would have

as a cross check for nitrogen datlng.. Hls technlque is

a highly sophisticated analysis utlllzlng ‘proton 1ne138ulc
gecattering, In March of 1980, I went to sroo&haven and
spent a week prevaring samples ﬁnd helnlng to set up: the-
analysis procedure. So with the_weperous ald of Dr, Hanson,
I was able to make my project comnleue. _'

In the following study, I will. nresent a comolete
account of my work with the relative duthg of the fifteen
Moundville skeletons. 1In addition, I!Wiii give a brief
review of the theory and history of ﬁitrdgen'and fluorine

dating.
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"gf_#f,ﬁitrogen Dating

Nitrogen dating is based on the fact that buried bones
and teeth lose ii%fégéﬁ{over time, Thus the older the
bone, the less nitrogéh per total weight the bone will
contain, : A":-Vf?“f_ ' ,

Fresh hdman?bQﬁgJCOntains_aboutcfi#e vercent nitrogen .
by weight (2). Almost all of this is contained in the
fibrous protein'ébiiégéh.f Like all proteins, collagen

is made up'offa¢+§mi£§'aéids 1inked by peptide bonds.

All <x-amino'écid$ Have the basic structure shown in Figure

1 below.
Figure 1
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Zach consists of a carboxyl group and an amino group
on the same carbon atom, designated the o-carbon aton.
The side chain, different for each of the twenty-odd bio-
logical amino acids, is reopresented by +the R. Most of the
protein nitrogen is contributed by the amino groups. A
much smaller amount may be contributed by side chain nitro-
gen atoms found in some of the more basic azino aeids such
as lysine and arginine,

The collagen molecule is made up of three peptide
chaing which are particularly high in the amino acids gly~-
cine and hydrexyproline, showa in Figure 2. The peptide
chains are held together by hydrogen bonds. Bundles of
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these molecules are arranged in fibrils which have a char-
acteristic 640 & banding, created by the overlapping mole=-
cules.

Collagen is especially long lasting., In its unaltered
state, it is resistant to most proteclytic enzymes. Col-
lagenase, the collagen degrading enzyme, is one of the few
that effect it., However, when cocllagen is exposed to hot
water, the hydrogen bonds between peptide chains break and
the chains separate, producing a gelatin that is easily
broken down inte its constituent amino acids by proteolytic
enzymes, |

The major event in the loss of nitrogen from buried
bone is protein hydrolysis in which peptide bonds are broken
by the insertion of a water molecule, freeing the amino
acids to leach out of the bone. During the first years
after burial, this is most likely to depend on the vresence
of collagenase producing micro-organisms, mainly of the
species Clostridium, &nd on the environmental suitability

for them f3). Over long veriods of time decomposition
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taxes place in other ways. One o10 the most 1nfluent1al
factors is temperature, Ortner et al have demonstrated
experimentally that the higher the ﬁean annual temne“ature,
the greater the rate of nltrogen decay in bone f2). Ana_
other important factor is soil pH; the lower the pH, or
the more acidic the soil, the faster hydrolysxs takes
vlace. Of course, hydrolysis cannot take nlace without
water, and the more water present {up to saturatlon), the
more accelerated the decay rate. i | o
All chemical reactions can be déscribed by mathema- ..
tical equations expressing the relationship between the
reaction rate and concentration of one or more of the
reactants, For examnle, reactions with rates that depend
only on one of the reactants are known as first order reac-
tions., Unfortunately, the hydrolysis of proteins and the
disappearance of the constituent amino acids from buried
bone is a vrocess so complex and dependent on so many fac-
tors (only a few of which are mentioned above) that it
cannot be expressed aécurately in such a simple manner,
3ut for practical purﬁoses, nitrogen loss from bone anpears
to be a first order reaction devendent on the concentration
of nitrogen present in the bone (2, 4), and is therefore
called a "péeudo-first order" reaction. As such, this vro-
cess can be expressed'ﬁy the first order rate equatidn

Equation 1 dx = xfa - x)dt

where dx is the change in the reactant aitrogen, dt is
the change in time, a”is_the starting concentration of
nitrogen, x is the amount 1ost at time %, and k is the
rate constant, Dartlcular t6 each reaction, Lxperimental
data is easier to work with using the integrated form of

the above equation:

Equation 2 - 1nfa/a - %) = k%t
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Thus when lnfa/a - X) is plotted against time, a
stralght llne Wlth slone k results (ln reciprocal time
units). This means that the. loss of nitrogen from bone
is a log arlthmic ?unctlon of blﬂe.

Analvtiééi'ﬁe+h663* S

Perhaps the ea“la.ew method - ”of organic nitrogen deter-
mination was. f1r5u nub11Qhed by Dumas in 1831 (5) In this
procedure, the samnle 1s bu“nt in a carbon dioxide =z2tmo-

gphere, ox;dlzlng,all,nltroéen present, Averytulng is then
reduced, cdnvéﬁfing'thé nitrogen into its gas, the form in
which it is mezsuréd directly (3). Although this method
must be dohé caréfﬁily to obtain reliable results, when
done properiy_itfis'an excellent way to determine total
nitrogen cqnténﬁ; since it converts essentially all nitro-
genous compbundS;ﬂilﬁ is still considered to be an indis-
pensable technigue. _

The most cémmonly'used method for organic nitrogen
was first developed by Johann Kjeldahl and published in
1883 (6), .While working in the Carlsberg Laboratory, he
wished to trace protein changes in grain during fermen-
tation. (7). Unlike the Dumés method, the ¥Xjeldahl method
was an immediate success since it 1s easier to use and
more reliadble, It is, however, limited to a much lower
range cf compounds; it cannot convert oxidized nitrogen
well, such as nitro compoﬁnds. But for many organic mater-
ials sﬁch as proteins, it is very well suited and has been
a standard procedure for nitrogen determination in the
biological sclences for decades. Over the years, the tech-~
nigue has been izproved and modified so much that there
are now countless variations on the thene,

In generzal, the ¥jeldahl method involves acid diges-~
tion of the sample and then measurement of nitrogen.
Diges*tinon usually takes place in voiling sulfuric acid,
often with the addition of an oxidizing agent or catalyst
and a salt for elevation of boiling temperature. This
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converts the nitrogen into ammonium ion, Although the
exact mechanism of this conversion in preotein is unknown,
it certainly involves hydrolysis of pertide bonds and
complete protonation of the nitrogenfgtdms. A typical
reaction that might take place is shoﬁn{below for the con-
version of the amino acid alanine in'sﬁifuric.

Reaction 1

i
C — O I
HyC — G —NH, + TH,80, —> 300, + 650, + 8H,0
H ’ N
+ WH,HSO,

The boiling time reguired fOr’édmplete digestion varies
widely from one substance to anofher, lasting up to twelve
hours or more for stubborn'materials,: Craracteristically,
the digestion solution clears, at which time almost all
of the nitrogen has been éonverted;, Many experimenters
nrefer to continue boiling past thié'point to ensure con-
version of any intermediate compounds that may have formed.

Digestion of the sample is followed by analysis. In
gsome methods, the ammonia is first recovered by addition
of excess caustic and distillation or zeration., The nitro-
gen is then assayed by titration, colorimetrically, or
by some other means. Some methods do not include the
ammonia recovery step, but involve measurement on the neu-
tralized digest. An interesting method for assaying zmmonia
uses a gas chromatographer (8)., An excess of hydroxide
is edcded to the ammonium sulfate produced during digestion,
releasing gaseous ammonia inito the chromestographer.

One of the more comnon methods for determining micro-
gram guantities of materizl uses direct colorimetric deter-
mination with a Nessler's reagent (2, 0), This is the sort
of ¥jeldanl method used in this study. The Fessler's rea-

gent is an alkaline potassiunm mercuric iodide solution which



produces a yellow color when combined with small amounts
of ammonia., The color comvlex 1s produced by the follow-

ing reactions (7):.

Reaction 2 HgCl, + 2KI ——» 2KCL + Hgl,

Reaction 3 i'ngz + 2% — K2(Hg14)

Reaction 4

H

NH2~— I+ 2H20

+ TKI

L . g
2%, (Hgl,) + 3KOH + Ni; —ob Q/ ~
S N

There are-sdme problems %o be wary of when using the
Kjeldahl methddéf:ﬂuring digestion, it 1s important that
the temperatu:éxié high enough to effect complete digesticn,
but too high a temperature cen result in loss of nitrogen,
Toss may'alsofoccur if the digestion period is too long.
This is due to the fact that if there is much acid lost
bty boiling, thére may not be enough hydrogen ions to keep
the ammonia in ite ligquid soluble ammonium form (7).

There can alsc be vproblems with the Nessler's reagent.
Many experimenters'have'reported turbidity or cloudiness
during color development, caused by improper pH or multi-
valent cations. It has also been found by Noore (10)

that turbidity may be caused by various organic solvents
such as chloroform, ethanol, acetone, and many other alco-

hols and ketones.



Fluorine Dating

In 1844, J. Middleton f11) pointed out that the min-
eral portion of bone, hydroxyapatitz takes up fluorine,
and suggested that the zmount might indicate geological
age., By 1803, Carnot {12) showed conclusively that bone
exposed to fluoride ion for long periods of time in fact
accumulates it irreversibly. These men laid the founda-
tion for what is today known as fluorine dating.

The structural basis of bone is made up of crystals
of hydroxyapatite (Figure 3). These crystals grow aliong
the collagen fibrils., They are extremely small; indivi-
dual crystals are toc small 4o be seen Dy a light micro-
scope. They are rarely larger than 200 angstroms long

and 70 angstroms wide (13).

Figure 3 (14)
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The chemical farmulalfor a unit cell of hydroxyapa-
tite is CaTOfPO4)6(OH)2. However, in bone this mineral
is very impure. Perfect apatite has a Ca/P ratio of 1.67,
but this ratio in bone mineral is 1.5 (15)., The composition
of mineral in bone is actually z wvaryving mixture of calcium
phosphates, including other ions, such as magnesium and
carbonate.

Most anatites are too small or poorly develoned to
exanine structurzlly on an atomic level., Only flucrapa-
tite occurs naturally in crystals suitable for accurate
x~ray diffraction analysis. Thus the basic structure for
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all apatites has been deduced from studies of this mineral.
Tt is a rather complex structure., As shown in Figure 4,
the atoms seem ﬁc?be arranged in diamond shaped plianes with
fluorine atoms &%t the corners. Tive calcium and five phes-
vhorus atoas lie in one of these planes. Other calcium

atoms seem to 1link the planes together.

Figure 4 (16) .
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In Figure 5, a view of one unit cell is shown, look-
ing along the c-axis. This includes twoc of the planes
shown in Figure 4. Each fluorine atom has a triangle of
calcium atoms around it; these triangles "spiral" about the
c-axis from one plane tc the next.

Hydroxyavnatite is assumed to have the same struciure
as fluorapatité, with hydroxide ions replacing fluoride.
The hydroxide{ions'are all oriented in the same direction
along the c;aXis f17}. In fresh human hydroxyapatite,
there are trace impurities of fluoride ions, taking posi-
tion as in pure fluorapatite. In adult farm animals, and
probably in most human populations, the concentration of
fluorine is 300-600 ppm in bone, 100-270 opm in enamel
and 240-625 in dentine (18). These concentrations are



Pigure 5 (10)
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much higher than anywhere else in the body..

Since Middleton it has been known that fluorine accu-
mulates in bone to strengthen it., This fact has been taken
advantage of where teeth are concerned by the fluoridation
of water. An increased amount of fluoride in the teeth
helps to prevent tooth decay. The recent addition of fluo-
ride to drinking water in the United States has certainly
raised the trace amount of the element in modern.bones well
above the level mentioned for farm animals, verhaps into
the range of 1000 ppm. When fluorine amounts veach abnor-
mally high levels, a condition known as fluoresis arises.
This is first recognized by a visible mottling of bones
and teeth at about 2500-30C0 ovpm. At about 5000-6000 ppm,
‘the condition becomes critical (18).

| Thermodynamic studies have shown repezitedly that fluor-
-apatite is a more stable compound than hydroxyzpatite,
comparisons between entropies, enthalpies and heat content
for the two comnounds support this conclusion,  TFor example,
Hagen {20) has made a study of the exchange reaction

g P ¥ CaS(?O4)3Fsolid + OH

Reaction 5 OaB{PO4)BOHsoWi



He caléﬁlaﬁéﬁ}aﬁ equilibrium constant of Keq = 101,26’

deci&édlyfiﬂ favor of the righthand side of the equation.
This imnlies that fluorapatite will form from hydroxyapa-
tite, whgfefgiven the opportunity and sufficient time.

Turthermore, the reaction is @rdmpted when the pE is low.

The .accumulation of fludrine in.bone is by no means
" a simple diffusion in, as is the decrease in nitrogen dif-
fusion out.ﬁ Although diffusion does vlay an important part
in the prdégss, it does not-present an explanation, Pirst,
diffusion of fluoride and hydfoxide ions does not take
nlace in thé three directions.. 3Réther, these ilons move
in one direction, along the C*&XiSiOf the erystal (21).
Second, there is probably no exchange of ions, but an inter-
change of ions with vacancies (21). Thus there is no ran-
dom mixing; there is ordered movement, And finally once
the fluorine is in, it is stably bound.

Although the accumulation of fluorine in bone is much
more ordered than the loss of nitrogen, it is still very
dependent on environmental variableé. All bones start out
with a tiny amount of flourine, and this amount is more
- age dépendent than that of aitrogen in fresh beone. Flucrine
content increases with age, reaching a plateau at abvout age
55 (18). TFluorine in fresh bone is probably evenly distri-
buted, deposited through internal routes. But fluorine
taken up by buried bone must enter through the surface.

One would thus expect a diffusion gradient of fluorine on

the surface of buried bone. The rate of fluorine accumu-
lation is of course very dependent on the amount present

in the soil, This factor varies widely throughout the

" world, from slmost none to ?OTO ppm, with an average for

" surface soils of 202 ppm (22). Other factors such as tem=

‘perature, water and pH are alse imvortant. It is interesting

~“that a lower vpH accelerates fluorine untake as well as

nitrogen decay.



Analytical Methods
Chemical methods for arnalysing fluorine accurately

have not veen easy to develop. They are often tricky and
tedious to work witn, Fluorine is hard to reccver quanti-
tatively and other halogens, such as chlorine, can intérfer.
Especially:where flucorine is in trace amounts do these vro-
blemg become evident. '

Cne of the first reliable wet chemical methods to be-
come standard vrocedure was »roposed by Willard znd Winter
in 1033 (23). Their method involves separation of fluorine
by distillation in the form of hydrofiuosilicic acid and
titration with thorium nitrate. ZLater, Armstrong [24)
simplified the method by using an aqueous sodium alizarin
sulfonate solution as indicator instead of the zirconium-
alizarin mixture used by Willard and Winter., Hoskins and
Pryd further improved the methed in order to measure the
flunrine in the notoricus Piltdown skull (25), They evalu-
ated fluorine content for eazch sample by adding Xnown incre-
ments of fluoride ion and titrating these progressively
enhanced aliquots. ZExtrapolation backwards provided the
fluorine contribution from the bone, This modification
enabled them to measure smaller amounts and also to elimi-
nate interference from other substances.

“ Another more recent gas chromatograpnic method which
has been applied to bone is describved by Groff (8)., Diges-
tion ftakes place in sulfuric acid, releasing fluorine as
hydrofluoriec acid. This is injected into the chromatographer
and converted into silicon fetrafluoride as it passes over
silica sand.

During the past cdecade, some newer methods have cone
into use involving nuclear reactions with fluorine., Al-
though these technigues reguire highly sophisticated equip-
ment and expertice, the advantages for trace measurements
are as yet unsurnassed. Fluorine can be detected in any
chemical form, Materials to be analysed recuire only mini-
mal vrevaration, or no preparation at all., And the method



is much more precise.
Taylor has used such a method to study the diffusion

of fluorine in chipped lithic neterial (26). The reaction

used for his study is
Reaction 6 10Ffp,°‘1)160

in which the samvple is bombarded dy orotons, exciting the
fluorine intoc emitting first an alpha, and then a gamma

ray at a characteristic frequéncy, and leaving an oxygen
nucleus behind, The amount of fluorine is proportional

to +hne rate at which gammas are produced. By varying the
energy of the proton beam, Taylor was able to take measure-
ments at various points just below the surface of the stone,
obtaining a depth oprofile of flucrine diffusion. He found
three types of diffusion shown in Figure 6, unsaturated,
saturated, and reverse., This study suggested that the
amount of fluoriné diffusion on a lithic surface may be
used to judge the paséage of time since that surface was

exposed.

Tigure 6 (26)
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Another reaction that has been employed for fluorine



studies is
Reaction 7 200, p'.j/)'mF

in which the bombarding proton is deflected by the fluorine
nucleus with a lower energy than it had coming in. The
fluorine nucleus so excited then emits a gamma ray, and
falls back to its ground energy state. . There are two charac-
teristic gamma frequencies from this reaction, one at 140
keV and the other at 107 keV, their rates of emission being
directly proportional to the amount of fluorine present.
This method of proton inelastic scattering has been used
recently to study fluorine in vegetation samples f27) and
food samples 728, 26), It has been shown by these inves-
tigators that this analysis is superior to chemical anal-
yses in both recovery and precision.

The technique descrived above is exactly that used
for the present study. Ground bone samples were activated
using a Van de. Graff accelerator at Erookhaven National
Laboratory. Dr. Albert Hanson, who carried out the work,
has been xind enough to write the following primer to aid
in a better understanding of this method.
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A Primer on the Anzlysis of Fluorine by Inelastie
Scattering of Energetic Protons
by Albert Hanscn

The purpose of this primer is to provide a basis
for the understanding by non nuclear scientists of the
relatively  new technique of vproton inelastic scattering
for the analysis of flucrine in materials., This technique
has been develoned and apprlied at Erookhaven lational
Lab mostly to the analysis of fluorine in food samples (1),
Recently this techhique has been used to analyze fluorine
in Indian bone'samples‘from the Moundville, Alabama archae-
ological site. The ampunt of fluorine in the bone samples
should provide 2 relative dating of the bones since fluo-
rine in the soil will diffuse into the sample, replacing
the hydroxide ion in the calcium phbsphate hydroxyapatite.

¥hen a beam of energetic particles interacts with a
solid, several different interactions can take place.
These different interactions compete with each other; the
probability for each interaction being dependent on the
type of particles involved fin this case icns) and the
energy. At the energies of interest the types of interac-
tions between ions and solids can usually be divided int
two major'groupsf'the first being between the igns and the
electrons of the target atoms and.the second Eetween the
projectiles and the nuclei of the target atoms. The inter-
actions between the ions and the electrons of the target
atoms-usually provide the largest contribution %o the
glowing of the beam within the target and can result in the
pfoduction of characteristic‘x—rays. There are thres
basic interactions between the ions and the nuclei of the
‘atoms: 1) elastie scattering, 2) inelastic scattering,
and 3) nuclear reactions. Elastic scattering obeys the
classical laws of energy, momentum and mass conservation,
Inelastic scattering is similar to the elastic scattering

in thet there is no change in the number of nucleons of



neither the ion ndr_%hé?férget, however fhe target nucleus
is left in an ekcité& §téfé; Thig excited nuecleus will
decay emlutlng a cha*actcrlstlc gamma ray. dJuclear reac-
‘tions result in chaHVLng the number of nucleons of the par-
ticles invelved. f ' ,

The 1ntﬂractlon uqed 1n this aqalytlcal technique is
the inelastic scatterlng o? protons off fluorlne, which
is written: ol

Tptp, pr) e . (1)

With the 3.4 leV nrotoﬁsﬁﬁéed in the analysis the first two
states of the 1uorlne are excited., These states decay
resulting in the emission. of the 110 and 107 keV character-
istic gamma rays f2) The number of gamma rays produced
in a target which is tthK enough to stor the beam is given

by the expression:t

]

(e B
igﬁ - VB N ofE) G (E)AE £2)

T 0
where:
E, = lncident bteam energy
NB = the number of protons that struck

the target

NF(E) = NF('X)/(dE/dX), and N, f(x} is the
number of Fflucrine atoms in the
sample as a function of depth.
Therefore if the sample 1s homo-
geneous, N./E) = ¥ #/ (4E/dx}. The
tern dE/dX is the stonnlng power
in the target.

G (E) = the cross section for the production
of the gzmma rays.

Tor a homogeneous samnle equation 72) becomes:

o
3/‘1, =N, N, \ G (E)/(aB/dx) aE (3)
9]
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The number of gamma réys-produced as a function of incident
beam energy has been calculated and is shown in Figure 1 73},
The line marked 6.1% MeV is for the production of the 6.13
MeV gamma rays from the cbmpeting rezction:

10Ffp,o<)10c* : . (4)

The residual 160* nucleus'decays to the ground state by
emitting 6.1 falong with the smaller intensity 6.0 and 7.1)
MeV gamma rays. _

Equation (3) describes the production of the total
number of gamma rays. The total number counted by a detec-

tor will then be:

z}A = QVT kg k%- (5)

The term kg is the geometrical calibration constant which
includes the solid angle subtended by the detector. This
means that if all gamma rays are emitted isotropically
fthat is equal in all directions) only a fraction will be
emitted in the direction of the detector., Once the ganma
ray reaches the detector it has a certain probability of
being counted which is ke'

The gamma rays were counted with a teflon free detector
placed at 00% roughly 2 cm from the target (Pigure 2). The
special teflon free detesctor is to reduce contributions
from inelastic scattering of neutrons off the fluorine which
results in the same 110 and 107 keV gamma rays. A mylar '
lining was placed in the glass "Tee", which held the targets,
since myvlar is low in fluorine content. The signals from
the preamp were shaped and amplified with an Crtec 472 spec-
troscony amplifier and analyzed with a Nuclear Data 6660
analyzer and minicomputer {Figure 3).

A typical gamma ray spectra is shown in ¥igure 4, the
110 and 177 xeV gamma ray lines identified., The height
of the pesks, minus the background radiation is propor-
tional to.the number of fluorine atoms in the samples, as

described by equation 3.
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Tigure Cavntions

Figure 1. Calculated production of 110 and 177 keV gamma
rays from the 1QFfp, p')19F* reaction and, for comparisoh,
of the 6.13 MeV gamma rays fron the_1OF(p,«:)16O* reaction
are given as a function of proton energy. The following

parameters were assumed: a thick organic target containing
1 ppm 10F, and integrated beanm current of 1!&6, and a solid
angle of 4a¢¥ sr. (Reprcduced vertatum from ref. 3 without

permission of the authors.)
Tigure 2, Experimental setup
Figure %. System electronics

Pigure 4, Tyvical gamma ray spectrun
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Some Past Studies

By the late 104058, there had accumulated many fossils
that presentczd problems 1n finding the correct time vperiods
to place them in, Stratigraphically, such specimens would
¢laim a place in one era, but skeletal features would indi-
cate ancther. Around 1047, W, ¥, Libby discovered the chemi-
cal changes in organic matter that form the basis for radio-
carbon dating. But at that time, +this potentially powerful
technique was not well developed and even today is limited
t0 a rather recent time period. Still, the need for some |
Explanations had reached a criftical level and so investi-
gators began to emvnloy relative dating methods more seri-
ouslvy.

One of the foremost prononents of relative dating at
this time was Xenneth P, Oakley. And one of the biggest
puzzles was Piltdown Man. By this time, of course, the
mandiblie and cranium pair were held with suspicion since
such & combination of anthropoid and hominid characteristics
was otherwise unheard of. OCne of the more popular explana-
tions was that it was simply & chance association between
two creatures of very different geological age. ZEut the
"skull" had been shelved by meny anthropologists until
someone could find the rizht answer. In 1050, Oakley a2nd
Hoskins opened the first door to the truth when they pub-
lished their fluorine results for "Zocanthroopus" and the
associated fauna f30), Their study showed that both the
mandible and cranium were coﬁtemporaneous, and belonged
to a much more recent period than the associated Ville-
franchian fauna. Then what was a recent ape jaw doing
in Sussex? In the next few years the evidencs came pouring
in €31, %2): the nitrogen content, the filing of the teeth,
the staining, The answer was now horrifyingly obvious.
Scmeone had intensiocnally prevared and olaced the bones in
the gravel at Piltdown, creating the greatsst hoax the scien-
tific community has ever seen., The result of the epigode
ig that Piltdown Man tecame infamous, while fluorine dating



became famous.

Another vroblem solved by Oakley, this time in colla-
boration with M. ¥, Ashley lMontagu, was that of the Galley
'Hill Skeleton. This specimen was found eight feet below
the s0il in Swanscombe, ¥ent, and for this reason was placed
by gome in the Paleolithic period, But the morphology of
the skeleton was quite recent, with no substantial differ-
ences hetween it and modern day skeletons. The fluorine
analysis published by Oakley and Montagu in 1040 (33},
showed that the bones were in fact fairly recent, confirming
that it was actually an intrusive burial. Later, Oakley
did a comparative study of Galley Hill and the famous Swans-
combe remains, Chemical analyses showed 0.3% fluorine
and 1.6% nitrogen for Galley Hill, and 1.7% fluorine and
only traces of nitrogen for Swanscombe (34), This study
proved the reliability of the nitrogen-fluorine cross check .
for remains from the same geographical region.

Other more recent studies have been done using rela-
tive dating, although carbon-14 is usually the preferred
method. Doberenz did a study of nitrogen content on a
large variety of faunal bonesg ranging from early Pleisto-
cene to modern times f35). " Among this selection were geveral
Pleistocene Rancho La Erea samples that contained almost
és much nitrogen as modern bones. This study demonstrated
the great influence environment nas on the state of preger-
vation of bones., Relative dating alsoc confirmed the anti-
quity of Arlingtdn Sorings Man from California (36), Car-
bonaceous material found nezar the bones of this man had
been dated as avproximately 10,000'yeafs 0ld by radiocarbon
analysig. Relative dating by nitrogen and fluorine analysis
showed that the bones were alsc of great antiquity, and
it could be coneluded that they were of the same age.

Also, nitrogen analysis can be used to assess the crganic
carbon content of materials as a preliminary to radiocarbon
analysis (37). Thus, although carbon-14 arslysis isg by far
the more powerful technique, relative dating is still a use-
ful method alone cr in conjunction with absolute dating.
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The Moundville Bones

The bones used for this study are from the Moundville
site in Alabama on the Black Warrior River. They are zll
human bones from the mounds themselves, unezrthed by C. B.
foore over a twelve year span covering the 10%0's., In 1041,
all of the bones were dipved in Alvar to keep them preserved
(38).

I obtained the bones ia August of 1270 from Vincas P.
Steponzitis at the Smithsonian Institute in Washington,

D, Cuy who in turn had gotien them earlier that year from
Kenneth R. Turner at the University of Alabams, MNr. Stepon-
aitis had originally intended on using the samples for
radiocarbon analysis, but the Alvar prevented the possi-
bility of obtaining reliable results by this method. They
therefore came into my possession for relative dating anal-
ysis. - )

Mr. Steponaitis' intention in having the Dbones deted
was to confirm his own seriation of the Moundville grave-
lots based on pottery types, A reproduction of this ser-
iation is presented in ®igure 7 (1), The figure shows the
pottery traits each gravelot exhibits as coded in Tatle
I /1), and its relative position in time based on these
traits fbest fit position). The letters following the
gravelot numbers describe the mound each sample was found
in. TFor example, 2417-%WP means that gravelot 2417 was
found west of Mound P.

Twelve of the fifteen samples used for this study
were included irn this seriation and are marked on Figure
7 with a dot. The other three are unseriated. Only one
sample, 83%%, has been assigned to the Moundville I period
based on potiery traits. Moundville I is believed toc have
flourished between the years 1100 AD to 1250 AD (309, 40},
Pour of the samples, 1527, 14726, 153¢ and 1788 have been
assigned to the early Moundville III period by this ser-
iation and the other seven, 1181, 1800, 1563, 1065, 1515,
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Table I: Xey to Attributes of Shape and Design Used in
Seriation (1)

1. cylindrical/semicylindrical bowl

2. short neckAbowl

3. flaring rim bowl (deen)

4, slender ovoid bottle

5. subglovular hottle, pedestal bhase

6. subglobular bottle, slab base

7. subglobular bottle, simple base

8. burnished jar with 2 handles

¢. beaded rim

10, widely spaced nodes fon bowl)

1. indenfations

12. lug and inward facing effigy ‘on bowl)

13. 2-5 line scroll fengraved or incised)

14. 2-5 line secroll, crosshatched background f{engraved)
15, 4-10 line vertical scroll fengraved)

16. 15-40 line seroll fengraved)

17. arch incised) |

18, multilinear band at rim fengraved)

10, red on white fpainted)

20. winged serpent (engraved)

21. paired tails (engraved)

22, hand and eye fengraved)

2%. Jar with 8 or more handles

24, fish effigy fon bhowl)
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1423 and 2417, have.been agssigned to the late Moundville

IIT pericd. HMoundville III is believed %0 have covered

the years 1400 AD to 1550 AD f30, 40). The three unseriated
samples, 1647, 1648, and 1840, are also believed to telong
to the Moundville IIT period. It should be kept in mind
that these assignments are noet restrictive, rather they
represent the best placement within a range.

The approximate age of these bones makes them excellent
candidates for nitrogen and fluorine analysis. They are
recent, and would be expected to have fairly high and easily
measurable amounts of nitrogen. Yet they are o0ld enough
to have accumulated fluorine beyond the trace levels found
at death. Unfortunately, the period they cover is short,
only a few hundred years. Thus, the guestion is whether
or not the environmental conditions are sufficientiy extreme
to have ereated detectable differences during the time lapses

between burials.
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Alvar

Alvar is the commercial name for a polymer which has
been commonly used for preserving bones, It is usually sold
as flakes or chunks which can be dissolved in acetone. It
is then spread on the bone or the bone is dipped in it énd

allowed to cdry.
It is made from vinyl acetate by catalysis:

Reaction 8 _
o
n CHy=CH —0 —C — CH, Satalyst

vinyl acetate

i 1

- 4
polyvinyl acetzte (Alvar)

Reing a compound with a carbon base, Alvar introduces
- too much carbon into a bone sample to allow carbon-14 anal-
ysis to be useful for dating. I was lucky enough to obiain
a sample of Alvar from Dr. C. Loring Brace at the Univer-
sity of Michigan. "Analysis showed no detectable nitrogen
by the micro-Kjeldashl method used for this study. Fluorine
aralysis by Dr. Hanson showed nothing above the normal
background presence of fluorine. Therefore, the Alvar in
the bone samvles could not interfer in these relative dating
methods teyond throwing off the weight percentages by a

small amount.
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Materials and Methods

Sample Preparation
A1l bone samples used for this study appeared to have

been cleaned bvefore they were Itreated with the vreservative
Alvar, 3But there were spots, especially on the insides of
long bones, where grains of dirt were glued on with Alvar.
Such visible dirt was removed using a2 thin steel spatula,.
Any chemical treatment of these bones to remove the Alvar
wasg concidered strictly out of the gquestion for two major
reascns, First, there was the risk of removing fluorine

and especially nitrogen during such & treatment, Second,
almost any organic solvent suitable for dissolving Alvar
would interfer in the Nesslerization step of the nitrogen
analysis by causing turbidity.  fAn unfortunate and unexpected
confirmation of this fear was discovered during the nitrogen
analysis of one sample, ulna 1183, It had apparently been
chemically cleansed vrior to my obtaining the samvle. The
solvent used destroyed any spectrophotometric readings.)

A1l bones were ground to a fine powder using a porce-
lain mortar and nestal., A few samples, on which the Alvar
was eSpecially'thick, were difficult to grind to a consistent
vowder; some of the preservative remained in flaxes, Such
samnles were not "filtered" to remove the flakes, since fluo-
rine near bone surfaces could be 1lost in this way., Zrror is
higher for these samples.

For fluorine analysis, the samples were further nre-
pared by ovressing avovroximately 2 gm of each bone into an
aluminum planchet at 1500 1b/in° pressure. This formed a
disk 2.6 cm in diameter and about 2 mm thick.

Nitrogen Analysis
The procedure for micro-Kjeldahl analysis of bone was
borrowed from Dr. David ven Endt at the Smithgonian Insti-

tute's Department of Anthropology.
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Reagents: The diges+ion mixture was prepared by dissolviﬁg
15.0 gm of anhydrous sodium sulfate fNa2 4) in 100 ml of
double dlstllled water.. 70 ml of concentrated sulfuric acid
fH 804) was added very slowly to this salt solution while
swirling. 2.5 ml of 20% perchloric acid (B 6104) was added
as an ox1d121ng avent Finally 1.0 gm of cupric sulfate
fCuSO4-5H20) was added as a catalyst.

The Nessle?'s reagent was prepared by dissolving
45.5 gm of Dawdered mercuric iodide (HgI, ) and %4.0 gm of
crystal pota3814m 1od1de fXI) in a smzll amount of double
distilled water: in'a one liter volumetric flask. In a
gseparate vessel;~112 gm of potassium hydroxide (KOH} was
dissolved in about 140 ml of double distilled water. This
was added tc the nercurlc Dota551um igcdide solution and
brought to one 11ter After nreparatlon, it was not used
for several. dajs in order to a2llow the characteristic sedi-
ment to settle to the bottom of the storage bottle. This
reagent was filtered before use, It was stored in an amber
glass bottle?in the dark. This reagent remains stable for
a year or mofé (7).
Standard Qurve: A standard curve was nrepared for the Ness-

ler's reagenﬁ-as follows., The stock solution for standard-
ization was prevared by dissolVing 0.764% gm of granular
ammonium chloride fNH#Cl) in 100 ml of double distilled
water, 4 second dilution was made Ty bringing 4.0 ml of

the first solution up to 100 ml in a volumetric flask.
Aliguots of this second ammonium chloride solution were
placed in 50 ml volumetric flasks. Three separate flasks
wvere prepared for each aliguot size. These wers filled
about halfway with double distilled water, along with an
extra flask to be used as & blank. 2.5 ml of filtered Ness-~
ler's reagent wag added to each flzsgk, starting the yellow
colored reaction. The flasks were then brought to volume
and inverted to mix., After 30 minutes, readings were taken
against the blank at wavelength_410 nm on a MePherson double

beam spectrophotometer, model ZEU-700.
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The data obtained from thisg standardizaeticn is tabu- .
lated in Table II. The amount of nitrogen in each aliquot
was calculated from the molecular weight of ammonium chle-
ride (53,5 gm/mole), the atomic weight of nitrogen (14,0
gm/mole) and the dilution volumes as follows:

Egquation 3 ] y p
14,0 gm/mol ml
(7.643 mg/nl NH,C1)775°3 ;m/molggr1ge 1101000 pg/mg)

= 80.0 Mg/ml nitrogen for the second standard solution

From the nitrogen amounts and corresponding absorbance
readings, a linear regression analysis was done giving a
y-intercent of -7 x 10~% and a slope of 4.22 x 1077 for
the best fit line. Pearson's correlaticn coefficient, o,
was calculated to be 0.9994.fsee Figure &)

Sample Digestion: Approximately 10 mg of ground bone was
placed in a 10 ml round bottom flask with 1.0 ml of digestion
mixture., This was boiled on an electric heating mantle

while the sample turned from dark brown, tc amber, to yellow,
to green and.finally to a c¢lear blue green. After some
initial experimenting, digestion time for 2 samvle was worked
down to 30 minutes or less. After the sample cooled, it

‘was neutralized with a few drops of double distilled water,
It was then transferred 6 a 10 ml volumetric flask and

brought to volume.
‘Nitrogen Determination: Three 1.0 ml aliguots of the diluted

sample were placed into 50 ml volumetric flasks. The flasks
were half filled with double distilled water along with

an extra flask as a blank and 2.5 ml Nessler's reazgent was

- 2dded to each., The flasks were.then brought to volume.
After 30 minutes, absorbance readings at 410 nm were taken
on a McPherson double beam spectrophotometer, and compared

with the standard curve

Zguation 4 v o= (4,22 x 10" Dx ~ 17 x 1075
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Table II:  Standard Curve for Nessler's Reagent

allggot slze nitrogen g41o average A410

0.20 m1 16.0 pg  0.066 0.0683%
0.071

0.068 |

0.3 24.0 0.10% 0.1017
0.100
o | 0.102

0,40 32,0 0.135 0.1317
0.131
: - 0,120

0.50 - 40.0 0.160 0.1630
0.164
0.165

0.60 48,0 0.205 0.2060
| 0.208
| 0.205

0.80 64.0 0.271 0.2707
' 0.270
0.271
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to obtain the amount of'nitrogen. Hitrogen by weight was
then divided by the total sample weight to obtain the per-

centage of nitrogen.

Fluorine Analysis

RBone samnles were analysed using a Van de Graff accel-
erator at Brookhaven National ILaboratory by Dr. Albert L.
Hanson., Pressed planchets of bone were irradizted with
a oroton beam of energy 3.4 MeV. The glass "Tee" sample
holder was lined with mylar for protection from fluorine
contamination., Gamma rays were counted at a deflection
angle of ©0° using a teflon free GefILi} detector, An Ortec

472 spectroscopy amplifier was used to shape and amplify

siznals from the preamp. Data was analysed using a Nuclear
Data 6660 analyser and microcomputer,

When a sazmple is bombarded by a proton beam Such as
that used for this study, excitation will take place over
a diameter of a2 few millimeters and to a depth on the order

of micrometers, depending on the stopping power of the
material, In order to determine whether the presse@ samples
were thick enough, several of the samples were analysed
after a second layer of groundkbone was pressed on ﬁop of
~the first. The same results were obtaiﬁed.. This confirmed
that the thickness of our samples was sufficlent.

Analyses were also done on an empty alumninum planchet
and on a vlanchet filled with dissolved and resolidified
Alvar, using the solvent acetcne, 3oth gave filucrine counts
on the level of normal background radiation, indicating
thet effects from these sources are negligible.

The absolute concentration of fluorine in each sample
was calculated by commarison with a standard, National
Bureau of Standards certified vhosphate rock. This com-

parison is done using the ecuation

Equation 5 Nlﬁ NF1 (dE/qFx)z
m—— T r ™
i Y NFE rdE/dpx),




- 31 -

where KN is the number of gamma rays emitted from samnie
i, NF i% the concentration of fluovlne in sample 1, and
fd?/pr) is tne stopping power for protons of p¢ﬂnle i in
kef/’atoms/cn }. Stooving powers for protons are ﬁnown for
all elements. But for compounds, stovping powers must oe
apoproximated using the Bregg rule, shown here-for the com—
pound AﬁBm.

Equation 6 !dE/dpx)A 5 = n(dE/pr}& + mde/@Fm)Sf
n-m - Lo

Thusg the total stopning vower of a material must be calculated
from its comuvonent elements, For the standard ﬁOsmnate

rock, nercentages of carbon, oxygen, fluorine, alumlnun,:
silicon, phosphorus, calcium and iron_are very accurately
known. However, bone is a different story. The comn081tlon
of bone has been approximated by gngstrom and Flnﬂan f4?) as
shown in Table IITI,

Table III: Bone Composition f41)

welght nercent

organic material 30,0
Ca : 27.0
P 12,0
co,, 4.0
Mg | 8.2

| 7%. 5%

For calculation purnoses, the "organic material” 1in the
table has been assumed %o be carbon and the remaining 26.5%
has been assumed to be oxygen. This is obviously a very
inaccurate characterization for bone since it completely
disregards hydrogen and nitrogen. Furthermore, 1t is not
known how well these figures for fresh bone compare with
bone that has been buried for centuries. Hawever, it will

uffice for our nresent nurposes.
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Dr, Hanson calculated the stopping vowers of phos-
phate rock and bone to be 3.2 and 2.6 kev/f1018 atoms/cmz)
respectively fbr-the proton energy of 3,4 MeV, It can be
noted here that although sitoppning power decreases with in-
creasing voroton energy, the ratio of stopping powers for
rock to bone remeins fairly constant, afound 1.2.

The certified phosphate rock contains 3.84% or 38,400
vpm fluorine, The 110 keV 1ine yielded 104,880 counts and
the 107 keV line yeilded 116,470 counts.

Equation 5 can now be solved as follows:

b 2 ) o f
Equation 7 NFfbone) - Nxfbone} NF.froc}c) ‘dE/de)bone
{ i
NJ{ 0 Ck) d db/ d‘PX)

rock

where Nxfrock) = 104,880 counts (110 keV line)
116,470 counts {107 keV line)

i

NF!rock) 58,400 ppm
rdE/dlax)bone =
(dE/de)rock .2

S0 that

© Bgquation 8
P(hone) ~ Ngfbone}(0.3651 ppn/count)
for the 110 keV line
= Wyrione) 0-2747 ppm/count)
for the 107 keV line

The uﬂcertainty in this calibration is extremely hard
to assess as explained to me by Dr., Hanson for the follow-
ing reasons:

1, Zguation 5 is an spproximation.

2. The Bragg rule is an gpproximation,

3. The stopping vower has never been measured at these
energies for protons incident of fluorine, magnesium,
silicon, and phosphorus.

4. The comvosition of bone is assumed.
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Results

Jitrogen

Each sample was analysed ivo or sometimes three
times, DPercentages, individual and averaged, standard
deviations and uncertainties at a ©5% confidence level
are tabulated in Table IV. Uncertainties were calculated
using the Student's t test, tOS%,v Sz, where y = N -1
and sg = sX/Jﬁi Uncertainties calculated in this manner
gre extremely high., It must be noted that this is because
most are calculated from only two repeat samples. Thus
these figures are misleading and should not be taken as
the actual ranges for these samples. A larger number of
repeat analyses would be desirable, especially where ranges
are high for example, ulna 1647 and femur 1788)., High
ranges for such samples is vrobably most attributable to
inconsistencies in the vpowder where the Alvar was partiéu«
larly stubborn.

It was not possible for me to find the same bone
to use for each sample, It would of course be preferable
to analyse &ll tibias or all ulres, since differences in
bone dimensions would be expected o result in differing
nitrogeﬁ loss rates, Eut since this was noi possible,
I analysed mostly those bones which were in the most atun-
dance, namely tibias and ulnas. Both a tibia and an ulna
were analysed for sample 1647, 4As can be seen from the
table, nitrogen amounts for these samples z2re fairly com-
varable., In fact, the slizghtly higher anount contained
in the ulna is oprobably due to error, since being a thinner
bone, the ulna would actually be expected to lose niirogen
faster. fSee Appendix for bone dimensions and other notes.)
For sample 1788, there was only a femur for my use. The
femur would be expected to nave a slightly higher nitrogen
~content than its tibia or ulna, being a thicker bone. Tor
1476, there were only foot bones for my use. I énalysed
a metatarsul, an extremely thin bone. Its nitrogen conten
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Table IVi_ﬁﬂitrbgen percentages by weicght

individual average standard

sample . %N ‘ %N deviation ‘o5,
1648 tivia . 1.08 1.07 0.07 0.17
U - 1,00 |
N P V
1647 tibia 0 1 1.87 . 1.87 0.01 0.01
IS - o 1.87
Con e 1,88 | |
1840 tibis T4.52 1,52 0.01 0.02
el 1.51
T 1.5%
1515 tibia = . 1,42 1,30 0.05 0.44
e 1.35
1065 tibia - 1.04 1,073 0.01 0.13
PR 1,02 o
2417 ulna - . 1.64 1,50 0.08 0.70
. 1.53
1530 ulna o 2,87 2.86 0.01 0,13
| | 2.85
1563 ulna 2.0% 2,03 0 o
2.0%
1423 uwlna 2.44 2.47 0.04 0, 32
2,40 |
1800 ulna - 2.08 2.10 16,03 0.25
2,12 |
1647 ulna 2.10 1.24 0.23 2.10
| 1.77 |
1788 femur : 1.85 1,78 0.11 0.75
1.70 -
1406 metztarsul 0.76 .83 0,00 0.86
0.80
8% eclaviecle 2.86 2.85 0.01 C.1%

2.84
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is very low, too low to be compared to tibias and ulnas.

t will therefore not be taken into account in the data
analysis., Tor sample 8%0, a clavicle was analysed., Its
dimensions are approximately that ¢t an ulna, and will
therefore be used for comparisons. An ulna was analysed
for samvle 1183, but this beone was contaminated, probably
with an ofganic solvent used to remdvegthe Alvar, and it
- caused turbidity in the Nesslerization step of the analy-
sis. It is therefore not shown in the table, One more
sample, 1587, was not analysed for nitrogen. It consisted
largely of extremely thin ribs and dirty vertibrae, unsuitable
for analysis, zand an ilium, which I felt to be ftoco uncom-
parable to the other bones to be used.

Fluorine _ .
Raw datz and the data in pom from the fluorine analyses
is tabulated in Table V for the 110 keV line and in Table VI
for the 177 deV line, Analyses were repeated for gsome of
the samples on the same pressed planchet., In some cases,
extra ground bene was repressed intc the planchet before
repeating the analysis; these are marked with an frp) after
the amount. '

In Table VII, fluorine values, averaged from both
110 arnd 107 keV lines, are tabulated with standard devia-
tions and errors calculated at a 5% confidence level,
Errors are based on the Student's t test, ta5%’v 8z where
¥ =N~ 1and sz = sX/Jﬁﬂ " As for the nitrogen data, these
errors are very high where only Two measurements have been
comnared. Again these are misleading and should not be taken
as actual ranges., It should aiso be noted that these:- stati-
gtical aralysis does not reflect the efror in the calibra-
tion factor used for conversion to pom. [(See section on
Haterials and Methods.)

Tourteen of the fifteen samples were analysed, Tibias
analysed for nitrogen were analysed for fluorine, exeluding
184C., A1l ulnas snalysed for nitrogen were anzlysed for
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Table V: TFluorine Dzta, Raw and in ppm for 110 ke¥V Line

fluorine fluorine

samnple ' counts : jegeyss!
1648 tibia 2610 706
: 2600 796

: 2462 frp) 751

1647 tibia | 507 155
' 548 frp) 167

. 546 (rp) 167

1515 tibia : 1670 512
1463 446

1700 frp) 521

| 1565 frp) 477

1065 tibia 1408 430
2417 ulna 1616 407%
| 1644 502
1530 ulna 1030 _ 317
156% ulna 616 - 188
1423 ulna - 1641 501
1587 (rp) 484

1800 ulna : 716 218
707 216
: 704 215
1183 ulna 765 233
. 851 frp) 260

17288 femur _ 1050 320
1070 _ 226

1788 femur 2224 670
fogter part) 2047 626
1406 metatarsul 735 224
1515 metatarsul 1848 564
8%0 ¢lavicle 866 264
5 880 268
1183 claviele 891 272
| 880 | 268

1587 1lium 2224 670

2417 rib 2020 516
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Table VI: Fluorine Data, Raw and 1in ppm for 197 keV line

= - fluorine : fluorine
sample , counts npm
1648 tibia 2874 780
286% 786
7 . 2668 (rp} 734
1647 tibia 600 . 167
| 617 frp) 160
620 (rp) 173
1515 tibia 1822 501
1846 507
1806 frp) 406
.- 1800 frp) 404
1065 tibia 1578 433
2417 ulna 180% 405
: 1707 LY
1539 ulna 1112 305
1563 ulna 666 183
142% ulna 1760 486
1827 frp) 502
1800 ulna 780 ' 214
815 224
. 781 215
1183% ulna 2073 221
80c (rp) 247
. 1788 femur 1171 322
’ 110% 328
1788 ;ggggm bart) 2418 664
T pe 2463 | 677
1406 metatarsul a27 207
1515 metatarsul 1028 5322
8% clavicle 048 260
a%4 257
118% elavicle noQ : 272
, noe -
1587 ilium 2300 £50

2417 rib 2180 D0a
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Tabtle VII: Fluorine in popm

_sample N

1648 tidia

1647 tibvia

1515 tibia

1065 tibia

2417 ulna

15%2 ulna

1563 ulna

1423 ulna

1800 ulna

1183% ulna

1788 femur

1788 fermur fouter part)
1406 metatarsul
1515 metatarsul
830 e¢lavicle
118% clavicle
1587 ilium

2417 rib

mm#%mmpp%@%mm&-mmmﬁ\

’

775 ppm
166

404

432
406
311
186

403

217
240
324
677
226
548
262
272

660
608

72
25
22

37

10

18
206

11

126
108
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fluorine, plus 118%, the one which was contaminated for
Neselerization., The femur from 1788 was analysed for fluo-
rine as for nitrogen. In addition, a thin layer from the
surface of this tone was renoved and analysed separately.

As can be seen from the tatle, the fluorine content of

this outer part is much higher than throughout the entire
bone, as would be expected given that fluorine must diffuse
in from the surface. Two metataréuls, 1427 and 1515, were
analysed. The fluorine content of metatarsul 1515 is higher
than in the ulna, which is to be expected given the higher
surface area to volume ratio of the metatarsul. Two clavicles
were analysed, 83%" and 1183, The fluorine content of the
clavicle can be compared to that of the ulna for 1183. 1
would have expected a closer conceniration between the two;
if ig possible that there was Some fluorine removed from the
ulna when it was cleansed of Alvar. The rib from 2417 was
'analysed.and can be compared to the ulna from this sample.
Its fluorine content is much higher than in the ulna, pro-
bably due again to the thinness of the bone in comparison.
The ilium from 1587 was analysed. This bone is very high in
fluorine despite the great amount of Alvar included in the
sample, {See Appendix for bone dimensions and other notes.)

Comparison of Pluorine and Nitrogen Data
A compilation of data from both sets of analyses,

nitrogen and fluorine, is presented in Table VIII, There
are a total of eleven bones which were analysed for both
elements, including four tibias, five ulnas, a ferur and a
clavicle, (The metatarsul from sample 1406 as not included
in the analysis, since it is concidered uncomvarable to the
other bones where nitrogen is concerned.) .

As discussed earlier ia this naper, the oldest Dbones
are expected to have the lowest nitrogen and the highest
fluorine amounts, while newer bones will have high nitrogen
and low fluocrine amounts, To demonstrate whether or not the
analyses cross check in this way, a rank correliation was per-
formed based on the method of 0lds (42}, This conesists of
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?éﬁieaﬂiifi'zéompilation of Nitrogén and Fluorine Data

sampl

1648

1647
1840
1515
1065
2417
1530
15673
1423
1800
1183
1647
1788
1406
1515

830

1183
1587
2417

e

tibia

tibia
tibia
tibia

tibia
uina

ulna

ulna

ulna

ulina

ulna

ulna

femur
metatarsul
metatarsul
clavicle
clavicle
ilium

rib

fluorine {ppm}

‘pitrogen (%)

.1407
1.87

L1.52

ey

3?.93:
1,50
2.86
2.0%
2.47
2.10
1,04
1.78

10.83)

2,85

775
166

404
432
4086
311
186
403
247
240
304
226
548
262
272
660
608
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assigning a numher of rank, one through eleven in this case,
to both:sqts of data, and squaring the difference; d, be-=
tween ranks for each member. Scuares are then sumined and
com?aredfwith'a.significande table as presented by 0lds.
Table_IX:shoWs'the rank correlation for nitrogen vs.- fluo-
rine, “ A rank of one has been assigned to older specimens,
as iﬁdicatéd'by either low nitrogen or high fluorine

amnounts.

Table IX@igRank Correlation between Nitrogen and Flﬁorine

i nitrogen fluorine o o
sample . ... _ rany rank a 4
1648 tibia 1 1 0 0
1647 tibia 5 11 6 36
1515 +ibia 2 3 1 1
1065 tibia 6 5 1 1
2417 ulna 3 2 1 1
1530 ulna 11 7 4 16
1563 ulna 7 10 3 o
1423 ulna o 4 5 25
1800 ulna g e 1 1
1788 femur 4 6 2 4
830 clavicle 10 g8 2 4
sa% =08

. From 0lds' Table V 742}, for N = 11 there is a pro-
bability, B, of 0.00 of £4° having a value between 105.6
and 3%4:4 for for & Single tail distiribution, a ‘P = 0.°25
of*E:dZ'having a value greater than 105.6). There is a
probability of 0.06 of £d2 having a value between 77.1
and 362.0 for for a single tail distribution, a P = 0.°8
of Ed? having a value greater than 77.1).

Statistical significance here is defined as a nro-
bability, P, of 0.05 or less for a single tail distribu-.
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tion. In Table IX, d2 = Of, which means that there is a
probability between 0.05 and 0.78 of this ranking occuring
randomly; it is therefore statistically significant.

The data from the two analyses for the alaven sanmples
is plotted in Figure ©, Linear regression analysis gives
a y-intercevt of 2.66 and a slope of -1.75 x 10_3 for nitro-
gen vs. fluorine, The Pearson's correlation coefficient,
r, for this vplet is -0.%642, A perfect negative correla-=
tion would have a value of r = -1,

I1f loss of nitrogen from bone is a "pseudo-first
order" reaction, as discussed in the section on nitrogen
dating, it would follow first order reaction kinetics as

expressed by the integrated rate law
Zguation 0 Infa/a - x) = kt

where a is the original amount of reactant present, X 1is
the amnount lost &t time t, and k is the first order raie
constant for the reaction.

In the case of this nitrogen loss "reaection"

Eguation 10 ' Infa/a - x}

1n o) o/ (%5, ]
1 [rw) o1 - 1nfrom)]

i

In order to simnlify the demonstration of whether or
nct such kinetics exist, without attempting to calculate
%, the %term 1n.E%N)t:O] can be disregarded, It is a con-
stant and would have the effect of merely shifting the
nlot along the 1af%y) axis.

0f ecourse, ln[?%N)t] cennot be vplotted against time
in this case since such dzta does not exist., A possible
fz1though poor) substitute would be fo plot it against the
fluorine data, Trhis has been done arnd is shown in Figure

10. Linear regression analysis gives a y-intercept of
1.054 and a slove of -1.06 x 107> for 1nl#%N) vs. fluorine,
of

with a correlation coefficient -0.6516.
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Although this sort of data treatment cannot be taken
as conclusive evidence, there is a substantial increase
in the absolute value of the correlation coefficient, r,
when 1nf%N) rather then %N is plotted against fluorine data.
This seems to indicate that nitrogen decay may indeed be a
"sseudo-Ffirst order" reaction. Other similar manipulaetion
of the data did not have the same effect of improving the
correlation coefficient. In fact, all other such treat-
ments attempted actually decreased the absolute value of

Tr.



- 44 -
Discussion

As shown in the previous section on results, nitro-
gen data and fluourine da*a show similar chronological irends
for these bone samples. 1In fact, the cross check between the
two analyses came out remarkably well concidering the high
nunher of uncbntrollable variables a study such as this
involves. ,

Although the burials are believed to have taken place
over a period of only a few hundred years, the:e is great
variation in the amocunts of nitrogen and fluorine present,
.Nitrogen percentages show a change of almost threefold, from
1.,07% for tibia 1648 to 2,86% for ulna 15%°.,  Even more
notable is the ranze of fluorine content which shows a change
of almost fivefold from 166 ppm for-tibia 1647 to 775 ppm

for tibia 1642. Thus it appears that environmental condi-
tions for the Moundville region are extreme to the point
where chenical changes occur rapidly in buried bone over

only a few years. fOr else the time span these burials

cover ig actually much longer than we have believed.) It

is these larze chemical differences that have made this study
possible. If such a large range were not present, 1 would
not know whether I was seeing true differences.

Despite the indications of success of the dating -
methods in this study, there are still_éhort comings, Al-
though nitrogen and fluorine ftrends supnort one another,
the agreement is not as complete as I might prefer, Tor
examole, tibia 1065 has moderate amounts of both fluorine
and nitrogen, while tibia 1647 has approximately the sane
amount of nitrogen but only one third the amount of fluo-
rine. Thus, by one method they are quite contemnorary
and by the other, not at 211. This kind of skewed data
is almost certainly dus to the confusion wrought by our
0ld enemy Alvar. Given two bones with the sesme amounts
of fluorine and nitrogen, if one has its total weight in-

creased by an Alvar bath, it will appear older by nitrogen
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analysis and younger by fluorine analysis., OCther possible
factors which might skew the data in this way include a
miriad of environmental variabtles, all of which I have assumed
constan*t from mound to mound, but which may not actually '
te so ffor example, local ground water). Anotiher possibi-
lity is variations in chemical composition upon death, which
I have again assumed constant. In the case of nitrogen,

this is a valid assumption, since all individuals were adults
except 83%0, which has been classified as sub-adult. However,
thie is not so valid for fluorine, since older individuals
may have accunulated more fluorine during their lifeftimes.
There is also %the problem with finding comparable bone iypes
for analysis. And a last possible source of skewed data
would be if some bodies were kept above ground for extended
periods before burial. Such treatment would not effect ni-
trogen loss greatly, but fluorine accumulation would be
delayed until a source'of the ion were availsble. Fortu-
nately, records indicate that all bones used for this study
were articulated upon unearthing, indicating that they were
buried shortly after death (38},

The ultimate goal in dating these sampnles was to pro-
vide confirmation of 2 gravelot seriation based on »nottery
styles by Vincas P. Steporaitis f1). In Table X, samples
“.and their values for nitrogen and fluorine have been arranged
by best fit pceition based on vpottery traits, from the sin-
gle Moundville I sample through the Moundville I1II samples.
Ungerizted samovles, all classified as late Moundville II
or Moundville III, are at the end of the table. An exam-
ination of the table reveals that the chemical analyses
do not support this ordering of gravelois based on pottery
styles., The chemical values, when ordered this way seem
to have a randonm distrivution. And if there is any order
present at all, it is in the backwards direction. However,
the best fit position is not meant to be an exaét placing,
but rather an intermediate of a range. The range assignments
in the table have been given in termes of a six phase se-
quence: HMoundville I fdenoted by I), early ¥oundville II fell),
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Table X: Comparison of Ceramic and Chemical Data

best fit

gample . - position range BN fluorine
830 clavicle 26.0 I 2.85 262
1587 ilium - - ©220.5 - 1II,eIII 660
1426 metatarsul o 221.0 1II,eIII 0.83) 226
1530 ulna | 236.5 eIIT 2,86 311
1788 femur | 240.0 eIII 1.78 324
1183% ulnsa - 242.0 1I1% et 240
118% clavicle . 242.0 1IIT | e 272
1200 ulna 243,5  eIII,1III 2.10 217
156% ulna 246.,0 eIII,1III 2.03 186
1065 tibia’ 246.3 eIII,1ITI 1.7% 432
1515 tibia . 250.0 eIII,1III 1,30 404
1515 metatarsul | 250.0 eII1I,1III — 548
1423 ulna 7 252.5 1II,eIII, 2.47 403

. | o 1III B
2417 ulna 265.,0 1I1I 1.59 406
2417 rib | 265.,0 1711 608
1647 tibia 1II,eIII  1.87 166
1647 ulna — 1II,eIII 1.94 —_

1648 tibia _ 1II,eIIT  1.07 775

1840 tibia —_— eIII,1III 1.52 —
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late Moundville IT 731IIJ, early Moundville III feIII), late
Mdundville TIT f1III), and Alabame River. When the pic—'
ture is viewed Iin this way, the chemical data is not at
all surprizing, and may actually aid in narrowing down
the ranges.

However, there is one_particularly outstanding sore
thumb revealed in the table. This is with sample 830,
There is no doubt that this gravelot is the oldest one cer-
amically. However, chemical data implies that it is one of
the youngeét of *the bone samnles, I can offer no exvlana-
tion as to why this is éo, except to point out the possibi-
lity of mislesbeling of either vottery or skeletal material.

There is also an item of particular interest concer-
ning samples 1647 and 1648, These two skeletons were found
side by side in Mound E 738). The two burials have been
assumed to contemporary, and have been classified together
as late Mounville II or early lMoundville III. But from the
chemical data, the two are obviously far from coniemporary.
The one, 1648, is certainly the oldest of any of the samples,
while the other, 1647, is fairly new /the newest by flucrine
analysis,  and intermediate by nitrogen analysis). Assuming
that these samples have not been mislabeled, the evidence
indicates that 1648 was a very early burial, and that 1647
- was vplaced beside it at a much later date. The pottery asso-
ciated with the two was most likely iﬁtroduced during the
second burial.

The above discovery leads one to wonder about the cone
temporaneity and relative ages of other gravelots. Table
X1 shows the samples grouped by mound. The letters with the
gravelot numbers represent the direction in relation to the
mound in which each gravelot was found. The table includes
the amounts of nitrogen and fluorine, and a relative classi-
fication fof each sample fearly, moderately early, moderate,
moderately late, and late) based on these amounts, All of
the five samnles from [Mound D are from a moderate to late

time veriod, exceot for 1515, which is earlier, There 1is
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Table XI: Comparison of Gravelots Arranged by Mound

gamnple

Mound D

14068 metatarsul.

153085 ulna
156335 ulna
15153 tibia

metatarsul
14235 ulna

Mound E
16488 tibia
16478 tibia

ulna
1587 ilium
1183% ulna

clavicle

Yound G
17885W femur
18008%W ulna
Mound I
830K clavicle

- Mound P

2417W ulna
rib
Mound R
1065%W tibia
Mound ¥
1840N tibia

%N

£0,83%)
2.86
2.0%
1.3%0

2.47

1.78

2,10

fluorine

226
311
186
404
548
403

775
166

560
240
2172

324
217

262

400

608

432

comment

late

mod. 1ate.to late
moderate to late
early to moderetie

moderate to mod. late

early

moderate to late

early
late

mod. early to mod. late
moderate t0 late
late

mod. early to moderate

moderate

mod, early
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© ‘not as much variation there as there is in Mound E, that

> of 1647 and 1648. Méund D has another pair of samples which

“vary in age. These are 1587, which is early, and 1183,
_.which is much later.;'HOWever; both were analysed only for
%ffluOrine. Furthermofe,.there was only an ilium analysed
'for 1587, a bone not known to be comparable o the others,
 Two other rather early burials are from Mound P, a mound

where many Moundvillé”llahd IT pburials have been found, and
Mound W, Mound V¥, thoﬁgh; is particularly close to the '
Black Warrior River, which may heve accelerated nitrogen
loss. )

| There is no way of knowing how much nitrogen znd fluo-
rine would be in a Moundville I sample, The single samnple
that was classified as Moundville I is certainly not that
0ld., I% could be, nowever, that others are, in particular
1648, The chemical data for this sample is so extreme that
an age dating back to Moundville I is easily credible. An
obvious soclution to this question would be to analyse more
samples that have an early pottery classification, or %o
analyse a set of faunal bones from the well stratified living

areas of Moundville,
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Conelusion

This study has shown that nitrogen and flusrine dating
will give similar chronological trends in a group of bones
recovered from the same archaeological site., This fact has
long been known from previous work, but I am not aware of
any such study which includes. a set of samples covering so
short 2 time period as this one. From the earliesi stages
of this study, I had many doubts that the time lapses between
burials at Moundville were long enough to show up in the
analysis. I can now conclude that they were indeed long
enough, and that despite several complications, nitrogen
and Tluorine dating provide a reliable cross check for one
another. This is the major success of this study.

Unfortunately, the comparison of chemical ages and
ceramic ages has not proven to be such & success. Some of
the bones seem to fall within the assigned ranges, while
others do not. Results voint out many areas for further
work, and are hence far from conclusive., Thus once again
& new analysis has created more questioné than it has answered.
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Appendix: Notes on the Rones

The following notes are observations on the parti-
“cular bones used for analysis in this study. They include
vrecise measurements made on tne parts}of_thé_bones used,
'a'factor important for‘determining'the_comparability of
_the bones. 7All dimensions are in centimeters.,) There
are also observations on the condition of the bones, in-
cluding degree of post-mortem erosion and estimaticn of Alvar
saturation. Comments on pathological conditions have been
taken from an inventory on the bones intended for radio-
carbon analysis prepared by Kenneth R.:Turner from the
Lavoratory of Human COsteology, University of Alabama (43),

411 bones were originally labelled with numbers be-
ginning with SX ffor skeleton), At some point, usually
after the bones were coated in Alvar, these numbers or some-
times just the SK were scratched off the bones and replaced
with numbers beginning with ¥D ffor Moundville).

A1l bones were sampled where indicated at the cross
sections shown for each bone., No trabecular bone was sam-
pled.
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830 glavicles left, sub-adult

0.2 _ : o n”jj];‘ '

clross 024 A

sections vl SRR S
f?“’é"dE _ e dv g .- oY

.91 em e

This fragment consists of a small and very incomolete
'ﬁortion of the bone, There is a small amount of trabecular
bone, There is slight post-mortem erosion, , _' '

The sample analysed: was taken from most of the fragé
~ment, -

No known pathologies.

TLength: 5.5 cm faporox.)
- Alvar: heavy
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1065 tibia: left, adult

closs

section 0.30 .97 cm

This fragment consists of most of the shaft of the
bone., This bone is smooth with no erosion. o

The sample analysed wag taken from the area indi-
cated by "sample" on the cross section above.

Yo known pathologies.

Length: 21 cm ’anprox.)
Alvar: 1light to moderate



1183 ulna: left, zdult.

satple
—
0.7 : L
cress f_ a.33 1: 0'6q_¢M
section : o
0.5
!.00 M

This fragment consiste of the shaft of the bone,
in two paris of appreximately 5 em and 10 cm. There is
slight post-mortem erosicn, There is much trabecular bone
throughout?the interior. The bone is very clean; Alvar was
apparently removed using an organic solvent which interfers
with nitrogen analysis.

The sample analysed was taken from the area indicated
by "samplé“ in the cross section above,

Mo ¥nown pathologies.

Length: 15 cm total /approx.)
Alver: almost absent fremoved)
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118% clavicle: left, adult

inés :

SectTion 7,33 :

o ¥ the 8.28 9.3 |
+tweo ends _ A= @0-33 [0-‘?9 em

e
/.22 em
/. /3 i

This fragment consists of a small and very incoamplete
part of the bone, There is some trabecular bone. The
bone is clean fpossibly cleansed with a solvent?).

The sample analysed was taken from the entire frag-
ment, | '

Yo known pathologies.

Length: 7.5 cm ‘approx.)
Alvar: light



-

1422 ulna: right, adult

o.é‘i : ".,:--::'f;' _‘ : _' )
' a.a,o ) {s OCJ am

i"]

cross
section

This fragment consiSts'of-mbst of the bone including
the proximal end, There is much'trabécular vone throughout
the interior. There is much . noqtemarten erosion,

The sampnle analysed was taken from the entire cross
section as shown azove. '

No known pathologies.

Length: 20 cnm { 2DDTOX, )
Alvar: heavy
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1406 metatarsul: 7 left, adult

| ross
- se<tion
Lo 0, 86 em

- This fragment consists of the entire bone, There is
trabecular bone throughout the interior. The bone:is smooth.
f?_The sample analysed was taken from the entire cross

section as shown above from the middle of the shaft.,

Wo known pathologies.

Length: 7.25 cm
Alvar: light to moderate




1515 tibia: right, adult

0.3¢

erhoss
section

This fragment consists of approximately half of the
vroximal end of the bone. There is some posi-mortem erosion,
and a trace of rodent gnawing on the tivial crest. There
is much trabecular bone. |

- The sampié'analysed wag taken from the area indi-
cated by "sample" on the cross section above.

There is the possible patholicgy noted by Turner =s
follows: '"cortical resorption spaces characteristic of
0ld age are visible macrdscopically and there ig a2 smail
amount of cancellous bone lining the medullary cavity at
mid-shaft, The trabeculae at this site are of unremarkable
dimensions, Other bones from this burial show no traces

of osteocarthritis.”

Length: 25,0 cm
Alvar: moderate
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1515 metatarsul: III ?iéht;fﬁﬁﬁlt

cross
section

This fragment conéiétg;of_all of the. bone, excluding
a small porticn at the-proximal end. The bone is smooth
and well preserved. There.iS'someftrabecﬁlar bone,

The sample analysedlwas.takeh from the entire cross

section shown above at the middle of the shaft,
No ¥nown pathologies. ' '

Length: 6.8 cm
Alvar; moderste
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1530 ulna: left, adult

efosg

Section 0.97 cm

This fragment consists of aporoximately one third of
the distal end of the bone. There is a small anount of
trabecular bone, and much dirt plastered to the interior.

There is slight post-mortem erosion.
The sample analysed was taken from the arez indicated

by "samvple" on the cross section above.
No known pathologies.

Length: 10 em fapprox.)
Alvar: heavy



1563 wina: Tight, adult

cioas
Sedf&nt

%Meia 0.9 g om

- -
) e

1.UE em

This fragment consists of most of the shaft of the
bone. The bone exhibits severe post-mortem erosion. There
is some trabecular bone. Alvar is heavy, but it seems to
have been scraped off before the MD number was painted on,

The sazmple znalysed was taken from the area indicated
as "samnle" on the cross section above,

Yo known nathologies.

Length: 20 cm fapprox.)
Alvar: Theavy



1587 iliume: left, adult

Bt em

This fragment consists of part of the blade of the

bone. The bone is very dirty with a layer of dark material
approximately 0.08 cm thick on the exterior.
The sample analysed was taken from three relatively
clean areas indicated by “() ,() ,C)“ on the figures above.
No krown pathologies.

Alvar: theavy



1647 tibia:s

eross
section

This frazgment consists of approximately half of the
distal end of the bone. There is trabecular becne and some
dirt nlastered to the interior. The bone is snmooth, '

' The sample analysed wasg ftazken from the areas indicated
by "samnle" on the above cross section.

Yo known pathologies,

. Length: 16.5 cm
Alvar: moderate



1647 ulnas right, adult

; o043
eross
section 0.\ 0.20 0.8b cm
014
.19 Cim

This fragment consists of a small length of the shaft
near the distal end of the bone, There is some trabecular
bone and slight post-mortem erosion. '

The sample analysed was taken from the entire cross
section as shown above. '

No known pathologies.

Length: 5 cm fapprox.)
Alvar: moderate
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1648 tibia:' right, adult

cross

Scé,c‘f’ion b3i 2.02 cm

S&mpi(‘%

This'fragment consists of most of the shaft of the
bone, The fragment is mostly smooth, with only slight
erosion., There is some trabecular bone.

The sample analysed was taken from the area indicated
by "samvle" on the cross section above,

Yo known pathologies,

- Length: 27;5 cm
”Alvar: mederate



1788 femur: l1left, adult

cross
section

2.9 cm

This fragment consists of approximately half of the
distal end of the bone. There is widespread post-mortem
erosion especially at the distal end.

The sample analysed was taken from the area indicated
by "sample® on the cross section above. The outer layer
analyvsed was approximately 0.0% em thick, tasken from the
area indicated by "outer part" above. This part of the
surface had no erosion,

Yo known pathologies,

Length: 21.7 cm
Alvar: 1light to moderate
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1800 ulnz: side uncertain, adult

0.0
{rosg
section
Ti 0.2.0 1.0l ewm
oY
—
(.20 cm

This fragment consists of a small length of the shaft
of the bone. There is much post-nortem erosion, and some
dirt plastered inside.- Alvar appears 1o have been sgcraped
off in some places.

The sample analysed was tzken from the entire cross
section as shown abvove,

No kxnown pathologies.

Lengtht 5 em ‘approx.)
- Alvar: heavy
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1840 tibia: - right, adult

‘dla 0'30 N
arpss
scc‘f’jcn,
0.93
sample .34 em
0.42 w
N 3.3% em

Thig fragment consists of 2 large length of the shaft
of the bone. There is some post—morfem erosion,

The sample analysed was taken from the area indicated
by “sample“ in the cross section above.

No known pathologies.

Length: 2.38 cm
Alvar: light



2417 ulnas left, adult

0.i9
o’n
C-PO-_SS ©.24 0.9i em
s ection
0.4 S&MP‘Q
E : "5 .
C.%T em,

This fragment consists of only a small portion of
the shaft of the bone, There is some post-moritem erosion
and a small amount of dirt plastered fto the interior.

The sample analysed was tzken from the area indicated
by "sample" on the cross section above.

No known pathologzies.

Length: 5 ¢ /avpprox.)
Alvar: light %o moderate
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2417 rib: side-uncertain, adult

cross
section

This fragment consists of .part of 2 riv shaft. The
bone is smooth, although slight erosion is visible on other
ribs, There is trabecular bone throughout the interior.

The sample analysed was taken from the entire cross
section as shown above,

¥o known pathologies.

Length: 5 cm faoprox.)
Advar: moderate
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