
T H E COST OF NUCLEAR 
DESALINATION 

What would be the cost of fresh water obtained by desalination of sea 
or brackish water with the help of a nuclear reactor? What methods are being 
employed for such costing and evaluation ? 

These are basic questions for the increasing number of countries wich 
are considering water desalination for the production of drinking water or for 
industrial or agricultural purposes. 

Following the recommendations of a panel of experts convened by the 
IAEA in Vienna, Austria, in April 1965, the Agency is now preparing a 
report on the desalination methods used or developed in various countries. 
Another panel met in Vienna in April of the current year, to help the Agency 
with the final draft of this report which is due to be published this autumn. 

The panel, 20 experts from 7 countries, was chaired consecutively by 
Mr. N. Carrillo (Mexico) and Mr. V.N. Meckoni (India). 

ISOTOPE CHRONOLOGY AND 
RECORDED HISTORY 
By Willard F . Libby 

Professor Libby gave a lecture on radiocarbon dating at IAEA head
quarters, Vienna, in January 1966. 

Nature produces radiocarbon by the irradiation of the air by cosmic rays. 
Radiocarbon has an average lifetime of 8000 years and a half lifetime of 
about 5 700 years ; a good part of the radiocarbon in your body was produced 
before the dawn of history. History is a really very recent matter in terms of 
radiocarbon. Our oldest historical records are less than one half-life of radio
carbon. In terms of the age of the earth, however, radiocarbon is short-lived. 
The age of the earth is something like 5 000 million years , which is a million 
half-lives of radiocarbon. Radiocarbon has little application to the broad 
sweep of geological processes , but it does have application to human history. 

Now this is how it works. In the topmost layers of the atmosphere, at 
altitudes of about 50000 feet, cosmic rays produce radiocarbon by converting 
the nitrogen into carbon 14, with a different chemistry. Carbon in air will 
burn and the product is mainly carbon dioxide. Carbon dioxide is our sub
s tance . We are made of three things in essence - carbon dioxide, water 
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vapour, sunl ight and a pinch of s a l t ! Photosynthesis produces the green 
plants by the conversion of carbon dioxide and water to plant mater ia ls , by 
the incorporation of sun l ight . Wel l , as vou see, the material from which l i fe 
grows comes from the air and comes from the carbon dioxide in the air , and 
in eight thousand years the atmosphere w i l l be very thoroughly mixed bv the 
winds. We know now inc identa l ly from our work on radioact ive fa l l -out that 
the mix ing process takes only f ive to ten years at the most before the atmos
phere is thoroughly mixed. So even though the radiocarbon is produced at 
greater a l t i tudes than ten mi les , it w i l l in a matter of a few years have come 
down In the lowest levels where it can be incorporated into the p lants. 

The plants eat the radiocarbon from the cosmic ray manufacture and 
then we eat the plants and so a l l l i v ing things become radioact ive with 
curbon-14. But most important for radiocarbon dating is that our contact with 
cosmic rays exists only so long as we continue to eat. As long as vou are 
al ive and continue to eat, you continue to absorb and ingest radiocarbon. 
The carbon- I t atoms in your body, which are 8300 years old on the average. 
ha\e been man) times in the air as carbon d iox ide, have been brought down 
to the earth as part of the plants, or more l ikely have been d issolved in the 
great depths of the ocean. In th is great span of l ime, the winds blow the 
radiocarbon around, the ocean currents mix i t . so that even though the cosmic 
rays varv very strongly with the geographical lat i tude - being much more 
intense in northern and southern lat i tudes than in the equatorial - after th is 
great period of time we should expect that the d is t r ibu t ion over the earth 
would be uniform. We do indeed f ind that, in Nature, l i v ing matter such as 
pieces of wood and f lesh , or other l i v ing material from various spec ies , 
various locat ions - we f ind that thev a l l have the same amount of radiocarbon 
in them, per unit amount per gram of carbon. That is . the composit ion - the 
concentrat ion - of radiocarbon in the carbon of the l i v ing matter is uniform 
over the entire world and in a l l spec ies, because of th is continuous mix ing. 
As long as we l i ve , we are part of a giant system which is cont inuously 
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stirred. We belong to the oceans and to the air and we are all part of the 
same system, but our connection is through our mouths, through food. 

U N I F O R M C 1 4 C O N C E N T R A T I O N 

Radiocarbon dating operates on this basic principle. Once you die , 
you stop eating. Once you die, the ingestion of radiocarbon is terminated. 
Of course, it is a characteristic of all radioactive materials that they them
selves disintegrate and disappear and transform. In our case of radiocarbon, 
the transformation occurs at the rate of 50 per cent every 5700 years , and the 
result is the re-formation of the original nitrogen from which the carbon was 
produced. In the course of this transformation, a radiation is emitted which 
allows us to detect the death act of the radioactive atom. If we put, say, 
carbon dioxide gas obtained by burning a piece of wood in a counter, by 
listening to the count-rate we can detect the disappearance of the carbon 
atoms as they convert themselves back into nitrogen. It takes somewhat 
over 4000 million radiocarbon atoms to give one disintegration per minute, 
because the average life of radiocarbon is 8300 years, or 4400million minutes. 
So you must have 4400 million radiocarbon atoms to get a detectable radiation 
in your carbon dioxide in your counter. Although this seems a large number 
of radiocarbon atoms, it is not large percentage-wise. The total number of 
atoms in, say, a gram of carbon is 1012 times this - that i s , we have only 
one radiocarbon atom in a million million ordinary carbon atoms. This is the 
standard concentration in living matter. And at the time of death, all living 
things begin with this ra te . They will have a count rate which corresponds 
to the occurrence of about 66 000 million radio atoms per gram of carbon -
that is a total disintegration rate of about 15 per minute per gram. 

The first thing in our development of radiocarbon dating was to prove 
that it was indeed so , that radiocarbon occurred in all living t i ssues and at 
the expected uniform level. This was done fairly quickly and it was grati
fying to find that our rather simple-minded theorizing was correct. Now, as 
the years have gone by and more accurate measurements have been made, 
we find that it wasn' t actually absolutely correct. There are very tiny differ
ences between species - for example, sea life has just a little bit l e ss 
radiation than it should have, for there seems to be a kind of natural barrier 
against carbon dioxide in the air dissolving in sea water. It doesn ' t dissolve 
rapidly. 

In a general way, we went forward in our innocence finding that every
thing worked. I have never been connected with such a lucky piece of 
research. For example, we supposed that the oceans mixed rapidly, and that 
most of the hold-up of radiocarbon would take place in the ocean which has 
far more carbon dissolved as sea sa l t s than is contained in all living matter. 
We had to calculate from our knowledge of the cosmic ray production rate 
what the expected concentration would be. If we only considered the bio
sphere, its expected concentration would be thirty times greater than the 
level which we actually found. However, we rightly guessed that the oceans 
would mix rapidly and that the concentration in the biosphere would be 
thirty times lower than the rate of cosmic ray production would seem to 
suggest . There is , in fact, thirty times more carbon in the ocean than in the 
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whole of the biosphere. Re were lucky there. Re were lucky also in supposing 
that the turnover of humus is rapid, or rather that the hold-up is not serious 
in the terms of the whole inventory. This although we knew full well that 
coal and oil and all organic matter of this sort would be long since purged 
of radiocarbon by radioactive decay, and once formed was out of equilibrium. 

T H E M U M M I E S * V E R D I C T 

The next stage of the research was to see if it was really so that 
5700 year-old mummies showed only half as much radiocarbon as a person 
living today. There are no 5700 year-old mummies, the oldest ones are 
4800 years old - that is, ones whose ages are relatively well-known, so 
that we could use them for a check. These are the first dynasties of Egypt , 
where the oldest recorded history appl ies . When you go back to the dawn of 
history, the certainty with which the historians know the dates has de
creased. I would say that from my experience of talking with his tor ians , 
they would stake their lives on 3750 years , but with anything older than 
that, they begin to shake a little bit. But they can go back to Sesostr is III 
in the 12th dynasty of Egypt and argue very firmly. 

So we had two periods in which to check our method - one was 3700 years 
and the other was about a thousand years preceding that. We were very 
fortunate in that our checks - with one or two exceptions - were excellent . 
One of the exceptions will interest you - we worked in collaboration with 
the distinguished Oriental Institute of the University of Chicago with the 
great collection that J.H. Breasted had made from Egypt. And our third 
object from Egypt turned out to be modern. It was one of his prize collec
tions, supposed to be from the fifth dynasty, as I remember. This was a 
dark day. But having succeeded on the first two measurements, the people 
in the Institute checked their records and they thought it was entirely pos
sible that he had been hoaxed and we went on and the only interpretation 
we have for that measurement today was that he was "sold a bill of goods". 
But by and large, we have had few shocks . For example, on Stonehenge 
we obtained 3700 years, which agreed excellently with the predictions 
of Professor Stuart Piggott, the great scholar of Stonehenge. Throughout 
Roman and Egyptian history, we have no disagreements. Re haven t had 
very many measurements to make because in general the archcologists know 
the dates better than we can measure them, and it is usually as a favour 
to us that they give us samples. We take about an ounce of material to make 
a measurement - about 20 to 30 grams of fairly rich carbonaceous material 
is the normal amount, and in some of these objects that is too large an 
amount to be spared. On the other hand, we can sometimes make do with 
samples which would otherwise not be useful. For instance, we dated the 
Dead Sea scrolls - the manuscript of the book of Isaiah - by using the 
linen wrapping in which it was found. 

I must admit that we have been a little shy of religious objects and 
have not sought them as subjects for research - though we would be very 
pleased to collaborate in establishing instruments for invest igat ions, we 
have enough problems without being involved in religious quest ions. There 
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has, however, been no serious shortage of materials back to about 3700 years 
with which we could check the accuracy and reliability of the method. And 
the answer is that the method seems to be reliable to within the error of 
the measurement, as it existed when we began the method in the early 
fifties and the error was about ± 100 years or something of that sort. More 
recently, extremely careful measurements with very accurate instruments 
have shown that there are systematic deviat ions, indicating that the rate 
at which radiocarbon was being produced was not strictly constant. A rate 
had been an implicit assumption at the outset, when we compared the radio
carbon in an Egyptian mummy with that in a modern man, we assumed that 
he lived under similar conditions. This assumed that the radiocarbon pro
duction rate at that time was the same, that the cosmic rays were the same, 
and that the amount of ocean water was the same - that i s , that the amount 
of carbon dilution was the same. We have fairly good evidence that the 
ocean hasn' t changed much, either in composition or level, in 5000 years . 
This is a very brief time in geological history. 

C O S M I C R A Y V A R I A T I O N S 

But the cosmic rays is an open question. People have very little under
standing of the origin of cosmic rays. We believe that they come from outside 
the solar system, and have very good evidence for that. But there are various 
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s u b t l e t i e s about even that b e c a u s e , even if thev come from o u t s i d e the s o l a r 
s v s t e m . thev have to reach the e a r t h . Cosmic r avs are de f l ec t ed bv mat ter 
and pa r t i cu l a r ly by m a g n e t i c f i e l d s , and the s u n is c o n t i n u o u s l y s e n d i n g 
off ionized mat te r in c lumps which carrv locked- in magne t i c f i e lds c a p a b l e 
of d e f l e c t i n g cosmic r a v s . Mv d i s t i n g u i s h e d c o l l e a g u e . Dr. H a n s S u e s s , 
of the I n i v e r s i t y of Ca l i f o rn i a . San Diego , h a s s en t me a manusc r ip t en
t i t l e d . " T h e c l ima t i c c h a n g e s in cosmic rav produc t ion ra te of r a d i o c a r b o n " . 
In brief, he s a v s that when you have hot wea the r for a per iod of a c e n t u r v . 
t h i s m e a n s that the sun is s p e c i a l l y a c t i v e in s e n d i n g out lo ts of p l a s m a , 
therefore the p roduc t ion of r ad ioca rbon is e s p e c i a l l y low. In c o n s e q u e n c e , 
dur ing that century your r ad ioca rbon d a t e s are too o ld . and c o n v e r s e l y , 
when you have a centurv or two of cold w e a t h e r , the sun is i nac t ive and 
the c o s m i c r ays come in b e t t e r , s o your r ad ioca rbon d a t e s are too young . 
The e r ro r s are like ± 5 0 y e a r s , s o it i s a l m o s t wi th in our e x p e r i m e n t a l 
error . He h a s been very e n e r g e t i c in making lo ts of m e a s u r e m e n t s , u s ing 
t ree r ings for h i s m a t e r i a l s , so he knows the da te qui te a c c u r a t e l y , and I 
think there is l i t t le doub t . We have been doing work on E n g l i s h manor h o u s e s 
in the las t coup le of y e a r s ; the h i s t o r i c a l d a t e s are e x c e l l e n t l y known for 
many of t h e s e homes and we find that our ag reemen t h a s improved if we 
make S u e s s ' s l i t t l e c o r r e c t i o n s . He h a s made the point that there is a d e 
v ia t ion which is sma l l but m e a s u r a b l e . But by and large the ag reement h a s 
been gra t i fy ingly good. 

T h e c o n s e q u e n c e s of the ag reement are i n t e r e s t i n g - namely that the 
cosmic r a y s , the l eve l of s o l a r p l a s m a and the e a r t h ' s magne t i c f ie ld have 
remained e s s e n t i a l l y c o n s t a n t and t h a t the o c e a n dep th h a s not c h a n g e d 
a p p r e c i a b l y - not a very s u r p r i s i n g r e s u l t . 

But when we f inish wi th recorded h i s t o r y , we have not used even half 
the r a d i o c a r b o n . The way r a d i o a c t i v e d e c a y g o e s , you l o s e half in one 
half- l i fe and then you lose half in ano ther half- l i fe s o tha t at the end of two 
h a l f - l i v e s , tha t i s 11400 y e a r s , you s t i l l have 25 per cen t left . It wil l t ake 
ten h a l f - l i v e s - 57 000 y e a r s - to get down to a ten th of one per c e n t . E v e n 
with our most s e n s i t i v e methods of m e a s u r e m e n t at t h i s t i m e , we c a n n o t 
measu re a tenth of one per cen t of the na tu ra l l i fe . So r ad ioca rbon wil l not 
app ly to t h ings older than about 5 0 0 0 0 y e a r s - in fact when vou get back 
to 40 000 t h i n g s get a l i t t le u n c e r t a i n . But be tween the dawn of h i s to ry -
that is 4800 y e a r s - and 4 0 0 0 0 y e a r s i s a g rea t s p a n of t i m e , fte are not 
en t i r e ly wi thout t h ings for c h e c k i n g . The method is our main purpose in the 
r e s e a r c h , and our ob j ec t i ve has been to obta in t h i n g s to check a g a i n s t and 
it w a s with some d i s appo in tmen t that we l ea rned tha t h i s to ry w a s s o sho r t 
l ived . 

E V I D E N C E O E T H E G L A C I E R S 

within the span of r ad ioca rbon there were three Ice A g e s . It a p p e a r s 
that an Ice Age is world-wide - at l e a s t it would be s u r p r i s i n g if it were 
not . It ce r t a in ly is hemisphe re wide . So if we find a g l a c i a l a d v a n c e occur r 
ing in North America at a c e r t a i n l ime, we ought to find it occu r r ing in 
Europe at the s ame t ime . So t h i s w a s one of our c r i t i c a l p r e h i s t o r i c a l c h e c k s . 
Ke took mate r ia l from a forest in Wiscons in which had been p u s h e d over by 
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a southward-moving glacier. We measured tree trunks, we measured the 
soil in which the tree grew, and we measured all parts of the verdure of 
that forest which had been preserved when the glacier pushed some twenty 
feet of dirt which covered it. We got the same answer for all of these various 
parts - 11400 years - to within two or three hundred years. This had several 
important messages for us . One was that even the t iniest fibres on the 
rootlets , if properly cleaned, could be used for reliable dating, because they 
were of the same dates as the pieces of wood on the big t rees . And the 
humus in the soil was still authentic and reliable. 

Then we went to Europe, and in England and North Germany and North 
France , found the same dates . Now we have found it also - limited evidence, 
but it looks conclusive - in the southern hemisphere. 

Another epoque in human history was the advent of man in North and 
South and Central America. For reasons which are not entirely clear, man 
came to the Americas after the melting of the last ice sheet . He came 
10 400 years ago, and he came at the same time to all three continents. 
That is in the sharpest contrast to the European si tuation. The oldest 
Englishman is 10 400 years old because he was chased out by the glacier 
and then the glacier swept all evidence of previous man away. That is why 
Piltdown worried the life out of us because Piltdown man was presumably 
much older than 10 400 years, and it was therefore with great comfort that 
we learned it was a hoax. We contributed a little bit towards discovering 
the hoax. However, the oldest Englishman is 10400 years old because that ' s 
when the ice sheet left England and he walked into England - the Channel 
was dry. The oldest American is 10400 years . 

We can understand why the oldest Englishman is 10400 years old for 
the reasons that I have indicated, but it isn't at al l easy to understand 
why there isn t someone older in the Americas since not all the Americas 
were glaciated. What men did in Europe was to move to the Mediterranean 
basin - we have abundant evidence of man around there that goes back way 
beyond radiocarbon. We have just begun a new dig in Israel near the Sea 
of Gali lee, which we think is two million years old. That is a lso way beyond 
radiocarbon, but we are interested in it as we may be able to help in dating 
the later phases . After we had dated about a dozen different ear l iest man's 
s i t e s , in North America, Central America and South America and got 10400 
for each one of them, we began to believe that unlikely as it seems, it is 
true. As far as I know - with one possible exception - all the earl iest 
man s i tes in all the three Americas are 10000 years old, within the error 
of measurement. This gives us a consistency check as well as a new result 
in human history. 

We could rationalize it and say that for reasons unknown to us , man 
didn't come to the Americas until the Behring strai ts were laid bare by 
the drop in sea level resulting from the glacial formation in the last Ice 
Age. The amount of ice was such that the sea level throughout the world 
fell by 150 feet. If you drop the ocean level by 150 feet, a wide stretch 
is dry between Siberia and Alaska and down the west coast of Alaska 
and as far as the State of Washington. It goes pretty far out into the ocean. 
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Re have never been able to find 10400 year old men in Alaska itself. This 
also fits, you see , for the reason that that was covered in ice. He didn't 
come through Alaska. He walked across the Behring s t ra i ts and then he 
came down the coast which is now submerged, and his trail is 150 feet 
under water. Then he came inland to about the State of Washington and he 
moved south, and we found him at the southern tip of South America. Our 
most recent date was in the highest level of the Peruvian Andes at the 
10400 date. 

A P R E H I S T O R I C S H O E - S T O R E 

Other consistency checks include the measurements of various cultures 
that the archeologists mav not be precisely able to date, but they can pick 
out certain cultural character is t ics of a given period. I might mention one or 
two. Our 10 400 man was a verv sophisticated person in some ways. He was 
a six-footer. He wore clothes the size of those that we would wear and as 
I have said, he covered the three continents of the Americas within the 
measurement of error of radiocarbon - that is within a couple of centur ies . 
Re were fortunate in finding a most remarkable cache in Eastern Oregon. 
A road was being dug in Eastern Oregon in the late forties. Now Eastern 
Oregon has manv volcanoes and an archeologist at the I 'niversitv of Oregon, 
Dr. Cressman happened to warn the foreman of this particular road crew to 
be on the look-out - he knew that the foreman was going to make a deep 
cut in a pumice deposit of Mount Newbury. And the foremanddid, andhe 
called Dr. Cressman to tell him that he had found something. And in this 
cave which was apparently accidentally covered with pumice - like the 
pumice that preserved Pompeii - was found a collection of marvellously 
artistically woven sandals , which we date at something over 9000 years . I t ' s 
legend in this country that sandals like this are common. Re have actually 
succeeded in collecting a few samples from other s i tes and they date - we 
had one last year which we dated at 8500 years . Now these are the shoes 
that our prehistoric man wore. In this cave which Dr. Cressman and his 
crewmen found, were three hundred pairs of these shoes , neatly s tacked. 
A shoe store ! I'll tell you how luck) we were in this research. This was 
before radiocarbon was invented, and he took his glue pot to lacquer these 
shoes but he ran out of glue. The glue ruins them for radiocarbon dating, 
but there were six pairs which he didn't shellac and we got those for dating. 

H O W N E A R L Y C O R R E C T ? 

And so it is we lind in every place. Re found a body of his in the 
Santa Rosa Island a couple of years ago. Rhy he didn t write is an amazing 
question - a man of that ability. ^ ou know the I^ascaux caves in Central 
France have been dated at 15 000 years, so beautiful paintings were painted 
five thousand years before our 10 400 man came. It is hard to imagine that 
he wasn't intelligent enough. It is - to me - quite clear that these people 
were as intelligent as we were. Maybe they did write - maybe we just haven't 
found it. Hut in any case , they have left these remarkable works. I think 
you know that in the pre-historic Paleoli thic era, there are many fine ancient 
monuments of unknown age and history - even in Egypt. Re did pre-dynastic 
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work in Egypt and went back as far as 6500 years in a fairly continuous 
record, working with Dr. Caton Thompson of Cambridge. She furnished us 
with some remarkable samples of ancient Egyptian grain which she had 
found in granaries in the hills surrounding the Nile valley. The farmers 
nearly 1500 years before the first dynasty had filled these things with grain 
and t hey ' s t i l l had grain in them when she came 50 years or so ago. They 
were holes dug in the top of the hi l ls , lined with straw, grain put in and 
then some kind of covering. Re dated that grain. 

In England, there is a continuous unbroken record going back to 10400 
man and some of the s i tes are truly remarkable, e.g. the Star Carr s i t e , 
excavated by Professor Graham Clarke at Cambridge. Remarkable work, 
at nearly 8000 years. Even in the historic periods, there are lots of a reas , 
such as the Americas - you see we had no written records at all in the 
Americas, apart from the Mayas. This leaves only the circumstantial records 
and about all we have in many parts of America is radiocarbon. It fits rea
sonably into the sociological evidence of pottery and things like this, and 
we are building up a story in the Americas. But my point is that even in 
the historic period of the last 4000years , radiocarbon does have applications 
in various parts of the world and in the prehistoric periods ; it is essential ly 
all we have in absolute dating. 

This question of absoluteness is a difficult one. It isn ' t possible to 
say unequivocally that radiocarbon dates are correct. It is possible I think 

Pyramid at Te otihuacan, Mexico (Pho to : lnst i tuto Nat ional tie Antropoiogia e Histor ia , Mexico) 
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to say that in the last 3700 years, a radiocarbon date is probably accurate 
to within 1 or 2 per cent. In the prehistoric periods, we simply have to hope 
that we can develop some auxiliary check to show whether the variation of 
the solar magnetic field is substant ia l . Re already have considerable evi
dence, in that the first dynasty of Egypt agrees pretty well. There is a 
tendency for the first dynasty dates to be different from the historical da tes , 
and it would be such that Dr. Suess ' conjecture might fit. His conjecture -
and he himself insis ts that it is conjecture, because he is extrapolating -
is . in effect. "If you had a really cold period, then it would be an Ice Age, 
and then the radiocarbon dates would be different and so we must correct 
the radiocarbon dates by maybe as much as 2000 years at 11000." This is 
about the biggest catastrophe that we can imagine at the moment happening 
to radiocarbon dates . In the 4000 most recent years, they are probably good 
to a couple of centuries. Rhen they are calibrated in the last 2000 years , 
they are probably as accurate as we could measure. 

There are more questions in the measurement than just the counting 
error - there are problems like the tree rings. \ ou take a piece of wood -
it has various rings and each year has its own radiocarbon in it. \ ou have 
to be very careful to know how many rings there are and whether this wood 
came from the inside or the outside. Re find in the old English houses , 
for example, that there is considerable evidence of re-use of major timbers. 
In the pyramid at Teotihuacan near Mexico City, we have positive proof that 
timbers were used in the central structures which were several hundred years 
old when the pyramid was built. Things like this have to be taken into 
account. Re are now re-investigating the 12 first dynasties of Egypt with 
the help of the British Museum just because of th is . All the graves of early 
Egypt were robbed and therefore there is the gravest question of authenticity 
in an\ moveable material. Re have recently developed a technique of remov
ing protein from bone and dating it. Re are going to do this on the mummies 
as we think it is very unlikely that any grave robber would have stolen them 
and replaced them. 




