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ASSIRACT

Thls report describes the continuation of our
evaluatLon of the propertles of certal,n thermo-
lunlnescent (TL) materials which nay be of use as
tracers in f le ld sediment studles. A summary is
given of some exlstlng tracer techniques, includlng
the use of radloactLve, f luorescent and chemical
tracers. A br ief  descr lpt lon is given of the
property of thernoluninescence and the potential
advantages of a thermoluml.nescent tracer materlaL.
The results of various l-aboratory tests are
described and part lcular enphasLs ls given to the
propert ies of f luor l te which has appeared as the
most promising of the mlnerals tested.
Recommendations are given for further work.
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IilTRODUCTIOf,

In an earlLer Hydraulics Research (ItR) study
(Ref.1) a prel ininary evaluat lon nas made of
varLous minerals whlch were known to exhibit
thermol-uminescent (TL) properties and which had
potent ial  for use as tracer mater ials ln f ie ld
sediment studies. As a general introduction to
thls present report ,  parts of the earl ier report
are repeated as fol lows!-

"Radioactive tracers have been used for rnany years
by Hydraulics Research Linlted (HR) for studylng
sedimentat ion processes ln the f ie ld.  Techniques
have been devised for the measurement of shlngle,
sand and silt movements and nany field experiments
have been conduct,ed worl-dwide.

One particular area of research ln which IIR has
played a Leadlng role is ln the study of rnethods of
disposal of  dredged spoi l  f rom navigat lon channel-s.
The eff ic lency of the disposaL nethod is def ined as
the proport ion of the mater lal  dredged from the
navigation channel whlch does not return to the
channel ln a slgnifLcant tirne. Clearly the dis-
posal ef f lc iency must be alLled with the overal l
obJective of removing the maximum amount of spoll
fron the channel ln the mLnimum time and at the
minlmum cost.

A falr ly typical  experlment was that carr led out at
the Port  of  Br isbane, Austral ia ln 1981. One of
the obJect ives of this study was to determine,
within 5%, the proport ion of the dredged spoi l
which returned fron the spoil ground to the
navigation channel withLn one year of dunping. The
spoll ground in this case was sone 27 km seaward of
the upper linit of the navigation channel. The
experimental procedure consisted of seeding sLx
hopper loads of spoi l  with 10-20 U n dianeter
scandlum glass radioactive tracer which were then
dunped at the spoil ground in the normal manner.
The total  quant i ty of radioact lv l ty (Sc46) inJected
at,  the spol l  ground amounted to 20 Curies (7 .4 x
10r r  Becquere ls ) .  The depos i t ion  pa t te rn  o f
the dunped spoil was mapped after dunping uslng a
towed sclnt i l lat ion detector.  Durlng the course of
the followLng year routine collectl-on of several
1kg bed sediment samples from the dredged channel
was undertaken. These samples were taken to the
laboraLory for measurement of the Sc46 content
using a hlgh-sensitlvity ganma ray spectrometer.



The measurement sensltivity was such that
quant i t ies  o f  Sc46 o f  10-10  Cur les  (3 .7

Becquerels) in the I  kg sanple could be detected'
At the end of the one year exPerimental period,

aLl-owing for decay of the isotope, this mLnimum
detectable act iv i tY, l f  spread unifornly throughout
the 1-ength of the navigation channelr represented
sorne 4% of the inJected tracer.  I t  is seen
therefore that in this case usLng a radloact ive
tracer enabled us to measure a tracer (and hence

dredged spoi l )  dl lut lon factor of 1 part  in 5 x

l o L z .

The radioact ive tracer technique has two maJor

merLts: the in-si tu measurement of the tracer
deposlt  glves an imnediate indicat ion of the nobi l -

i ty of  the deposit  and this assists in the planning

of the subsequent bed sanpling Programme' The

hlgh-sensttivity laboratory countlng equipnent
facl l i tates the measurement of very di lute tracer
quant i t ies .

In the Brl-sbane experiment,  the tracer Preparat ion'
sample counting etc was undertaken by the
Australian Atomic Energy Commissl'on who also
obtained the necessary governmental authorisation
for thls part icular use of radioact ive mater ials '
By involving the 1ocal Atomic Energy staff in this

way the logist ics of carrying out the radioact ive
study lrere great ly stnpl i f ied.

In nany of the emerglng countries extensive port

developnents are taking place and the developments
frequently Lnvolve the deepening of navLgation
channels and the eonsequent problem of maintenance
dredging and disposal of  the dredged mater ial '
Many of these countr ies do not have the facl l l t ies
for produclng radioact ive mater ials nor the local

expert ise for handLlng large quant i t les of radio-

act iv i ty.  In addit lon, in some lnstances there are

object ions to the use of radioact ive mater ials for

environmental  studies. There is clear ly a need for

a non-radioactive tracer nethod for use ln these

special  c ircumstances.

The method should ideallY:

be no more expensive than radioactive
nethods;

( a )

(b) be non-hazardous and hence usable by
relatively unskilled personnel and without
objections on environmental grounds;

(c) have a measurement sensitivtty comparable
wlth that achieved uslng radLoact ive tracers'
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I f  the tracer costs are suff ic ient ly low i t  is
l ikely that a large lni t ia l  t racer concentrat ion
could be used. A measurement resolution of 1 part
in 109 of the ini t iaL concentrat ion is therefore
suggested as a reasonable object ive.

Existlng alternatlve techniques whlch have been
used in sedimentat ion studies with varying degrees
of success include:

Act ivat ion Analys ls

This ls a technique whereby an inactive chernical
element is incorporated as the tracer.  In order to
detect the tracer element a bed sanpling Progralme
is undertaken, sini lar to that descr ibed for the
Port of  Br lsbane study. These samples are subse-
quent ly i rradiated in a nuclear reactor to produce
a radioact ive isotope of the t . racer elenent.  The
quant i ty of t racer in the sample is then determined
using a high-sensit iv i ty count ing system.

There are several  najor problens ln using this
technique:

(a) the i rradiat ion of the sediment samples
produces not only the radloact ive tracer iso-
tope but also radioact ive isotopes of the
other const i tuents of the sedinent sample.
Some of these "background" elenents have
short half-lives compared with that of the
tracer and after a period of deeay the back-
ground contr ibut ion wi l l  decrease but wi l l
nevertheLess remain signi f icant ;

(b) in order to be uniquely ident i f iable, the
tracer eLement should not be present ln
signif icant quant i t les in the natural  sedi-
ments. This inevi tably restr icts the choice
to very rare and hence very costly elements;

(c) a nuclear reactor faci l l ty must be avai lable
to produce t.he radioactive samples. The
lrradiat ion of large-sized samples in a
nuclear reactor is very costly and if carrLed
out as a ful ly commerclal  exercise the cost
of irradlating many samples would be prohlb-
i t ively expensive.

Because of these inherent problems, the measurement
resolution achieved using this technique is gener-
al ly less than 1 part  in 10o of the ini t ia l
concentratLon.



THERMOLUMINESCENCE

Fluorescent tracers

In this nethod a fluorescent compound is used as

the tracer. Many chenical elements fluoresce when

exposed to ul tra violet  (UV) l ight.  Techniques

have been devised for coating sedinent partlcles

with f luorescent mater ials and a range of
f luorescent colours are avai lable.

The najor drawback in using a fluorescent tracer in

large-scale studies is that no instrunent is

avai lable for autonat lcal l -y detect ing sma1l tracer
part ic les. Recourse ls therefore made to using
laborlous manual counting of samples whereby known

weights of sedlment are exposed to UV light and the

f luorescent part ic les indlvidual ly counted'

Because of the di f f lcul , ty in detect ion, thls

teehnique has been used almost exclusively for

measurements on large-sized sedinents (sand and

shtngle) and can be a useful  technique for
snal l -scale beach studies.

3 Cheml-cal tracers

A variety of techniques exlst for determinl-ng the

chemical composition of sediments and much work has

been done in improving the sensit iv i ty of detect ion

of polluting eleurents such as heavy metals'

Most port  areas are close to industr ial  complexes
with high populat ion densit ies. Sediments in the

navigation channel-s are therefore generally heavily
polluted with a wide range of chemlcals' The
prospect of findlng a unique and cheap tracer
element which can be used in these circunstances is

very unl-ikely.

The shortcomings of the exist ing al ternat ives to

radioact ive tracers led us to consider the
potent ial  of  thermoluminescent (TL) mater ials as a

means of achieving our object ives.

Some simple examples of luminescence processes are

i l lus t ra ted  in  F ig  1 .

(a) Fluorescence: the pronpt return of an
electron from an exci ted state ei ther
dlrect ly to ground state or vla an al lowed
transit lon from an Lntermediate state S'



(b) Phosphorescence: return of an electron from
an exci ted state to the ground state Ls
deLayed by the metastabLe state M. Direct
transl t lon from the metastable to the ground
state ls forbidden.

(c) Thermoluminescence: the return of electrons
trapped in the metastable state is speeded up
by heat ing.

(d) Ant i-Stokes lumineseence: the exci tat ion of
an electron is achieved by the absorpt lon of
two or more photons.

Thermoluminescenee is the property of certain
substances t .o absorb radiat ion and to release i t ,
on appl icat ion of heat,  in the form of opt ical
radiat lon of var lous wavelengths. The lrradiat ion
of the TL mater ial  by a radloact ive substance does
not produce a radioact ive product.  The TL rnater ial
1s not therefore radiologlcal ly hazardous. } lany
naturally occurrl.ng minerals exhibit TL
p r o p e r t i e s .

The TL process is widely used for radiat lon
dosimetry and specif lc TL "cocktal ls" have been
developed for use as dosineter mater ials.  These
dosimeters general ly consist  of  ei ther TL granules
enclosed ln a sealed plast ic holder or powder
incorpora ted  ln  th in  p . t . f .e .  d iscs .  Automat ic
dosimeter readlng instruments are comnerclal ly
avai lable. These instruments consist  of  a snal l
heated planchet on whlch is placed the TL
dosimeter.  Control led heat lng of the pJ-anchet ln
an lnert  gas atmosphere causes emlssLon of the
opt ical  radiatLon which is then detected by a
photonult ip l ler/ f i l ter system. The photon output
slgnal is aupl i f ied and recorded on a frequency
meter.  Each TL mater ial  has a character ist ic glow
curve ie.  an anpl l tude versus temperature spectrum.
The TL response of the dosimeter is general ly
l inear within certain radlat lon dose Linl ts.  These
dose l in l ts for comercial ly avai lable doslmeters
range fron 10-5 to 104 Gray. (The Gray [Gy]
ls the SI unit  of  absorbed radiat ion dose).

The anpl i tude of the TL signal is recorded as a
frequency (Hz) and the TL response of the
part icular sample is usual ly descr ibed as a
frequency per unit  welght (Hz ng-l ; .



As a polnt of  lnterest most of the est imates of

radiation dose resultlng from the explosion of the

atomic bombs on Iliroshima and Nagasakl have been
obrained from an examination of the TL emlssion
fron bui lding nater ials obtained from the sl tes'

Archaeologists also make use of the TL process for
dat lng of ancient Pottery,  burnt c lay, br icks etc '
The clay often exhibLts TL propert ies'  Because of

the high temperatures used in the f i r ing process'

any trapped TL ln the clay would have been released

at the t ine of f i r ing, Subsequent exposure of the

clay to the natural background radiation of the
slte would result, in a gradual build up of TL in

the mater ial .  Measurements of this TL emlssion,
together wlth a careful  cal ibrat ion of the mater ial-
and an assessment of the radiation exPosure rate at

the sl te al lows the archaeologist  to derive a date

for the f l r lng of the artefact.

A comblnat ion of factors, summarised below, lead us

to consider the use of TL mater ials as tracers for

sedimentat ion studies :

(a) many conmonly available materials exhibit tL

proPert ies'  lneluding some claYs;

(b) belng common' the tracer cost ls l ikely to be

1ow;

( c ) the rangq of measurable absorbed radiation
dose ls hlgh and hence the potent ial
sensit lv i ty of the method ls high;

detection instrumentation is commercially
aval lable;

( d )

(e) the TL tracer does not present a radiologlcal
hazard. "

In the conclusion to the earl ier rePort  i t  was

s ta ted  tha t :

" In thls short  ser ies of tests we have:

(a) investigated the background TL ernission from
natural  sediment from Port Qasim, Pakistan
and from the Mersey estuary, UK. In both
cases a sinl lar and relat ively high
background TL level was found fron the
untreated sedinent;

(b) ident i f led a number of potent ial  TL tracer
materials and measured their relative TL
sens l t i v l t ies ;



( c ) carried out more exhaustlve tests on fluorite
and deternined its TL emlssion at a
saturat ion dose 1evel.

To date the best "signal to noise" rat io achieved
ie. the rat io of the saturat ion dose TL enission
from fluorite to the background TL enission from
natural  untreated si l t  is approximately 104 :  1.

I t  ls l ikely that for a typLcal ful l -seale dredglng
disposal experiment,  as out l ined ln the intro-
duct ion to this report ,  a resolut ion of at  least I
tn 109 wl l l  be requtred. Clearly after carrying
out these lnl t ia l  tests we are a long way short  of
achieving thls resolut lon.

There are two main problem areas - (i) the high
background 1evel from the natural sil-t and (ii) the
resolut lon of the instrumentat ion used for detect-
ing the TL emission.

In the case of the background contr ibutLon there is
a need for a closer invest lgat ion into the nineral
conposit ion of the natural-  s i l ts and the determln-
at lon of the relat ive TL sensit iv i t l ,es of these
const i tuents. I t  is possible that pre-treatment of
samples could remove some of the background enis-
sion without adversely affect ing the TL tracer
nater ia l .

I t  is proposed also to carry out further lnvest iga-
t ion on other potent ial  TL tracers. I t  is Ltkely
that the natural  TL enit ters found ln the si l ts
nay be si te specif ic and that a sui table tracer may
need to be selected for a part icular s i te.  I t  is
recommended that we determine the saturation dose
TL enission from the selected TL mater ials.
In order to achieve the necessary high radlat ion
dose levels we shal l  explore the possibl l i ty of
sample irradiation at a local- high-level radiation
f a c i l i t y .  "

In this present report  we describe more exhaust ive
tests carrLed out on some of the potent ial  t racer
mater lals.  Most of the experimental  work reported
on was carried out by the TL Laboratory, Department
of Archaeology, Universl ty of Durham. A report
prepared by the Universi ty,  which contains detai ls
of the techniques used and the var ious tests
carr ied out is reproduced as an Appendix.

In the nain body of the report we have drawn from
the results obtained from the Durham tests to
describe the propert ies of the mineral  f luor i te
which has been ident l f ied as rhe most promlsing of
the potent ial  t racer mater ials examined.



I-anoMloRY TESTS

In these tests all sanpLes exaulned were in the
s i l t  s ize  range o f  10  to  63U n .

Seven natural siLts rrere examined. Six were from
the fol lowing U.K. estuaries -  Mersey'  Nene,
Ribble, Severn, Thames and Tees and the seventh was
from the Port  of  Kuching, Malaysla. In addit ion,
slx TL minerals were examlned viz - Anhydritet
Fluorl te,  Frankl ini te,  Gypsun, Ol iv ine and
I ' I i1 lenl te.

2.L Mineralogical  conposit lon of !he. natural  s i l ts and
TL neasurements on the cols.tltuq.lt Parts.

The mineral  composit lon of the var ious si l t  sanples
was determined by X-ray di f f ract ion techniques.
Having ident i f ied the var ious Const i tuents'  a
series of experlments was carried out in which the
ini t ia l  TL emlssion from the composite si l t  was
measured. Certain of the mLnerals were then
leached fron the si l t  using apProprlate aclds. TL
measurements ltere then carried out on the remaining
minerals.  In thls way the TL contr lbut ion from the
various ninerals wlthin the si l t  sample was
deternined.

The results of these tests,  which are detai led
ln the Appendlx, show that acid treatment can
effectively remove some of the brighter TL
emitters.  The treatment can however produce
precipi tates which are br ight TL enlt ters.  I t  is
concluded that a signi f icant reduct ion Ln natural
background TL enission is unlikely to be achieved
by acid pre-treatuent of the sl l ts.

2 .2 TL enissions from sl l ts and tracer mater ials after
saturat lon radlat lon doses

In the earl ier study (Ref.L) the TL character lst ics
of t racer mater ials was deternlned by subJect ing
snal l  t racer samples to increi i ing radiat ion doses
using a relat lvely snal l  laboratory beta radiat ion
source. These earl ier results lndicated an
increasing TL enisslon with appl ied radiat ion dose.
The laboratory source rtas too weak however to
provide a saturation radiation dose which would
give rise to the maximum TL enission from the
sample.



2 .3

In these present tests samples were subJected to
saturation radiatlon doses in a Cobalt 60 gamna
radlat ion faci l i ty.  This faci l i ty,  operated by a
locaI commercial organisation, is used nainly for
ster i l isat ion of surgical  products, food etc.  The
unit can l-f necessary handle large consignmenta on
a conveyor belt  system. For our Purposes'
i rradiat lons nere carr ied out in a sma1l
experlmental  facl l i ty.  The ini t ia l  samples were
given a radiation dose of 10 k Gy' which was
adninistered in approximately 30 minutes. In
subsequent tests a 50 kGy dose was adninlstered so
as to confirn that the 10 kGy dose had saturated
the samples.

Samples of each of the natural  s l l ts,  as wel l  as
the six potent ial  t racer mater ialsr l tere i rradiated
in this faci l i ty '  Each sample was contained in a
polystyrene vial and vials were packed in a
l ight- t ight cardboard box and lrradiated togeEher.
The irradiated samples were then dispatched to the
TL laboratory at Durham for examination.

TL enission from the backeround and irradiated
samples

The ful l  experinental  detal ls are given in the
Appendlx.

The glow curve resulting from natural irradiation
of the mater ial  over geological  t ime was f l rst
determined for each of the si l t  samples. These
"background" glow curves are shown in Fig. 42 of
the Appendlx.  I t  ls seen that there ls very l i t t le
TL enission from these samples at temPeratures
below 200oC. The glow curves from the irradiated
si l ts and the i rradiated tracer mater ials however
show two character ist ic peaks - one at about 200"C
and the other at about 290"C (Fig A3).  The best
"signal-  to noise" rat lo was achieved using
measurements taken at the 200"C peak.

For conparison, the peak TL enisslon measured at
200"C for each of the background sllt samples and
each of the i rradiated sl l ts and tracer mater ials
are tabulated below.



Sample

Mater la l

TL Ernisslon at 200"C

IrradLated
(MIIzlng)

Background
(kl/.zlne)

Kuching Si l t
Mersey
Nene 

I'

Rtbble
Severn
Tamar
Tees "

Anhydri te
F luor i te
Frankl ini te
Gypsum
Olivine
Wi l leni  te

4.3  +  0 .3
11 .7  T  1 .4
19 .S  T  3 .s
8 .2  T  0 .2
1 .1  F  0 .06

14 .o  T  1 .6
10 .0  T  0 .3

16 .0  +  1 .9
roSo T 130
0 .67  T  O .20
0 .27  F  0 .06
0.4s F o . ls
2 .3  F O.+

<  0 .2
?1
?2
?3
?  o .2
< )- 24  

+  3

TABLE 1. TL emisslons at 200oC

s i l r
Type

Kuchlng
Mersey
Nene
Rtbble
Severn
Tamar
Tees

TABLE 2. Relat ive TL emissions at 200oC

Relat ive TL Enission
r luor i te /S i l t

5 .4
1

5 .4
4

5 .4
2

4 .5

x
x
x
x
x
x
x

106
106
105
105
106
105
104
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From these results l t  is seen that f luor i te is c lear ly
the br lghtest TL emlt ter of  the mater ials tested, being
at least two orders of nagnitude brighter than most of
the other potent ial  t racer mater iaLs. I t  is
int .erest lng to note also that nany of the i rradiated
si l ts are br ighter TL emlt ters than the other potent ial
t racers .

To i l lustrate the potent ial  sensit iv l ty of f luor l te as
a tracer mater lal ,  a comparison ls made ln Table 2 of
the relat ive TL emission of i r radiated f luor l te against
the background TL enisslon from the seven silts
examined. In most cases a resolut ion of better than I
part  in 105 ts indicated and in several  cases a
resolut ion of better than I  part  in 106 is achieved.
This resolut ion sr i l l  fa l ls short  of  our object ive of 1
par t  ln  109.

2.4 TL emission fron single gral ,ns of f luor l te

An alternative TL neasurement approach was examined
brief ly.  Sanples of the i rradiated f luor i te l tere
examined under a microscope and individual grains in
the size range 40 to 60 p n were removed. These
indivldual grains were then mixed with about 1 ng of
natural  s l l t  and the resultant TL emission measured.
In al l  cases the individual grains were readi ly
detected. In the norst case where the tracer grain was
mlxed wlth the high background Tees si l t  a "signal to
noise" rat io of 5 :  1 was achieved.

This grain count lng technique appears to offer the
potent ial  for achievlng high resolut lon detect ion. In
a cont inuous f low system individual f luor l te grains
within the slLt  nay be detected. A signal ampl i tude
threshold set above the background noise level should
enable the individual tracer grains to be counted and
the background signal rejected.

2 .5 Natura l  deca of the TL enlsslon from irradlated
uor i te

Exposure of TL emit ters to opt ical  l - rradiat ion of
sultable intenslty and wavelength can lead to a
reductLon in TL lntensity.

In order to check the long-term stability of the TL
emissLon from f luor l te,  a quant i ty of the i rradiated
naterial nas exposed to ambient Llght conditions in the
J-aboratory. Over a perlod of some seven weeks the TL
emission fron samples of this naterlal was measured.
No signlf icant decay in lntenslty was detected over the
per iod .

t l



Samples of the l rradiated f luor i te r tere then exposed to
more intense opt lcal  l r radlat ion- using an 80W
mercury dlscharge lanp with a yel low glass f i l ter to
remove W enissions below 280nn. The luminance of the
opt ical  radiat lon was est l -mated to be about one third
of that present on a sunny surnmer day in Britai.n.
Decay of TL emission was found to be rapid under these
opt ical  exposure condit lons. The enission aE the 200"C
peak for instance had reduced to 77" of i ts ln i t ia l
value after 10 rninutes of intense opt ical  i r radiat ion.

I t  is unl ikely in a typical  s i l t  d isposal study that
the tracer,  once incorporated withLn the natural  s i l t '
would ever be exposed to opt ical-  radiat ion Dore severe
than the ambient laboratory condit ions. These tests
clearly indicate however that care rnust be taken to
avoid exposure of the f luor l te tracer to dlrect
sunl ight at  any stage of the ini t tal  seeding of t racer
and durlng subsequent sampl ing operat ions.

t 2



SO}IE RSI.BVATT PBOPERTIBS
OF FLUORITB

Fluori te (also know as Fluorspar) occurs as a
natural  ore. I t  has a density of 3 to 3.2 g/cmr
which is simi lar to the main const i tuents of nost
e s t u r l a l  s i l t s  e g .  Q u a r t z  ? . 6  

-  2 . 7  g / c  3 ,

P l a g e o c l a s e  2 . 5  -  2 . 9  g / c n J ,  D o l o m i t e  2 - 8  -  3 . 0

B / c m J ,  c a l c i t e  2 . 7  g / e m s .

On the Mohs scale of hardness f luor i te has a value
of 4. On this scale each mineral  l isted is softer
than ( le is scratched by) al l  those below iL.  Some
comparat. ive values for other minerals are: Gypsun
2,  Ca lc i te  3 ,  Or thoc lase  6 ,  Quar tz  7 .  F luor i te  i s
therefore a reasonably durable rnineral.

The solubi l i ty of  f luor i te l tas determined in the
labora tory .  A  so lub i l l t y  o f  0 .012 g / l i t re  in
deionised l i later and 0.010 g/ l t t re ln 30% salt  water
was measured albelt under small-scale laboratory
condl, t ions. With this l -ow level of  solubif  i ty a
f luor i te tracer mater ial  is unl ikely to dissolve by any
slgnlf icant auount during the course of a typical
tracer experimental  per lod.

The 1986 cos t  o f  f luor i te  in  the  U.K.  (supp l ied  as
the natural  ore) is approxinately f '12 per
ki logran.
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SUU}TARY AIII)
cotcl,usIoNs

( a )

( b )

( c )

In thls latest ser ies of tests we have:

determined the nineral cornpositlon of seven naturaL
s i l t s ;

measured the background TL enission from these seven
natura l  s i l t s ;

exposed samples of these sl l ts and also six potent lal
t racer mater ials to saturat ion ganma radlat lon doses in
a Cobalt  60 i rradiatton fact l i ry;

deternined the TL enission from the var ious
const i tuents of the l rradiated natural  s i l ts;

measured the TL emissions from the irradiated TL tracer
mater l ,als;

neasured the TL emission of s ingle grains of i r radiated
f luor i te against a background of natural  s i l t ;

ueasured the decay of TL emission as a result  of
exposure to opt ical  radlat ion;

neasured the solubi l i ty of  f luor i te under laboratory
cond i t lons .

These tests clear ly ldent i f ied f luor i te as the most
pronising of the TL tracer mater ials.  Signif icant
reduction in the natural background TL enissions from
the si l ts was not achieved by acid leachlng
procedures.

In the tests in whlch ne compared the TL enissions from
weighed samples of the various materials the "signal to
noi.se" rat io ie.  the TL emission fron the i rradiated
f luor i te compared wlth that f rou the natural  s l l ts
ranged f ron  4 .5  x  104 :  I  in  the  wors t  case to  5 .4  x
l0o :  I  in the best case. ThLs resolut ion which
appears to be the best that we can readily achLeve,
fal1s some way short  of  our obJect ive of 109 :  1.  We
have demonstrated however that it is possible to
ldent i fy the TL emission fron individual grains of
i rradl ,ated f luor l te against a background of natural
s i l t .

( d )

( e )

( f )

(e)

( h )
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This "graLn count ing" approach offers an almost
lnf ini te resolut ion, the resolut lon belng l- ln i ted
solely by the quant i ty of s i l t  examined. Exist lng TL
detection systems are designed to examine very snall
samples ( typical ly 1 ng).  For large-scale tracer
studles l t  is essent ial  to have a detect ion system
which can handle large samples ( typtcal ly I  Kg).  I t  is
proposed to examlne the feasibl l i ty of  producing such
an Lnstrument ln the next phase of this research
p r o j e c t .

Tests in the laboratory have indlcated a low level of
solubi l i ty of  f luor i te.  Exposure of f luor i te to
ambient laboratory l tght ing condit ions produced no
measurable decay of TL emission. Exposure to a more
intense opt ical  source however produced a rapid decay
of the TL enission.

I t  is proposed under the next phase of the project to
Lnvest igate both the solubi l i ty and the decay of TL
emission under representat ive f ie ld condit ions.
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OvervLes
In previous experinental reports (see Thermoluminescent
tracers - a preliminary evaulation, C B Waters Rpt. SR
19), we have discussed the results of prel ininary
measurements on thernoluminescence (TL) enission from
two natural silts and a number of TL nlnerals selected
as potent lal  t racers for sedimentat ion studl.es. In
this report we discuss a more cornprehensive programme
of measurements on seven natural river silts and six TL
minerals.

The TL emission rdas measured from sized fract ions (10 -
6 3  U n )  o f

( f )  un t rea ted  s i l t s ,  to  es tab l i sh  the  leve l  o f
natural background signal and

(i i )  s ini lar s i l ts and the selected TL ninerals,
fol lowing the adninistrat ion of gamma doses suff lc ient
to provide near saturat ing levels of TL slgnal,  for the
purposes of ident l fy lng sui tably br ighL tracers.

A detal led examinat lon of the TL emit ters in the
natural  s i l ts was performed to invest igate means of
nlnimizing i ts detect lon. Our previous measurements on
the two naturaL sllts had revealed that the TL emission
was relat lely br ight.  We attempted to determine the
minerals contributlng to the TL emisslon using TL and
X-ray diffractlon analysis on various components of the
natural  s i l - t  that had been lsolated uslng acid
treatments.

The levels of the TL signal from sanples of gamma
irradiated si l ts and selected TL mlnerals were measured
perlodical ly over tno months to test the stabi l t ty of
the measured TL signal. For most TL minerals this
stabl l i ty Ls expected to be most ser iously affected by
irradiat ion with opt ical  radiat lon; the effects of
ambLent laboratory iLJ-uninat lon over the test per iod
and short  per iods of intense art l f ic lal  i l lumlnat ion
were studied.

Since the ul t inate aim of these investLgat ions is the
detect lon of s lngle tracer grains located withLn a
quant i ty of natural  s i l t ,  measurements with slngle
tracer grains were performed to test the feasLbi l i ty of
this nethod.
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Further Lnfornation
concernlng reaaurelents

The TL emlssion is recorded as l ight lntensicy (pulses
per second fron the detector - Ilz) vs sample temper-
ature (raised l inearly from room temperature, RT, to
approximately 500"C) on an X-Y reeorder,  giv ing a TL
glow curve. In this dynanic experiment the peaks of TL
emission (see glow curves) that are obtained in certain
temperature regions represent the thermal release of
charge carr iers from defect t rapping si tes within the
crystal  and their  subsequent recombinat ion at other
si tes with carr l -ers of opposite charge. As l l lustrated
ln the schematLc f igure (A1) there is an energy di f fer-
ence between the two states and this gives rise to the
emission of l ight (ranging from the UV to the red
according to the nature of the recombinat lon si te).
The long term stabi l i ty of  charge carr lers (and hence
the TL stgnal)  at  t rapping sLtes is largely dependent
upon the quant i ty of thermal energy ( ie.  temperature)
required to release then - or as we discuss below, the
opt ical  energy that nay be absorbed and cause trapped
charge carr iers to be released. The presence of
trapped eharge carr iers at defect s i tes in the crystal
ar ises because of the act ion of Lonlzlng radiat ion
(e i ther  na tura l  o r  a r t l f l c ta l ) .  Consequent ly ,  TL
minerals that have received a radiat ion dose release
l ight when heated - minerals such as quartz are
general ly weak emit ters,  whereas f luor i te is one of the
brlghtest.  Once the TL has been released durlng
heat ing, a further radiat ion dose is required ln order
to observe TL emission from the sarnple in the same
temperature region.

A consLderable amount of work has been perforued to
study the kinet l -cs of TL, however,  in this report  we
wil l  at tempt to conf ine the discussion to an interpre-
tat ion of the empir lcal  data.

In this report  we discuss the effects of exposure of
samples to l tght.  Two aspects of the l tght sensit iv i ty
of TL mater ials were studied; bleachlng of the TL
signal and photo-transferred TL (PTTL). The former, by
means of photo-eject ion of t rapped charge carr iers
using sui table wavelength l ight,  leads to a reduct lon
of TL signal.  The lat ter is more couplex, and not
observed in al l  TL minerals.  I f  a sample of f luor l te,
for example, is exposed to l ight of  sui table wavelength
(at RT) after heat ing to approx. 500oC, a PTTL glow
curve wi l l  be obtalned on reheat ing the sample. In the
case of f luor l te the PTTL glow curve is sl ight ly
di f ferent to that obtained after exposure to ionLzLng
radiat ion.
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This phenonenon is believed to occur as the result of
the transfer of charge carriers fron deep traps that
have not been enptted by the 5O0oC heating to shal_low
traps, the TL associated with which nay be subsequent ly
observed ni thin the RT-500"c temperature region. s ince
there are trro conpetlng effects, rre measured the TL
eml.ssion after exposure to l ight for samples that had
recelved no thermal treatments and for sanples that had
been prevlously heated to 450oC to remove ihe g"rr"-or
natural- TL slgnal. The measurement of the pTTL also
perni t ted an Lnvest igat lon of i ts potent lal  for t racer
work as an al ternat ive to convent ional TL.

A1l sanples lrere supplted by ltydraurics Research in the
grain size range 10 - 63 Lr n, packed in transparent
po lys ty rene v ia ls .

Natura l  S l l t s

The untreated si l ts l rere fron the fol lowing U.K.
estuaries -  Mersey, Nene, RibbLe, Severn, Tamar and
Tees and from the port  of  Kuching, Malaysia.

Potent ial  Tracers

Two types of mater ial  were tested to which had been
administered a gamma dose (Co60 srer i l is ing unit)  of  l0
kcy  (1  Gray  =  100 rads) :

( i )  na tura l  s i l t s  (as  above)
(11)  se lec ted  TL minera ls :  Anhydr i te ,  F luor i te ,

Frankl lnl te,  Gypsum, Ol iv ine and Wil leni te.

Further batches of f luor l te rrere also tested, to which
had been adninist.ered a garnma dose of 50 kcy.

Port lons required for measurement were taken from the
nater ial  as suppl ied and deposlted onto stalnless
steel discs ( lomn dianeter) that had been prevlously
coated with a thin layer of s l l lcone oi l .  The grains
Itere spread by percusslon wlthin a clrcLe of maximum
diameter 8nn and this provided port ion weights ln the
r lng: 0.5 -  2ng. A11 port ions were weighed (precision
o f  ! 0 . 0 5  n g ) .

Where measurements on single gralns rrere required,
crystals were selected under a mtcroscope, transferred
to the measurement disc, and the presence of the graln
veri f ied by inspectLon. We est imated that the gralns
we seLected were of 40r-r mf dianeter using this proce-
dure. A number of " f lne-grain" samples in the gratn-
size range approx. lO - 20 pm nere also prep.r.d by
sedl.nentation ln acetone onto 10mll diameter aluminlum
d i s c s .
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APPARATUS

}IEASUREUENTS

The TL samples discs were heated at 10oC/s in an

atnosphere of oxygen-free nltrogen using a sinple

resist ive teater:ptate oven system as used in TL dat ing

measurements. nrl n emission was viewed wlth a

sensit lve detect ion system comprising an EMI.9635Q

photomult ipl ier (used in pulse-count lng node) ln

conJunet ion wlth an opt icaL f iLter system biassed

towirds the vlolet /W region of the spectrum' Where

the TL emisslon was Part icular ly intense (as for the

tracers),  neutral  density f i l ters were lnterposed

betwen the detector and the sample'

A llanovia 80w nedlum pressure mercury discharge lanp

with Hanovla "yel low" glass f l l ter interposed to remove

W eml,ssions below 280nn was used for intense opt lcal

lrradiations. From measurements made uslng a sirnple

photometer' Ide estimated the lumlnance to be

approximately I/3 of that present on a sunny summer day

in  Br l ta in .

Mineralogical  ConPoslt ion

TL and X-ray diffraction (XRD) measurements rdere

perforned oo potaions of natural  s i l t  as received'  and

after t reatments selected fron the fol- lowing:

(f)  30 nin imrnersion in acet ic acld (27") + ul trasonic

washes tn dist t l led water ( to remove calci te);

(1i)  30 -  40h immersion Ln f luorosi l - ic ic acid (40%) +

ultrasonic washes in dtst i l led water) to remove

f e l d s p a r ) ;

( i i i )  th immersion in hydroehlor ic acld (15%) +

ultrasonic washes in dist i l led water ( to remove

dolomite and any f luor ides precipi tated from the

react ion of fel ispar and f luorosi l ic lc acid) '

TL enission from nat!4rgl-ei l ts ang tent ial  t racers

Natural  s i l ts:  Measurement of the TL emission

?ni6oqffi made on four (unless indicated

otherwise) portions taken fron each sample' ^ Each

port ion deposlted on dlsc was heated to 450oC to record

ifr" fl glow curve, weighed, and then discarded'
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10 kGy Dosed Sanples: Measurement of the TL emission
was made as above, approxinately 10, 20 and 40 days
after f i rst  test ing the samples. Sanple stocks
Itere stored ln transparent polystyrene vials under
normal laboratory lighting conditions and agitated
every I  or 2 days to assist  unl form l l luninat ion of the
gralns. Sanples of ga"rma irradiated tracers and sil_ts
that had been stored under dark conditions since
del lvery were also tested (5th set in table below)
after the last set of  measurements, using the sane
measurement procedures.

The TL emission from "fine-grain" prepared samples was
measured for the natural  s i l ts and gamma irradiated
f luor i te approximateLy 7 and 40 days after recelpt of
the sanples respect ively.

Sanples of f luor i te were also tested using stock
(approx 3 ng in near monolayer) that had been exposed
for two months to ambient laboratory lighting
condlt ions, in addlt ion to regular exposure to a 60lJ
tungsten lanp. The stock mater ial  had been sEored
under a layer of c l ing-f i ln to adnit  a greater quant i ty
of short  wavelength radiat ion ( ie.  higher energy).  The
use of neutral  density f i l ters was required when
measuring the emLssion from tracers and the reduct ion
factors were obtained in a set of  subsiduary
experlments.

5Q kGy Dosed Fluorire: The 50 kGy ganna dose was
adninistered to samples of fLuori te that had:

(a) received no further treatments and
(b) been annealed at 500"C for t  hour before the

adninistrat lon of the dose.

A fract ion of preparat ion (a) was dlssolved in NH4OH
(LO"A) and then recrystalLLzed, at 100oC ro form
preparat ion (c).  These treatments were perforned by
I lydraul ics Research.

Measurements on single grains of f luor i te ( fron l0 kGy
A;ea.roiD-

TL glow curves fron selected single graLns of gamma
irradiated f luor i te l rere obtalned under the foLLowing
cond i t ions :

(1 )  a f te r  se lec t ion  under  the  mic roscope ( l igh t  f ron
a 60W tungsten lamp was used for i l luninat ion for Less
than 5 nins) and transfered onto a sample disc from
stock that had been stored under dark condit ions;
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RESULTS

(i i )  s ingle grains placed onto disc covered with

approxinately 1 ng of one of the brightest natural

" f f t"  
(Tees).  The single grains were selected under

the microscope using stock that had been exposed for

two months to ambient laboratory llghting conditlons

under a layer of c l ing-f i ln as descr ibed above;

( i i i )  s lng le  g ra lns  as  ln  ( i l )  p laced on to  a  d isc

covered wlth approximately 1 ng of one of the weakly

eml t t ing  na tura l  s i l t s  (Severn) .

The effects of lntense opt ical  i r radiat lon: natural

si l ts and tracers

In addit ion to test ing the effect of  prolonged exposure

of the ganma irradiated tracers to ambient lighting

condit ions, samples lcere also i rradlated with intense

art i f ic ial  l tght for var ious periods ranging fron 0'5

to L2 ninutes. Two procedures were fol lowed:

Procedure  1 :

port ions were deposited onto sample discs as described

above and placed Tcrn below the nouth of the lanp

housing for the required i rradiat ion period'

Procedure 2:

port ions i rradiat,ed as in l ,  but af ter measurement of

the TL signal to 450"C and cool ing to RT'

Procedure 1 aims to reveal the combined effects of

opt lcal  bleachlng and phototransferred TL (PTTL) and

procedure 2 aims to reveal the nett  ef fects of PTTL
(some bleaching wl11 take place) under the same

i l luninat lon condit ions .

General

I t  ls most convenient for the purposes of comparisons

to be made between the TL emissions from different
samples in this report  (1e. the peak helghts for

selected glow peaks within the glow curve) '  The

results of measurement of TL emission are glven, unless

stated otherwise, as peak lntensit ies for peaks that

oceur within specif ied temperature regions and

normaLlzed by weight - given terms of Hz/mg (using the

scal ing pref ixes ki lo and Mega where apProPriate) '  The

results are given as the mean of 4 measurements with

their  standard deviat ion, i f  d i f ferent,  the number of

measurements is given in parentheses. Correct ions for

reduct lon in TL intensity obtained by the use of

neutral  density f l l ters have been made for the results

glven below.
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Mineraloglcal  conposit lon

The results of XRD analysis performed for each of the
natural silts are sumnattzed, in Table 1.

TL enlssion from natural  s i l t

Examples of glow curve shape obtained from each natural
s1l t  are glven ln Figure A2a (they are not scaled
according to specif lc TL output).  The maximum TL
emissions recorded from the natural  s l l ts and acid
treated fract ions are given in Table 2. The lntensity
of TL emission for the untreated si l ts at  specif ic
temperatures in the glow curve are also given, they are
used below Ln comparlsons with tracer measurement,s.

TL enission f rom gamma irra.di.e.ted tracers

The glow curves for al l  gamma irradiated si l ts were of
broadly sini lar form, exhibi t lng a dominant peak at 190
- 200oC, as shown ln Figure A2b. The maxinum TL
emissions recorded for the 5 sets of measurements are
given for each sanple in Table 34. The rat ios of
4th/ lst  and Sth/ lst  sets of measurements are given in
the last two columns of fhe table.

The glow curves for the garum irradLated TL nlnerals
were similar to the ATL glow curves given in Report SR
19 (see attached curves),  wlth the absence of TL'  emiss ion  be low L50oC,  as  expec ted .  A  representa t ive
glow curve for f luor i te is also given tn Fig.A2b. The
maxlmum TL enisslons recorded for the five sets of
measurements are given for each nineral ln Table 38.
With the except lon of Anhydri te,  al l  sanples had TL
peaks in the approx. 200 and 29O"C temperature regions
of the glow curve, consequent ly,  the results for the
two TL peaks are given in the table. In the case of
Anhydri te,  the peak enission recorded at 175"C and the
TL lntensity (peak obscured) recorded at 290"C is glven
ln the table. As above, the results of 4th/ lst  and
5th/Ist  sets of measurements are also given in the
table. The results obtained from f ine-grain f luor i te
and from the f luor i te stock exposed under "cl ing-f i ln"
fot  2 months are also given in the table. The results
of measurements on the 50 kGy dosed f luor i te (10 -  63
m) are given in Table 3C.

I! nqasuTenent_s on single grains_ of f luorite tracer ( 10
kGy dosed stock

The mean values of TL emlssLon for the approx. 200"C
and 290"C TL peaks of f luor l te are given in Table 5,
although weight normalized values cannot be glven, they
provide a measure of intensi ty l in i ts using a snal l
sample of single grains of approx 40 - 63 p n. The glow
curvea obtained from samples of Severn and Tees
contalning single grains gamma irradiated f luor i te are
given in Figs A3a and A3b respect ively.
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Effects of intense oPtic,al , igadiat lon

The results obtained using the two procedures described
above wl-th samples of natural  s i l t  and irradiated
tracers are given ln Tables 6A - 6C and Figures A4a -

A4d. In each table two sets of data are given

corresponding to the two procedures used. ( I t  should
be noted that,  with the excePtion of the unbleached
samples, each result  was otained fron a single
measurement on a di f ferent port ion taken from the same

stock .

Procedure  1 :

The maximum TL enission recorded in the noted
temperature regions of the glow curve, af ter opt ical
l r rad ia t ion  fo r  the  spec i f ied  per iod ,  i s  expressed as  a
percentage of the maximum TL ernission recorded in the

same temperature interval  for the unexposed samples '

Hence these values represent the percentage signal
remaining after opt ical  i r radiat ion (usual ly termed
bleaching ) .

Procedure  2 :

The values in parentheses represent the PTTL emission,
expressed as the percentage def ined above. The degree
of peak structure in the glow curves obtained using
this procedure var ied between samples '  but for the
purposes of this rePort  i t  wi l l  not be necessary to
examine them in detai l .

The absolute values of the peak TL emission recorded
for each sample uslng procedure 1 (NB unbleached sample
at t  = O) are given ln Figures A4a and A4b. Although
in some cases there were sl ight di f ferences in the
temperatures of the doninant TL peak after bleaching
(as indicated in Figures A4c and A4d) '  we used peak
emissions Ln comparLsons with results fron unbleached
sample s.
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6 DISCUSSIOtr

A11 the samples contained quartz,  plagioclase and
calcite wlth the exception of Nene and Severn where
calci te nas not detected. Dolonite was also a pr inci-
ple conponent in Nene and Tees samples. Orthoclase rras
a candidate for Tees, but i t  was dl f f icul t  to dlst in-
guish fron the plagioclase slgnal.  These minerals are
expected to provide dominant TL signars since Muscovite
and Kaol ini te are not considered to be br ight TL
emitters.  The acet ic acid and f luorosi l ic ic acid
treatments appl ied to remove calci te and plagioclase
respect lvely were successful  in al l  cases except Severn
and Tees where the plagioclase was resistant ( ; r  that
we had incor ree t ly  iden t i f ied  i t ) .

The nineral-  f ract ions within the si l t  lsolated by acid
treatment (as confirrned by XRD) were then analysed by
TL Eo determine the najor eouponents of the TL emission
for  un t rea ted  s i l t .

TL enission from natural  s i l ts (F re Ma and Table 2

The maxiuun TL emisslon fron untreated natural silt
ranges  f ron  17  !  5  (s .d  5 )  ro  456 !  112 (s .d  4 )  kHz/mg,
the equLvalent value for rhe si l t  Eested in rgd: rarrJ '
in the niddle of this range. The values for TL enis-
sion measured after each acid treatment suggest that
the doninant TL emit ters in the natural  s l l t  are quartz
in the case of Severn, Kuching and Ribble ( the weakest
si l ts) ,  and plagioclase plus quattz in the case of
Mersey and Nene. Calci te does not appear to be a
signif icant contr ibutor in the spectral  range used in
these experinents, except in the case of Tees where i t
contr ibuted at least 252 ot the TL emission. Results
for Tees and Tanar are more di f f icul t  to interpret.
The increase Ln TL enrssron with the removal of  carci te
could be due to increased plagioclase concentrat ion -
yet the appl lcat ion of HCl reduced the TL enission of
the si l t  and i t  is not expected to attack the plagio-
clase. This behaviour,  coupled with the maintenance of
a htgh and variable leve1 of TL emlssLon after the
appl icat ion of f luorosi l ic ic acld suggests that wlth
our simple procedures complex precipi tates may be
formed which are strong TL enitters, but whlch have
weak XRD signals.  The results from the Tees sample are
more conslstent,  calci te and dolonite are shown to be
signif icant contr ibutors to the TL enission from the
results obtained after acet ic and hydrochlor ic acid
treatments. The signi f icant increase in TL emission
after f luorosi l ic ic acld treatment is taken to be due
to f luor ide precipi tates and their  removal with HCI
shows that plagioclase is also a major emit ter in this
sample.
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Fluor i te  ls  c lear ly  the br ightest  TL emit ter ,  i t  ls  at

least two orders of magnitude brighter than any of the

other  potent ia l  t racers (200 and 29O"C TL peaks) '  The

next  br tghtest  grouP are the ganma i r radiated s i l ts

Nene,  Tamar and Tees (approx-  200"C TL peak) '  No

substant ia l  loss in  TL s ignal  f rom f luor i te  was

recorded over  the 2 nonth test  per iod,  under anbient

l ight ing condi t ions.  Nene,  Tamar and Tees samples

showed approximately 45, 28 and 0Z loss of TL signal

under Ehe same condi t ions.  Fur ther  exmainat ion of  the

compar isons of  four th and f i f th  measurements re lat ive

to the f l rs t  suggests that ,  in  the case of  Nene and

Tamar,  the loss in  TL s ignal  is  substant ia l ly  due to

opt ica l  b leaching and thermal  fading respect ive ly '

Of  the remain ing potent ia l  t racer  samples,  the most

severe losses in  TL s ignal  over  the two month test

per iod were found for  the approx 200oC TL peaks,  the

greatest  being a 607" loss for  the 175"C TL peak of

Anhydr i te ,  th is  loss is  not  unexpected on the basis  of

known mean lives of traps ln this temperaEure range and

the ef fects of  oPt ica l  b leaching.  The TL propert ies of

Frankl in i te ,  Gypsum and Severn are ev ident ly  complex

since they exhib i ted an increase in TL enniss lon wi th

storage t iue,  which rnay be connected wi th opt ieaLLy/

therrnal ly  s t imulated charge t ransfer  processes '

Ilowever, the results from these and the remaining

potent ia l  t raeers do not  mer i t  deta i led analys is  in

v iew of  thei r  inadequate levels  of  TL emiss ion re lat ive

to those f rom the natura l  s i l ts .  This  can be seen in

Table 4,  where the re lat ive per fornance of  the

potent ia l  t racers can be compared usl 'ng the rat ios of

the TL emiss ion f rorn the t racer  to that  f rom natura l

s i l t ,  ca l cu la ted  fo r  each  t race r  (app rox  200  and  290"C

TL peaks)  and the br ightest  (Tees)  and the weakest

(Kuching)  eni t t ing natura l  s l l ts .

The resul ts  f rom measurements on 50 kGy dosed f luor i te

(Table 3c)  reveal  that  only  a s1- tght  increase in TL

emiss l ,on is  avai lable,  conf i rn ing the c loseness to

saturat ion achieved by the 10 kGy i r radiat ion '  The

500"C pre-anneal  d id not  improve the leve1 of  emiss ion

as expected -  in  fact ,  i t  was reduced.  The TL emiss ior

f ron 50 kGy dosed f luor i te  was reduced by a factor  of

25  by  rec rys ta l i za t i on .
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Fine-graln samples

It  ls to be noted that TL emissions (per unit  weight)
from the fine-grain natural silt preparations lrere
considerably lower than those for the ful l  graln-slze
fract ion (see Table 2),  yet the reverse was found for
the f ine-grain f luor i te emLssion (Table 3b).  Whi le
this appears to offer advantages for t racer work, we
found that the f ine-grain fract ion of the natural_ si l t
eontained an appreciable amount of organic material
(probably account ing for the di f ferences observed),
which left an opaque film over the window of the
detector assembly and thus was not considered suitable
for rout ine measuretrents. The f luor i te results,
however,  conf irn that the TL enisslon/unit  weight was
not reduced by surface-volume effects.

Single grains

The results (Table 5) fron measurements on 16 select.ed
slngle grains of 10 kGy dosed f luor i te grains
demonstrate that f rom an albeit  snal l  number of tests,
no dul l  grains were found, which is an inportant point
to  cons ider  in  se lec t ing  po ten t ia l  t racers .  S ince
weight normal izaLion was not possible, and the grain
sizes var ied between an est imated 40 to 60U m diameter
along their  minor axis,  the var iat ions in emisslon
appears reasonable. From the f luor l te emission data
given in Table 3b, the height of  the 2gO"C TL peak fron
a single spherical  grain of 5Op m diameter is prediced
t,o be 400 kHz using sinple volume calculations - thls
compares well with the value of 900 + 4oo kHz measured
for  the  tes t  g roup.

Single grains of f luor l te l rere placed on sample discs
previously covered wLth natural  s i l ts to i l lustrate
qual i tat ive "best" and "worst" s i tuat ions within the
l inl tat ions of these laboratory experirnents. The
"bes t "  and "wors t "  s i tua t ions ,  as  d iscussed in  sec tLon
4, are i l lustrated ln Figures A3a and A3b respect ively.

"?9"t"1 The results show that for the weakly enit t lng
sl l ts (eg. Severn) and f luor i te that has not suffered
signif lcant signal loss, both 200 and 290oC TL peaks
are clear ly dist ingulshed against the sl l t  background,
an example of whlch is given in the figure (approx. I
ng  por t ion) .

"Worst":  The results show that the extremely br ight
natural  emission from Tees is of a comparable level in
the region of 290oC TL f luor i te peak, and thus gives
only a narginal means of dl f ferent iat ion. on the other
hand, the 2000C peak is clear ly discernible and
provides an est l .mated signal backgorund of at  least 5:1
under the peak - this would be suff ic lent for detect ion
purposes using a I  mg si l t  sanple.
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Effects of intense opt ical  i r radla
ilaffi-6'a-c)

I t  can be seen ln the f lgures and tables that  under the

same opt ica l  l r radiat lon condi t ions,  the b leaching for

the natura l  s i l ts  is  considerably less than for  the

t race rs .  Th i s  i s  t o  be  expec ted  s ince  the  s l l t s  w i l l

have at ta lned equi l ibr ium TL levels through the act ion

of  prev ious exPosure to l ight .  I t  is  a point  worth

not ing when consider lng the stabi l i ty  of  s ignal  levels

f rom i r rad ia ted  t race rs .

The i r radiated t racers do not  exhib i t  a  s ingle

component  in  thei r  b leaching character is t ics ( ie '  a

st r ; ight  l ine on a log- l in  p lot )  and th is  under l ines

the complexi ty  of  the b leaching process '  The data in

the f lgures may a lso be used to cooPare the re lat lve

" t t " tg ih"  
of  the TL emiss ions s l .nce the TL emiss ion is

g iven t t  Hz/mg ( t=0 for  the unbleached samples) '  The

general  t rend for  the b leaching pat tern for  a l l  t racer

sanples is  an in l t ia l  rapid component  -  wi th in 0.5nlns

the major i ty  of  the samples had lost  hal f  the i r  TL

signal  -  and a decrease in rate of  b leaching wi th

( l anp )  i r r ad ia t i on  t ime .  O f  t he  po ten t i a l  t r ace rs

ident i f ied above as being of  the second rank (gamma

irradlated Nene,  Tamar and Tees)  an order  of  nagni tude

reduct ion ln  TL intensi ty  may be obta ined wi th in

approximately  10 min of  laup i r radiat ion '  The 200oC TL

peak of  F luor i te  exhib i ts  s i rn i lar  behaviour  and the

bleaching of  the approx 300"C TL peak is  hal f  th ls

value.

These l in i ted b leaching exper iments demonstrate the

substant ia l  reduct ion in  TL emiss ion that  i t  is

possib le to achieve by the use of  opt lca l  radiat ion of

sul table in tensi ty  and wavelength.  I t  ls  l ike ly  that

the condi t ions are probably severe compared wi th those

obta ined for  t racer  gra ins in  a s i l t  matr ix '  The

resul ts  f rom bleaching measurements us ing ambient

laboratory l ight  over  t l to  months wi th samples stored in

con ta ine rs  o f  d i f f e r i ng  op t i ca l  abso rp t i on  p rope r t i es '

show that  the degree of  b leaching wi1 l ,  besides

depending on in tensl ty  of  i r radiat ion,  be h ighly

dependent  upon the spectra l  qual i ty  of  the inc ident

l ight .  Consequent ly ,  the opt ica l  at tenuat ion provlded

by the immediate surroundlngs of the tracer grains

dur ing the per iod of  use wi l l  be of  inpor tance.  In  the

case of  F luor i te ,  where previous studies have shown

that  uv wavelengths are the most  ef f ic ient  in

b leaching,  i t  is  l ike ly  that  the surrounding s l l t

medium would prov ide st rong at tenuat ion of  these

wavelengths.  (The set t l ing ln  water  that  would occur

on deposi t ion -  i f  f roo the sur face -  would need

fur ther  conslderat ion and operat lon at  n ight  would be

adv i sab le  i f  a  p rob len ) .
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PTTL: The nain features to be noted fron the results
of the PTTL neasurements are:

i )  The levels of natural  TL enlssion in the high
temperature region of the gl_ow curve may be reproduced
with short  durat lon opt ical  i r radiat lon.

il) The levels of PTTL emission from the gamma
lrradiated tracers, compared with those fron the
natural  s i1ts,  were not suff ic ient for the procedure to
have promise for t racer work.

i i i )  The increases in TL enission (or the lack of
signl f icant loss ln TL signal in the case of Tamar)
observed with the natural  s i l ts uslng procedure I  nay
be connected with a phototransfer process which
competes wlth the effects of bleachlng, al though this
is not supported by the Mersey results.
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OONCLUSION

1 . A wlde range in maximum lntensity of TL enission was

measured f rom natura l  s l l ts .  The TL eniss ion general ly

commenced and reached a maximum in the 200-250"C and

300-340"C temperature reglons resPecEively '  XRD and TL

analys is  on ac id- t reated f ract l 'ons indic ted that

carbonates and p lagioc lase r tere responsib le for  a

substant ia l  proport ion of  the TL emiss ion f rom the

br ightest  s11ts,  and that  s i l ts  composed predoninant ly

of  quar tz  gave the lowest  emiss ion '  Acid t reatments

can be used to remove the br ight  TL eni t ters '  but  we

found that  there is  a r isk of  producing precip i ta tes

that  are a lso br lght  TL emit ters '

Gamma i r radiated f luor i te  IJas at  least  two orders of

nagn i t ude  b r i gh te r  t han  the  o the r  t r ace rs  t es ted '

Single gra in measurements indicated that  the br ightness

of  the f luor i te  was uni form and that  "du11" gra lns were

not  common. I r radiated f luor i te ,  for  the same weight '

was at  least  104 t ines br ighter  than the br ightest

na ru ra l  s i l r  (Tab le  5 ) .  Se lec ted  s ing le  g ra ins  (40 -60

prn)  of  f luor l te  p laced into I  ng of  the br lghtest

natura l  s i l t  wer l  detectable us ing the 200 and 290"C TL

peaks.  ( I t  should be noted that  the s ingle gra ins of

snal ler  d iameter  are expected to y ie ld less TL

eml,ss ion) .  The 200oC TL peak of fered the best

per formance s inee the TL s ignal  f rou the natura l  s i l t

was conslderably lower in  th is  temperature region '  An

i r radiated s i l t  such as Tees may be of  suf f ic ient

br ightness for  cer ta in t racer  appl icat ions i f  the host

s l l t  has weak TL emlss ion.

A11 the potent ia l  TL t racers \ tere sensi t ive to l ight ,

and th is  is  a known feature of  TL minerals '  We were

able to obta in substant la l  b leachlng of  the TL s ignals

f rom al l  t racers by exposlng near-monolayer  por t ions of

the sample to the radiat ion f rom an intense laboratory

source of  l tght ,  whereas s in i lar  losses were not

observed wi th the natura l  s i l ts  exposed under the same

cond i t l ons .  Howeve r ,  t he  l oss  o f  TL  f rom f l uo r i t e  (200

and 290"C TL peaks)  was negl ig ib le over  a two month

test  per iod for  mater ia l  s tored under ambient

laboratory l ight ing condi t ions and conta ined in

t ransparent  polystyrene v ia ls .  These resul ts  are

consistent  wi th prev ious studies of  the nean- l ives of

the two peaks (200"C peak.  39 y and 2gOoC peak,  107

y,  both 
" t  

n t )  and of  b leaching propert ies,  where the

maximum ef f ic lency ls  in  the uv/v lo let  region of  the

spectrum.

L .

3 .
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4. The detect ion l in i ts for a TL tracer system wi l l  be
largely determLned by the quantity of the sanple
portion used for TL measurement. This is not connected
with the senslt iv i ty of the TL detect ion system, but
with the abi l i ty to resolve two TL enlt t ing mater lals -
host s i l t  and the tracer.  For f luort ie tracer within a
silt sinllar to Tees and measurement of the bulk TL
emission, the maximum portion weight to detect a sr.ngle
grain would be several  ng. For si l ts with TL enission
sinilar to Kuching, the maximum portion size could be
lncreased by a factor of 20. ( I t  is worth not ing that
for a detectLon system wlth spat ial  resolut ion, the
fu l l  b r igh tness  ra r lo  fo r  f luor i te  (  >  104)  d iscussed
above could be realised and in thls case the maximum
portion weight would be dependent upon how many grains
could be heated and vlewed by the detection system
during the measurement period).  Thus in pr lnciple,
where single tracer grain detect ion is achieved (by
selection of the maximum portion weight where bulk
emissLon is detected),  the measurement resolut ion of I
in 109 - or a slngle 20p n tracer grain ln an
est imated 10g of s i l t  -  discussed in Report  sR19 can be
real lsed by slnply test ing enough portLons (104, lng
port lons !  )  I t  can be seen that a cont lnuous f low
system would be necessary where a number of kg of s i l t
need to be analysed.

I  K  Bat l l f f
TL Research Laboratory
Durham University

21 March 1986
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