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Abstract

The purpose of this work is to analyse on a surface of 15 000 km2 some of the existing correlations between
activity and geology. Approximately 90% of the studied zone has been covered by radiometric airborne surveys with
a grid of 1 km using multichannel spectrometers for the uranium, thorium and potassium discrimination. The total
gamma accounts records have been translated to micro Rontgen/hour at the soil level, using the air-land correlations
obtained by empirical procedures. Numerous field works have been carried out for the acquisition of data, as well
as for the elaboration of maps into a geological mean known. Within this context some of the historical cases that have
served as guides for the elaboration of maps are also analysed on various scales.

1. RADIOACTIVITY IN NATURE

Radioactivity in nature is basically emitted by the elements uranium, thorium and potassium.
Within the potassium series the only radioactive isotope is K-40 which usually exists in a proportion
of 0,019%. 90% of the K-40 emission is beta radiation and approximately 10% corresponds to
gamma radiation with an energy of 1.460 kiloelectron Volts (keV).

Uranium gamma radiation in nature is basically emitted by Bi-214, which is the uranium
family gamma radiation emitter. The radioactive energies of this element are 609, 1120 and 1761
keV. Thallium-208, belongs to the thorium-232 decay series. Several gamma energies in the interval
300-3000 KeV. The most important among them at 583 and 2620 keV.

The foregoing means that, as regards an approximate conversion to percentages for the
purpose of gamma radioactivity emissions, for an average-type granite containing 4% of K20, 4 ppm
of U and 13 ppm of Th, the radioactive balance takes place as follows: 23 % of the gamma rays would
come from the K-40, 25% from the U and 51,5% from the Th.

The natural radioactivity of different rocks and their average geochemical uranium content
is variable according to their origin and composition. Roughly we have the following contents in ppm:

Igneous rocks with a high silica content 4-5 ppm
Igneous rocks with an average silica content 2-3 ppm
Igneous rocks with a low silica content 1 ppm
Sedimentary rocks 2 ppm
Sea water 0.002 ppm
Underground water 0.0002 ppm
Oil 0.1 ppm

As far as natural gamma radioactivity is concerned, if we take as coefficient 1 that
corresponding to a siliceous sandstone, it will vary from the form given below for the rocks taken
into consideration: alluvium 0,8; siliceous sandstone 1; detrital rocks 1, 1-2; metamorphic series
1,8-2; gneisses 2-3; calc-alkaline granites; alkaline granites >4.5.
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These coefficients are merely an indication of radiometric variability. The measurements were
taken with a duly gauged SPP-2 scintillometer (cps) and with an ES-3 (^R/h) (Table I). The average
uranium content of surface rocks varies between 1 and 2 ppm. Far more abundant is thorium which
can reach proportions 3 and 4 times higher than those of uranium. Both thorium and uranium are in
a tetravalent state, but whereas the U+4 ion in an oxidizing atmosphere becomes hexavalent thorium
does not change its valency. In oxidizing conditions hexavalent uranium forms the uranium ion
(UO2++) which may give rise to a number of minerals.

Thus it can be seen that uranium and thorium go their separate ways quite soon (in geological
terms), and this will inevitably condition the form of the deposits and the geochemical content of the
rocks in these elements.

Thorium, due to its being highly resistant to meteorization, will be located exclusively in its
original rocks or mechanical concentrations of its minerals during transport, whereas uranium will
partly follow its cycle leached by water until it encounters deposit conditions, and another part may
remain in its original rocks.

The problem raised by speculation as to the average contents (ppm) of radioactive elements
in rocks is clear, as are some of the reasonings which have led us to an empirical system of earth-air
radiometric correlations.

2. GEOLOGY OF THE PROVINCE OF SALAMANCA

The province of Salamanca covers a surface area of around 15 000 km2 of which
approximately 40% is taken up by Hercynian granitic outcrops, 20% by Palaeozoic metasediments,
20% by Tertiary sediments and 10% by Plioquarternary sediments (Figs. 1, 2 and 3).

TABLE I. RADIOMETRY OF SOME LITHOLOGIC UNITS IN THE PROVINCE OF
SALAMANCA (jiR/h)

LITHOLOGY

GRANITIC

GNEIS

SANDS

SANDSTONES

CLAY

RANAS

PHILITES

SLATES

CUARCITICS

GRAUWACKAS

ARCOSICS

MAX.
(nR/h)

>20

>20

11

14

11

9

Il5

>15

>14

15

14

MIN.
(pR/h)

15

13

6

6

^

6

11

11

7

11

6

AVERAGE
(MR/hXm,)

>17.5

>16.5

8.5

10

9

7.5

13

>13

>10.5

13

10

(nij-mjymj

>0.01

>10.7

+13.3

+37.0

-1.1

+17.2

-2.3

>-10.3

>10.5

-5.4

83.6
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F R A N C I A

FIG. 1. Radiometric map of Spain. Province of Salamanca.

2.1. Granites

The granites in the northern zone (Fig. 2, nos. 3, 5 and 7) are from several generations and
generally vary between granodiorites and quartzomonzonites as well as showing a small proportion
of syenite outcrops, microgranites and phyllonian retinues typical of these intrusive rocks. As a
general radiometric characteristic it may be said that they have high average potassium, thorium and
uranium contents. With such geochemical features these granites have extremely high radioactive
background, often showing radioactive veins with uranium minerals and also transmit strong
radioactive gradients to the residual Palaeozoic rocks (Fig. 2 nos. 4, 6 and 8) which overlay or have
lateral contact with them and which have undergone contact metamorphism during the granites'
emplacement stage. Residual Quaternary (Fig. 2, nos. 9, 11 and 12) or Tertiary (Fig. 2, no. 13)
terrains may also overlay on these granites.

The granites in the southern zone (Fig. 2, nos. 14, 16 and 17) cover a smaller surface area
than those in the northern zone and show some local uraniferous anomalies close to the Portuguese
border (Fig. 2 no. 14).

2.2. Palaeozoic

The Palaeozoic metasediments of the northern zone contain the same materials subsequently
mentioned for the southern part. However, these materials have undergone a heavy additional contact
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metamorphism which has transformed the lithologic units over great extensions, and we thus find
andalusitic and cordieritic comubianites, micacites, quartzites and two-mica gneisses. Over these
formations are to be found many radioactive anomalies, and the most important Spanish uranium
mines (Fe, D, Alameda, Caridad, etc. mines).

The Palaeozoic of the southern block (Fig. 2, no. 15) is more massive and is basically made
up of predominantly clay and quartz phyllites, although these may be sericitic, graphitic, etc.,
graywackes, the odd conglomerate and Ordovician quartzites. There also exist some local contact
metamorphisms generated by the emplacement of the granites in this zone (Fig. 2, nos. 14 and 16),
but with little radioactive influence and extension.

•̂  ' • Salamanca

17

| • - j Terciarios y/o cuaternarios
[ - -! Granitos hercinicos
| 1 Materiales paleozoicos metamorfizados

FIG. 2. Partial geological scheme of the Province of Samanaca.

80



EXTR EMAOU RA

Uranium mine

FIG. 3. Radiometric map of the Province of Salamanca. Resolution: 1 Radiometric datum/1 km2.

2.3. Tertiary sediments

These form a basin running in a NE-SW direction and which is about 150 km long and 15-20
km wide (Fig. 2, nos. 1 and 2). Topographically speaking, this basin descends from Salamanca in
a south-westerly direction as far as Ciudad Rodrigo and reaches into part of Portugal. Both the basin
itself and the area to the north are peneplains, whereas the topography to the south is abrupt due to
the uplift of the tectonic horst forming the Sierra de Gata. The basin has been filled in by the
neighbouring materials and therefore shows ranges of sedimentation and lateral facies evolutions that
vary between arkosic types, clay types and high-energy sediments. From a radiometric standpoint the
materials show a diminished uranium content due to the leaching undergone by this element during
the erosion, transport and sedimentation stages of the parent rocks, as well as showing thorium losses
from the clay phyllites and clays except in the south-western area (Fig. 2, no. 2) where the granitic
lem extension and the proximity of the uranium deposits has raised its radiometric backgrounds.

In the northern part of Sheet H-36 (Vitigudino) (Fig. 2, no. 10) we can see the great
morphological irregularity caused by the Almendra dam over the River Tormes. This reservoir is at
its widest just upstream from the dam (over 50 km2) and stretches out more narrowly over tens of
kilometres.
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2.4. Quaternary

Finally, to the north of the Almendra reservoir (Sheet H-36, Fig. 2, nos. 11 and 12) one can
see two clay, detrital quaternary tracts, known as ranas, with surface areas of 40 and 60 sq km.
These sediments, which show little evolution, chiefly consist of large quartzite stones, poorly
classified quartz sands, silt and clays with a low radioactive component.

3. RADIOMETRIC INTERVALS OF THE LITHOLOGIC UNITS IN THE PROVINCE
OF SALAMANCA IN RELATION TO THOSE OF THE REST OF SPAIN

Ever since the MARNA Project began, ENUSA has been checking and tabulating the
radiometries of most of the geological formations in Spain in ^R/h. Over 1 700 points have been
catalogued and these are currently at an advanced stage of classification and study. As far as the
lithologic units of Salamanca province are concerned, their behaviour with regard to those in the rest
of Spain is shown in Tables I and II.

As can be seen, the percentages of the differences between average radiometries remain within
very acceptable limits. In some cases one can see the regional influence of the uraniferous
metallogenetic province (maximum values of the arkoses on the south-west edge of the Ciudad
Rodrigo basin, gneisses and slates), whilst the constants are quite well maintained in the Ordovician
quartzite despite the frequent variation of its thorium content.

TABLE II. RADIOMETRY OF SOME SPANISH LITHOLOGIC UNITS

LITOLOGY

GRANITIC

GNEIS

SANDS

SANDSTONES

CLAY

RANAS

PHILITES

SLATES

CUARCITICS

GRAUWACKAS

ARCOSICS

MAX.
(nR/h)

27

19.4

14.4

18

21

17.4

14

19.4

13.3

14

5.4

MIN.
(MR/h)

10.2

11.4

3.8

3

3.7

1.9

12.6

7.6

5.6

13.3

5.4

AVERAGE
(nR/h) (m2)

17.5

14.9

7.5

7.3

9.1

6.4

13.3

14.5

9.5

13.7

5.4

VARIANCE

11.32

8.49

4.42

10.29

10.99

6.38

0.33

10.49

4.99

0.12

0

N°OF
DATA

48

6

139

88

153

115

3

30

30

2

1
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4. DRAWING UP OF MAPS

4.1. Analysis of the surface unit-geology factor in its relationship with the extraction and
drawing-up of data

A radiometric study may be approached with multidisciplinary aims. In our case we shall
focus on geology although the bases to be used are, in our opinion, common for this type of study.
Anyone, when faced with a radiometric study, will ask questions such as the following: What
radiometric support (surface) must be chosen in order to represent the area to be worked on? What
is the accuracy of its radiometry? Can we quantify the radiometric appraisal of the area under study?
If we can answer these questions we shall be able to programme and delimit the system for extracting
data or taking samples.

The problem will have been reduced to defining the financial optimization of the project for
an acceptable quantification of its parameters. The problem becomes simpler if, for each support unit
(surface), we are able to determine the number of samples (radiometries) in order to obtain a
radiometric knowledge with an acceptable predetermined error. In geology the surface to be studied
may be very variable, depending on the objectives.

We may go from a radiometric macro representation of a country's geology with a surface
area of, for example, 500 000 km2 such as that of Spain to locating uranium deposits of a
predetermined size, for example 2 km2, and even giving a radiometric description of a sublayer or
geological structural projection such as a fault with lineal characteristics and a thickness between
decimetric and metric.

Thus it can be seen that geological variability may be very great, depending on the aims of
the area under study. In Spain, for example, a horizontal Pontian limestone may appear as a single
outcrop over tens and even hundreds of sq km, whereas in some metamorphosed Palaeozoic sediments
petrographic and radiometric variations may occur several times in only a few metres.

4.2. Practical case of the Marna Project

a) Direct problem: We have a series of radiometric data (maps) generated by surveys (airborne)
and we want to have a radiometric knowledge, with a predetermined accuracy, of each
surface unit chosen as a radiometric support. What must be the minimum data-extraction
mesh?

b) Opposite problem: We have no radiometric data for the area to be studied. What must be the
minimum data-capturing mesh in order to achieve a predetermined accuracy?

Statistically speaking the two cases are practically identical and are reduced to the analysis
of a series of samples over a surface. Within the context of this publication we give the summary of
the study carried out for a 35 sq km base grid (support) over Spanish territory. For another specific
problem the error resolution will be done by means of a simple variance composition.

In the MARNA Project a base grid was defined as a being a quadrilateral with sides
approximately proportional to those of a 1:50 000 sheet and a surface equivalent to 1/16 of such a
sheet (the 1:50 000 sheet is equivalent to a quadrilateral of 20 by 10 minutes of geographic
coordinates and the base grid represents a surface area of almost 35 km2).

The Nuclear Safety Council (CSN) dictated that the radiometry of each base grid should be
known with an error of less than 1 fiRJh for data extracted from airborne survey maps. Eleven base
grids representative of the radiometric variability of two flight campaigns (Hunting and Geodata) were
chosen, and 10 data-extraction meshes were made over each grid.
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The criteria chosen in the data-extraction meshes were as follows:
Mesh LI Four points corresponding to the vertices of the grids.
Mesh L2 Four points corresponding to the centres of the grid's sides.
Mesh L3 Four points corresponding to the centres of the four quadrilaterals resulting

from dividing a grid into four subgrids.
Mesh L4 Is a mesh with 12 points per grid corresponding to the middle points of the

subgrids.
C Centring of a mesh.

The basic characteristics of surface representativeness are given in Table III, while the
statistical data for one of the base grid are given in Table IV.

TABLE III. MAIN CHARACTERISTICS OF THE DIVERSE GRINDS

Grid

L1+C

L,+C

L,+C

L^+L-.+L^+C

L4

I ^+LJ+LJ+LJ+C

Enclosed
Area
Km2

33.0

33.0

16.5

16.5

33.0

8.25

8.25

33.0

33.0

33.0

Surface
which
represent
Km"

33

33

33

33

33

33

33

33

33

33

N" of points
per Based
Grid

4

5

4

5

9

4

5

13

12

25

N° of data
per sheet
1:50.000

25

41

40

56

81

64

80

145

144

289

N° of points
per Km2

0.11

0.15

0.11

0.15

0.26

0.11

0.15

0.37

0.34

0.71

TABLE IV. STATISTICAL DATA FOR ONE OF THE BASE GRID

Flight

• GEO-80

Base
Grid

16

Grid

1,-1

1,-1 (C)

1,-2

L-2 (C)

1,1/1,2

L-3

I.-3 fC)

1.1/1,2/1.3

1,-4

I.I..I,4(C)

N"of
Points

4

5

4

5

9

4

5

13

• 2

25

Points
per Km1

11.11

0.15

(1.11

(1.15

0.26

0.11

0.15

((.37

0.34

0.71

Average

238(1

2224

2230

2104

2226.67

2022.5

1938

2163.85

20S0

2123.6

Slandar
desviatinn
Sn

739.13

739.12

604.73

596.71

682.67

426.05

416.86

622.4

572.01

600.21

Sn-1

365.02

926.37

698.28

667.14

724.09

491.96

466.07

647.81

597.45

612.58

Variation
rate

36.3

37.2

31.3

31.7

32.5

24.3

24

29.9

29.7

28.8

Freedom
grade

3

4

3

4

8

4

12

11

24

Confidence
limit

709.32

565.43

572.59

489.3

337.91

403.41

341.83

244.35

234.56

161.72
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Much could be written on the analysis of the above table, the way of representing the results
and the evolution thereof. If we take as a basic criterion the fact that any measurement of the grid
must be known with a confidence limit of less than 1 nR/h, mesh L1+L2+L3+L4+C, that is the
25-point mesh, is the first one to fulfil this condition in all the circumstances being studied, even in
grid no. 16 of Geodata-80 flight which has a variation coefficient of 28.8, since for an average of
2,123.6 cps, ifiR/h means about 234 cps which is a much higher figure than the confidence limit of
161.72 cps.

This macro conclusion shows us that "an extraction method with 25 or more points per grid
with a regular mesh will almost always (and possibly always) fulfil the basic criterion". On account
of the foregoing the decision was taken to perform the data extraction of the Hunting and Geodata
flights by means of a bicentimetric mesh (one point per square kilometre of 1:50 000 Sheet or 35 per
base grid).

Afterwards, the quality of the extractions was finally ascertained by means of a simple
program in case it might be necessary to close the extraction meshes in some cases. This circumstance
did not arise.

4.3. Analysis of the resolution of radiometric maps

Using the aforementioned characteristics the radiometric map of Salamanca province was
drawn up with the same resolution as the national map (1 piece of data per 35 \aa^), Fig. 4. The same
map with a resolution of 1/100 km2 may be seen in Fig 5.

EXTREMADURA

Uranium mine

FIG. 4. Radiometric map of the Province of Salamanca. Resolution: 1 Radiometric datum/35 km2.
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Hoja36 1:200000

E X T R E M A D U R A

Uranium mine

FIG. 5. Radiometric map of the Province of Salamanca. Resolution: 1 Radiometric datum/100 km2.

If both maps are compared with the geological scheme in Fig. 2 it can be seen that, in the
first case, the geological macroformations (entities of over 100 km2) are quite well drawn, whereas
in the second case only the limits of these macroformations can de seen approximately (Ciudad
Rodrigo basin, northern zone of Lumbrales and southern zone, Sierra de Gata).

Fig. 6, shows the sheet no. H-36 (Vitigudino) 1:200 000 , with resolutions of 1/4, 1/9, and
1/25, (one 1:200 000 sheet is made up of 4 x 4 1:50 000 sheets).

From a comparative analysis with the geological sketch in Fig. 2 it is deduced that:

With a 1/1 resolution the position of the uranium mines (Fe and Retortillo mines), the
Almendra reservoir and its extension over a great distance, minor (quaternary north of the
reservoir) and major geological formations, clear edges between radiometrically well
characterized geological formations, and even the influence of the metamorphic gradient over
the residual Palaeozoic of the northern part of the Ciudad Rodrigo basin are perfectly in
evidence.

With a 1/4 resolution the tail of the reservoir disappears and the Retortillo mine has not been
captured.

With a 1/9 resolution the foregoing details can still be seen, albeit more faintly.
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Resolution : 1 radiometric datum/4 Km2

Resolution : 1 radionrietric datum/9 Km2

Resolution : 1 radiometric datum/25 Km2

FIG. 6. Radiometic map
of the H. 36 Vitigudino 1: 200 000 with different resolutions.
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With resolutions of 1/25 and 1/35 the radiometric contacts become fainter and fainter.
Anomalies of less than 25-35 km2 might not be captured and if they are they offer a
sharpening of kilometric forms.

5. CONCLUSIONS

With regard to data extraction:

The problem with the data-extraction mesh in our MARNA Project is similar to that of the
calculation of the optimum sampling.

Each surface factor must be studied statistically and the number of data increased until an
acceptable confidence limit is reached in all cases. Should any of the samples fail to fulfil the
error limit, the mesh on its surface will be closed until the confidence limit can be brought
down to within acceptable or admissible margins, otherwise the item of data will be dispensed
with.

With regard to the drawing-up of maps:

On a 1:200.000 scale:

From the experience gained in drawing up maps on 130.000 km2 of Spanish territory, it is
inferred that for resolutions included between 1/1 and 1/9 km2 very acceptable resolutions are
obtained, versus geology and orography [15], [16], [17].

On a 1:1.000.000 scale:

A resolution of 1/35 km2 is very acceptable, and a resolution of 1:100 km2 deforms important
geological and geographic irregularities.

With regard to the geology/radiometry correlation:

Very good with the resolution 1/1 km2 (mines detected).

With regard to the quantitative determination of contaminations:

Once the preoperational radiometric map has been drawn up, an eventual contamination may
be quantified by means of similar comparative methods.

The extension and variability in intensity of the contamination will govern the size of the
sampling.
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