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ABSTRACT: Natural gamma spectral (NGS) log motifs and cluster analysis were 
used to characterize outcropping sandstone bodies formed in braided and high
sinuosity streams of the Tertiary T6rtola fluvial system of the Loranca Basin (Spain). 
Five coarse-grained lithofacies comprise these deposits and determine distinct NGS 
log motif. Cross-plots and cluster analysis ofNGS log data of the lithofacies suggest 
three distinct clusters. These clusters reflect distinct values for sandstones with small 
sets of ripple lamination, cross-stratification, and conglomerates and pebbles. 
Ripple-laminated sandstones show the most variability in NGS signature, whereas 
conglomeratic sandstones show the most uniform signature. Such cluster analysis 
may be used to assign NGS log data points of unknown origin to a specific fluvial 
lithofacies under conditions of equal rock provenance and diagenetic history. A 
sedimentaclastic (i.e. sedimentary parent rock) origin of sediments appears to be the 
main control on detrital composition that, in turn, varies with grain size. 
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INTRODUCTION 

The shape of a natural gamma spectral (NGS) log is deter
mined by the natural radioactivity of the rock constituents (if 
such factors as borehole eccentricity and tool characteristics 
in well bore environments are neglected). Minerals like quartz, 
gypsum and calcite typically have negligible radioactivity, 
whereas clays like illite and monazite are highly radioactive. 
NGS log motif is commonly interpreted in terms of grain size 
change and diagenetic effects (Rider 1996). The relation 
between the grain size and NGS value of a sandstone facies 
is complex because grain constituents and clay matrix abun
dance also varies. In the subsurface, additional petrophysical 
logging tool information is required to adequately define 
lithofacies. 

Adams & Weaver (1958) and Serra et aL (1980) were among 
the first to outline the use of NGS cross-plots for the 
identification of clay minerals. The amount of potassium (K), 
thorium (Th) and uranium (U) were assumed to be associated 
with specific minerals that can be used as indicators of the 
sediment source areas. Rider (1990, 1996), Hurst (1990) and 
Hurst & Milodowski (1996) have commented on pitfalls of 
overly rigid interpretations of NGS data to define depositional 
systems. Many factors influencing the chemical behaviour of K, 
Th and U are not yet well understood or quantified and are 
likely to vary in different sedimentary and diagenetic settings. 
More importantly, chemical data for clay minerals including K, 
Th or U, lack a firm statistical base and are mostly derived from 
non-reservoir or outcrop-specific ore deposits (Hurst 1990; 
Huts! & Milodowski 1996). 

The application of natural gamma spectrometry as an 
outcrop exploration tool dates from the early 1970s (Cassidy 
1981). Several clastic facies studies incorporated outcrop 
measurements with hand-held or truck-mounted NGS tools 
(Chamberlain 1984, comments by Cowan & Myers 1988; Myers 
& Bristow 1989; Jordan et al. 1991; Dypvik 1993; North & 
Boering 1999). 

This study aims to define relationships between outcropping 
fluvial lithofacies formed in different depositional settings and 
NGS logging values, and to evaluate the inRuence that detrital 
composition of lithofacies may exert on NGS values. Identifi
cation of mineralogy from the NGS log data is not our goal. 
NGS log responses measured in different sandstone lithofacies 
were examined spatially and by 3D NGS cross-plots. 

GEOLOGICAL SETTING 

The fluvial sandstone bodies studied are part of the upper 
Oligocene to lower Miocene T6rtola fluvial system (Loranca 
Basin, central Spain; Fig. 1). These deposits are well exposed, 
and their depositional setting is well understood (Diaz-Molina et 
al. 1989, 1995; Harrkamp et al. 1993; Arribas et al. 1995, 1996; 
Martinius 2000; and a series of papers on the T6rtola fluvial 
system in Friend & Dabrio 1996). 

The deposits of the T6rtola fluvial system are sedimenta
clastic (i.e. from sedimentary parent rock) in origin, generated 
during the most active infill stage of the Loranca Basin, a 
continental, so-called 'non-sequenced' foreland basin (G6mez 
et aL 1996). Such a foreland basin is typified by both a forward 
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Fig. 1. (A) Schematized location map of Spain and (B) the position 
of the Loranca Basin (modified after Dlaz-Molina et aL 1989). The 
boxed areas 1 and 2 refer to the distal and medial study areas shown 
in Figure 2. The rivers shown are the approximate positions of some 
of the main palaeochannels. 

(or piggyback) sequence of thrusting, and a backward thrust 
sequence during subsequent phases of foreland basin develop
ment. The provenance of the deposits of the T6rtola fluvial 
system is related to the erosion of a Mesozoic succession of 
sedimentary rocks (close to 2600 ill in thickness) cropping out 
in the Iberian Range (Fig. 1). This succession is formed by 
Triassic siliciclastics (arkosic sandstones and illitic mudstones) 
and dolostones, and Jurassic to Cretaceous limestones, dolo
stones, marls and sandstones (subarkosic sandstones to 
quartzarenites). The T6rtola deposits have only been affected 
slighdy by diagenetic processes such as mechanical compaction, 
calcite cementation and occasional framework dissolution. 

METHODOLOGY 

Outcrop NGS measurements were made along vertical profiles 
on exposed sandstone cliff faces using a hand-held portable 
Scintrex Gad-6 spectrometer. This tool measures simultane
ously integral (total counts) and differential (K, Th, and U 
counts) gamma radiation (see Appendix A and B). 

Table 1. Modal sand composition if the five sandstone iithifacies divided into five groups 

Data were collected at axial and marginal positions within 
different types of palaeochannel fills. Palaeochannel orientation, 
direction of palaeoflow, and the distribution of lithofacies and 
bounding surfaces were also recorded. The seclimentological 
characteristics and morphology of the exhumed sandstone 
bodies have been studied following the procedures outlined by 
Cuevas Gozalo & Martinius (1993). Outcrops were selected 
based on preserved sandstone-body thickness, degree of 
exposure and accessibility. 

In addition, we have analysed 27 samples of sandstones and 
conglomerates corresponding to the five considered lithofacies, 
following the traditional methods of analysis in thin sections 
that include a point-count analysis of framework, matrix and 
cement components. Statistical results are summarized in 
Table 1. An unpublished petrological dataset (Arribas & 
Tortosa, pers. comm.) has been used to complement sandstone 
compositional data. 

DISTRIBUTION OF RADIOACTIVE K, TH AND U 

Potassium is common in feldspar (notably K-feldspar) and in 
mica. Potassium can be common in clays like illite, but is rare in 
other clays like kaolinite in which the K content has no relation 
to its mineral chemistry (Eslinger & Pevear 1988; Hurst 1990). 
K tends to form discrete authigenic minerals of silt-size rather 
than adsorb on kaolinite surfaces; a process closely related to 
diagenesis. 

Thorium is stable under oxidizing conditions and generally 
does not pass into solution. It occurs in feldspars and detrital 
heavy mineral grains, mainly monazite (Hurst & .Milodowski 
1996) and thorite (which are often classed as micas). It is 
generally held that Th adsorbs on to the surface of clay minerals 
such as kaolinite and chlorite, a process that may take place 
during weathering, deposition or diagenesis. The Th content, 
therefore, is assumed to vary depending on the presence of 
Th-bearing detrital minerals, the availability of dissolved Th in 
pore waters and the adsorption capacity of mineral surfaces. 
Hurst (1990), however, found that kaolinite has a very low 
adsorption capacity, relative to micaceous minerals and similar 
to quartz. Hurst & l\1ilodowski (1996) concluded that Th is 
associated with chemically resistant minerals. Th shows an 

Conglomente and Large avalanche Large trough-shaped sets of cross- Small trough-shaped sets of cross- Small sets of 
pebbly sandstone foresets of giant- stntifi.ed sandstone of ribbon bodies stntifi.ed sandstone of single point-bar ripple-laminated 

of multistorey bar sandstone bodies sandstone of non-
bodies (n=2t bodies (n= 4) channelized lobe 

Bottom (n=4) Top (n=4) Bottom (n=4) Top (n=4) bodies (n=5) 

NCE 78.8 ± 9.5 66.3 ± 8.9 69.4 ± 15.2 54.1 ± 11.3 67.8 ± 6.2 60.0 ± 5.8 61.7 ± 2.5 
CE 10.4 ± 2.2 25.3 ± 6.1 16.6 ± 4.5 21.4 ± 8.8 19.3 ± 8.5 16.3 ± 5.3 16.8 ± 2.5 
Cl 10.8 ± 7.4 8.4 ± 4.1 14.4 ± 17.0 24.5 ± 18.3 12.9 ± 8.9 23.7 ± 6.4 21.5 ± 1.6 
Q 82.3 ± 4.5 61.4 ± 8.1 71.2 ± 6.5 61.1 ± 6.7 72.7 ± 8.8 67.8 ± 4.1 67.0 ± 5.3 
F 2.4 ± 0.5 8.6 ± 2.6 8.7 ± 3.3 11.0 ± 3.4 5.2 ± 3.0 10.8 ± 3.8 10.7 ± 4.3 
R 15.4 ± 4.0 30.0 ± 8.6 20.2 ± 5.0 28.0 ± 7.4 22.2 ± 8.2 21.4 ± 5.8 22.3 ± 3.3 
D 0.0 ± 0.0 9.5 ± 13.0 72.7 ± 48.5 19.0 ± 15.8 32.2 ± 19.6 40.5 ± 36.1 31.9 ± 23.5 
Lm 43.5 ± 7.3 69.6 ± 11.6 6.7 ± 13.3 19.9 ± 3.9 26.5 ± 9.1 13.8 ± 11.7 17.5±8.6 
L�p 56.5 ± 7.3 20.9 ± 6.4 20.7 ± 35.2 61.1 ± 16.4 41.3 ± 11.4 45.8 ± 27.8 50.7 ± 16.3 
Qm' 74.5 ± 0.2 85.2 ± 4.2 82.4 ± 7.9 79.6 ± 6.7 76.4 ± 5.1 82.2 ± 3.2 83.3 ± 3.4 
Qmo 2.7 ± 1.0 2.6 ± 1.1 6.0 ± 3.4 5.1 ± 2.9 6.4 ± 3.0 5.8 ± 1.3 6.0 ± 3.8 
Qp 22.8 ± 0.9 12.2 ± 4.2 11.6 ± 6.0 15.3 ± 5.8 17.2 ± 4.2 12.1 ± 3.6 10.7 ± 1.0 

�Samples from the sandy matrix. 
Values are given in % and std per group. NCE, non-carbonate extnbasinal; CE, carbonate extrabasinal; Cl, carbonate intrabasinal; Q, quartz; F, feldspar; R, rock 
fngments; D, dolomite; Lm, micritic limestone; Lsp, sparitic limestone; Qmr, non-undulatory monocrystalline quartz; Qmo, undulatory monocrystalline quartz; 
Qp, polycrystalline quartz. 
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Fig. 2. Location map of the studied sandstone bodies of (1) the 
distal and (2) the medial areas of the T6rtola fluvial system. 

affinity for continental oxidizing conditions (Rider 1996), and 
therefore tends to accumulate in palaeosols. 

Uranium is associated with acid igneous rocks. It forms 
soluble salts under non-reducing conditions and is found as 
part of the uranyl ion (U02

2+) in river waters (Rider 1996). It 
is stored in fluvial sediments mainly by adsorption on to 
organic matter such as plant material or animal teeth. There
fore, high U content is often taken as indicating enrichment in 
organic matter. These are secondary components that do not 
form part of the rock-constituting minerals. Uranium therefore 
behaves as an independent factor and has a heterogeneous 
distribution. The continued solubility of uranium makes it 
susceptible to leaching and redeposition. 

DESCRIPTION OF SANDSTONE BODIES AND 
DEPOSITIONAL ENVIRONMENT 

The sandstone bodies studied have been classified into genetic 
types (Martinius 2000). Terminology applied is based on 
external geometry and largely follows Friend et al. (1979) and 
Friend (1983). The term 'genetic type' characterizes and classi
fies sandstone bodies on the basis of lithofacies, grain-size 
distribution and geometry. This classification distinguishes 
sandstone bodies formed in different sub-environments of the 
fluvial environment (cf. Schumm 1977; Friend 1978). Two 
genetic types have been selected for the GR study from the 
medial area of the fluvial system (relative to its apex): multi
storey conglomerate-rich bodies (M1) and giant-bar sandstone 
bodies (M2). Three genetic types were selected from the distal 
area (relative to the apex): ribbon (D1), single point-bar (D2), 
and non-channelized lobate sandstone bodies (D3, Fig. 2). 

(Ml) Multistorey conglomerate-rich bodies 

Multistorey conglomerate-rich bodies consist of up to 8 storeys, 
with a total thickness between 3 and 12 m, with a generally 
tabular geometry and abrupt grain-size changes within and 
between the storeys (Fig. 3). Each body consists of a series of 
lithofacies successions (storeys), each of which is formed by 
one or more conglomerate-rich beds, overlain by one or more 
beds containing trough-shaped sets of pebbly, cross-stratified 
sandstone. Conglomerates are grain-supported with modes 
between 16-32 mm and 32-64 mm grain-size intervals. Pebbles 
are mainly well-rounded carbonates (limestone and dolostone) 
and subordinate metaquartzite. The metaquartzites show 
smaller grain sizes than the framework conglomerates. Occa-

sionally, soft siltstone clasts are found greatly deformed by 
mechanical compaction. Matrix infill is formed by medium- to 
coarse-grained sub-litharenitic sand (sub-sedarenite) with less 
than 3% K-feldspar. Sedimentary rock fragments include lime
stone fragments (Table 1). The conglomerates are partially 
cemented by calcite mosaics. 

Multistorey conglomerate-rich bodies are interpreted to have 
been formed in braided channels as multiple, gravelly longitu
dinal bars, and as bank-attached or side bars with waning stage 
channel deposits (Martinius 2000). Individual subordinate chan
nels were 1 to 2 m deep and streams are inferred to have had a 
high-energy, discontinuous discharge regime. 

(M2) Giant-bar sandstone bodies 

Well preserved, isolated giant-bar sandstone bodies (very large 
2D sub aqueous dunes cf. Ashley et al. 1990) are characterized 
by a flat or slightly concave base, a convex top, a general 
coarsening-up trend followed by a fining-up succession (Fig. 4). 
The basal part is formed by large avalanching foresets (with 
foreset laminae up to 3.7 m high) while the top part has small, 
erosively-based tabular sets of cross-stratified sandstone. These 
deposits are formed by medium- to coarse-grained, well-sorted 
sand. Quartz is the dominant constituent (61.4%) and appears 
as sub angular to subrounded mono crystalline grains. The 
modal composition is a sedarenite (that is composed of 
limestone and dolostone rock fragments) with minor amounts 
of K-feldspar (8.2%, Table 1). 

Giant-bar sandstone bodies are interpreted to have been 
formed as bedforms in perennial streams experiencing consid
erable discharge variations (Martinius 2000). Bedforms were 
orientated obliquely to the mean palaeo-flow direction and 
extended across almost the entire width of the channel. Their 
size scaled with the channel width and was partly controlled by 
the width-depth ratio of the channel. During low-discharge 
flows, a braided channel pattern dominated. 

(Dl) Ribbon sandstone bodies 

Ribbon sandstone bodies are characterized by an erosive basal 
surface, a general fining-upward grain-size trend, frequent 
internal erosion surfaces which separate distinct scour fills, 
and a concave to planar geometry in transverse section 
(Diaz-Molina et al. 1989; Martinius 2000; Fig. 5). Trough
shaped, cross-stratified sets (2D medium- and large-scale sub
aqueous dunes, cf. Ashley et al. 1990) are the dominant 
sedimentary structure. Sets can be up to 5 m long and 1.5 m 
high, and are accreted at high angle. Ripple-laminated sets (2D 
small-scale subaqueous dunes, cf. Ashley et al. 1990) are 
restricted to the upper part of the succession. They are the 
dominant sedimentary structure at the ribbon margins. Sand
stones are coarse grained at the bottom of the successions and 
fine grained at the top. Sands tones at the base exhibit a more 
quartzose composition and larger quantities of dolomite rock 
fragments, whereas sands tones at the top of the succession are 
more feldspathic (more than 10%) and contain larger amounts 
of calcitic rock fragments. The percentage of intrabasinal 
carbonates (Cl) is highest in fine-grained sands tones at the top 
of the succession (Table 1). 

Ribbon sandstone bodies are interpreted as single- or 
multiphase channel-fill deposits formed in low-sinuosity to 
straight, mixed-load dominated channels (Martinius 2000). 
These channels were laterally stable and formed during peak 
discharge events. The channel was rapidly infilled by sand after 
discharge decreased due to avulsion and subsequent abandon
ment. The fining-upward grain-size succession at the top of the 
channel fill indicates gradually waning flow. 
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(D2) Single point-bar sandstone bodies 

Single point-bar sandstone bodies are characterized by an 
erosive basal surface, a general fining-upward grain-size trend 
and the occurrence of lateral accretion surfaces (Diaz-Molina 
1993; Martinius 2000; Fig. 6). The basal part of the sandstone 
body consists of a thin lag deposit and trough-shaped sets of 
cross-stratification. The upper part of the deposit consists of 
cosets of ripple cross-lamination forming several decimetre 
thick, inclined beds which are often finer grained at the top. At 
the top of the sandstone body, beds become more horizontal 
and acquire a ridge and swale morphology before pinching-out 
into fine-grained overbank deposits. Textures and grain size of 
sandstones are similar to those found in ribbon sandstone 
bodies. Moreover, variations in sand composition between the 
base and top of the point-bar bodies display similar trends 
to those observed in ribbon bodies. However, significant 
variations occur in carbonate rock-fragment composition 
(Table 1). 

Single point-bar sandstone bodies are the product of mean
dering, mixed-load dominated channels, often with a high-
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Fig. 3. (A) Field-based sketch of a part 
of the multistorey conglomerate-rich 
body (M1) with the position of NGS 
logs 1 and 2 indicated. The transect of 
the section deviates approximately 50° 
from a transverse section through the 
palaeochannel. (B-1 and B-2) Outcrop 
photographs showing the coarse-grained 
lithology. (C) Correlation of NGS logs 
1 and 2 with the sedimentary sections. 
Both show a predominantly 
'cylinder-shaped' motif characterized by 
low readings. 

sinuous thalweg pattern (Diaz-Molina 1993; Martinius 2000). 
The distinct change of facies between the single point-bar 
sands tones and the fine-grained deposits that fill the channel 
suggests an abrupt abandonment of the channel, either by 
avulsion or cut-off. 

(D3) Non-channelized lobate sandstone bodies 

Non-channelized lobate bodies form tabular to wedge-shaped 
bodies in transverse section with a sharp to gradational base 
(Fig. 7). They generally coarsen upward in the basal part 
followed by a fining upward in the upper part to define a 
succession composed of multiple sharp-based, normally graded 
beds. These bodies consist of several, medium- to fine-grained, 
stacked sandstone beds which are separated by thin 
(centimetre- to decimetre-scale) mudstone layers. The most 
abundant sedimentary structure found is climbing-ripple lami
nation, but close to the feeder channel thin, trough-shaped and 
cross-stratified sets can be found (Martinius 2000). Fine-grained 
sands tones predominate in this lithofacies. Their texture and 
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composition are very similar to those of the fine-grained 
sandstones at the top of ribbon and point-bar bodies (Table 1). 

The non-channelized lobate bodies are interpreted to have 
been formed by successive flows from a fixed location entering 
a standing body of water on the floodplain of the distal part of 
the fluvial system (11artinius 2000). These flows are interpreted 
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Fig. 4. (A) Sketch of a longitudinal 
section through the giant-bar sandstone 
body (M2) with the position of the 
NGS log indicated. (B) Correlation of 
the NGS log with the sedimentary 
section. The GR total-count trace 
shows a 'cylinder-shaped' basal part and 
a moderately 'bell-shaped' upper part . 
For key, see Figure 3. 
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Fig. 5. (A) Schematic transverse section 
through a ribbon sandstone body (Dl) 
illustrating the spatial distribution of 
cross-stratifi.cation and ripple lamination 
and the relative positions of the three 
NGS logs. (B) Graphs showing the 
correlation of the NGS traces with the 
sedimentary sections of the three 
locations: (1) section through the axis 
of the palaeochannel showing a 
'cylinder-shaped' basal motif and a 
'bell-shaped' upper motif; (2) section 
halfway between the axis and the 
margin of the sandstone body 
exhibiting a 'bell-shaped' motif; (3) 
section through the margin of the 
ribbon sandstone body showing an 
indistinct 'fu=el-shaped' motif. For 
key, see Figure 3. 

as terminal or crevasse splays; the cbannelized deposits at the 
base of the bodies were formed in the proximal feeder channel. 

Depositional model 

The sandstone bodies are interpreted to have formed in rivers 
with different discharges, sediment yields and channel planform 
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patterns, On the basis of their characteristics and spatial 
distributions, four fades zones are defined (1viartinius 2000)_ 
These formed a continuum along the T6rtoh fluvial system 
profile, each bdng characterized by specific depositional con
ditions and (consequently) channel-pattern styles, Gravel-rich 
braided streams dominated Zone 1, Down gradient, these 
streams graded into the 'Nide, sand-dominated, braided streams 
of Zone 2, which contained large bedforms and were typified 
by significant discharge variations, Zone 3 comprises belts of 
mixed-load dominated meandering and low-sinuosity channek 
Zone 4 represents distal flood plain areas at the toe of the fluvial 
system, Stratigraphic variations in interpreted channel patterns 
are inferred to have been caused by alternating tectonic and/or 
climatic conditions (1;1artinius 2000), 

NGS LOG MOTIFS OF SANDSTONE BODIES 

NGS log motifs are frequently interpreted to reflect grain-size 
trends, Serra & Sulpice (1975) defined a number of common 
motifs, reflecting the fact that radioactive components are 
relatively more abundant in the clay fraction of detrital deposits, 
For example, the 'bell-shaped' motif reflects a fining-up grain
size trend and a 'funnel-shaped' motif reflects a coarsening-up 
grain-size trend, Detrital mineral associations, in turn, are 
conditioned by the characteristics of thdr source rocks, Sedi
mentary processes, such as hydrodynamic sorting, can produce 
concentrations of specific mineral species (for example 
Johnsson et aL 1991), Suspended load is dominated by clay 
minerals and silty grains, whereas bedload usually consists of 
monominer:Jic and lithic grains Oohnsson 1993), In addition, 
compositional sorting in bedload occurs from mineral density 
differences when rapid changes in current velocity OCCUL Grain 
size in itself does not determine natural gamma radiation, 

Fie. 6. CA) Schematic transverse section 
through a single point-bar sandstone 
body shOW"ing the spatial distribution of 
cross-stratification and ripple 
lamination, (B) Outcrop photDgraph 
showing lateral accretion of the upper 
part of a single poin t- bar sandstone 
body_ (q Correlation between the NGS 
log and sedimentary section of a single 
point-bar sandstone body (D2) shmving 
the characteristic 'bell-shaped' motif (cL 
Serra & Sulpice 1975), K and Th values 
increase to';ll"Jrds the top of 
ripple-laminated inclined beds that 
exhibit a gradual up"\Vard decrease 
of grain size as a result of helicoidal 
flow in meander bends_ For key, see 
Figure 3, 

However, a large dependency of composition on grain size 
exists (Le, Bhtt et aL 1980, p301, Zuffa 1985), Provenance and 
processes active in the depositional environment are the main 
controls (but do not enforce a direct relationship) on detrital 
composition of deposits typified by different grain-size 
distributions, 

Lithofacies reflect hydrodynamic variations in the palaeo
channel, Although certain physical regularities do exist, the 
det::J.led prediction of grain-size distribution and grain com
position from NGS data alone will be a hazardous task and is 
not the purpose of this study, However, given the hct that 
general depositional conditions for the above-described genetic 
types were known, the proposition that outcrop-derived NGS 
log motifs could possibly be a means of classifying fluvial 
sandstone bodies was tested, 

Multistorey conglomerate-rich bodies (1;11) contain little clay, 
The preserved sediment has an overall lithic character 'Nith 
limestone and dolostone pebbles, Boundaries betvreen storeys 
are sand-sand or sand-gravel contacts, and are not defined in 
the NGS log motifs (Fig, 3), K and Th readings decrease 
slightly above the basal layer at some locations (Fig, 3); U 

readings remain constant, These slightly higher values are 
attributed to minor amounts of mudstone pebbles which may 
have been eroded from the illite-rich mudstones of the flood
plain (Arribas et a[ 1995) during the initial phase of channel 
formation, The NGS log motifs of the multistorey 
conglomerate-rich body exhibit only indistinct differences 
betvreen the various locations 'Nithin the body, At most 
locations, the log motif is 'cylinder-shaped' and individual 
storeys are not distinguishable, 

The diagnostic coarsening-upward grain-size trend, followed 
by a short fining-upward part of giant-bar sandstone bodies 
(1;12, er Martinius 2000), is partially reflected in the NGS log 
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motifs (Fig. 4). The basal section of the NGS log motifs, 
corresponding to a thalweg filled with trough-shaped sets 
of cross-stratified sand, is 'cylinder-shaped'. However, the 
bedform srmsu stricto is 'bell-shaped'. 

The NGS log motifs of the ribbon sandstone bodies (Dl, 
Figure 5) are determined by packages formed by successive 
scour-fills. Generally, moving from the centre of a channel 
fill tovrards the margin results in a change of log motif. An 
overall 'cylinder-shaped' motif is transformed via an intermedi
ate stage to a predominantly 'bell-shaped' motif. Moving along 
a longitudinal axis through the centre of the sandstone body, 
log motifs are encountered varying betvreen 'bdl-', 'funnel-', 
and 'cylinder-shaped' without any apparent coherent develop
ment. At location 3 (Fig. 5), a relatively large but gradual 
upsurge and subsequent rapid drop in U and K values coincides 
with a gradual drop of Th values (Fig. 5E3, shaded part). This 
could be interpreted as the product 0 f weathering and leaching 
of the sandy substratum during episodic paleosoil alteration 
(that is prior to deposition of unit 3 in Fig. 5E3). In addition, 
the marginal position of this log v..'ithin the channel fill could 
favour the development of these processes. 

In the single point-bar body (D2, Fig. 6), the vertical 
transition from trough-shaped, cross-stratified sets to ripple
laminated sets in laterally-accreted inclined beds coincides with 

Fig. 7. (A) Sketch of the morphology 
of a non-channelized lobate sandstone 
body (D3) shovring the relative 
positions of NGS logs 1 (dose to the 
feeder channel) and 2 (distal position) 
(B) Outcrop photograph showing the 
fine-grained lithology and layered 
architecture, (C) Correlation between 
the sedimentary sections and the NGS 
traces, Log 1 exhibits alternation of 
'funnel-' and 'bell-shaped' motifs 
thought to represent influxes of sand 
during high-discharg e periods, Log 2 
exhibits an overall 'funnel-shaped' 
motif, inferred to represen t 
progradation of the terminal splay For 
key, see Figure 3 

a significant and relatively rapid increase in the NGS signal. 
This is thought to be related to a gradual upward increase in the 
amount of fine-grained minerals deposited in and on top of the 
inclined beds as a result of heLcoidal flow in meander bends. 
The total GR log trace exhibits an overall 'bell-shaped' log 
motif (cf. Serra & Sulpice 1975) which is found to be unrelated 
to the position of the log with respect to its position in the 
sandstone body (Fig. 6). 

Separation of normally graded individual beds by mud- or 
siltstone is reflected by the somevrhat serrated log motif 
measured in the centre 0 f the non-channeLzed lobate sandstone 
body (D3, Fig. 7, location 1). The overall 'funnel-shaped' motif 
observed at location 2 (Fig. 7) is mainly due to K and Th 
radiation and is interpreted as representing the progradation of 
the crevasse splay (cf. Tye & Coleman 1989). 

It is concluded that NGS log motifs can generally be 
associated v..'ith specific fluvial depositional sub-environments 
of the T 6rtola system. A cylinder-shaped motif can generally be 
associated with gradually abandoned channels, a bell-shaped 
motif is generally associated with channel bed forms, and a 
funnel-shaped log motif is generally associated mth crevasse 
splays. 

Petrographic data for the sandstone (Table 1) and the 
mudstone (Arribas et aL 1995) show that diminution of grain 



Table 2. Computed descriptive statistics ifGR (API umts), K (%), rh (ppm) and U (ppm) values iffive sandstone iithifacies 

Conglomerate and pebbly 
sandstone of multistorey 

bodies 

GR K Th u 

Large avalanche foresets 
of giant-bar sandstone 

bodies 

GR K Th u 

Large trough-shaped sets 
of cross-stratified sand
stone of ribbon bodies 

GR K Th u 

Small trough-shaped sets 
of cross-stratified sand

stone of single point-bar 
bodies 

GR K Th U 

Small sets of ripple
laminated sandstone of 
non-channelized lobe 

bodies 
GR K Th U 

, 90 
34.6 

90 
0.5 

90 
4.8 

90 37 37 
0.8 

37 
5.4 

37 151 151 151 151 21 21 
0.8 

21 
3 9  

21 70 
1.2 71.6 

70 
1.2 

70 
9 8  

70 
2.1 mew 

variance 
Std 

1 41.5 1.2 45.7 0.9 5.5 1.4 36.4 
74.3 0.1 1.9 0.1 107.4 0 2.1 0.3 100.3 0.4 3.4 0.2 13.9 0 1.1 0.1 109.S 0 4.3 0.3 
S.6 0.2 1.4 0.3 10.4 0.2 1.4 0.5 10  0.2 1.S 0.4 3.7 0.2 1.1 0.4 10.5 0.2 2.1 0.5 

CV ("la) 24.9 41.2 2S.9 30.1 25 20.4 26.5 44.4 21.9 22.2 33.2 31.5 10.2 19.3 26.9 32.3 14.6 16.5 21.2 27.4 
skewness 
kurtosis 

0.7 
2.7 

0.5 
2.6 

0.2 
2 9  

0 9  
3.4 

0.8 
4.4 

0.7 
3.2 

0.3 
3.5 

0 9  
4.2 

-0.1 -0.3 
3.6 2.3 

0.6 -0.2 -0.3 
1.7 2.1 

minimum 20.6 

1.2 
3 9  
0.2 
0.4 
0.5 
0.6 
1.2 

2 
3.8 
4.5 
5.8 
8.4 

0.2 24.S 

0.3 
3.7 
0.5 
0.6 
0.8 
0.8 
1.2 

0.5 
2 9  
3.1 
4.8 
5.3 

0.2 27 0.4 

1.1 
4.1 
2.6 
4.2 
5.2 

0.6 27.6 0.5 
0.7 
0.8 
0 9  

2 9  
2 

3.1 
4 

4.3 
6.1 

0.5 49.1 
O.S 62.5 
1.3 74.4 
1.5 SO.5 
1.S 90.9 

o 
2.6 
0.8 
1.1 
1.2 
1.3 

0.2 
2.7 
5.6 
8.3 
9 7  
11  

o 
2.7 
0.6 
1.6 1 "  quartile 2S.1 O.S 35.3 0.9 3S.9 O.S 1.1 34.5 

median 32.3 39.3 1.2 44.7 0.9 1.3 36.3 2 
2.3 
3.2 

yd quartile 40.2 
maximum 5S.6 

1.2 44.9 
1.7 6S.6 

6 
8.8 

1.4 51.4 
2.7 74.3 

size in ribbon and point-bar sandstone successions produces a 
significant increase of K and Th values. Increase of K values 
can be explained by the increase of K-feldspar in the sandstone 
framework when grain size decreases (compare F content in 
bottom and top intervals in Table 1). The increase of Th values 
could be related to an increasing amount of intrabasinal clasts 
(Cl in Table 1) when grain size decreases. Intrabasinal grains, 
supplied from erosion of floodplain mudstone, have a mixed 
carbonate-illite composition (Arribas et aL 1995) that also may 
contribute to the increase of the K signal in fine-grained 
sandstones. The presence of clay minerals may help in the 
adsortion of Th. This process is also favoured by the affinity of 
Th for palaeosol environments (Rider 1996). This tendency to 
'bell-shaped' motifs may explain the increase of K and Th 
values at the top of the giant-bar succession. Similarly, the 
funnel-shaped motif of crevasse splays can be interpreted as a 
result of the decrease of fine-grained sandstones and siltstones 
(high K and Th values) towards the top of the succession where 
medium-grained sandstones prevail (medium K and Th values). 
The low values of K and Th in multistorey conglomerate-rich 
bodies could be related to the low feldspar content, appearing 
only as sandy matrix. Mesozoic carbonate pebbles show very 
low gamma radiation and their vertical stacking produces the 
characteristic cylinder-shaped NGS log motifs. However, a 
significant increase of K and Th values is observed at the top of 
a multistorey conglomerate-rich body at location 2 (Fig. 3). This 
is inferred to be the result of the predominance of sandstone 
and its K-feldspar content. The interpretation of variations in U 
values remains more obscure due to the invariant behaviour of 
this element through the five lithofacies considered. 

It needs to be emphasized, however, that NGS log motifs of 
genetic types are specific for each depositional system. One 
should first define the NGS log motifs of the genetic types that 
form part of the system under study and then use these as 
calibration for new data within that same system. The NGS log 
motif data cannot directly be used as a predictive tool for other 
depositional systems whether these are located in the same 
basin or not. Compared with the NGS log motifs found for the 
T6rtola fluvial system, other systems are likely to have different 
responses due to, among other factors, grain size differences, 
different provenance area(s) (that is mineral composition) and a 
different diagenetic history. Therefore, NGS log motifs have to 
be calibrated for each specific depositional system using the GR 
response to grain size, to detrital composition, to lithofacies 
and to facies association. In the subsurface, calibration ofNGS 

6.5 
1.6 12.3 

1.6 3S.9 
3.1 44.7 1.6 15.6 

log motifs can only be performed if sufficient core material is 
available. 

DIFFERENTIATION OF NGS FACIES BASED ON 
SPECTRAL CROSS-PLOTS 

The NGS data of the studied lithofacies types were plotted as 
histograms and in 3D to see if they could be distinguished by 
their spectral NGS signature (Table 2; Figs 8A and 9). Multi
variate F tests showed that population variances were not equal 
(to 95% confidence) and, as a result, testing of the (in-)equality 
of the population means was not justified. That is, the scatter of 
ripple-laminated sandstone is considerably larger than that of 
conglomerate and pebbly sandstones (Fig. 8), reflecting the 
greater heterogeneity of the former. 

The data of the five lithofacies fall roughly in three NGS 
groups (Fig. 9) aligned along a curved path. Data points from 
the conglomerates and pebbly sandstones of multistorey bodies 
(M1) are located on the lower left-hand side of the curve, while 
the ripple-laminated sandstones associated with non
channelized lobate bodies (D3) tend to occur towards the 
upper right-hand side of the curve. Large and small trough
shaped sets of cross-stratified sandstone associated with ribbon 
bodies (D1) and single point bars (D2) respectively, and 
sandstones formed by avalanche foresets of giant-bar bodies 
(M2) tend to lie in the central portion of the cross-plot and 
could not be differentiated. 

The boundary between the group of samples from con
glomerate and pebbly sandstones and the other lithofacies is 
abrupt and well defined. The group formed by conglomerate 
and pebbly sandstone show the smallest scatter of the five 
groups, with smallest variance in the direction of the y-axis 
(Th values) as observed from 3D computer visualization. 
Ripple-laminated sandstone shows the largest scatter of values. 
Minimal variance is observed in a plane through the Z-axis (U 
values) with an angle of approximately 450 with the x- and 
y-axis (K and Th values respectively). Data points of small 
trough-shaped sets of cross-stratified sandstone show a distri
bution which is bowl shaped around the lower left side of the 
cluster of large trough-shaped sets of cross-stratified sandstone. 

A non-hierarchical cluster analysis (Vogel & Wong 1979) was 
applied to separate the pooled spectral data into distinctly 
different groups. This technique employs the pseudo-F statistic 
which treats the Euclidean distance to the centre of the cluster 
as a single variable. Three groups emerged (Figs 8B and 10) 
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which are almost identical to the three visually recognized 
groups. These groups represent different sedimentary facies and 
grain-size classes, and illustrate the dependency of sandstone 
lithofacies on mineral composition and hence the values of K, 
Th and U. Cluster 1 is formed by small sets of ripple-laminated 
sandstone, cluster 2 includes sandstones formed by avalanche 
foresets and cross-stratification, and cluster 3 comprises con
glomerates and pebbly sandstones. Comparison of both group
ings showed that outliers of each of the three non-processed 
NGS groups were assigned to the nearest cluster during the 
non-hierarchical cluster analysis. The U values were found to 
influence the position of the groups, despite the fact that their 
distribution is unreliable due to the solubility and independent 
behaviour of the uranyl ion. The outcome of the cluster analysis 
therefore confirms the visually based classification. 

After performing the non-ruerarcrual cluster analysis tech
nique the spectral NGS distributions can be applied to objec
tively classify data points from other NGS logs in a specific 
lithofacies. However, as in the case of the NGS log motifs of 
the genetic types, the three spectral gamma-ray data groups are 
specific for the T6rtola depositional system. Other depositional 
systems will be characterized by a different set of descriptive 
statistical parameters for spectral gamma-ray data groups. 
Hence, they will have a different location in a three-dimensional 
space and a different cluster shape. Therefore, the genetic types 
of each depositional system need to be calibrated using 
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Fig. 8. (A) His tograms of K Th and U 
data per lithofacies. eGL, conglomerate 
and pebbly sandstone; AV A, sandstone 
formed by avalanche foresets; LTR, 
large trough-shaped sets of 
cross-stratified sandstone; STR, small 
trough-shaped sets of cross-stratified 
sandstone; RIP, small sets of 
ripple-laminated sandstone. (B) 
Histograms of K, Th and U data per 
NGS facies group (cluster) : cluster 1, 
small sets of ripple-laminated sandstone; 
cluster 2, small and large trough-shaped 
sets of cross-stratified sandstone, and 
sandstone formed by avalanche foresets; 
cluster 3, conglomerate and pebbly 
sandstone. 

core material and applying the same rules as for NGS log 
motifs. 

RELATION OF NGS LOG MOTIFS AND CLUSTERS 
WITH HETEROGENEITY 

There has been a considerable debate on the use of NGS log 
motifs for palaeoenvironmental analysis (Selley 1976; Rider 
1990). The premise is usually that NGS log motif reflects 
variations in grain size and/or clay content. Here, we have used 
a different approach by direcrly comparing NGS log motif to 
sedimentary analysis from rocks in outcrop (c£ Myers & 
Bristow 1989). Log motifs are distinct for different environ
ments of fluvial deposition defined previously by sedimento
logical analysis. A set of log motifs, obtained from marginal and 
axial locations within a channel deposit, is required to satisfac
torily characterize genetic types. However, current emphasis in 
petroleum reservoir geology is on the definition of flow units 
for fluid-flow simulation studies. The question can thus be 
asked how NGS data may support the recognition of flow 
units. The following argument is proposed to support the 
applicability of NGS data. Genetic types may consist of one 
(or more) flow unites) formed by a dominant lithofacies. 
Description of flow units includes quantification of descriptive 
heterogeneity parameters. The most important type of hetero
geneity of a flow unit is permeability variation that, in the case 
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Fig. 9. Three-dimensional cross-plot of NGS data of the five 
sandstone lithofacies. Values were taken from the NGS logs; 
computed descriptive statistics are given in Table 2. Visually, they fall 
into three NGS facies groups: (1) conglomerate and pebbly sand
stone; (2) small and large sets of trough-shaped cross-stratified 
sandstone, and sandstone formed by avalanche foresets; and (3) 
small sets of ripple-laminated sandstone. eGL, conglomerate and 
pebbly sandstone; AV A, sandstone formed by avalanche foresets; 
LTR, large trough-shaped sets of cross-stratified sandstone; STR, 
small trough-shaped sets of cross-stratified sandstone; RIP, small 
sets of ripple-laminated sandstone. 

of the sandstone bodies of the T6rtola fluvial system, is largely 
dependent upon lithofacies (Diaz-Molina et aL 1995; Martinius 
& Nieuwenhuijs 1995). Recognition of lithofacies occurrences 
based on the combination of NGS log motifs and cross-plots 
and all other available data is therefore considered to be essen
tial to define flow units. Moreover, the relationship of a litho
facies with depositional processes in a particular genetic type 
permits a three-dimensional assessment of the spatial extention 
of a genetic type and, hence, its spatial permeability properties. 

Attempts to separate the fluvial lithofacies recognized in 
outcrop by means of an F-test on the NGS data failed. 
However, application of an independent cluster analysis tech
nique (described above) revealed the existence of significantly 
different groups (clusters) of NGS data. Comparison with 
lithofacies showed that two clusters each covered one litho
facies type, and that the third cluster combined three litho
facies. Hence, NGS data may have the potential to support the 
differentiation of flow units within a sedimentary body. 

In order to quantify the heterogeneity of lithofacies clusters 
in terms of gamma radiation, statistical measures of the three 
clusters were calculated (Table 3). They show distinct differ
ences in standard deviation, skewness and kurtosis between the 
individual clusters. Compared with the visually observed spread 
of data of the clusters (Fig. 10), the degree of heterogeneity is 
properly reflected in the standard deviation, i.e. cluster 1 
(conglomerates and pebbly sandstones) has smallest heterogen
eity, cluster 3 (small sets of ripple-laminated sandstone) is the 
most heterogeneous. 

Extrapolation of the results of this outcrop study to subsur
face reservoir rocks is expected to meet with difficulties. 
Different resolutions of the various spectral gamma-ray tools in 
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Fig. 10. Three-dimensional cross-plot of NGS data after cluster 
analysis. The data fall into three NGS facies groups (clusters): cluster 
1, small sets of ripple-laminated sandstone; cluster 2, small and large 
trough-shaped sets of cross-stratified sandstone, and sandstone 
formed by avalanche foresets; cluster 3, conglomerate and pebbly 
sandstone. 

Table 3. Compllied descriptive statistics ifGR (API units) values if three clusters 

Cluster 1 Cluster 2 Cluster 3 

, 83 176 107 
mew 70.2 45.6 31.6 
variance 97 66.4 23.4 
Std 9 9  8.1 4.8 
CV (%) 14 18 15 
skewness 0.1 1.7 0.4 
kurtosis -0.9 4.3 0.3 
minimum 49.6 34.2 21.2 
median 68.6 44.3 30.7 
maximum 90.9 82.8 45.8 

use, and drilling and/or logging problems may significantly 
decrease the reliability of the data. More importandy, however, 
ancient fluvial systems are likely to have different, possibly 
multiple, provenance areas which may alter NGS log motif and 
cross-plot results. Therefore, a calibration phase of the wireline 
log data for each depositional system is essential (as discussed 
earlier) that should involve both a sedimentological facies 
description and XRD and SEM data analysis of core samples. 
Cross-plots can be generated of the volume of sand (or clay) 
measured from the wireline logs versus the volume of sand (or 
clay) measured from the XRD samples taken at subsequent 
depth intervals. This will result in an increased understanding of 
the mineral distribution on the wireline logs. Subsequently, a 
screening phase of the NGS data involves cross-plotting of 
various combinations of parameters along two or three axes. 
For example, for each depth sample grain size (or mineral data) 
from XRD can be plotted against Th, or against ThjK and the 
volume of wet clay. The resulting scatter plot can be investi
gated by relating the scatter points to the sedimentological 
facies analysis. This may lead to the identification of clusters or 
classes that represent lithofacies. 



CONCLUSIONS 

NGS log motifs in the studied fluvial sandstone bodies vary 
with both the type of sandstone body and with the position of 
the log in the palaeochannel filL A sandstone body of specific 
origin cannot be uniquely described by one set of NGS log 
motifs, but rather by a combined set representing both marginal 
as well as axial locations within the palaeochannel filL The 
relationship is possibly determined by hydrodynamic conditions 
in the channel during deposition of sediment. Furthermore, it is 
suggested that a relation exists between the NGS log motif of 
a genetic type and the nature and distribution of its mineral 
components. 

The sedimentaclastic character of the analysed deposits 
emphasizes the dependency of grain size on mineral composi
tion. Conglomerate lithofacies are mainly composed of Meso
zoic limestone and dolostone pebbles and are typified by low 
radioactivity values of K, Th and U. Coarse- to fine-grained 
sandstones are classified as sedarenites composed of variable 
amounts of recycled feldspar grains (5 to 1 1  % in QFR), derived 
from Triassic and Cretaceous siliciclastic formations and intra
basinal illitic carbonate grains. Silty, illitic mudstone lithofacies 
contain variable amounts of carbonate grains (Arribas et aL 
1995). A relation exists between the detrital composition of 
sandstone lithofacies and their K, Th and U content. K, Th and 
U radioactivity values are significantly higher in sandstone 
lithofacies due to the presence of K-feldspar and intrabasinal 
clasts. Fine-grained sandstone lithofacies and silty mudstones 
show the highest natural gamma-ray values as a result of 
the presence of both K-feldspar grains and clay minerals 
(illite). 

Of five sandstone lithofacies distinguished in outcrop, three 
can be distinguished based on NGS data. Definition of these 
NGS facies is based on (1) visual recognition of groups from a 
three-dimensional spectral NGS cross-plot and (2) cluster 
analysis of all pooled spectral NGS data. Cluster 1, comprises 
conglomerates and pebbly sandstones; cluster 2 includes sand
stones formed by avalanche foresets and trough-shaped cross
stratified sets; and cluster 3 is comprised of small sets of 
ripple-laminated sandstone. Cluster 1 is the most hetero
geneous, cluster 3 the most homogeneous, based on standard 
deviations. 

Fluvial channel-fill deposits can be characterized at the 
lithofacies level in outcrop using NGS log motif and NGS data 
plots alone. This conclusion is in contrast with the finding of 
North & Boering (1999) who did not find a practical correlation 
between elemental concentration and depositional environment 
of facies associations in a mixed fluvial-aeolian succession. It is 
suggested that cluster analysis of NGS distributions of identi
fied fluvial lithofacies may be applied to classify data points of 
unknown origin obtained from other NGS logs in specific 
lithofacies given equal source area and diagenetic history. 
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APPENDIX A: METHODOLOGY 

A Scintrex GSP-4s stabilized sensor with a crystal volume of 
358 cm3 was used in combination with the spectrometer. The 
sensor consists of a thallium-enriched sodium iodide (NaI) 
crystal that is coupled to a photomultiplier tube. The NGS 
detector was consistently placed perpendicular to a vertical, flat 
rock surface allowing sufficient exposure to a constant volume 
of investigation taken as approximately 21C (cf. Myers & Wignall 
1987). The standard measurement spacing of 50 cm was based 
on the size of the sphere of influence of the detector; no 
shorter sampling intervals to compare directly with well logging 
tools, for example 10 to 30 cm, were measured. The counts of 
the respective channels were normalized to counts per second 
independent of the counting time. 

In general, it was found that the lower the reading of a 
specific channel the larger the inaccuracy of the measurement. 
Repeated measurements at one location were carried out to 
estimate the tool measurement error that is assumed to be equal 
to the standard deviation of the repeatability test. The measure
ment error was found to be equal to 0.77, 0.27, 0.13 and 0.17 
for TC, K, Th and U respectively (Table 4). 

The effect of rock weathering is considered not to have 
significantly affected the NGS data. All lithofacies were affected 
by approximately equal intensity and duration of weathering, 
but maintained their discriminant NGS signals. The fact that 
the U, Th and K signals vary significantly between the different 
lithofacies indicates that NGS signals are not a consequence of 
weathering. Instead, they are explained in terms of mineral 
composition (provenance) and/or sedimentary processes 
during deposition. 

APPENDIX B: GAMMA-RAY UNIT CONVERSION 

K, Th and U gamma emission rates were corrected for 
background radiation, and converted from counts per second 
(cps) into percentages (K) or parts per million (Th and U) using 
conversion factors supplied by Scintrex. Total gamma-ray (GR) 
values were converted to wireline log API units using a test pit 
(Serra 1986). The conversion equation for the Scintrex GSP-4s 
was 

GR = 14.96K + 3.81Th + 8.14U (B 1) 

similar to that developed by Dypvik & Eriksen (1983), with GR 
in API units, K coefficient in %, and Th and U coefficients in 
ppm. The converted values of K, Th and U, as measured in the 
field, were used to compute the corresponding total GR values 
using equation (B 1). These total GR values were plotted versus 
the total count values as actually measured. The resulting linear 
relation supplies the dimensionless conversion factor with 
which to compute the corresponding API value. This constant 
had a magnitude of 2.1. 

Table 4. Computed descriptive statistics of TC (eps), K rlsJ, rh (ppm) and U (ppm) 
values if the repeatability test 

, 
mew 
Std 
CV (%) 

TC (cps) 

34 
52.94 

0.77 

K (%) 

34 
7.94 
0.27 

3 

Th (ppm) 

34 
0.02 
0.13 

8 

U (ppm) 

34 
0.03 
0.17 

24 

Due to the low readings of the U channel a large inaccuracy of measurement 
is found, as indicated by the CV value. 
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