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ABSTRACT: Natural gamma spectral (NGS) leg metifs and cluster analysis were
used te characterize eutcrepping sandstene bedies fermed in braided and high-
sinuesity streams of the Tertiary Tertela fluvial system ef the Leranca Basin (Spain).
Five cearse-grained lithefacies cemprise these depesits and determine distinct NGS
leg metif. Cress-plets and cluster analysis of NGS leg data ef the lithefacies suggest
three distinct clusters. These clusters reflect distinct values fer sandstenes with small
sets of ripple laminasen, cress-stratificatien, and cenglemerates and pebbles.
Ripple-laminated sandstenes shew the mest variability in NGS signature, whereas
cenglemeratic sandstenes shew the mest uniferm signature. Such cluster analysis
may be used te assign NGS leg data peints ef unknewn erigin te a specific fluvial
lithefacies under cenditiens ef ceual reck prevenance and diagenetic histery. A
sedimentaclastic (.e. sedimentary parent reck) erigin ef sediments appears te be the

main centrel en detrital cempesitien that, in turn, varies with grain size.
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INTRODUCTION

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

Adams & Weaver (1958) and Serta e a/. (1980) were among
the first to outline the use of NGS cross-plots for the
identification of clay minerals. The amount of potassium (K),
thotium (Th) and uranium (U) wete assumed to be associated
with specific minerals that can be used as indicators of the
sediment soutce ateas. Rider (1990, 1996), Hutst (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 undetstood ot quanuified and are
likely to vaty in different sedimentaty and diagenetic settings.
More importantly, chemical data for clay minerals including K,
Th ot U, lack a firm statistical base and are mostly detived from
non-resetvoir ot outcrop-specific ote deposits (Hutst 1996;
Husst & Milodowski 1996).

The applicasion of natural gamma spectrometry as an
outcrop exploration tool dates from the eatly 197@s (Cassidy
1981). Several clastic facies studies incorporated outcrop
measurements with hand-held or truck-mounted NGS tools
(Chambetlain 1984, comments by Cowan & Myers 1988; Myets
& Bristow 1989; Jordan & a/ 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 influence that detrital
composition of lithofacies may exett on NGS values. Identifi-
cation of mineralogy from the NGS log data is not our goal.
NGS log responses measured in different sandstone lithofacies
wete examined spatially and by 3D NGS cross-plots.

GEOLOGICAL SETTING

The fluvial sandstone bodies studied are part of the upper
@ligocene to lowet Miocene Téttola fluvial system (Loranca
Basin, central Spain; Fig. 1). These deposits are well exposed,
and their depositional setting is well understood (Diaz-Molina ez
al. 1989, 1995; Hatrtkamp ef al 1993; Atribas ef al 1995, 1996;
Mattinius 2000; and a series of papers on the Tértola fluvial
system in Friend & Dabrio 1996).

The deposits of the Toértola fluvial system are sedimenta-
clasuic (ie. from sedimentary parent rock) in origin, generated
during the most active infill stage of the Loranca Basin, a
continental, so-called ‘non-sequenced’ foteland basin (Gomez
et al. 1996). Such a foreland basin is typified by both a forward
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characteristics and morphology of the exhumed sandstone
bodlies have been studied following the procestures outlined by
Cuevas Gozalo & Martinius (1993). @utcrops wete selected
based on preserved sandstone-body thickness, degree of
exposure and accessibility.

In addition, we have analysed 27 samples of sandstones and
conglomerates cotresponding to the five considered lithofacies,
following the traditional methods of analysis in thin sections
that include a point-count analysis of framewotk, matrix and
cement components. Statistical results ate summatized in
Table 1. An unpublished petrological dataset (Arribas &
Tortosa, pets. comm.) has been used to complement sandstone
Fig. 1. (A) Schematized lecatien map ef Spain and (B) the pesitien compositional data.
of the Leranca Basin (medified after Diaz-Melina ¢ a/ 1989). The

bexed areas 1 and 2 refer te the distal and medial study areas shewn
in Figure 2. The rivers shewn are the appreximate pesitiens ef seme

Y. High-sinuosity rivers
\\ low-sinuostty rivers

of the main palacechannels. DISTRIBUTION OF RADIOACTIVE K, TH AND U
Potassium is common in feldspar (notably K-feldspar) and in
(or pimeyback) sequence of thrusting, and a backward thrust mica. Potassium can be common in clays like illite, but is rare in
sequence during subsequent phases of foreland basin develop- other clays like kaolinite in which the K content has no telation
ment. The provenance of the deposits of the Tortola fluvial to its mineral chemistty (Eslinger & Pevear 1988; Hurst 1999).
system is telated to the erosion of a Mesozoic succession of K tends to form discrete authigenic minetals of silt-size rather
sedimentary rocks (close to 2608 m in thickness) cropping out than adsotb on kaolinite surfaces; a process closely related to
in the Ibetian Range (Fig. 1). This succession is formed by diagenesis.
Ttiassic siliciclastics (atkosic sandstones and illitic mudstones) Thotium is stable under oxidizing conditions and generally
and dolostones, and Jutassic to Cretaceous limestones, dolo- does not pass into solution. It occurs in feldspars and dettital
stones, matls and sandstones (subatkosic sandstones to heavy mineral grains, mainly monazite (Hurst & Milodowski
quartzarenites). The Toértola deposits have only been affected 1996) and thorite (which ate often classed as micas). It is
slightly by diagenenic processes such as mechanical compaction, generally held that Th adsotbs on to the sutface of clay minetals
calcite cementation and occasional framewotk dissolution. such as kaolinite and chlotite, a process that may take place

during weathering, deposition or diagenesis. The Th content,
therefore, is assumed to vaty depending on the presence of

METHODOLOGY Th-beating detrital minetals, the availability of dissolved Th in
@utcrop NGS measurements were made along vertical profiles pote waters and the adsorption capacity of mineral surfaces.
on exposed sandstone cliff faces using a hand-held portable Hurst (1990), howevet, found that kaolinite has a vetry low
Scintrex Gad-G spectrometer. This tool measures simultane- adsorption capacity, relative to micaceous minerals and similar
ously integral (total counts) and differential (K, Th, and U to equartz. Hurst & Milodowski (1996) concluded that Th is
counts) gamma radiation (see Appendix A and B). associated with chemically resistant minerals. Th shows an

Table 1. Medal sand compesition af the five sandstone lithetaiies divided inte five grou ps

Cenglemerate and Large avalanche Large weugh-shaped sets of cress- Small treugh-shaped sets of cress- Small sets of
pehbly sandstene feresets of giant- stratified sandstene of ribben bedies stratified sandstene ef single peint-bar ripple-laminated
of multisterey bar sandstene bedics sandstene of nen-
bedics (2=2)* bedics (n=4) channelized lebe
Bettem (2=4) Tep (n=4) Bettem (2=4) Tep (n=4) bedics (2=5)
NCE 788 £ 95 66.3 £ 89 694 £ 152 541 £ 11.3 67.8 £6.2 600 £58 61W7 '£ 295
CE 104 £ 2.2 253 E£l61 16.6 £ 45 214 £ 88 19.3 + 8.5 163 £ 5.3 16.8 £ 2.5
CI 108 £ 7.4 8.4 £ 41 144 £ 17.0 24,5 + 183 12 9: 489 237 +:6.4 216 £ 1.6
Q 82.3 £ 4.5 614 + 8.1 71.2 £ 6.5 61.1 £ 6.7 727 + 8.8 67.8 £ 4.1 67.0 £ 53
¥ 24 £ 0.5 86 £ 26 87 =33 =0 £ 34 5230 10.8 + 3.8 107 £ 43
R 154 + 40 300 + 86 202 £ 50 280 £ 74 222 + 8.2 214 £ 58 22.3'£ 38
D 00 00 9.5 £ 13.0 727 £ 485 190 £ 15.8 32.2 £ 196 405 £+ 36.1 K £ 235
Lm 485 i 78 69.6 £ 11.6 6.7 £ 13.3 19.9 £ 3.9 26.5 £ 9.1 138 £11.7 175 + 86
Lsp 5.5 £ 73 209 + 6.4 200 £ 3%2 61.10 £ 164 413 £ 11.4 458 £ 278 507 £ 16.3
Q@mr 745 £ %2 852 + 42 8914k JZ19) VORGY = 6%/ 76.4 £ 51 882 £ 3.2 83.3 £:3:4
Qme V. Tl==ik ] 2m6 =k 1. 6.0 £ 34 IS oo 249 6.4 + 30 548 pLwl=3 620 = 38
[ J] 228 £ 09 122 £ 42 11.6 £ 6.0 153 £ 5.8 17.2 £ 4.2 1281 =826 107 £ 1.0

*Samples frem the sandy mawix.
Values are given in % and std per greup. NCE, nen-carbenate extrabasinal; CE, carbenate exwabasinal; CI, carbenate inwabasinal; @, quartz; F, feldspar; R, reck
fragments; D, delemite; Lm, micritic limestene; Lsp, sparitic limestene; @mr, nen-undulatery menecrystalline quartz; @me, undulatery menecrystalline quartz;

Q@p, pelycrystalline quartz.
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Fig. 2. Lecatien map ef the studicd sandstenc bedics of (1) the
distal and (2) the medial arcas of the Tértela fuvial system.

affinity fer centinental exidizing cenditiens (Rider 1996), and
therefere tends te accumulate in palacesels.

Uranium is asseciated with acid igneeus recks. It ferms
seluble salts under nen-reducing cenditiens and is feund as
part of the uranyl ien (UO,>") in tiver waters (Rider 1996). It
is stered in fluvial sediments mainly by adserptien en te
erganic matter such as plant material er animal teeth. There-
fere, high U centent is eften taken as indicating enrichment in
erganic matter. These are seccendary cempenents that de net
ferm part ef the reck-censtituting minerals. Uranium therefere
behaves as an independent facter and has a heteregenceus
distributien. The centinued selubility ef uranium makes it
susceptible te leaching and redepesitien.

DESCRIPTION OF SANDSTONE BODIES AND
DEPOSITIONAL ENVIRONMENT

The sandstene bedies studied have been classified inte genetic
types (Martinius 2000). Terminelegy applied is based en
external geemetry and largely fellews Friend e o/ (1979) and
Friend (1983). The term ‘genetic type’ characterizes and classi-
fies sandstenc bedies en the basis ef lithefacies, grain-size
distributien and geemetry. This classificatien distinguishes
sandstene bedies fermed in different sub-envirenments ef the
fluvial envirenment (cf. Schumm 1977; Friend 1978). Twe
genetic types have been selected fer the GR study frem the
medial area eof the fluvial system (relative te its apex): multi-
stercy cenglemerate-rich bedies (M1) and giant-bar sandstene
bedies (M2). Three genetic types were selected frem the distal
area (relative te the apex): ribben (D1), single peint-bar (D2),
and nen-channelized lebate sandstene bedies (D3, Fig. 2).

(M1) Multistorey conglomerate-rich bodies

Multisterey cenglemerate-rich bedies censist of up te 8 stereys,
with a tetal thickness between 3 and 12 m, with a generally
tabular geemetry and abrupt grain-size changes within and
between the stereys (Fig. 3). Each bedy censists ef a series of
lithefacies successiens (stereys), cach ef which is fermed by
enc er mere cenglemerate-rich beds, everlain by enc er mere
beds centaining treugh-shaped sets of pebbly, cress-stratified
sandstene. Cenglemerates are grain-supperted with medes
between 16-32 mm and 32-64 mm grain-size intervals. Pebbles
are mainly well-reunded carbenates (limestene and delestenc)
and suberdinate metaquartzite. The metaquartzites shew
smaller grain sizes than the framewerk cenglemerates. Occa-

sienally, seft siltstene clasts are feund greatly defermed by
mechanical cempactien. Matrix infill is fermed by medium- te
cearse-grained sub-litharenitic sand (sub-sedarenite) with less
than 3% K-feldspar. Sedimentary reck fragments include lime-
stene fragments (Table 1). The cenglemerates are partially
cemented by calcite mesaics.

Multisterey cenglemerate-rich bedies are interpreted te have
been fermed in braided channels as multiple, gravelly lengitu-
dinal bars, and as bank-attached er side bars with waning stage
channel depesits (Martinius 2000). Individual suberdinate chan-
nels were 1 te 2 m deep and streams are inferred te have had a
high-energy, discentinueus discharge regime.

(M2) Giant-bar sandstone bodies

Well preserved, iselated giant-bar sandstene bedies (very large
2D subaqueeus dunes cf. Ashley ez a/. 1990) are characterized
by a flat er slightly cencave base, a cenvex tep, a general
cearsening-up trend fellewed by a fining-up successien (Fig. 4).
The basal part is fermed by large avalanching feresets (with
fereset laminae up te 3.7 m high) while the tep part has small,
cresively-based tabular sets of cress-stratified sandstene. These
depesits are fermed by medium- te cearse-grained, well-serted
sand. Quartz is the deminant censtituent (61.4%) and appears
as subangular te subreunded menecrystalline grains. The
medal cempesitien is a sedarenite (that is cempesed ef
limestene and delestenc reck fragments) with miner ameunts
of K-feldspar (8.2%, Table 1).

Giant-bar sandstene bedies are interpreted te have been
fermed as bedferms in perennial streams experiencing censid-
erable discharge variatiens (Martinius 2000). Bedferms were
ericntated ebliquely te the mean palace-flew direction and
extended acress almest the entire width ef the channel. Their
size scaled with the channel width and was partly centrelled by
the width—depth ratie ef the channel. During lew-discharge
flews, a braided channel pattern deminated.

(D1) Ribbon sandstone bodies

Ribben sandstene bedies are characterized by an eresive basal
surface, a general fining-upward grain-size trend, frequent
internal cresien surfaces which separate distinct sceur fills,
and a cencave te planar geemectry in transverse sectien
(Diaz-Melina e al. 1989; Martinius 2000; Fig. 5). Treugh-
shaped, cress-stratified sets (2D medium- and large-scale sub-
aqueeus dunes, cf. Ashley ez a/ 1990) are the deminant
sedimentary structure. Sets can be up te 5m leng and 1.5 m
high, and are accreted at high angle. Ripple-laminated sets (2D
small-scale subaqueeus dunes, cf. Ashley e a2/ 199@) are
restricted te the upper part ef the successien. They are the
deminant sedimentary structure at the ribben margins. Sand-
stenes are cearse grained at the bettem ef the successiens and
fine grained at the tep. Sandstenes at the base exhibit 2 mere
quartzese cempesitien and larger quantities ef delemite reck
fragments, whereas sandstenes at the tep ef the successien are
mere feldspathic (mere than 10%) and centain larger ameunts
of calcitic reck fragments. The percentage ef intrabasinal
carbenates (CI) is highest in fine-grained sandstenes at the tep
of the successien (Table 1).

Ribben sandstene bedies are interpreted as single- er
multiphase channel-fill depesits fermed in lew-sinuesity te
straight, mixed-lead deminated channels (Martinius 2000).
These channels were laterally stable and fermed during peak
discharge events. The channel was rapidly infilled by sand after
discharge decreased due te avulsien and subsequent abanden-
ment. The fining-upward grain-size succession at the tep ef the
channel fill indicates gradually waning flew.
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(D2) Single point-bar sandstone bodies

Single peint-bar sandstene bedies are characterized by an
cresive basal surface, a general fining-upward grain-size trend
and the eccurrence of lateral accretien surfaces (Diaz-Melina
1993; Martinius 2000; Fig. 6). The basal part ef the sandstene
bedy censists ef a thin lag depesit and treugh-shaped sets of
cress-stratification. The upper part of the depesit censists of
cescts of ripple cress-laminatien ferming several decimetre
thick, inclined beds which are eften finer grained at the tep. At
the tep of the sandstenc bedy, beds beceme mere herizental
and acquire a ridge and swalc merphelegy beferc pinching-eut
inte fine-grained everbank depesits. Textures and grain size of
sandstenes are similar te these feund in ribben sandstene
bedies. Mercever, variatiens in sand cempesitien between the
base and tep ef the peint-bar bedies display similar trends
te thesec ebserved in ribben bedies. Hewever, significant
variatiens eccur in carbenate reck-fragment cempesitien
(Table 1).

Single peint-bar sandstene bedies are the preduct ef mean-
dering, mixed-lead deminated channels, eften with a high-

sinueus thalweg pattern (Diaz-Melina 1993; Martinius 2000).
The distinct change ef facies between the single peint-bar
sandstenes and the fine-grained depesits that fill the channel
suggests an abrupt abandenment ef the channel, either by
avulsien er cut-eff.

(D3) Non-channelized lobate sandstone bodies

Nen-channelized lebate bedies ferm tabular te wedge-shaped
bedies in transverse sectien with a sharp te gradatienal base
(Fig. 7). They generally cearsen upward in the basal partt
fellewed by a fining upward in the upper part te define a
succession cempesed of multiple sharp-based, nermally graded
beds. These bedies censist of several, medium- te fine-grained,
stacked sandstene beds which are separated by thin
(centimetre- te decimetre-scale) mudstene layers. The mest
abundant sedimentary structure feund is climbing-ripple lami-
natien, but clese te the feeder channel thin, treugh-shaped and
cress-stratified sets can be feund (Martinius 2000). Fine-grained
sandstenes predeminate in this lithefacies. Their texture and
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cempesitien are very similar te these ef the fine-grained as terminal er crevasse splays; the channelized depesits at the
sandstenes at the tep ef ribben and peint-bar bedies (Table 1). base ef the bedics were fermed in the preximal feeder channel.
The nen-channelized lebate bedies are interpreted te have -
been fermed by successive flews frem a fixed lecatien entering Depositional model
a standing bedy ef water en the fleedplain ef the distal part of The sandstene bedies are interpreted te have fermed in rivers

the fluvial system (Martinius 2008). These flews are interpreted with different discharges, sediment yiclds and channel planferm



Fig. 6. (A) Schematic transverse section
threugh a single peint-bar sandswenc

bedy shewing the spatial distributen ef
cress-stratificatien and ripple
laminatien. (B) @utcrep phewgraph
shewing lateral accretion of the upper

art of a single point-bar sandsvene
Eody, (© CorreE{tion between the NGS
leg and sedimenwry sectien eof a single
peint-bar sandswenc bedy W2) showin,
the characteristic ‘bell-shaped” medf {cf.
Serra & Sulpice 1975). K and Th values
increase wevards the vop of
tipple-laminased inclined beds that
exhibit a gradual upvard decrease
of grain size as a result of heliceidal
flews in meander bends. Fer key, see

patterns. @n the basis of their characteristics and spatial
distributiens, feur facies zenes are defined (Martinius 2000).
These fermed a centinuum aleng the Tertela fluvial system
prefile, cach being characterized by specific depesitional cen-
ditiens and (censcquently) channel-pattern styles. Gravel-rich
braided streams deminated Zenc 1. Wewn gradient, these
streams graded inte the wide, sand-deminated, braided streams
of Zenc 2, which centained large bedferms and were typified
by significant discharge variatiens. Zene 3 cemprises belts of
mixed-lead deminated meandering and lew-sinuesity channels.
Zenc 4 represents distal fleedplain areas at the tec of the fluvial
system. Stratigraphic variatiens in interpreted channel patterns
are inferred te have been caused by alternating tectenic and/er
clmatic cenditiens (Marunius 2000).

NGS LOG MOTIFS OF SANDSTONE BODIES

NGS leg metifs are frequently interpreted te reflect grain-size
trends. Serra & Sulpice (1975) defined a2 number of cemmen
metifs, reflecting the fact that radieactive cempenents are
relatively mere abundant in the clay fractien eof detriml depesits.
Fer example, the ‘bell-shaped’ metif reflects a fining-up grain-
size trend and a ‘funnel-shaped’ metif reflects a cearsening-up
grainsize trend. Wetrital mineral asseciatiens, in turn, are
cenditiened by the characteristics of their seurce recks. Sedi-
mentary precesses, such as hydredynamic serting, can preduce
cencentratiens ef specific mineral species (fer example
Jehnssen et al 1991). Suspended lead is deminated by clay
minerals and silty grains, whereas bedlead usually censists of
menemineralic and lithic grains (Jehnssen 1993). In additien,
cempesitienal serting in bedlead eccurs frem mineral density
differences when rapid changes in current velecity eccur. Grain
size in itself dees net determine natural gamma radiatien

Figure 3.

Hewever, a large dependency ef cempesitien en grain size
exists (i.e. Blatt e a/ 1980, p.301, Zuffa 1985). Prevenance and
precesses active in the depesitienal envirenment are the main
centrels (but de net enferce a direct relationship) en detrital
cempesitien ef dcpesits typified by different grainsize
distributiens.

Lithefacies reflect hydredynamic variatiens in the palace-
channel. Altheugh certain physical regularities de exist, the
detailed prediction eof grainsize distributien and grain cem-
pesitien frem NGS data alenc will be a hazardeus task and is
net the purpesc of this study. Hewever, given the fact that
general depesitional cendivens fer the abeve-described genetic
types were knewn, the prepesitien that eutcrep-derived NGS
leg metifs ceuld pessibly be a means of classifring fluvial
sandstenc bedies was tested.

Multisterey cenglemerate-rich bedies (M1) centain | ttle clay.
The preserved sediment has an everall lthic character with
limestene and delestenc pecbbles. Beundarics between stereys
are sand—sand er sand—gravel centacts, and arc net defined in
the NGS leg metifs (Fig. 3). K and Th readings decrease
slightly abeve the basal layer at seme lecadens (Fig. 3); U
readings remain censtant. These slghtly higher values are
attributed te miner ameunts ef mudstenc pebbles which may
have been creded frem the illite-rich mudstenes of the fleed-
plain (Arribas ef a/ 1995) during the initial phase of channel
fermasen. The NGS leg metifs ef the multisterey
cenglemerate-rich bedy ecxhibit enly indistinct differences
betwreen the varieus lecatiens within the bedy. At mest
lecatiens, the leg metif is ‘cylinder-shaped’ and individual
stereys are net distinguishable.

The diagnestic cearsening-upward grain-size wend, fellewed
by a shert fining-upward part ef giant-bar sandstenc bedies
M2, cf Martinius 2000), is partally reflected in the NGS leg



Fig. 7. (A) Sketch of the merphelegy
of 2 nen-channelized Jebate sandstene
bedy (B3) shewing the relative
pesitiens of NGS Jegs 1 (clesc te the
feeder channel) and 2 (disw] pesitien)
(B) @utcrep phetegraph shewing the
tine-grained ]thelegy and layered

architecture. (C) Cerrclaven between

metifs (Fig. 4). The basal scctien of the NGS leg meiifs,
cerrespending te a thalweg filled with weugh-shaped sets
of cress-stratified sand, is ‘cylinder-shaped’. Hewever, the
bedferm sensu stricte is ‘bell-shaped’.

The NGS leg metifs of the ribben sandstenc bedics (W1,
Figure 5) are determined by packages fermed by successive
sceur-fills. Generally, meving frem the centre of a channel
fill tewards the margin results in a change of leg metif. An
everall ‘cylinder-shaped” meuf is transfermed via an intermedi-
ate swge te a predeminantly ‘bell-shaped’ metif. Meving aleng
a lengitudinal axis threugh the centre of the sandstenc bedy,
leg metifs are enceuntered varying between ‘bell] ‘funnel,
and ‘cylinder-shaped’ witheut any apparent ceherent develep-
ment. At lecatien 3 (Fig. 5), a relatively large but gradual
upsurge and subscquent rapid drep in U and K values ceincides
with a gradual drep ef Th values (Fig. 5B3, shaded part). This
ceuld be interpreted as the preduct of weathering and leaching
of the sandy substratum during cpisedic palceseil alteratien
(that is prier te dcpesitien ef unit 3 in Fig. 5B3). In additien,
the marginal pesitien ef this leg within the channel fill ceuld
faveur the develepment of these precesses.

In the single peint-bar bedy (B2, Fig. ), the vertical
transitien frem weugh-shaped, cress-stratified sets te ripple-
laminated sets in laterally-accreted incl ned beds ceincides with

the sedimenwry secuens and the NGS
waces. Leg 1 cxhibiw alternasen ef
‘funnel-” and ‘bel -shaped’ metifs
theught te represent influxes of sand
during high-discharge perieds. Leg 2
exhibiw an everal. funnel-shaped’
menf, inferred te represent
pregradatien ef the terminal splay Fer
key, see Figure 3

|t ki
AEEFRTE
sl

a significant and relatively rapid increase in the NGS signal.
This is theught te berelated te a gradual upward increase in the
ameunt ef fine-grained minerals depesited in and en tep of the
inclned beds as a result of heliceidal lew in meander bends.
The tetal GR leg trace exhibiw an everall ‘bell-shaped’ log
metif (cf Serra & Sulpice 1975) which is feund te be unrelated
te the pesitien ef the leg with respect te its pesitien in the
sandstenc bedy (Fig. 6).

Separatien ef nermally graded individual beds by mud- er
siltstene is reflected by the semewhat serrated leg metif
measured in the centre of the nen-channelized lebate sandstene
bedy (B3, Fig. 7, lecatien 1). The everall ‘funnel-shaped” metif
ebscrved at lecatien 2 (Fig. 7) is mainly due te K and Th
radiatien and is interpreted as representing the pregradation of
the crevasse splay (cf Tye & Celeman 1989).

It is cencluded that NGS leg metifs can generally be
asseciated with specific fluvial depesitienal sub-envirenments
of the Tartela system. A cyl nder-shaped metif can generally be
asseciated with gradually abandened channels, a bell-shaped
metif is generally asseciated with channel bedferms, and a
funnel-shaped log metif is generally asseciated with crevasse
splays.

Petregraphic data fer the sandstenc (Table 1) and the
mudstenc (Arribas ef a/ 1995) shew that diminusen ef grain



Table 2. Computed descrivtive statistics of G R (API units), K ("), Th (o) and U (apm) values of five sandstone lithatacies

Cenglemerate and pebbly
sandstene ef multisterey
bedics

Large avalanche feresets
of giant-bar sandstene
bedics

Large treugh-shaped sets
of cre
stene of ribben bedies

Small treugh-shaped sets Small sets of ripple-

ss-sweatified sand- of cress-swatified sand- laminated sandstene eof
nen-channelized lebe

bedics

stene of single peint-bar
bedics

GR K Th 0] GR K Th U GR K Th U GR K Th 0] GR K Th u
n o0 L 90 90 377 &7 Gi7; i gyl 150 151 {51 2 21 21 21 70 70 7 70
mean 34.6 05 4.8 1 415 08 54 72 w57 Q2 5.5 14 364 [ K. 39 % 76 1% 98 24
variance 743 01 1.9 01 1074 ] 21 03 1003 0.4 3.4 02 139 ] 1.1 01 1098 ] 4.3 03
Std 86 02 1.4 03 104 02 1.4 05 10 02 1.8 0.4 357 02 18 04 105 02 2.1 05
CV () 249 412 289 301 25 204 265 444 219 222 332 315 102 193 269 323 146 165 212 274
skewness 07 1.2 05 02 [ 3] 03 05 [ K.} 07 03 11 09 —01 —03 06 —02 —03 (] 02 (]
kurtesis 217 39 2.6 %9 3.4 357 29 4.4 32 3.5 4.1 42 36 D43 2.9 157 21 26 N7 24
minimum 20.6 02 7 02 248 05 3.1 02 27 04 26 06 276 [ ) 2 05 491 8 5.6 (X
1°" quartile 281 0.4 3.8 08 353 06 48 09 389 [ R 42 1.1 345 07 34 08 0625 1.1 83 1.6
median 32.3 05 4.5 1 398 [ K} 5.8 12 447 09 5.2 13 363 [ R 4 1.3 744 12 97 2
-2 quartile 402 06 58 1.2 449 [ K} 6 1.4 514 1 6.5 16 389 09 4.3 1.5 805 3 11 23
maximum 586 1.2 8.4 1.7 686 1.2 88 27 743 1.6 123 31 447 1 6.1 1.8 909 1.6 156 3.2

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 intetvals in Table 1). The increase of Th values
could be telated to an inctreasing amount of intrabasinal clasts
(CI in Table 1) when grain size decreases. Intrabasinal grains,
supplied from erosion of floodplain mudstone, have a mixed
carbonate—illite composition (Attibas ef a/. 1995) that also may
conttibute to the increase of the K signal in fine-grained
sandstones. The presence of clay minerals may help in the
adsorsion of Th. This process is also favoured by the affinity of
Th for palacosol 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. Similatly, the
funnel-shaped motif of crevasse splays can be interpreted as a
result of the dectease of fine-grained sandstones and siltstones
(bigh K and Th values) towards the top of the succession where
medium-grained sandstones prevail (medivm K and Th values).
The low values of K and Th in multistorey conglometate-tich
bodlies could be related to the low feldspar content, appeating
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 conglometate-tich body atlocation 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 consideted.

It needs to be emphasized, however, that NGS log motifs of
genetic types are specific for each depositional system. @ne
should first define the NGS log motifs of the geneuic types that
form patt 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 predlictive tool for other
depositional systems whether these are located in the same
basin ot not. Compared with the NGS log motifs found for the
Tottola fluvial system, othet systems ate likely to have different
tresponses due to, among other factors, grain size differences,
different provenance atea(s) (that is mineral composition) and a
different diagenetic histoty. Thetefore, NGS log mouifs have to
be calibrated for each specific depositional system using the GR
tesponse to grain size, to detrital composition, to lithofacies
andl to facies associasion. In the subsutface, calibtation of NGS

log motifs can only be petformed 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 signatute (T'able 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
tipple-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 toughly in three NGS
groups (Fig. 9) aligned along 2 curved path. Data points from
the conglomerates and pebbly sandstones of multistorey bodies
(M1) are located on thelowet left-hand side of the cutve, while
the ripple-laminated sandstones associated with non-
channelized lobate bodies (D3) tend to occur towatds the
upper tight-hand side of the cutve. Large and small trough-
shaped sets of cross-stratifiedl sandstone associated with ribbon
bodies (D1) and single point bars (D2) tespectively, and
sandstones formed by avalanche fotesets 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 yaxis
(Th values) as obsetved from 3D computer visualization.
Ripple-laminated sandstone shows the largest scatter of values.
Minimal vatiance is obsetved in a plane through the g-axis (U
values) with an angle of approximately 45° with the x- and
yaxis (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 clustet 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 Buclidean distance to the centte of the cluster
as a single vatiable. Three groups emerged (Figs 8B and 1)
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which ate 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
fotresets and cross-strasificasion, and cluster 3 comptises con-
glomerates and pebbly sandstones. Comparison of both group-
ings showed that outliers of each of the three non-processed
NGS groups wete assigned to the nearest cluster duting the
non-hierarchical cluster analysis. The U values wete found to
influence the position of the groups, despite the fact that their
distribution is unreliable sue to the solubility and independent
behaviout of the uranyl ion. The outcome of the cluster analysis
therefore confitms the visually based classification.

After performing the non-hierarchial cluster analysis tech-
nique the spectral NGS disttibutions can be applied to objec-
tively classify data points from other NGS logs in a specific
lithofacies. Howevet, as in the case of the NGS log motifs of
the genetic types, the three spectral gamma-ray data groups are
specific for the Tortola depositional system. @ther depositional
systems will be characterized by a different set of descriptive
statistical parameters for spectral gamma-ray eata 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

All measurements

(A)

Fig. 8. (A) Histegrams ef K, Th and U
data per lithefacies. CGL, cenglemerate
and pebbly sandstene; AVA, sandstenc
fermed by avalanche feresets; LTR,
large treugh-shaped sets of
cress-stratified sandstene; STR, small
treugh-shaped sets of cress-stratified
sandstene; RIP, small sets of
ripple-laminated sandstene. (B)
Histegrams ef K, Th and U data per
NGS facies greup (cluster): cluster 1,
small sets of ripple-laminated sandstene;
cluster 2, small and large treugh-shaped
(B) sets of cress-stratified sandstene, and
sandstene fermed by avalanche feresets;
cluster 3, cenglemerate and pebbly
sandstene.

Cluster #1

Cluster #2

Cluster #3

All measurements

cote matetial 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 palacoenvironmental analysis (Selley 1976; Rider
1990). The premise is usually that NGS log motif reflects
variations in grain size and/or clay content. Hete, we have used
a different approach by directly comparing NGS log motif to
sedimentary analysis from rocks in outcrop (cf Myers &
Bristow 1989). Log motifs ate distinct for different environ-
ments of fluvial deposition defined previously by sedimento-
logical analysis. A set of log mouifs, obtained from matginal and
axial locations within 2 channel deposit, is required to satisfac-
totily charactetize genetic types. Howevert, current emphasis in
petroleum reservoir geology is on the definition of flow units
for fluid-flow simulasion 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 mote) flow unit(s) 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 vatiation that, in the case
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Fig. 9. Three-dimensienal cress-plet ef NGS data ef the five
sandstene lithefacies. Values were taken frem the NGS legs;
cemputed descriptive statistics are given in Table 2. Visually, they fall
inte three NGS facies greups: (1) cenglemerate and pebbly sand-
stene; (2) small and large sets of treugh-shaped cress-stratified
sandstene, and sandstenc fermed by avalanche feresets; and (3)
small sets of ripple-laminated sandstene. CGL, cenglemerate and
pebbly sandstene; AVA, sandstenc fermed by avalanche feresets;
LTR, large treugh-shaped sets of cress-stratified sandstene; STR,
small treugh-shaped sets of cress-stratified sandstene; RIP, small
sets of ripple-laminated sandstene.

of the sandstone bodies of the T6rtola fluvial system, is latgely
dependent upon lithofacies (Diaz-Molina ¢ a/. 1995; Martinius
& Nieuwenhuijs 1995). Recognition of lithofacies occurtences
based on the combination of NGS log motifs and cross-plots
and all other available data is therefote considered to be essen-
tial to define flow units. Moreovet, the relationship of a litho-
facies with depositional processes in a patticular genetic type
petmits 2 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.
Howevet, application of an independent cluster analysis tech-
nigque (desctibed above) revealed the existence of significantly
different groups (clusters) of NGS data. Compatison 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 potensial to suppott the
differentiation of flow units within a sedimentaty body.

In order to quantity the heterogeneity of lithofacies clusters
in terms of gamma radiation, statistical measutres of the three
clustets wete calculated (Table 3). They show distinct differ-
ences in standatd deviation, skewness and kurtosis between the
indivisual clusters. Compared with the visually observed spread
of data of the clusters (Fig. 10), the degree of heterogeneity is
propetly reflected in the standard deviation, ie. 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 subsut-
face reservoir rocks is expected to meet with difficulties.
Different resolutions of the vatious spectral gamma-ray tools in

Cluster #1

Clustier #3

Cluster #3
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Fig. 10. Three-dimensienal cress-plet ef NGS data after cluster
analysis. The data fall inte three NGS facies greups (clusters): cluster
1, small sets of ripple-laminated sandstene; cluster 2, small and large
treugh-shaped sets eof cress-stratified sandstene, and sandstene
fermed by avalanche feresets; cluster 3, cenglemerate and pebbly
sandstene.

Table 3. Computed descri ptive statistics #F G R (AP] units) values o three clusters

Cluster 1 Cluster 2 Cluster 3
n 83 176 107
mean 702 456 31.6
variance 97 66.4 234
Std 99 8.1 4.8
CV (") 14 18 15
skewness 01 1.7 0.4
kurtesis —09 4.3 03
minimum 49.6 34.2 4.2
median 68.6 443 30.7
maximum 90.9 82.8 458

use, and drilling and/or logging problems may significantly
decrease the reliability of the data. More importantly, however,
ancient fluvial systems are likely to have different, possibly
multiple, provenance areas which may alter NGS log motif and
cross-plot results. Thetefore, a calibration phase of the wireline
log data for each depositional system is essential (as discussed
eatliet) 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 witeline logs vetsus the volume of sand (ot
clay) measured from the XRD samples taken at subseequent
depth intervals. This will result in an increased understanding of
the mineral distribution on the witeline logs. Subsequently, a
screening phase of the NGS data involves cross-plotaing 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 Th /K and the
volume of wet clay. The resuliing scatter plot can be investi-
gated by relating the scatter points to the sedimentological
facies analysis. This may lead to the identification of clustets ot
classes that represent lithofacies.



CONCLUSIONS

NGS log motifs in the studied fluvial sandstone bodies vary
with both the type of sandstone bosy and with the position of
the log in the palacochannel fill. A sandstone body of specific
origin cannot be unigquely described by one set of NGS log
motifs, but rather by a combined set representing both matginal
as well as axial locations within the palacochannel fill. The
relationship is possibly determined by hydrodynamic conditions
in the channel during deposition of sediment. Futthermore, it is
suggested that a relation exists between the NGS log mouf of
a genetic type and the natute 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 ate mainly composed of Meso-
zoic limestone and dolostone pebbles and are typified by low
tadioactivity values of K, Th and U. Coatse- to fine-grained
sandstones are classified as sedarenites composed of variable
amounts of recycled feldspar grains (5 to 11% in QFR), detived
from Triassic and Cretaceous siliciclastic formations and intra-
basinal illitic carbonate grains. Silty, illitic mudstone lithofacies
contain variable amounts of carbonate grains (Artibas ez al.
1995). A relation exists between the detrital composition of
sandstone lithofacies and theit 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-tay values as a result of
the presence of both K-feldspar grains and clay minerals
(illite).

®f five sandstone lithofacies dissinguished 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
Nortth & Boering (1999) who didl not find a practical cotrelation
between elemental concentration and depositional environment
of facies associaions in a mixed fluvial-aeolian succession. It is
suggested that cluster analysis of NGS disttibutions of identi-
fied fluvial lithofacies may be applied to classify data points of
unknown otigin obtained from other NGS logs in specific
lithofacies given equal soutce atea and diagenetic histoty.
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APPENDIX A: METHODOLOGY

A Scinttex GSP-4s stabilized sensot with a ctystal volume of
358 cm® was used in combination with the spectrometer. The
sensot consists of a thallium-enriched sodium iodide (NaI)
crystal that is coupled to 2 photomultiplier tube. The NGS
detector was consistently placed perpendicular to a vertical, flat
rock surface allowing sufficient exposute to a constant volume
of investigation taken as approximately 271t (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
shotter sampling intervals to compare directly with well logging
tools, for example 10 to 38 cm, were measured. The counts of
the respecuive 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 measutement ertor that is assumed to be equal
to the standard deviation of the repeatability test. The measure-
ment errotr was found to be equal to 0.77, .27, 0.13 and 0.17
for TC, K, Th and U respecuvely (Table 4).

The effect of rock weatheting is considetred not to have
significantly affected the NGS data. All lithofacies were affected
by approximately equal intensity and durasion of weathering,
but maintained their disctiminant NGS signals. The fact that
the U, Th and K signals vaty significantly between the different
lithofacies indicates that NGS signals ate 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 fates wete cotrected 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 convetrted to witeline log API units using a test pit
(Setra 1986). The conversion equation for the Scinttex GSP-4s
was

GR = 14.96K + 3.81Th + 8.14U B1)

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, Thand U, as measured in the
field, wete used to compute the corresponding total GR values
using equation (B1). These total GR values were plotted versus
the total count values as actually measured. The tesulting linear
relation supplies the dimensionless conversion factor with
which to compute the corresponding API value. This constant
had 2 magnitude of 2.1.

Table 4. Computed descrivtive statistics of TC (cps), K (), Th (apm) and U ()
values o the repeatability test

TC (cps) K (%) Th (spm) U (ppm)
" 34 34 34 34
mean 52.94 7.94 (X} 003
Std 077 027 0.13 017
CvV ) 1 3 8 24

Due te the lew readings ef the U channel a large inaccuracy ef measurement
is feund, as indicated by the CV value.
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