Role of sandstone provenance in the diagenetic albitization of feldspars
A case study of the Jurassic Tera Group sandstones (Cameros Basin, NE Spain)
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ABSTRACT

The Cameros Basin (Iberian Chain, NE Spain) formed during the latest Jurassic-Early Cretaceous rifting stage in an
extensional regime characterized by high subsidence rates. Its sedimentary infill (thicker than 6000 m) has been
subdivided into eight depositional sequences (DS) mainly composed of continental sediments. DS 1 and DS 2
represent the first rifting stage (Tera Group, Tithonian), mainly formed by fluvial and lacustrine sediments.
Sandstone pewrofacies evolved from quartz-sedimentolithic in DS 1 to quartz-feldspathic in DS 2 due to the rifing
process. In DS 2, three different types of dewrital feldspars (K-feldspars, albites and polysynthetic plagioclases) with
similar sodium-rich compositions (mean: Absse Angs

albites (Ab>99%) are common. In DS 2, diagenetic albitization of both plagioclases and K-feldspars is inferred from
convensional microscopy observations, cathodoluminescence and elecaron microprobe analyses. DS 1 contains few
plagioclase grains, which show no evidence of transformation into albite. Although the albitizasion is characterized as
diageneuic it seems to be provenance-controlled since it affects the units showing higher original plagioclase/K-
feldspar ratio (DS 2), due to the greater influence of plutonic and metamorphic source areas in DS 2. Possible Na
sources are: (1) the percolation of moderate to high salinity residual brines from related alkaline lakes developed at
top of DS 2 in the eastern sector of the basin, (2) clay mineral reactions (sodium smectite to illite and chlorite)
indicated by mudstone composition in the interlayered mudstones, and (3) the replacement of dewrital sodium

plagioclases by carbonate. These three sources can be complementary.

1. Introduction

The albitization of detrital K-feldspar and plagioclase is one ofthe most
significantchanges occuning in sandstones (McBride, 1985; Morad, 1988;
Milliken, 2005) and this phenomenon considerably hinders provenance
interpretations. When albitization takes place, the grain shape of the
parent feldspar or plagioclase is preserved.

Albitization of K-feldspars and plagioclase can significantly alter the
original sandstone framework composition to form several diagenetic
products, such as calcite, kaolinite, dickite and illite, and may thus
modify pore size and geometry (Boles, 1982; Saigal et al., 1988; Morad
et al.,, 1990, 2000). Thus, identifying diagenetic albitization is essential
for petrographic studies on sandstones. Moreover, low-grade meta-
morphic rocks sometimes contain sodium-rich feldspars (Trevena and
Nash, 1981) and is often difficult to distinguish detrital grains from the
authigenic albites.

Albitization affects both calcium-plagioclase grains (e.g. Boles, 1982;
Gold, 1987; Morad et al,, 1990; Ramseyer et al., 1992) and K-feldspar
grains (e.g. Walker, 1984; Morad, 1988; Saigal etal., 1988; Aagaardet al.,

1990), though the albitization of K-feldspars usually requires a greater
burial depth (Morad et al., 1990) compared to plagioclase albitization.

In this paper, we characterize and interpret the albitization of detrital
K-feldspars and plagioclases in the Tithonian sandstones of the Tera
Group of the Cameros Basin (NE Spain, Fig. 1) as diagenetic but
provenance-related. The Tera Group ofthe Cameros Basin is an excellent
geological setting to explore the effects of the amounts and presence of
detrital plagioclase and K-feldspars on albitization versus the absence of
albitized feldspars. The possible controls of hydrothermal metamor-
phism on albitization are also discussed.

2. Geological setting

The Cameros Basin in the northemn Iberian Range (Fig. 1) forms part of
the Mesozoic Iberian Rift System (Mas et al,, 1993; Guimera et al,, 1995;
Salasetal., 2001; Mas etal., 2002). Intraplate riftingwas a consequence of
a generalized extensional regime that separated Iberia from Europe.

The Cameros Basin formed during the second rift event of the Iberian
Rift, from the Tithonian to the early Albian. The basin-fill succession of the
Cameros Basin embodies a large cycle or megasequence composed of up
to 6000 m of sediments at the depocentre. This sedimentary infill has been
divided into eight depositional sequences (Mas et al, 2002, 2003} and
consists mainly of continental sediments corresponding to alluvial and
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Fig. 1. Geological map ofthe Cameros Basin showing the areas affected by metamorphism (A and B). The position ofthe stratigraphic sections ofthe Tera Group is marked. The western
secionsofthe basin have been studied by Arribas et al. (2003). MAG: Magafia. CSP: Collado de San Pedro. SAN: San Felices. AGE: Agreda. VUR: Valdegutur, ESP: El Espino, BIA: San Blas,
ALM: Almajano, POV: La Péveda, MOV: Montenegro de Cameros. CID: Cidones. TRZ: Terrazas. Shallow alkaline lakes were located in the southern part ofthe eastemn sector ofthe basin

(sections of MAG, CSP, SAN, AGE, VUR Fig. 1). Modified by Mas et al. (2002).

lacustrine systems with scarce marineincursions (Mas et al,, 1993; Gémez
Ferndndez and Meléndez, 1994). The Tera Grouprepresents the first stage
of rifting sedimentation and comprises two depositional sequences (DS 1
and DS 2} dated as Tithonian (Mas et al., 1993; Martin Closas and Alonso
Milldn, 1998; Mas et al., 2004). The thickness and lateral continuity of DS
1 is highly variable, with a maximum thickness of 255 m close to the
locality of San Blas (BLA, Fig. 1). This depositional sequence is represented
by clastic alluvial facies and lacustrine-palustrine carbonate facies
(Agreda Fm.). DS 2 is especially thick, up to 1500 m at the depocentre
(San Felices, SAN, Fig. 1), and consists of fluvial facies that grade upwards
and laterally to carbonate lacustrine facies (Magafa and Sierra de Matute
Fms.). These lakes evolve from shallow carbonate lakes to shallow alkaline
ephemeral lakes with the presence of lenticular gypsum (Gonzilez-
Acebrdn, 2009). These shallow alkaline lakeswere located in the southern
part of the eastern sector of the basin (Sierra de Matute Fm., sections of
MAG, CSP, SAN, AGE, VUR, Fig. 1).

2.1. Siliciclastic deposits: provenance and diagenesis

As in other rifted basins (Evans, 1990; Garzan# et al, 2001, 2003),
sandstone petrofacies indicate erosion of the pre-rift sedimentary sub-
swatumn as rifing commenced, and erosion of the basement in later stages
(Gonzilez-Acebrén et al, 2007a) to give rise to a provenance cycle in a
rifted basin, that is, the typical provenance evolution in this kind of basin
(Arribas et al., 2007).

Main source areas inferred for the eastern sector of DS 1 were
sedimentary units of the Mesozoic cover (carbonates and siliciclastics),
metamorphic areas which probably correspond to the West Asturian
Leonese Zone (WAIZ) and the granites ofthe Central Iberian Zone ((1Z) at
the top of DS 1 (Gonzdlez-Acebrén et al., 2010). Source areas for the
eastern sector of SD 2 were low-grade to medium-grade metamorphic
terranes (WAIZ) and the granites of the CIZ, which presented higher
influence in DS 2, showed lower influence of the sedimentary units
(Gonzdlez-Acebrén et al, 2007a, 2010). In general, the evolution of the
western sector (Arribas et al., 2003) is equivalent to the one of the eastern
sector, but no plutonic rock fragments have been observed (Gonzilez-

Acebrén et al., 2010}, and the detrital P/K index (plagioclase/K-feldspars})
of DS 2 is lower in the western sector than in the eastern one (0.75<1.44,
Arribas et al, 2003; Gonzdlez-Acebrdn et al., 2010).

The diagenesis of the siliciclastic deposits of the Tera Group is re-
vealed by different processes and cements, which have totally
occluded the original porosity. The porosity of the sandstones (predom-
inantly subarkoses) was reduced mainly by compaction (ICOM-
PACT=0.78-0.95). This index decreases to the north of the eastern
sector of the basin. The main processes and products of eodiagenesis are: a
nonferroan and euhedral meteoric calcite, the start of mechanical com-
paction, K-feldspar replacement by kaolin and kaolin cements and K-
feldspar cements (Gonzilez-Acebrén, 2009).

During mesodiagenesis different generasions of quartz cement
precipitated, with homogenization temperatures (Th) of primary fluid
inclusions between 114 and 141 °C (Gonzdilez-Acebrén et al., 2007b).
Other mesodiagenetic phases are kaolin replacement by illite, ferroan
calcite cement and albite cement. Chemical compaction continues
throughout mesodiagenesis.

Telodiagenesis of the Tera Group deposits is related to the Alpine
orogeny. Meteoric waters entered the system, with subsequent calcitiza-
tion of ankerite and precipitation of carbonate cements in fractures
(Gonzilez-Acebrén, 2009).

The sedimentary record of the eastern sector of the Cameros Basin
was affected by a hydrothermal event during the Late Albian to the
Coniadan. Metamorphic conditions range from very low-grade (anchi-
zone) to low-grade (epizone), with temperatures of 350-370 °C at the
metamorphic peak and a maximum pressure of 1 Kbar (e.g. Casquet
etal, 1992; Barrenechea et al., 1995). Saddle ankerite, pyrite, quartz and
chlorite cements and replacements were generated during this
hydrothermal process.

3. Sampling and methods
Samples of medium-grained sandstones were collected from 15

representative stratigraphic sections of the eastern sector of the Tera
Group, and nine sections of the western sector (see Fig. 1 for locations).



Sections in the western zone have been sampled for a provenance study
by Arribas et al. (2003). Doubly polished thin (30 um) secsons were
prepared for both sectors. After a cathodoluminescence (CL)} study,
these thin sections were etched and stained using HF and sodium
cobaltinitrite for potassium feldspar identification (Chayes, 1952). The
CL study was performed using a cold cathodolumninescence instrument
(Citl MK4, conditions: 300-500 pA, 11-16 kV and 0.1-0.2 Torr). For the
microanalysical tests, we used a Jeol JXA-8900 M microprobe with four
detectors under the working conditions: 15 kV, 20nA and S pum of
diameter of the electron beam. Measured oxides were Ca0, Na,O and
K50, and mean detection limits were 290, 300 and 225 ppm for each
element.

Doubly polished thin sections were prepared without heasng and
glued to frosted glass with cyanoacrylate for the fluid inclusion study.
After pewographic analysis (conventional microscopy), selected areas of
the thin sections were cut and removed from the glass bacling in acetone.
These portions of samples were examined on a Linkam THMSG-600 stage.
Accurate measurements were only possible in four fluid inclusions due to
their very small size (1-4 um). Homogenizasion temperatures (Th) were
interpreted as minimum ensapment temperatures. No pressure correc-
tions were applied because a pressure determinasion would involve too
many error-prone assumptons (Goldstein and Reynolds, 1994).

4. Results

Threedifferent types of feldspars were identified under conventional
microscopy in the eastern sector of the Cameros Basin: (1) untwinned,
turbid K-feldspars or plagioclases (Fig. 2A); (2) untwinned bright
rectangular plagioclases riddled with fluid inclusions (Fig. 2B); and (3)
polysynthetic twinned plagioclases, also showing fluid inclusions
(Fig. 2C).

Type 1 feldspar in DS 1 is stained with sodium cobaluinitrite usually
as large grains (0.25 mm), whereas similar, finer grained (0.15 mm)
feldspars in DS 2 do not take up the stain. Thus in DS 1, type 1 is K-feldspar
(mean composition: Orgg) but presents a plagioclase composition in DS 2
(mean composition: Abgg ; Anz; Orpg). In addision, the type 1 feldspar
shows K-feldspar overgrowth (10-20 um thick) in DS 1 and albite
overgrowth in DS 2 of equivalent thickness. Finally, type 1 K-feldspar
includes microcline in DS 1 (Fig. 2D}, but it is not observed in DS 2.

Types 2 and 3 feldspars are closely associated with each other and
only appear in DS 2. Both types are non-stainable and show albite
composition (mean composition: Abg, 9 Any 5 Ory 5} and chemically pure
albite overgrowths (Ab>99%, 15-40 um thick). These types are riddled
with primary fluids inclusions, mainly all-liquid, displaying elongated
shapes parallel to the long axis of the plagioclase. Around 20% of the
fluid inclusions feature a gas bubble, with liquid to vapour ratios be-
tween 95:5 and 85:15. These fluid inclusions are 2-6 um in size.
Homogenization temperatures of cogenetic fluid inclusion assemblages
(FIAs) in albitized plagioclases (types 2 and 3} are 83-115 °C and are
consistent (more than 90% of the fluid inclusion in the fluid inclusion
assemblage homogenizing within 10-15 °C, Goldstein and Reynolds,
1994). Final melting temperatures of ice are between —16.9 and —
20.1 °C. The relicts of detrital plagioclase grains were avoided in fluid
inclusion measurements. Finally, type 3 grains commonly exhibit optical
continuity between polysynthetic twinning of the grain and overgrowth.

Microprobe analysis of feldspar grains in the eastern sector reveals
K-feldspar composition in DS 1 (mean composition: Ab; 4 Ang; Orggs),
and similar sodium-rich composition of the three feldspar typesin DS 2
(mean composition: Abgyo Angs Orys). In detail, in the lower DS 2
(Magana Fm.), 85% of the feldspars are albite (Ab 90-100%), 14%
oligoclases (Ab 70-90%) and 1% andesine (Ab 65-70%). In addition, 32%
of feldspars are chemically pure albite (Ab>99%). In the upper DS 2

Fig. 2. Photomicrographs ofthe different types of feldspars in the Tera Group (crossed nichols): A. Albitized K-feldspar (K, type 1). DS 2. B. Albitized detrital albite (Pg, type 2).DS 2. C.
Albitized polysynthetic plagioclase grain (Pg) showing well developed overgrowths (type 3). Note that cement twining ([Pg]) is optically continuous with grain twining. DS 2. D.

Microcline (M, type 1). DS 1.



(Sierra de Matute Fm.), 77% of all feldspars are albite, 18% are oligoclase
and 3% are andesine; 25% offeldspars being pure albite (Figs. 3,4 and 5).
Thus, K-feldspar is absent in the eastern sector of DS 2 and the three
types show a plagioclase composition. Medium compositional values for
DS 2 sections of the eastern sector with alkaline lacustrine deposits on
top (south area, Fig. 1) are Abg, 5 Ang; Ory4, whereas in the rest of the
studied sections of the eastern sector the values are Abggg Ang; Orag
(Appendixes 1 and 2).

In addition, K-feldspars in DS 1 (type 1) show blue luminescence
(Fig. 6A and B). The type 1 plagioclases of albitic composition of DS 2
sandstones are usually nonluminescent or show very weak remains of
blue luminescence (Fig. 6C and D). Nonluminescent areas are cormmon
in the fractured grains and on cleavage traces, generating parallel thin
nonluminescent lines in this type of feldspar (Fig. 6E and F). Relicts of
the blue luminescent sanidine (original composition before albitizason)
were detected in the type 1 plagioclases of DS 2 by backscattered
elecaron imaging (BSE) and CL. These relicts feature linear shapes and
sizes from 10 to 20 um (Fig. 7A, B and C).

Types 2 and 3 plagioclases are nonluminescent yet in rare cases
show green or blue luminescence (Figs. 6C, D, E, F; 7A, B, C, D, E, F). The
higher the Ca content (up to 35%, Figs. 4 and S) the more luminescentis
the plagioclase, whereas albites are usually completely nonluminescent
(Figs. 4 and 5). Some plagioclase grains show green and blue
luminescence in the same grain (Fig. 7E and F), with compositional
differences ranging from plagioclase to K-feldspar depending on the
colour of the luminescence. Variations in cathodoluminescence related
to polysynthetic twining are also observed (Fig. 7H). In type 3
plagioclases, backscattered electron imaging (BSE) and CL revealed
very small andesine inclusions (10-20 um) parallel to the polysynthetic
twining (Fig. 7D).

In general, the three types of plagioclase grains in DS 2 are usually
nonluminescent or show very weak luminescent rerains. Nonlumines-
cent plagioclases are represented close to the albite pole in Figs. 4A and 5,
other compositions being uncommon. On the other hand, luminescent
plagioclases usually present an albite composition, but andesines and
oligoclases are also possible compositions. Thus, luminescent plagioclases
display greater compositional dispersion.

Alteration processes differ in the three types of feldspars (Gonzilez-
Acebrén, 2009). Type 1 feldspar is replaced by kaolinite or illite. Illite
replacement gives rise to the characteristic fan morphologies of the
precursor kaolinite. Type 2 feldspar is partly replaced by illite. In type 3,
unaltered and partly illiized plagioclases are closely associated with
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Fig. 3. Composition of the Agreda Fm. (DS 1) non-albitized K-feldspars (type 1) in
relation to their cathodoluminescence colour. NL: Nonluminescent. BL: Blue
luminescent.

each other. Typical calcite replacement or cement may be seen in the
immediate vicinity of sodium-rich plagioclase grains (type 3). This
calcite presents a euhedral morphology, clear appearance, orange
luminescence and no zonation.

Similar types of feldspar are encountered in sandstones from DS 1
and DS 2 of the western sector of the Cameros Basin: K-feldspars of
type 1in DS 1 and the three types of plagioclases in DS 2. These three
types are mostly of albitic composition (63% of albites, 29% showing
very pure albite compositions: Ab>99%, Appendix A}, but there are
also type 1 non-albitized K-feldspars. Mean composition of all types of
feldspars from DS 2 of this sector is Ab;7,0 Any g Orag; (Appendix A).

X-ray diffraction analysis of the interlayered mudstones (Tables 1
and 2) indicates the presence of feldspars (until 18%) with main
reflexions at 3.19 and 3.21 A, illite and chlorite as the most common clay
minerals. Previous data of Barrenechea et al. (2001) determines a lower
grade assemblage with the presence of mixed-layered smectite-illite
(R=1, 65-85% illite layers) in the southern border of the basin (ALM,
Fig. 1).

5. Discussion
5.1. Diagenetic albitization and provenance relationship

The three types of feldspar in the Tithonian-Berriasian sandstones
(DS 2) of the rift start in the eastern sector of the Cameros Basin show a
sodium-rich plagioclase composition (Ab: 65-100%). Based on the
following evidence, this finding probably reflects a diagenetic albitiza-
tion process:

1. The absence of detrital K-feldspar indicated by sodium cobaltini-
trite staining and electron microprobe analysis.

2. The three morphological types of feldspar are very similar in
composition (mean composition: Abg4 9 Any s Ory s) rich in sodium
(Figs. 4B, SB and 8), irrespective of textural type.

3. Chemically pure albite is relatively common (Ab.ggy, Fig. 8). A
purely albitic plagioclase composition is typical of diagenetic albite
(e.g. Kastner, 1971; Boles, 1982; Waller, 1984; Saigal et al., 1988).

4. Thelack of CL. shown by most of the feldspar grains since diagenetically
albinzed feldspars are typically nonluminescent (e.g. Kastner, 1971;
Saigal et al., 1988; Ramseyer et al., 1992). Nonluminescent grains are
rich in albite and the higher their sodium contents, the lower the
luminescence (Figs. 4A and 5A).

S. Cathodoluminescence shows evidence of partial albitization (Boles,
1982; Ramseyer et al., 1992; Caja, 2004; Ochoa, 2006). The greater
compositional dispersion of luminescent plagioclase grains when
compared to nonlurminescent plagioclase grains (Figs. 4A and 5SA,
DS 2) could be the result of partial albitization of these luminescent
grains, which preserve some weak blue or green luminescence
(Fig. 6C and D). Partially blue or green luminescent grains with
nonluminescent zones along microfractures or across cleavage
planes also indicate partial albitization (Figs. 6E, F, 7A and B).
However, in some plagioclase grains, different luminescence colours
give rise to a zoned appearance (Fig. 7E and F). These are probably
igneous-zoned grains, due to the higher melting point of anorthite
versus albite, making the grain core richer in anorthite (Hurlbut and
Klein, 1990).

6. Sanidine or andesine inclusions in types 1 and 3 plagioclases
(respectively) of DS 2 can be interpreted as relicts of the original
grain composition (Fig. 7A, B, C and D). Type 1 is interpreted as
albitized detrital K-feldspars, based upon the sanidine composition of
the relicts, the turbid appearance typical of K-feldspars (Fig. 2A), the
characteristic untwinned grains and the remains of the original blue
luminescent colour of K-feldspars (Figs. 6C, D, E, F, and 7A, B and C).
No relicts were observed in type 2 plagioclase, which can be
interpreted as albitized untwinned detrital plagioclase, according to
its rectangular shape (Fig. 2B), bright appearance (Fig. 2B) and
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Fig. 4. Composition ofthe Magafia Fm. (DS 2) albitized K-feldspars and plagioclases in relation to their cathodoluminescence colour and feldspar type. NL: Nonluminescent. BL: Blue
luminescent. BGL: Blue green luminescent. GL: Green luminescent. The feldspars close to the anorthite pole are either relict K-feldspars of partially albitized grains or non-albitized

K-feldspars.

luminescence colours (nonluminescent or showing remains of green
or blue, Fig. 6C, D, E, F). Type 3 is interpreted as albitized detrital
polysynthetic plagioclase, as may be inferred from its bright
appearance (Fig. 2C) and colours of luminescence (nonluminescent
or showing remains of green or blue, Fig. 7A, B, G and H). In the grains
in which relicts were recognized, type 3 exhibited an original
andesine composition (Fig. 7D).

Feldspars in the DS 2 in the western sector of the basin usually
present the same features than in the eastern sector with the exception
of evidence 1 and 2, because the chemical composition of type 1
feldspars is sometimes K-feldspar and the mean composition of the
three types is richer in K (Ab;79 Anyg Oryg;, Appendix A) than in the
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eastern sector (Abgy 0 Ang s Ory 5, Appendix A). Thus, we deduce a lower
intensity of the albitization process in the western sector compared to
the eastern sector, which is reflected by the chemical composition of
feldspars in the western sector, with only 63% of albites.

Another possible hypothesis is the albitization of DS 2 in both basin
sectors were not diagenetic and occurred in the source rock, but no
albitized units or sodium-rich feldspar units have been described in these
areas. Although a sodium-rich unit could have existed and have been
eroded, feldspars present several different source areas for DS 2 (probably
(1Z and WALZ). In addition, type 1 feldspars are similar in both DS 1 and
DS 2, but are only albitized in DS 2, pointing to a diagenetic process.

Diagenetic albitization of DS 1 would be expected since the albitizadion
of K-feldspar is more likely at greater depths and temperatures (Morad
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Fig. 5. Composition ofthe Sierra de Matute Fm. (DS 2) albitized K-feldspars and plagioclases in relation to their cathodoluminescence colour and feldspar type. NL: Non-luminescent.

BL-GL: Blue or green luminescent. Relict K-feldspars not represented.



Fig. 6. Photomicrographs of the different types of feldspars in the Tera Group (crossed nichols and cathodoluminescence): A and B: Type 1 feldspars of potassium composition and
intense blue luminescence. Yellow luminescent grains are apatites. DS 1. Cand D: (A) Nonluminescent type 2 feldspar (detritic albite). (B) Albitized type 1 K-feldspar showing weak
blue luminescence. Note the nonluminescent areas that grow from the edges to the centre of the grain. (C) Albitized type 1 feldspar showing blue and green luminescence. (D)
Albitized type 2 feldspar (detritic albite), nonluminescent and partiallyreplaced by carbonate. (E) Albitized type 2 feldspar (detritic albite) showing green and blue zonation.E and F:
(A)Albitized type 2 feldspar (detritic albite) with remains ofits original blue luminescence. (B) Albitized type 1 feldspar partiallyreplaced by carbonate Nonluminescent areas follow

the cleavage planes. (C) Albitized type 1-feldspar showing blue luminescence.

et al., 1990). As has been explained, the source areas for the two DS were
different, with signs of a greater influence of plutonic and metamorphic
areas in DS 2 and probably different plutonic source rock compositions
(Gonzdlez-Acebrén et al., 2007a, 2010). In DS 1, plutonic source areas
probably present a potassium-rich composition, whereas a mixed
potassium and calcium-sodium composition has been interpreted for
DS 2 (Gonzdlez-Acebrén et al, 2010), implying a clear increase of the P/K

ratio in DS 2. A further line of evidence is the presence of microcline in
DS 1. Neither microcline nor albite grains of chessboard texture (related to
the albitizasion of microcline, Morad, 1988} has been observed in DS 2.
Given that DS 2 is rich in detrital plagioclases in the eastern sector
of the basin (Gonzdlez-Acebrdn et al., 2010), albitization is probably
diagenetic but its spatial and temporal distribution is controlled by
sandstone provenance. The lower albitization degree of the western

Fig.7.A, B and C: Partially albitized detrital K-feldspars and plagioclases. Notice the relicts of sanidine with the original luminescent colour. D. Albitized plagioclase showing relicts of
andesine. E and F: Plagioclase with zoned appearance. G and H: Partially albitized polysynthetic plagioclase. Microprobe compositions: Ab: albite. An: anortite. Or: ortose.
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Table 1

Semigquantitative percentage data for the main minerals detected by X-ray diffraction in
the clay mudstones ofthe eastern sector ofthe Tera Group (DS 2). Interbedded mudstones
contain feldspars (until 18%), which are probably mainly Ca-Na plagioclases due to the
position of their main reflexions (3.19 and 3.21 A). Stratigraphic sections: PRA: Pradillo,
ALMA and ARZA: Almarza, SAN: San Felices, El Espino (ESP) and Valdegutur (VUR).
Magafia: Magafia Fm. Matute: Sierra de Matute Fm.

Sample Quartz Dolomite Calcite Chlorite Gypsum Plag. Phillos. Fms.
PRA7 6 0 0 0 0 s 385 Magaiia
ALMA3 100 0 0 0 0 0 0 Magaiia
ALMA6 51 0 49 0 0 0 0 Magaiia
ALMAS 6 0 23 59 0 12 0 Magaiia
ALMA12 3 0 17 33 0 4 44 Magaiia
ALMA15 10 0 50 28 0 12 0 Magaiia
ARZA2 5 0 13 0 0 =38 Matute
ARZA4 5 0 7 27 0 8 51 Matute
ARZA8 4 0 2 46 0 7 41 Matute
1SAN2 7 0 37 0 0 12 44 Agreda
3SAN10 8 0 38 36 0 18 0 Magaiia
3SAN11 5 0 17 13 0 10 56 Magaiia
3SAN30 10 0 60 16 0 14 0 Matute
3SAN34 15 0 0 0 18 5 62 Matute
3SAN37 7 0 81 0 12 0 0 Matute
3SAN41 10 0 0 0 10 10 69 Matute
ESP101 6 0 0 0 0 0 9 Agreda
ESP102 5 0 15 0 0 B /b Magaiia
VUR108 4 25 24 0 0 0 47 Magaiia

sector can be related to the lower detrital P/K ratio of this sector
compared to the eastern one (0.75>1.44).

Minimum entrapment temperatures of the albitization fluid are 83—
115 °C. Necking down can be ruled out as a possible change after the
entrapment of fluid inclusions in plagioclases on the basis of the
consistent Th recorded in each FIA. Thus, primary all-liquid fluid
inclusions are interpreted as metastable liquids, trapped above 50 °C
showing no bubbles, probably due to problems of nucleation metasta-
bility (Goldstein and Reynolds, 1994). Assuming a geothermal gradient
of 30 °C/Km, these Th (83-115 °C) suggest a burial depth of 2100-
3170 m for plagioclase albitization consistent with a Barremian-Early
Aptian age or later. Thus, we interpret albitization as a mesodiagetic
burial process. The minimum entrapment temperatures detected
preclude a possible relationship between albitization of the eastern
sector of the Tera Group and the hydrothermal metamorphism of the
Cameros Basin. In addition, albitizasion occurs in all sections of the
eastern sector of DS 2, not only in the areas affected by metamorphism

(Fig. 1).

Table 2

Semigquantitative percentage data for phyllosilicates detected by X-ray diffraction in the
claymudstones ofthe eastern sector ofthe Tera Group (DS 2). This table is complementary
to Table 1. For example: sample ESP-101 contains 84% phyllosilicates, ofwhich 100% are
illites. Magarfia: Magafia Fm. Matute: Sierra de Matute Fm.

Sample Illite Kaolinite Chlorite Formations

PRA7 100 0 0 Magaiia (DS 2)
ALMA3 100 0 0 Magaiia (DS 2)
ALMA6 100 0 0 Magaiia (DS 2)
ALMAS 73 0 27 Magaiia (DS 2)
ALMA12 67 0 33 Magaiia (DS 2)
ALMA15 86 0 14 Magaiia (DS 2)
ARZA2 100 0 0 Matute (DS 2)
ARZA4 84 0 16 Matute (DS 2)
ARZA8 69 0 31 Matute (DS 2)
3SAN10 76 0 24 Magaiia (DS 2)
3SAN11 68 0 32 Magaiia (DS 2)
3SAN41 78 0 22 Matute (DS 2)
ESP101 100 0 0 Agreda (DS 1)
ESP102 100 0 0 Magaiia (DS 2)
VUR108 100 0 0 Magafia (DS 2)

The chronology of the albisizasion process is difficult to constrain due
to the pseudomorphic character of the albite grains. K-feldspar over-
growths are interpreted as eogenetic in origin (Gonzilez-Acebrén, 2009).
Albitizason of the K-feldspar overgrowth over type 1 feldspar (detrital K-
feldspar) may have been simultaneous to albite cement formation over
types 2 and 3 (dewital plagioclases). The op#ical continuity of polysyn-
thetic twining of the overgrowth and the grain in type 3 plagioclases could
indicate the polysynthetic cements pre-date (Morad et al,, 1990) or are
simultaneous to the albitizason process. Albite cements are post-dated by
quartz cements (Fig. 9B) and hydrothermal veins (Fig. 9C). Hydrothermal
cements infill large fractures (1-50 an) and are thought to post-date
albite cements (Fig. 9C), since these hydrothermal veins precipitated over
the albite cements. Thus, albitizason post-date eodiagenetic K-feldspars
cements and pre-date the hydrothermal metamorphism dated as Albian—
Coniacian (Casquet et al, 1992), pointing again to a mesodiagenetic
process.

Finally, the mechanism of albitization is probably a dissolution and
precipitation process (Boles, 1982; Morad, 1988; Saigal et al, 1988;
Ramseyer et al,, 1992) because the textural evidence presented in this
study reveals that albitization is guided by weakness planes like grain
fractures, cleavage traces and twining planes. The dissolution rate of
feldspars is known to be greater at such planes due to their excess
surface energy. These weak zones are conduits for the penetration of
thin water films (Morad et al., 1990).

5.2. Sodium sources

On the basis of the first and final melting temperatures observed for
primary fluid inclusions, the salinities ofthe albisization fluids are 20.15-
22.44 wt.% Nadl eq. (201, 500-224, 400 ppm) according to a NaCl-H,0
model (Bodnar, 1993). These are strongly saline fluid inclusions, but not
saline enough to be considered saturated with respect to halite. We
hypothesize that possible sources for these concensrated brines are as
residuals from evaporation, perhaps related to the alkaline lakes which
developed during the end of DS 2 in the eastern sector of the basin. No
halite precipitation has been deduced in these lakes, which is consistent
with the fluid inclusion salinity values, which are below halite
precipitation. This hypothesis agrees with the fact that only the DS 2
was affected by the albitization, because its closeness to this type of brines,
and also with the higher intensity of the albitizasion process in the eastern
sector. In addition, if we compare feldspar compositional data ofDS 2 of
the areas in which alkaline lakes were developed to the rest of the eastern
studied sectons, the sodium contents are higher in the sections with
alkaline lake deposits on top (Abgys>Abgg o, Appendixes 2 and 3, Fig. 1).
Further, the lower part of DS 2 (Magafia Fm.) is more albitized than the
upper part of DS 2 (Sierra de Matute Fm. }, which present alkaline lakes in
the southern zone. This fact indicates that the albitizason process is not
cogeneticwith the lacustrine sedimentation, because the brines needed to
percolate, evolve and reach higher depths, because albitization is more
likely at greater depths and temperatures (Morad et al,, 1990). This fact
supports also the mesodiagenetic origin of albitization.

The presence of illite/smectite mixed-layers (Barrenechea et al., 2001)
in the southern area of the basin (less affected by the metamorphism)
demonstrates the sransiion from smectite to illite, which was completed
in the rest of the study area which reached higher temperatures. Thus,
transisions from sodium smectite to illite or chlorite could also have
relieved Na.

In addition, the replacement of dewital sodium plagioclases by
carbonate (Fig. 9A) can be another complementary source of sodium
(Morad et al, 1990). Caldte cements and replacements corrode albite
overgrowths (Fig. 9B) and are precipitated in the immediate vicinity of
albisized plagioclase grains, and could thus be a by-product of calcium
plagioclase albisizasion. In addision, type 1 K-feldspar is commonly pseu-
domorphed by carbonates (Fig. 9A). Thus, the replacement of sodium
plagioclases by carbonate can be another Na source.
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6. Conclusions

Three morphological types of sodium-rich feldspars are here
identified in the rifting start stage of the Cameros Basin: untwinned
turbid feldspars (type 1), untwinned bright rectangular plagioclases
(type 2) and polysynthetic twinned plagioclases (type 3). Types 2 and 3
appear at the top of the zone corresponding to the start of rifting.

Our petrographic evidence including cathodoluminescence and
microprobe analysis, suggests a diagenetic albitizason process. Albitiza-
tion occurs in the upper part of the start of the rift record, affecting both
plagioclases and K-feldspars. Type 1 feldspar is interpreted as dewrital K-
feldspar and types 2 and 3 as detrital plagioclases. Albitization post-dated
K-feldspar cements and predated calcite cements, which probably
represent a by-product of albitizasion. This albitizasion is interpreted
here as a mesodiagenetic process, which probably occurred at burial
depths of 2100-3170 m during the Barremian-Early Aptian, on the basis
of the homogenization temperatures of primary fluid inclusions (83—
115 °C). The lower part of the rift record has not suffered this albitizasion
process and features very low plagioclase contents. We therefore consider
albisizasion as a diagenetic process but provenance-related on the basis of
a greater influence of plutonic and metamorphic source areas and a
change in plutonic source rock composition observed towards the upper
part of the record. These changes in source areas probably provided

detrital plagioclases to the sandstones and the interlayered mudstones.
Possible sources of Na brines are residuals from evaporation, perhaps
related to the alkaline lakes which developed during the end of DS 2, clay
mineral reactions (sodium smectite to illite and chlorite) and the
replacement of dewital sodium plagioclases by carbonate.
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Fig. 9. Photomicrographs of feldspars in the Tera Group (crossed nichols): A Carbonate pseudomorphic replacement of an albitized feldspar. B. The calcite cement follows the
plagioclase cement, which is corroded by the calcite cement. C. Ferroan calcite cement that corrodes the albite cement of an albitized type 2 feldspar (see arrow). D. The quartz

cement is prior to the albite cement and corroded by it.
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