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Abstract—The K-Ar dating of glauconite has been used as an important stratigraphic tool for many
decades. The application of this technique is limited to pure glauconites, free of detrital contamination by
K-bearing phases, often not easy to detect. This study extends the application of isotope dating to the
contaminated glauconites and offers a precise technique for detecting the detrital contamination of
glauconites.
The most common K-bearing detrital contaminants have smaller (K-feldspars, Al-rich dioctahedral

micas) or greater (trioctahedral micas) dissolution rates than glauconite in extremely low pH solutions. The
differences in the dissolution rates can be applied to evaluate the purity of the glauconite and its
crystallization age.
The interlaboratory GLO glauconite standard and grain-size fractions separated from glauconitic

sandstones of the Paleogene (sample GL) and Jurassic (sample GW8) ages were treated with acid (3 M
HCl, at 99�2ºC) for different reaction times (0.5�7 h) and measured for their apparent isotopic ages.
Microporous amorphous silica with large specific surface area is the solid product of the reaction and its

content increases with reaction time. The K-Ar dates (apparent ages) of the solid residues increase
significantly with reaction time: from 44.6 to 107 Ma for the GL sample and from 125.7 to 394.7 Ma for
GW8. The increase is negligible in the case of the GLO standard. The Rb-Sr data of the GL sample were
modeled using initial 87Sr/86Sr ratios of 0.707�0.709, which resulted in a 29.9�35.8 Ma date for the
untreated portions of GL, and ~42.6 Ma after 7 h of treatment.
The increase of isotopic K-Ar date with increasing time of dissolution is interpreted to be a result of

increasing concentration of detrital, acid-resistant, K-bearing minerals, observed also with the electron
microscope and X-ray diffraction. Probabilistic modeling based on single (K-Ar) or double (K-Ar and Rb-
Sr) isotopic systems evaluated the isotopic ages of the detrital and authigenic minerals, and their K2O and
Rb concentrations. The crystallization ages computed using these two methods are: 24.0, 26.5, and 32.3 Ma
for the GL material, and 117.3�121.8 Ma for the GW8 series.
The proposed method based on partial dissolution is a potential tool for evaluating the reliability of

glauconite dating.

Key Words—Acid Dissolution, Authigenic Minerals, Detrital Minerals, Glauconite, GLO, K-Ar
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INTRODUCTION

Since Evernden et al. (1961) identified glauconite as

being a useful mineral for K-Ar dating, it has been

utilized in geochronology. Glauconite is a ubiquitous

K-bearing clay mineral that crystallizes syndeposition-

ally in host sediments. Other K-minerals in sedimentary

rocks are either detrital, diagenetic, rare (e.g. sedimen-

tary neoformed K-feldspar, Sandler et al., 2004), or their

K-Ar dating is difficult, e.g. halides (Brookins et al.,

1980). Glauconite crystallizes on the sea floor, between

50 m and 300 m depth, often during transgression. It is

very resistant to burial diagenesis, most often surviving

without loss or gain of K and Ar. For these reasons it is

useful for dating sedimentary processes (Odin, 1988),

provided that it is not contaminated by detrital K-bearing

phases.

Odin and Matter (1981) suggested that glauconitiza-

tion starts on various granular substrates. During the first

stage, a glauconitic Fe-rich smectite appears which

recrystallizes into more micaceous particles (glauconite

s.s.). During maturation on the seafloor, the substrate

material ‘disappears’ and the K2O content increases.

Odin (1982) and Odin and Dodson (1982) suggested that

‘evolved glauconite’ (7�8% K2O) is sufficiently well

recrystallized to produce reliable K-Ar ages, because no

evidence of the presence of precursor minerals can be

found in such materials by X-ray diffraction (XRD).

The assumption that all the detrital components are

dissolved or recrystallized during the glauconitization

process may not be true in all cases. If the particles of

detrital mica are enclosed within the evolved glauconitic

grains, such mica may be non-separable using the
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standard methods of glauconite purification (Odin,

1969). In such a case the ‘Odin conditions’ are fulfilled

(K2O content, XRD characteristics, etc.) but the isotopic

K-Ar age may be significantly greater. Simple modeling

reveals that 4.4 wt.% of a Caledonian mica (K2O =

9.5 wt.%; age 500 Ma) in highly evolved Eocene

(50 Ma) glauconite (K2O = 8.5 wt.%) raises the K-Ar

age value to 75 Ma (Late Cretaceous). Such an error

(50%) can result from a detrital contamination which is

too small to be detectable by XRD or other standard

methods because of the structural similarity of glauco-

nite and other micas. Besides the amount of the detrital

phase, the error also depends on the age difference

between the glauconite and the contaminating material.

An opposite effect to the detrital K-bearing mineral

contamination has also been observed during K-Ar

dating of glauconite: dates measured are younger than

the estimated sedimentary ages. Very sophisticated

interpretations can be found in the literature (e.g.

Kelley, 2002): spontaneous Ar recoil, diagenetic effect

(illitization of smectitic glauconite layers), Ar loss from

the edges of glauconite particles, or a long glauconitiza-

tion process occurring under the sediment surface which

can last millions of years after deposition. Based on the

surface properties of glauconite, one can find much

simpler explanations that should be excluded before any

advanced interpretation. Glauconite crystallizes in mar-

ine environments, at the water-sediment interface, rich

in the K necessary for the formation of mica. As a result

one would expect K to occupy a significant proportion of

all the exchangeable sites of glauconite. The radiogenic

argon produced by that fraction of K is lost from the

structure due to dramatically reduced Ar retention on the

expandable (or external) surfaces, compared to Ar atoms

trapped within the micaceous interlayer. Thus, many

glauconites in the natural state are likely to show excess

K coming from the adsorbed K. The effect of the excess

K is presented in Figure 1, using the model of 40 Ma old

glauconite, yielding the non-exchangeable K2O content

of 7.2%. An average cation exchange value (CEC) value

of 15 meq/100 g was accepted after Manghnani and

Hower (1964). The decreasing K-Ar date and increasing

K2O are shown as functions of percent exchangeable

sites occupied by K. At full K-saturation the apparent

age drops to 36.5 Ma, while total K2O increases to 7.9%.

This simulation indicates that a saturation with other

cations (e.g. Ca, Na; details in Jackson, 1969) should

always be an essential step of glauconite pretreatment

before K-Ar dating. The effect described above does not

disprove any concept of K-Ar dates of glauconite being

too young; it merely warns about the trap to be avoided

before any advanced interpretation of the glauconite is

attempted.

While the correction for adsorbed K requires only the

cation exchange procedure, the detrital contamination

remains a difficult challenge. To solve this problem one

should remove one of the K-bearing materials. This can

be attempted by taking advantage of the difference in the

dissolution rates of various micaceous minerals. Acid

treatment is a well-known technique, commonly used for

clay-surface activation (e.g. Madejová et al., 1998;

Espantaleón et al., 2003). The acid dissolution of

phyllosilicates has been found to proceed incongruently

and to cause reorganization of the tetrahedral sheet and

its alteration to microporous silica (Madejová et al.,

1998; Temuujin et al., 2003; Hassan and Baioumy,

2006). The dissolution rates of smectites in hydrochloric

acid correlate positively with their Fe and Mg contents

(Novák and Čı́čel, 1978), so we may expect a similar

relationship for micas.

The dioctahedral Al-rich micas are less reactive than

trioctahedral, so they are more likey to occur as detrital

components in glauconitic grains. The kinetics of K

dissolution from glauconite have been well described

and modeled (Yadav et al., 2000). Differences in the

resistance against the acid attack show that glauconite is

less stable than Al-micas but significantly more stable

than trioctahedral micas (Kalinowski and Schweda,

1996; Józefaciuk and Bowanko, 2002). Thus, one can

use acid treatment for partial separation of glauconite

from its dioctahedral and trioctahedral impurities.

The acid-dissolution treatments of illite/smectite

(Aronson and Douthit t , 1986) and glauconite

(Thompson and Hower, 1973) have been applied to aid

K-Ar dating, as have various treatments before Rb-Sr

dating (Morton and Long, 1980, 1984), but those authors

did not consider their results to be the consequences of

the mineral heterogeneity of the investigated sample.

K-Ar dates given by Aronson and Douthitt (1986), after

progressive acid dissolution, did not reveal a coherent

trend. Clauer et al. (1993) treated diagenetic Fe-rich

illite with various reagents, including acids. After

reaction under mild conditions (15 min at room

temperature, 1 M HCl), which did not leach much of

the Fe, they detected no significant changes in either

Figure 1. Simulation of the apparent K/Ar isotopic age (dashed

black line) and total K2O concentration (solid gray line) in

glauconite (40 Ma old, structural K2O = 7.2%, CEC =

15 meq/100 g) as functions of % exchangeable sites occupied

by K+ cations.
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K-Ar or Rb-Sr dates, but did find a decrease in Sr

content (as described by Morton and Long, 1980),

interpreted as due to the removal of a non-silicate

component.

Assuming the coherent leaching of K, Rb, 40Ar, and
87Sr from the dissolved mineral, dating of pure,

homogenous glauconite after subsequent dissolution

steps should yield very close isotopic ages. In the

present study, samples of glauconitic grains were tested,

untreated and after partial dissolution in hydrochloric

acid. The purpose of the present study was to investigate

the homogeneity/heterogeneity of K-Ar and Rb-Sr

systems of the glauconitic grains and to estimate the

isotopic age of crystallization of glauconite in

Cretaceous and Tertiary rocks, using the balanced

‘differential calculation’ of K-Ar and Rb-Sr data

(modified approach of Chaudhuri et al., 1999) and

probabilistic models.

MATERIALS AND METHODS

Samples

The interlaboratory glauconite GLO standard (Odin,

1982), used in this study as the reference material, is

considered to be a perfectly homogenous, datable

material (Odin, 1982). Two other samples were also

investigated. Sample GL was separated from a glauco-

nite-rich rock, collected from slightly compacted quartz

sands in the Nowodwór quarry of Lubartów area (Lublin

Upland, southeastern Poland). The sample was collected

from one of the most glauconite-rich layers, from the

center of a drilling core, recovered from a 10 m deep

well, drilled in the glauconitic sand. The well did not

reach the bottom of the glauconitic bed. The thickness of

the glauconitic sand and the occasional occurrence of

phosphate minerals suggest in situ crystallization rather

than redeposition of the glauconite. Throughout the

Lubartów area, these glauconite-bearing quartz sands

overlie the Upper Eocene glauconitic sandstones, clays,

and mudstones with phosphorites. They are covered by

freshwater sands, of uncertain Miocene age (Gazda and

Karaś, 2002), or a Pleistocene till (Uberna and

Odrzywolska-Bieńkowa, 1977). The glauconite-bearing

quartz sands are 12�30 m thick and poor in carbonate,

which distinguishes them from the underlying marly

Upper Eocene glauconitic sandstones (Łozińska-Stępień

et al., 1985). Although no paleontologic record is

available, if the glauconite is autochthonous then one

might expect it to have crystallized between the Late

Eocene and the end of the Miocene (~40�5 Ma,

Gradstein et al., 2004).

The GW8 glauconite was separated from the glauco-

nite-bearing siltstone sample collected from the upper-

most bed of the Wąwał section (Tomaszów Syncline,

Central Poland; Łącka et al. 1989). The bed occurs

above the Lower Hauterivian mudstones, which overlie

the zone rich in the ammonite Didochotomites bidicho-

tomus (Leym.) (Witkowski, 1967; Kaim, 2002), but

underneath the Biała Góra series, dated for the Middle

and Upper Albian (Marcinowski and Rudowski, 1980).

Based on these stratigraphic constraints, the sedimentary

age of the glauconitic siltstone ranges from ~135 to

100 Ma (Gradstein et al., 2004).

Experimental methods

The glaucony was separated from the glauconitic

rocks by washing, ultrasonic treatment, sieving in water

suspension (63 mm sieve), drying at 60ºC, magnetic

separation, and handpicking to produce purified con-

centrates. The glauconitic sample from the Lublin

sandstone, prepared in the manner described, and

exchanged to Ca-form (see below), without further

treatment, was labeled GL Nat. An additional sieving

was used for the glauconitic sample GW8 (Wąwał

section) to produce the 0.3�0.6 mm fraction, which, in

Ca-form without additional treatments, was labeled

GW8 Nat.

Separate portions of samples GLO, GL, and GW8

were treated with 10% HCl solution at 99�2ºC, in a

water bath, for 0.5 to 7 h. The solid reaction products

were identified by the general sample name and the

number of hours of reaction (e.g. GL 7h, GLO 0.5h). The

initial solid/liquid ratio was 100 mg/mL for the sample

GL and 33 mg/mL for the samples GLO and GW8. After

the reaction, the residual solids were filtered, washed

with deionized water, dried at 60ºC, and weighed after

cooling. The <63 mm fraction, obtained after the

separation of the GL Nat sample, was also treated with

acid for 7 h, under the same conditions as the portions of

the GL sample, to produce the residual solid labeled

F 7h. No grinding or milling was used at any stage of the

separation and treatment.

Both raw and treated portions of samples were

analyzed for their mineral composition by XRD using

an X’TRA Thermo ARL diffractometer, using side-

loaded randomly oriented preparations. They were also

investigated by field emission scanning electron micro-

scopy in backscattered (BSE) and secondary electron

(SEM) modes with an energy dispersive system (EDS),

and by Fourier-transform infrared spectroscopy (FTIR)

in the 400�3800 cm�1 range, using a Bio-Rad FTS-60

instrument and the KBr pelleting method (1 mg of

glauconitic material mixed with 300 mg of dried KBr).

Atomic absorption spectrophotometry (AAS, Philips PU

9100X), was used to determine Fe in the post-reaction

solutions of the GW8 series, while in the GL solids the

concentrations of Fe, Mg, and Al were measured by AAS

after conventional dissolution in acids. The concentra-

tion of SiO2 was determined by the conventional

gravimetric method based on fusion with Na2CO3 prior

to dissolution and silica precipitation in HCl, followed

by silica evaporation by reaction with HF (modified after

Olsen, 1910). The XRD and FTIR analyses required

grinding of the sample material.
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For transmission electron microscopy (TEM) and high-

resolution TEM (HRTEM) the materials were prepared by

the embedding procedure of Tessier (1984). Natural (GL

Nat) and treated (GL 3h and GL 7h) grains were coated

with agar, saturated first with water and then with

methanol and propylene oxide to expel all water, and

then they were impregnated with Spurr’s resin. Ultrathin

sections, 70�90 nm thick, were cut by a Reichert Ultracut

microtome using a diamond knife. The HRTEM images

were obtained using a JEOL JEM-2000 FX electron

microscope at 160 kV, with 600006 magnification, with

underfocused conditions, using an objective aperture of

50 mm. The images were observed through a binocular

with 10�406 magnification.

K-Ar dating was performed at the Institute of

Geological Sciences, Polish Academy of Sciences in

Kraków, following the procedure described in detail by

Środoń et al. (2006). Each portion was split into two

aliquots: ~100 mg for K determination and ~50 mg for

Ar isotopic analysis. Potassium was determined by flame

emission spectrophotometry (Sherwood Model 420).

During K measurement, the international standards

NIST 70a and NIST 76a were used as external standards.

Argon was released and purified by an extraction method

similar to that described by Bonhomme et al. (1975).

The method involves addition of 38Ar spike and

correction for atmospheric 40Ar (36Ar/40Ar = 295.5).

The fraction of 40Ar* in total 40Ar is labeled as %40Ar*.

The samples were fused in Mo-Ta crucibles in a

resistance furnace, and the released gas was purified

using a cold-trap and Ti and Al-Zr getters. The analytical

precision was evaluated by periodic measurement of the

international standard GLO. The mean of six determina-

tions made previously is 24.99�0.20610�6 cm3/g STP

(1115.6�8.93 pmol/g), while the accepted value is

24.85�0.48610�6 cm3/g STP (1109.4�21.43 pmol/g;

Odin, 1982). The accepted concentration of K in GLO is

6.56�0.06 wt.% (Odin, 1982), while the measured K2O

concentration is 7.90�0.04 wt.% (6.56�0.03 wt.%). The

repeatability of the GLO glauconite K-Ar dates that are

calculated with the decay constants recommended by

Steiger and Jaeger (1977) is better than �2%. Because

HCl was used in the partial dissolution procedure, the
35Cl and 37Cl isotopes of the residual chlorine (if

remaining after washing and dialysis) might have been

expected to interfere with the mass spectrometer

measurement of Ar isotopes, due to the mass similarity.

The mass spectrometer resolution was checked and

found to allow measurement of the Cl and Ar isotope

peaks separately.

All materials used for the K-Ar dating were

exchanged into Ca-form (Jackson, 1969) before the

analytical work began, to remove all K from exchange-

able positions where it might have been trapped during

dissolution.

The Rb-Sr methodology of Bachli ński and

Smulikowski (2002) was applied. Portions of the

untreated material and of the solid residues from the

acid treatment (no cation exchange procedure was

applied) were dissolved in HNO3+HF+HCl solution,

and Sr and Rb were separated on chromatographic

columns filled with AG 50W-X8 resin (Bio-Rad

Laboratories, USA). Rb and Sr concentrations were

determined by the isotope dilution method using 87Rb

(50.4 ppm) + 84Sr (0.8 ppm) mixed spike. The isotope

ratios were measured using a TIMS VG Sector 54 mass

spectrometer in multi-collector dynamic mode at the

Institute of Geological Sciences, Polish Academy of

Sciences in Warsaw. The value of 86Sr/88Sr = 0.1194

was used to correct for the ion-beam fractionation.

During Sr isotope analysis, the NIST SRM 987 standard

was measured repeatedly, yielding an average ratio of
87Sr/86Sr = 0.710252�0.000011 (n = 77). No measured
87Sr/86Sr isotopic ratio exceeded the 0.004% error limit.

The concentrations of Rb and Sr were calculated from

the measured isotope ratios. The 87Rb/86Sr measurement

error is considered to be 1%.

The cation exchange capacity (CEC) was determined

by the method of Orsini and Remy (1976), employing

Co(III) hexamine chloride. The method relies on the

spectrometric measurement of the Co hexamine content

in solution using the 470 nm wavelength. The absor-

bance is inversely related to the amount of [Co(NH3)6]
3+

cation adsorbed by 0.5�1 g of the tested material after it

has been mixed with 25 mL of the Co(III) hexamine

chloride solution.

The surface area (SA) was calculated from the

adsorption and desorption isotherms of argon, measured

at 77.5 K, using the monolayer gas adsorption theory of

Brunauer, Emmett, and Teller (BET; Gregg and Sing,

1982).

Probabilistic model

Using a non-linear optimization engine from the

Premium Solver PlatformTM 8.0 (Frontline Systems Co.

(Incline Village, Nevada, USA), a probabilistic calcula-

tion model was built in a MS ExcelTM spreadsheet. The

model assumes that the studied sample is a mixture of an

authigenic glauconite and one detrital phase bearing Rb

and K, plus some contamination devoid of these

elements. Even if more than one K-bearing impurity is

present, simplifying the model and reducing the number

of degrees of freedom are necessary. The Rb/K ratio in

the glauconite may be much greater than in the detrital

mineral. The crystallization ages of both the glauconite

and the detrital mineral are assumed to be the same for

the Rb-Sr and K-Ar system, although in nature they may

show slightly different closure times due to different

properties of Sr and Ar atoms. The fraction of the

detrital mineral in a solid portion tested must be the

same for the Rb-Sr and K-Ar systems. Even though K

and Rb concentrations of the glauconite may decrease

due to reduction of the crystal thickness, one average

concentration is assumed for all the solid portions.
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The ranges of amorphous silica content are estimated

based on the decrease in K2O with respect to the

untreated portions (no amorphous silica), and on quartz

content from the SEM images and the XRD patterns. The

results were optimized based on the mean concentrations

(MIX) of Rb and K2O weighted by the wt.% of three

components of a given portion of the sample: glauconite

(GLAUC), detrital mica+K-feldspar (DETR), and amor-

phous silica plus quartz and pyrite that are inactive in

these isotopic systems (INACT):

K2OMIX ¼
K2OGLAUC �%GLAUCþK2ODETR �%DETR

100
�

1�%INACT

100

8
>:

9
>; ð1Þ

The calculation for Rb is analogous. The K and Rb

concentrations and the K-Ar and Rb-Sr isotopic ages are

the optimized values for glauconite and the detrital

mineral. The concentrations of 87Sr and 40Ar* were

calculated from the isotopic ages and 87Rb and K2O,

respectively. All these values were fitted simultaneously

for all portions of the glauconitic material. In the same

fitting run the fraction of the glauconite (GLAUC) and the

isotopically inactive impurity (INACT) were optimized

for each portion. The calculated values for each portion

were compared to the measured values of K2O and Rb

concentrations, K-Ar and Rb-Sr isotopic ages, and the Rb/

K ratio (parameters). The total error was taken as the

minimization target for the model. All details of the

probabilistic calculations are given in the Appendix.

RESULTS

Mineralogical and chemical changes during the

dissolution of glauconite

Quantitative XRD analysis (Środoń et al., 2001)

using QUANTA software (proprietary of Chevron

Energy Technology Co., Houston, Texas) revealed the

following mineral composition of the bulk glauconitic

sand from the Lublin area (the parent rock of GL

sample): glauconite 60%, dioctahedral smectite 8.2%,

dioctahedral Al-mica (2M1 polytype) 7%, quartz 19%,

and traces of kaolinite and K-feldspar (~2% each).

Match: 99.96%. The sample collected in the Wąwał

section (the parent rock of the GW8 sample) is a clayey

siltstone with shell debris consisting of quartz and

glauconite, with illite, beidellite, kaolinite, and carbo-

nates, the last being represented mainly by calcite and

siderite (Łącka et al., 1989).

The natural glauconitic material from Lublin area

(GL Nat) is an almost pure micaceous phase that belongs

to the 1M polytype (Figure 2a). The XRD pattern

displays well developed 112 and 112̄ reflections (peaks

at 3.66 Å and 3.10 Å), characteristic of the 1M polytype,

and a very sharp 001 reflection at 10.07 Å, typical of

micas. Traces of quartz can be detected in the untreated

glauconitic grains (Figures 2a, 3) which are mineralized

microfossils (Figure 3). Glauconite GW8 represents a

less mature and less structurally ordered phase

(Figure 4), with a greater smectitic component (glauco-

nite-nontronite) than GL, as shown by the broad 001

reflection at 11.2 Å. The GW8 glauconite is a mixture of

polytypes 1Md and 1M. Traces of quartz, pyrite, and

mica were observed within the untreated glauconitic

grain (Figure 5, mica identification confirmed by EDS).

According to Odin’s classification (Odin and Matter,

1981), both glauconitic materials can be considered as

evolved, datable glauconite (authigenic shapes of grains,

no traces of reworking or redeposition); the variability in

maturation is obvious, however. The ordered structure and

the K2O content of GL (7.28%) makes it close to the

highly evolved type (K2O > 8%), while GW8 (6.25%

K2O) stays on the boundary of a little-evolved glauconite

(K2O 4�6%). Such a classification, based on the K2O

content, is consistent with their structural characteristics

(Amorosi, 1997). The standard GLO glauconite is the

most evolved of the materials studied: it contains 7.9%

K2O (value averaged from several analyses).

The diffraction patterns of the untreated glauconite

portions (GL Nat – Figure 2a and GW8 Nat � Figure 4)

do not reveal any non-coincident peaks of Al-rich

dioctahedral 2:1 clay or feldspar. A weak band at

~1.50 Å, i.e. at the position of the 060 peak of Al-

dioctahedral clay (Figure 2a), may represent glauconite

(reflection 330: Brindley and Brown, 1980, p. 63).

The glauconitic material lost mass in the course of

the acid treatment (Table 1, column 2). During subse-

quent steps of dissolution, the glauconite content was

reduced while its structure remained unchanged. The

increase in background in the 15�35º2y range

(Figures 2a, 4) was caused by an increase in the amount

of X-ray amorphous silica. Traces of quartz became

more noticeable after several hours of reaction, because

of the decreasing glauconite content. The position of the

060 reflection (1.516�1.517 Å) did not shift, but

extended dissolution of the GL sample made the peak

at ~1.50 Å (characteristic position of Al-rich dioctahe-

dral micas) greater than the 1.517 Å peak (Figure 2a).

The XRD pattern of the material left after the complete

dissolution of GW8 glauconite revealed, besides quartz

content, a very small peak at 1.503 Å (Figure 4),

indicating increasing contents of discrete Al-diocta-

hedral clay. The relative increase of Al-dioctahedral

clay and probably other detrital minerals in both

glauconitic samples in the course of dissolution is

supported by the mineral composition of the <63 mm
fraction after 7 h of acid treatment (F 7h). In addition to

micas (Al-rich and glauconite) and quartz, this residual

solid contained kaolinite and K-feldspar (Figure 2b).

The acid treatment had little effect on the grain

morphology (Figure 3). BSE imaging and EDS linescans

showed that the dissolution follows cracks and depletes

the glauconitic grains of the octahedral and interlayer
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elements (Figure 3). The strongest depletion in the

dissolution zones was for Fe and Mg and less for K

and Al. These zones are significantly enriched in silicon,

up to almost 100% SiO2, with a trace amount of Al. Acid

treatment, which decreases K, Fe, and Mg in glauconitic

grains, made the insoluble phases more distinguishable

in BSE images. In the untreated portion of GW8, the

barely noticeable mica revealed chemical characteristics

very different from the surrounding glauconitic material:

greater K and smaller Fe concentrations (Figure 5).

After 1 h of dissolution, the mica particle remained less

altered than the glauconitic material. The occurrence of

unaltered Al-rich mica remained consistent with the

XRD characteristics of the 060 region (Figure 4).

The glauconitic grains of sample GL consisted of

crystals varying in thickness from 2 to ~30 nm

(Figure 6). The crystal thickness distribution of natural

glauconite (Figure 7) did not have an ideal lognormal

shape, which is characteristic of illite (Środoń et al.,

2000). The zigzag shape was probably due to imprecise

statistics (Uhlı́k et. al., 2000; Dudek et al., 2002) and the

occurrence of micaceous minerals with a crystal thick-

ness distribution different from the glauconite studied.

The dissolution caused a noticeable decrease in the mean

crystal thickness and a substantial change of the

thickness distribution shape after only 7 h of treatment

(Figure 7). The HRTEM observations also documented

the formation of an amorphous phase after 7 h of

dissolution (Figure 6c).

Significant decreases in the relative amounts of

interlayer and octahedral cations and of the CEC were

observed, while the external surface area (SA-BET; the

gas adsorption procedure does not measure the interlayer

space of expandable clays) showed the opposite trend

(Figure 8). GLO glauconite yielded the most uniform

pathways of K and Fe removal, while the GW8 series

showed some incongruent leaching. The GL series

displayed the most complicated pathway of leaching.

Figure 2. (a) XRD patterns of random preparations of glauconitic grains from the series GL, natural and after dissolution reaction (1

and 7 h). Upper right: zoom of the 060 range. (b) XRD pattern of the random preparation of the <63 mm fraction (sample GL) treated

with acid for 7 h (F 7h). The raised background at 15�30º2y represents amorphous silica. Qtz � quartz; KF � K-feldspar; M � Al-

mica; G � glauconite.

536 Derkowski et al. Clays and Clay Minerals

https://doi.org/10.1346/CCMN.2009.0570503 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.2009.0570503


Figure 3. BSE SEM images of the sample GL: (a) GL Nat � shapes of glauconite grains; (b) magnification of the marked area in

image a, showing a quartz grain (Qtz) entrapped in glauconite; (c) residual solid GL 4h � image of dissolution pattern (dark-gray

area is enriched in silica). The arrow indicates the EDS linescan; (d) Representative EDS linescans of partially dissolved grain from

part c (linescans not to scale); (e) residual solid GL 4h � dissolution follows cracks in the grain; (f) residual solid GL 7h� partially

dissolved glauconitic grain of a shell shape.
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The FTIR patterns showed evidence of increasing

amorphous silica content after increasingly long acid

treatments (Figure 9). The characteristic bands of

amorphous silica (1090, 800, 467 cm�1; Komadel,

2000) became dominant, while the presence of Fe in

the octahedral sheet (817 cm�1 � FeFeOH bending;

~680 cm�1 � Fe-O out-of-plane; ~500 cm�1 � Fe-O-Si

bending vibrations: Madejová, 2003; Srasra and

Trabelsi-Ayedi, 2000) decreased significantly with

time of dissolution. Si-O clay structure vibrations

(~1000 cm�1 � in-plane stretching Si-O vibrations;

691 cm�1 � Si-O out-of-plane vibrations; 447 cm�1 �
Si-O deformations) also decreased during the acid

treatment. The band around 430 cm�1, characteristic of

the Si-O-Mg vibration, is undetectable in spite of the

presence of Mg in the glauconite structure (Madejová et

Figure 4. XRD patterns of random preparations of glauconitic grains from the series GW8, natural and after dissolution reaction

(6 h). The raised background at the 15�30º2y range represents amorphous silica. Upper right: zoom of the 060 range, Qtz � quartz.

Table 1. Results of K-Ar dating.

Portion Proportion (wt.%)
of original mass

K2O
(wt.%)

K2O
(% of initial value)

40Ar*
(pmol/g)

% 40Ar* Age (Ma)
�2s error

GL
GL Nat 100.0 7.28 100 473.5 75.3 44.6�0.2
GL 1h 94.7 7.57 104.0 403.8 75.5 36.7�0.2
GL 3h 79.3 6.32 86.8 480.6 71.8 52.1�0.2
GL 4h 69.9 4.99 68.5 344.7 33.4 47.4�0.5
GL 7h 64.0 3.47 47.7 550.6 71.3 107.0�0.6

GLO
GLO Nat 100 7.9 A 100 1092.3 90.2 93.6�0.5
GLO Nat 100 7.9 A 100 1098.9 88.1 94.1�0.7
GLO Nat 100 7.9 A 100 1121.0 87.4 96.0�0.5
GLO 1h 74.7 5.31 67.2 772.1 58.4 98.3�1.7

GW8
GW8 Nat 100 6.25 100 1171.3 91.4 125.7�0.7
GW8 0.5h 80.6 4.93 78.9 976.5 73.7 132.6�0.9
GW8 1h 61.0 1.84 29.4 448.6 50.9 161.9�2.1
GW8 3h 54.5 0.53 8.5 238.8 27.1 288.7�6.4
GW8 4h 53.5 0.29 4.6 184.2 19.0 394.7�15.3

A default average value measured for the GLO standard.
% 40Ar* - fraction of 40Ar* in the total measured 40Ar
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al., 1998; Srasra and Trabelsi-Ayedi, 2000). The band at

3547 cm�1 is typical of the MgFe3+OH vibrations, while

the band at 3570 cm�1 comes from OH in the AlFe3+OH

group (Besson and Drits, 1997). They both decreased

remarkably in the course of the acid treatment. A broad

band at 3430 cm�1 arose from H-O-H vibrations of

adsorbed water. A weak but detectable band at

3613 cm�1 may have originated from AlAlOH and

AlMgOH pairs (Besson and Drits, 1997).

Isotope dating

K-Ar dating of the GL glauconite (Table 1) revealed

clear changes in the ratio of radiogenic argon to

potassium (40Ar* in pmol/g to K2O in wt.%) in the

solid material remaining after dissolution. After 1 h of

acid treatment the apparent age decreased from 44.6 to

36.7 Ma. After longer reaction times the apparent age

increased to 52.1 Ma (3 h), decreased slightly to 47.4 Ma

(4 h), and then increased to 107 Ma (7 h).

The Rb content in the GL series decreased slowly as

the dissolution time increased, while the Sr content

decreased significantly during 1 h of dissolution,

indicating a change in the total Rb/Sr ratio (Table 2).

The apparent age can be calculated assuming the

formation of glauconite on the seafloor, i.e. in equili-

brium with the oceanic water (Morton and Long, 1984).

Initial 87Sr/86Sr values characteristic of Phanerozoic

seawater were assumed: 0.707�0.708 for the estimation

of apparent ages from the Middle Permian to Middle

Oligocene (~260�35 Ma) and 0.708�0.709 for younger

dates (see review by Banner, 2004). The general pattern

characteristic of K-Ar ages (a decrease and then an

increase) is reproduced by the Rb-Sr dates (Table 2), but

the changes are much smaller � a nearly three-fold

increase for K-Ar, compared to a corresponding 45%

increase for Rb-Sr. The <63 mm fraction after 7 h of acid

treatment (F 7h) exhibited much older apparent ages:

between 182 Ma and 194 Ma. As the solid residue F 7h

Figure 5. BSE SEM images of the GW8 sample, illustrating minerals entrapped in the glauconite grains. Qtz � quartz, Py � pyrite.

The composition of phyllosilicate crystals, enriched in K2O and depleted in Fe2O3 with respect to the glauconite background (values

in boxes) was measured in locations marked with asterisks. Arrows mark the EDS linescans presented below the photographs.
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contains much K-bearing material (K-feldspar and

Al-rich mica, Figure 2b) of likely non-marine origin,

the range of initial 87Sr/86Sr values is probably broader

than that for the marine sediments. The Rb-Sr isotopic

ages were thus calculated using a broader range of initial
87Sr/86Sr values (0.705�0.711), considered feasible for

non-marine environments. The resulting ages of

205.9 Ma and 170.9 Ma represent possible variability

of the apparent age for that mineral mixture.

The apparent ages of the GW8 series increased

gradually from 125.7 to 394.7 Ma with increasing times

of acid treatment (Table 1). Longer acid treatment also

reduced the K content, to 0.29% K2O. The latter K2O

value is so low that it must be considered to have a large

relative error, meaning that the K-Ar apparent age of that

sample may be inaccurate.

Multiple K-Ar isotopic ages for the GLO glauconite

standard are very close but not identical. They range

from 93.6 Ma to 96 Ma, and fall within ~�2% error (std.

Figure 6. HRTEM images of the GL sample: (a) rare, thick mica

particles (>15 layers) were observed in GL Nat (~10 vol.% of all

particles); (b) GL 3h, typical glauconite particles from 3 to 7

layers per particle; thick (>15 layers) particles represent <7% of

all particles observed. (c) GL 7h showing an increased

proportion of amorphous phase (arrows). Scale bar: 10 nm.

Figure 7. Crystal-thickness distributions and their lognormal

fits for the series GL, measured using HRTEM for natural and

acid-treated portions. Tmean � mean thickness, n � number of

measurements, Alpha and Beta^2� parameters of the lognormal

distribution function fitted to the experimental data.
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dev. = 1.25) confirming a good quality K-Ar measure-

ment. The 1 h treated portion of GLO shows an apparent

age of 98.3 Ma, which is insignificantly older than the

range of K-Ar ages for the GLO standards.

Figure 8. The evolution of interlayer and octahedral cations (a) and changes in CEC, SA-BET values, and K2O content in the course

of dissolution of the GL sample (b), compared to the evolution of K and Fe in the GW8 series (c) and GLO series (d).

Figure 9. FTIR spectra of the natural and partially dissolved glauconitic grains from the GL sample.
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INTERPRETATIONS

Dissolution

Acid treatment of glauconite produces silica resi-

duum. Increasing surface area confirms that the amor-

phous silica is a microporous material. As demonstrated

by Temuujin et al. (2003) and Hassan and Baioumy

(2006), microporous silica is a product of the solid-state

transformation of the tetrahedral sheet. The acid treat-

ment preferentially releases Fe and Mg from the

glauconitic grains during the first step of reaction

(Figure 8).

The kinetics of Mg and Fe leaching from the GL

sample differ from that of K and Al. Potassium persists

almost intact during the first hour of treatment, while

other elements follow a regular dissolution path.

Treatment during subsequent hours led to the release

of K, following the same pathway as Al, but shifted

towards lower fraction values. Such relations of the

leaching curves indicated the presence of at least a two-

component system: a high Fe-Mg, low K, easily soluble

phase, present in the fresh sample besides the glauconite.

Instant dissolution of such a mineral and subsequent

slower dissolution of glauconite explain the curves

shown in Figure 8a. The CEC evolution during the

acid treatment follows strictly the changes in K2O,

excluding the first dissolution step (Figure 8b). The CEC

value of the fresh GL sample is much greater than the

values that may be predicted from the K2O curve,

indicating the dissolution of a high-CEC phase within

the first hour of reaction. All these results suggest the

presence of a Mg-Fe-phyllosilicate phase of high CEC,

thus vermiculite, nontronite, or high-Fe trioctahedral

smectite. Minor (<5%) amounts of such a phase can pass

unnoticed by XRD.

The GW8 series shows very different means of K and

Fe removal from the GL series. For the first 30 min of

acid treatment, both elements are leached in the same

fraction while a longer reaction causes removal of 5�10

relative % more Fe than K (Figure 8c). The GLO

standard glauconite is considered to be very pure and

homogenous and its pathways of K and Fe leaching are

almost identical (Figure 8d). Based on the comparison of

K and Fe leaching from pure GLO and from differently

heterogenous GL and GW8 samples, K and Fe in pure

glauconite clearly are removed congruently during acid

treatment. This statement remains in agreement with

findings by Elliott et al. (2002) and probably implies the

congruent leaching of all interlayer and octahedral

cations of glauconite.

The inhomogenous dissolution of glauconitic samples

was observed earlier and explained differently. Studying

dissolution of highly expandable glauconite-nontronite,

Thompson and Hower (1975) also observed incoherent

leaching curves, but with different configuration of the

leaching rates. In their interpretation ‘rapidly extracted

Fe, Al and Mg is present as interlayer hydroxy-
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complexes in glauconites which show apparent excess

octahedral occupancy.’ That explanation cannot be

applied to almost pure micaceous minerals investigated

in this study, because no space exists for the metal-

hydroxy complexes in the interlayer. It is contradicted

also by a significant reduction in CEC: an increase in

CEC would be expected if the hydroxyl interlayers were

leached. Srasra and Trabelsi-Ayedi (2000) suggested the

dependency of the rates of leaching on the strength of

binding between cation and oxygen, as they found the

leaching sequence Mg>Fe>Al, which corresponded to

the diminishing strength of binding. The present study

showed a more complex pathway of leaching.

Dissolution does not proceed as a regular front,

attacking grains from the outermost zones. Primary

(texture) and secondary (cracks) inhomogeneities in

glauconite grains make certain zones more susceptible

to acid attack. Besides the quartz grains, micas and

pyrite have been found incorporated in the glauconite

grains (Figures 3, 5), though only in small amounts, so

their influence on the chemical composition of solid

residues is negligible. The trace amounts of Al found in

almost pure residual silica zones indicate an incomplete

transformation of the tetrahedral sheet.

Evolution of K and Rb in the GL material follows the

same pathway, as expected from their identical crystallo-

chemical positions. But Rb is clearly released in greater

amounts than K and the Rb/K ratio of the residual solids

decreases over the course of the acid treatment. Such

relations imply smaller Rb/K ratios in the detrital phases

(enriched in residual solids) compared to the glauconite.

A large Sr content in the fresh sample (GL Nat, Table 2)

was probably caused by carbonate or phosphate impu-

rities, indicating that the natural GL portion may be so

strongly contaminated by Sr of uncertain 87Sr/86Sr initial

ratio (probably marine, post/syn-depositional), making

its Rb-Sr age difficult to determine.

K-Ar dating (detailed calculations given in the

Appendix)

A clear tendency was observed for both glauconitic

materials (GL and GW8): a general increase of K-Ar

apparent age with increasing time of acid treatment,

correlated with the decreasing amount of glauconite in

the remaining solid. The differential 40Ar* and K2O

values � the virtual concentrations in the material

dissolved (40Ar*(A–B) and K2O(A–B)) � have been

calculated using the following equations:

40ArðA�BÞ
� ¼

40ArA
� �MA �40 Ar�B �MB

MA �MB
ð2Þ

and analogous for K2O(A�B) where 40Ar* is the

concentration in a solid portion, M is the mass of the

solid portion, and the subscripts A and B indicate the

measurement before and after the dissolution step,

respectively. Using the standard isotopic age equation

and the differential 40Ar*(A-B) and K2O(A-B) values

calculated as above, the differential age (AgeD, in Ma)

can be determined:

AgeD ¼ AgeðA�BÞ ¼
1
lK

� ln
lK
lK2

�
40Ar�ðA�BÞ
40KðA�BÞ

þ 1

8
>>>:

9
>>>;� 10�6 ð3Þ

where lK and lK2 are constants of the 40K decay

(5.543610�10 and 5.81610�11, respectively). The

concentration of 40K is calculated as a fraction of total

K. The results of AgeD calculation are listed in Table 3.

Rb-Sr dating (detailed calculations are given in the

Appendix)

The Rb-Sr dates of the GL material display a similar

trend as observed for its K-Ar data: a decrease followed

by an increase (Table 2). The apparent ages calculated

upon various assumed initial ratios differ little from each

other.

Rb-Sr isotopic ages are usually derived from an

isochron, returning also the initial 87Sr/86Sr ratio (SI). In

the case of glauconite, the SI of the oceanic water of a

given geologic period can be assumed, giving the

equation:

Age ¼ 1
lRb

� ln
87Sr�86 Sr� SI

87Rb
þ 1

8
>>:

9
>>;� 10�6 ð4Þ

where lRb = 1.42610�11, 87Sr, 86Sr, and 87Rb are

derived from the data measured during Rb-Sr dating: Rb

and Sr concentrations, and 87Rb/86Sr, 87Sr/86Sr ratios,

with 85Rb/87Rb = 2.59265 (Catanzaro et al., 1969).

By analogy to the K-Ar system, the differential age of

the dissolved solid can be calculated from the measure-

ments performed before (A) and after (B) (cf. equation 2)

the dissolution step:

AgeD ¼ AgeðA�BÞ ¼
1

lRb
� ln

87SrðA�BÞ �86 SrðA�BÞ � SI
87RbðA�BÞ

þ 1

8
>>>:

9
>>>;� 10�6 ð5Þ

where values for 87Sr(A�B),
86Sr(A�B), and

87Rb(A�B) can

be calculated in analogous fashion to equation 2.

The differential ages calculated using different initial
87Sr/86Sr ratios (Table 4) show a significant variability

only for systems involving the natural sample (GL Nat).

Such variability is probably a result of the release of

non-radiogenic 87Sr from acid-soluble impurities or

adsorbed Sr.

Detrital impurities or an artifact?

While the acid treatment reveals mineral impurities

(SEM images and XRD patterns), the increase in the

K-Ar apparent age of the GL and GW8 samples after

acid treatment may reflect the increasing concentrations

of the acid-resistant detrital minerals. The contribution
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of the detrital phase to the mixed age would depend on

the differences between the crystallization ages and the

K2O contents of the glauconite and the detrital phase.

The GLO glauconite standard can be considered as

pure or almost pure homogenous glauconite not contain-

ing detrital phases that could affect the isotopic age of

the natural GLO. After 1 h of acid treatment, the K

concentration in the remaining solid decreased by ~30%

compared to the natural glauconite, producing the age of

98.3 Ma. This is not significantly greater than the pure

GLO (93.6�96.0 Ma), and can result from a measure-

ment error as well as from a very small amount of a

detrital mineral.

Comparing the untreated portions to those subjected

to acid treatment, both glauconitic materials (GL and

GW8) exhibited an increase in the K-Ar isotopic age, but

at different rates. Generally, the rate of the apparent age

increase (as % of the initial age vs. % of the mass loss) is

much greater for GL than for GW8. This greater rate

suggests a larger number of detrital component(s) and/or

a greater isotopic age difference between the glauconite

and the detrital component.

Most differential ages of the GW8 series remain

within an acceptable range of the stratigraphic con-

straints (Lower Hauterivian�Middle Albian), and have

values slightly below the K-Ar age of the untreated

glauconitic grain. Only the differential ages calculated

between the longest dissolution steps are clearly greater,

but these values have to be considered as very uncertain

due to a large error related to the small mass differences.

The general picture of the differential K-Ar dates of

the GL portions is very unclear. Some of the differential

isotopic ages are very small, some extremely large, and

one differential 40Ar* value is even negative (Table 3).

Perhaps no single explanation of that pattern exists. The

differential age is very sensitive to laboratory operation

errors. Besides the weighting error, material can be lost

during acid treatment. Filtration, washing, and the cation

exchange procedure might have led to the weight losses.

Very small K or Ar values as well as very small

masses imply large errors (e.g. differential age between

GW8 3h and GW8 4h). Assuming the operator’s

experience and precision, that part of the error can be

minimized by using a sufficiently large mass of starting

Table 3. Differential apparent ages (AgeD, Ma) calculated from K2O and 40Ar* contents (equations 2 and 3 in the text), and
masses of partially dissolved glauconitic grains.

Difference between
dissolution steps

Mass loss
(%)a

Mass loss
(g)b

K2O(A�B)

(wt.%)

40Ar(A�B)

(pmol/g)
AgeD
(Ma)

GL
GL Nat � GL 1h 5.3 0.053 2.10 1718.7 494.6
GL Nat � GL 3h 20.7 0.207 10.96 446.2 28.1
GL Nat � GL 4h 30.1 0.301 12.60 772.6 42.1
GL Nat � GL 7h 36.0 0.360 14.05 336.3 16.6
GL 1h � GL 3h 16.3 0.154 14.01 8.3 0.4
GL 1h � GL 4h 26.2 0.248 14.84 570.4 26.5
GL 1h � GL 7h 32.4 0.307 16.12 97.7 4.2
GL 3h � GL 4h 11.9 0.094 16.21 1491.3 62.8
GL 3h � GL 7h 19.3 0.153 18.24 187.6 7.1
GL 4h � GL 7h 8.4 0.059 21.48 �1889.3 n/c

GLO
GLO Nat � GLO 1hc 25.3 0.253 15.55 2063.8 89.9

GW8
GW8 Nat � GW8 0.5h 19.4 0.194 11.73 1980.6 113.6
GW8 Nat � GW8 1h 39.0 0.390 13.15 2301.7 117.7
GW8 Nat � GW8 3h 45.5 0.455 13.10 2288.2 117.4
GW8 Nat � GW8 4h 46.5 0.465 13.11 2307.1 118.3
GW8 0.5h � GW8 1h 24.3 0.196 14.55 2619.6 121.0
GW8 0.5h � GW8 3h 32.4 0.261 14.12 2516.9 119.8
GW8 0.5h � GW8 4h 33.6 0.271 14.09 2540.8 121.1
GW8 1h � GW8 3h 10.7 0.065 12.82 2207.5 115.8
GW8 1h � GW8 4h 12.3 0.075 12.90 2335.0 121.6
GW8 3h � GW8 4h 1.8 0.010 13.37 3164.4 157.4

a Mass loss during a dissolution step calculated as % of the mass before the dissolution step:
Mass loss = (MA � MB)/MA6100% where MA and MB are the masses before and after the dissolution step.
b Absolute mass loss (g) of 1 g starting material.
c Calculated using the middle value (94.1 Ma) of the untreated GLO age.
n/c � not calculated, the calculation would not make any sense.
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material (>>1 g). The sample must be kept in full

suspension during reaction with acid in order to allow all

grains to react simultaneously. The glauconitic material

cannot be ground before splitting into portions reacted

for different periods of time. The weight of splits taken

for Ar and K2O analyses is very small (20�50 mg), so

homogeneity of the portions is assumed but may not be

perfect. Therefore, a non-uniform distribution of the

detrital material in the aggregate of grains is always a

question to consider while interpreting extremely small

or large differential ages.

Nevertheless, the K-Ar apparent ages increase with

acid treatment time for both glauconitic materials, and

the Rb-Sr dates, obtained only for the GL sample,

confirm the general trend (Figure 10), undoubtedly

representing a certain mechanism rather than just a

random error. The detrital contamination seems to be the

most probable explanation, consistent with the XRD and

SEM evidence, and the comparison of K and Fe leaching

pathways (Figure 8). For such materials, the smallest

differential ages obtained from pairs of portions with

high K, Ar, and mass differences (both relative and

absolute values) should be considered as closest to the

sedimentary age. The K-Ar differential ages for the GL

series represent very chaotic and mostly unrealistic

values (see the discussion below). The majority of

differential ages of the GW8 series meet the require-

ments specified above and represent a narrow range of

ages: from 117.4 Ma to 121.1 Ma (Table 3).

Comparison of K-Ar and Rb-Sr dates for the GL

material

Two solid residues of the GL sample fall off the

general trend: the decrease in K-Ar and Rb-Sr apparent

ages after the first hour of dissolution, and a slight

reduction in the isotopic ages for GL 4h. Limited

explanations are possible while considering all the

observed facts:

(1) An inhomogeneity in the sample aliquots studied.

(2) The decrease in K-Ar and Rb-Sr dates may

suggest the presence of a highly-soluble Fe-Mg rich,

K-poor phase. If all the mass and CEC decrease after 1 h

of treatment is ascribed to this phase, its CEC can be

calculated as 60 meq/100 g. A differential age of 495 Ma

for the removed phase cannot be trusted because the

mass and the K2O differences are too small (see the

discussion above). Weathered biotite/vermiculite is a

good candidate to explain these data.

(3) A portion or one of the types of detrital

contaminants may have dissolved between the third

and fourth hour of the acid treatment, reducing the

concentration of the detrital phases in the sample.

Decreases in the Rb/K ratio with reaction time

indicated that the detrital, undissolved material con-

tained less Rb than glauconite, a reasonable interpreta-

tion, as K-feldspars and Al-micas from pegmatites or

metamorphic rocks are strongly depleted in Rb (e.g.

Stephenson, 2000). The stable rate of decrease in Rb/K

is interrupted by the GL 4h portion, yielding a Rb/K

ratio very similar to that of the GL 3h portion. This

observation correlates with a local decrease in the K-Ar

and Rb-Sr apparent ages, an exception from the general

trend of increasing apparent ages with the dissolution

time (Figure 10).

Isotopic ages measured using K-Ar and Rb-Sr

methods for solid residues from the same reactions

show the same trend but the absolute values are

distinctly different. The increase and variability of Rb-

Sr ages is much less than that of K-Ar ages; because the

Rb/K ratio of the detrital component is less than that of

the glauconite, the influence of the radiogenic 87Sr from

the detrital material on the mixed age is less than on the

detrital 40Ar*.

As mentioned previously, the most reliable differ-

ential dates are those represented by pairs of portions

representing large differences in K, Ar, Rb, Sr, and mass

(both relative and absolute values). While excluding the

differential ages based on the GL Nat portion, due to

probable occurrence of the easily soluble mineral, the

most likely candidates are the pairs GL 1h � GL 4h and

Table 4. Differential apparent Rb-Sr ages (AgeD, Ma) for the GL series, with the calculation based on equations 4 and 5.
a and b are as in Table 3.

Difference between Mass loss Mass loss 86Sr(A�B)
87Sr(A�B)

87Rb(A�B) —— Initial 87Sr/86Sr ——
dissolution steps (%)a (g)b (ppm) (ppm) (ppm) 0.707 0.708 0.709

—— AgeD (Ma) ——

GL Nat � GL 1h 5.3 0.053 2.826 2.006 3.903 144.07 93.16 42.21
GL Nat � GL 3h 20.7 0.207 2.890 2.054 25.338 30.76 22.73 14.70
GL Nat � GL 4h 30.1 0.301 2.941 2.100 39.779 36.12 30.92 25.71
GL Nat � GL 7h 36.0 0.360 2.991 2.140 53.672 33.30 29.38 25.45
GL 1h � GL 3h 16.3 0.154 0.064 0.048 21.435 10.11 9.90 9.69
GL 1h � GL 4h 26.2 0.248 0.115 0.094 35.8760 24.37 24.14 23.92
GL 1h � GL 7h 32.4 0.307 0.165 0.134 49.769 24.61 24.37 24.14
GL 3h � GL 4h 11.9 0.094 0.051 0.046 14.4412 45.53 45.28 45.03
GL 3h � GL 7h 19.3 0.153 0.1018 0.0863 28.3343 35.57 35.32 35.07
GL 4h � GL 7h 8.4 0.059 0.0503 0.0406 13.8931 25.22 24.97 24.71

Vol. 57, No. 5, 2009 Implications of glauconite dissolution for K-Ar and Rb-Sr dating 545

https://doi.org/10.1346/CCMN.2009.0570503 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.2009.0570503


GL 1h � GL 7h. Rejecting the age 4.2 Ma as unrealistic,

the other ages are 24 Ma (Rb-Sr age) and 26.5 Ma (K-Ar

age).

The solid residue F 7h can be used as the reference

for the detrital phases in the glauconitic material. The

Rb-Sr apparent age estimated for this material varies

between 170.9 Ma and 205.9 Ma if the initial 87Sr/86Sr

values used were broad, to cover the non-sedimentary

origin of the detrital minerals. F 7h represents a mixture

of the sedimentary glauconite (<40 Ma old) and the

detrital components, so the average isotopic age of the

detrital minerals must be >200 Ma and there is no reason

to believe that the detrital material in the <63 mm
fraction is very different from the detrital phases in the

glauconitic grains.

Probabilistic models

With so many variables, possible ranges, and

assumptions, calculation of the content, composition,

and isotopic age of the detrital components is difficult,

so probabilistic modeling was employed.

In the model input for the series GL (Table 5), the

portion GL Nat was rejected from the series chosen for

modeling as it fails to meet the model requirements. The

occurrence of the easily soluble old phase and the Rb

and K2O concentrations probably being much different

from the acid-resistant detrital mineral would disrupt the

calculations. Although the model is not perfect, the trend

of variability of the modeled K-Ar and Rb-Sr isotopic

ages and the evolution of modeled Rb and K2O

concentrations are very consistent with the measured

values. The isotopic ages and K2O and Rb concentra-

tions calculated for authigenic and detrital minerals

remain in agreement with other results and stratigraphic

constraints: the computed age of crystallization of

glauconite is 32.3 Ma (24 Ma and 26.5 Ma selected

from the differential ages), while the computed average

isotopic age of the K-bearing detrital mineral is

525.8 Ma. The latter apparent age probably represents

the average of the detrital mixture of K-feldspar and

Al-rich micaceous mineral.

While the Rb-Sr dating was not applied for the series

GW8 (Table 6), the optimization model yields a greater

degree of freedom (14 unknowns, 10 equations) than for

the GL series. The smaller number of constraints (no Rb-

Sr, although one more portion was used) and greater

accuracy in sample preparation and handling than for the

series GL provided an extremely small total error and a

perfect fit. The optimization for GL8 could not give a

unique solution; therefore, the most restrictive con-

straints had to be used (e.g. the range of probable

sedimentary ages was taken from the differential

equations, Table 3). The probabilistic model for the

GW8 series, involving Fe, however, did not return a

feasible solution. The Fe evolution may be affected by

pyrite and, therefore, the equations given (see Appendix)

are invalid. Various tested models, based on K2O content

and the K-Ar dates, resulted in the isotopic ages for

glauconite remaining within the range 117.3�121.8 Ma,

and for the detrital mineral within 401.3�409.7 Ma

(generally K2O >7 wt.%).

The tests conducted with the probabilistic models

revealed that the results are very sensitive to changes in

model constraints, scaling factors, and the starting

values of the optimization procedure. While the model

for the GL series did not provide a feasible solution

(modeled sedimentary age greater than the measured

age), the fit for the GW8 series is very good, probably

because of the small number of constraints. The attempt

to use probabilistic models for the evaluation of the

isotope data is promising but not conclusive, and further

testing of this approach is needed.

Figure 10. Evolution of the apparent isotopic ages and the Rb/K (610�4) ratio with increasing time of acid treatment. All Rb-Sr ages

shown were calculated using the initial 87Sr/86Sr ratio of 0.708.
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CONCLUSIONS

The sequential acid dissolution of glauconite can

reveal the presence of detrital impurities and help to

estimate the accuracy of dating. Even apparently K-Ar

datable, mature glauconite (sensu Odin and Matter,

1981) may contain undetectable K-bearing detrital

components, which can significantly increase the appar-

ent age of glauconite. All samples used for K-Ar dating

must undergo cation exchange to remove exchangeable

K+ cations from the exchange sites. The K+adsorbed can

act in an opposite fashion to the detrital impurities � by

decreasing the K-Ar isotopic age of the material studied.

The concept of acid treatment of phyllosilicates

works well only for phases with different Fe and Mg

contents. Such a limitation is not crucial for glauconite

as the most common K-bearing detrital contaminants are

trioctahedral micas (instantly soluble) or Al-rich diocta-

hedral micas and K-feldspar (much more acid-resistant

than glauconite). The conditions of reaction must be

chosen properly to dissolve a sample sequentially

(Yadav et al., 2000). Acid treatments carried out by

Morton and Long (1980) and Clauer et al. (1993) did not

show significant changes in age, due to too the mild

conditions of the reaction (room temperature, short time,

low acid concentration), even if the samples did contain

detrital impurities.

The Rb-Sr system may be less susceptible than K-Ar

to the error related to old impurities, if the Rb/K ratio is

significantly smaller for the detrital components than for

the authigenic glauconite. However, the Rb-Sr system

does not offer results in the form of a single age. The

initial 87Sr/86Sr ratio must be assumed to be the oceanic

water ratio and estimated based on a feasible range of

ages. The initial 87Sr/86Sr ratio of the detrital compo-

nents remains unknown, increasing the uncertainty in the

Rb-Sr dating.

Regardless of the dating system used, if differential

dating is applied, special attention must be paid to the

Table 5. The applied restrictions and the calculated results for the variables of the series GL introduced into the mathematical
optimization model.

Variable Model variable MIN value MAX value Calculated value

Parameters of components
Authigenic glauconite Rb (ppm) 260.0 300.0 263.5

K2O (wt.%) 7.00 7.80 7.58
Isotopic age 10.0 40.0 32.3

Detrital mineral Rb (ppm) 10.0 200.0 28.1
K2O (wt.%) 2.00 13.00 5.45
Isotopic age 170.0 1000.0 525.8

Sample composition
GL 1h Glauconite content (wt.%) 95.0 A 99.9 A 98.9

Inactive component content (wt.%) 0.1 10.0 0.1 (limit)
K-Ar apparent age (Ma) measured 36.7�0.2 36.3
Rb-Sr apparent age (Ma) measured 29.43�0.5 32.8
K2O (wt.%) measured 7.57�0.2 7.55
Rb (ppm) measured 260.9�2.6 260.9

GL 3h Glauconite content (wt.%) 80.0 A 99.9 A 80.9
Inactive component content (wt.%) 5.0 40.0 14.9
K-Ar apparent age (Ma) measured 52.1�0.2 52.4
Rb-Sr apparent age (Ma) measured 38.27�0.65 35.0
K2O (wt.%) measured 6.32�0.2 6.36
Rb (ppm) measured 214.5�2.1 214.3

GL 4h Glauconite content (wt.%) 80.0 A 99.9 A 63.9
Inactive component content (wt.%) 5.0 50.0 33.6
K-Ar apparent age (Ma) measured 47.4�0.5 47.6
Rb-Sr apparent age (Ma) measured 35.2�0.62 34.3
K2O (wt.%) measured 4.99�0.2 4.98
Rb (ppm) measured 169.1�1.7 169.1

GL 7h Glauconite content (wt.%) 60.0 A 98.0 A 39.6
Inactive component content (wt.%) 40.0 70.0 51.9
K-Ar apparent age (Ma) measured 107.0�0.6 106.9
Rb-Sr apparent age (Ma) measured 42.6�0.72 43.4
K2O (wt.%) measured 3.47�0.15 3.46
Rb (ppm) measured 106.7�1.1 106.7

A MIN and MAX values before normalization on the silica content, where %GLAUC + %DET = 100
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mass balance and accuracy of the measurement. The

potential sources of error include: (1) the loss of mass

during laboratory procedures; (2) the inhomogeneity of

the portions used; and (3) the weighing error. The

differential dating based on reactions of large sample

quantities leading to large mass differences seem to be

the most reliable. The series GL was the pilot experiment,

and was handled with less care than is now recommended

as a result of this study. The probabilistic modeling,

therefore, gave a worse fit for GL than for the series

GW8, and the differential ages for GL are also less

reliable. For the glauconitic material from the Lublin area

(sample GL), it is difficult to decide which isotopic date

is the closest to the true crystallization age: 24.0 and

26.5 Ma, calculated from the differential age equations

(Rb-Sr and K-Ar, respectively), or the age computed from

the probabilistic model (32.3 Ma). All these values

remain in agreement with the stratigraphic constraints.

The material had been classified as evolved and

apparently datable, but showed a K-Ar age of 44.6 Ma

� greater than the stratigraphic age. The GW8 material �
appearing too poor in K2O to be datable � showed a very

good consistency of the apparent age calculated from the

differential age equations and the probabilistic modeling:

119.3 Ma. This age seems very probable for the

stratigraphic age. The detrital impurity turned out to be

almost negligible for the dating of the untreated GW8

material. The standard GLO glauconite was verified as

essentially impurity-free datable glauconite.

The proposed methods based on partial dissolution,

applying probabilistic models, and differential age

calculations allow evaluation of the reliability of

glauconite dating.
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Marion Wampler, W. Burleigh Harris, and Crawford
Elliott, for many helpful suggestions. Mrs Dorota Bakows-
ka is acknowledged for her work in the laboratory. The
authors are also grateful to Stephan Hlohowskyj for his
work on the English. The present study was supported
financially by the Polish Ministry of Education and
Science, grant no. 2 P04D 034 28, by the Slovak Grant
Agency VEGA (project no. 1/3071/06), and by the internal
project no 2.5/2005 of the Institute of Geological Sciences,
Polish Academy of Sciences.

REFERENCES

Amorosi, A. (1997) Detecting compositional, spatial, and
temporal attributes of glaucony: a tool of provenance
research. Sedimentary Geology, 109, 135�153.

Aronson, J.L. and Douthitt, C.B. (1986) K/Ar systematics of an
acid-treated illite/smectite: implications for evaluating age and
crystal structure. Clays and Clay Minerals, 34, 473�482.

Table 6. The applied restrictions and an example of the calculated results for the variables of the GW8 series introduced into
the mathematical optimization model. A – see Table 5.

Variable Model variable MIN value MAX value Calculated
value

Parameters of components
Authigenic mineral K2O (wt.%) 5.5 8.0 6.29�6.36

Isotopic age 113.0 122.0 117.3�121.8
Detrital mineral K2O (wt.%) 6.0 12.0 7.29�11.09

Isotopic age 380.0 700.0 401.3�409.7

Sample composition (example)
GW8 Nat Glauconite content (wt.%) 20.0 A 99.9 A 96.1

Inactive component content (wt.%) 0.1 3.0 2.7
K-Ar apparent age (Ma) measured 125.7�0.7 125.7
K2O (wt.%) measured 6.25�0.2 6.25

GW8 0.5h Glauconite content (wt.%) 20.0 A 99.9 A 74.0
Inactive component content (wt.%) 5.0 40.0 24.0
K-Ar apparent age (Ma) measured 132.6�0.9 132.6
K2O (wt.%) measured 4.93�0.2 4.93

GW8 1h Glauconite content (wt.%) 5.0 A 99.9 A 24.9
Inactive component content (wt.%) 5.0 90.0 72.8
K-Ar apparent age (Ma) measured 161.9�2.1 161.9
K2O (wt.%) measured 1.84�0.15 1.84

GW8 3h Glauconite content (wt.%) 1.0 A 98.0 A 3.5
Inactive component content (wt.%) 5.0 98.0 93.7
K-Ar apparent age (Ma) measured 288.7�6.4 288.7
K2O (wt.%) measured 0.53�0.1 0.53

GW8 4h Glauconite content (wt.%) 0.5 A 98.0 A 0.1
Inactive component content (wt.%) 5.0 98.0 97.3
K-Ar apparent age (Ma) measured 394.7�15.3 394.7
K2O (wt.%) measured 0.29�0.1 0.29

548 Derkowski et al. Clays and Clay Minerals

https://doi.org/10.1346/CCMN.2009.0570503 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.2009.0570503
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Madejová, J. (2003) FTIR techniques in clay mineral studies.
Vibrational Spectroscopy, 31, 1�10.
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Vol. 57, No. 5, 2009 Implications of glauconite dissolution for K-Ar and Rb-Sr dating 549

https://doi.org/10.1346/CCMN.2009.0570503 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.2009.0570503


Science du Sol, 4, 269�275.
Sandler, A., Harlavan, Y., and Steinitz, G. (2004) Early

formation of K-feldspar in shallow-marine sediments at
near-surface temperatures (southern Israel): evidence from
K-Ar dating. Sedimentology, 51, 323�338.

Srasra, E. and Trabelsi-Ayedi, M. (2000) Textural properties of
acid activated glauconite. Applied Clay Science, 17, 71�84.
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APPENDIX

K-AR DATING

The standard radiometric decay equation is:

D = D0 + N6[exp(l6t) � 1] (1)

Where D is the number of atoms of the daughter

isotope (40Ar) after time t (Age), D0 is the initial number

of atoms of the daughter isotope (at t = 0), N is the number

of atoms of the parent isotope (40K) in a sample, and l is

the radioactive isotope decay constant. Once atmospheric
40Ar is removed from the calculation by measuring 36Ar

(and applying the appropriate 40Ar/36Ar ratio = 295.5),

and no initial 40Ar � except in special cases � is

considered, D0 is assumed to be zero. The pure radiogenic
40Ar, after correcting for the atmospheric 40Ar, is

conventionally labeled as 40Ar*. Only ~11% of 40K

atoms decay to 40Ar, while 89% decay to 40Ca, so the

standard equation 1 for the 40K-40Ar system is:

40Ar� ¼ lK2

lK
�40 K� ½expðlK �AgeÞ � 1� ð2Þ

where lK is the total decay constant for 40K

(5.543610�10) and lK2 is the decay constant of 40K to
40Ar (5.81610�11). The values of 40K and 40Ar* are in

moles (picomoles, micromoles). In order to obtain the

age equation from equation 2:

lK
lK2

�
40Ar�

40K
þ 1 ¼ expðlK �AgeÞ

then

lK �Age ¼ ln
lK
lK2

�
40Ar�
40K

þ 1
8
>>:

9
>>;

so, for Age in Ma the equation is:

Age ¼ 1
lK

� ln
lK
lK2

�
40Ar�
40K

þ 1
8
>>:

9
>>;� 10�6 ð3Þ

While 40Ar* is calculated from the 40Ar measured by

mass spectrometry, 40K [pmol/g] is calculated from K2O (%):

40K ¼ K2O� 0:8301
100

8
>:

9
>;�

40K
K

8
:

9
;� 1012

MWK
ð4Þ

40K/K = 0.0001167 (fraction of 40K in total K), MWK =

the molecular weight for 40K = 39.964 (the molecular

weight for total K = 39.103 can also be used).

The differential 40Ar* and K2O values � the virtual

concentrations in the material dissolved (40Ar*(A-B) and

K2O(A-B)) � were calculated using the following

equations:

40Ar�ðA�BÞ ¼
40Ar�A �MA �40 Ar�B �MB

MA �MB
ð5Þ

and
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K2OðA�BÞ ¼ K2OA �MA �K2OB �MB

MA �MB
ð6Þ

where 40Ar* and K2O correspond to the concentrations

in a solid portion, M � to the mass of the solid portion,

and the subscripts A and B indicate the measurement

before and after the dissolution step, respectively. Using

the differential 40Ar*(A–B) and K2O(A–B) values calcu-

lated above (equations 5 and 6), the differential age

(AgeD, in Ma) can be determined:

AgeD ¼ AgeðA�BÞ ¼
1
lK

� ln
lK
lK2

�
40Ar�ðA�BÞ
40KðA�BÞ

þ 1

8
>>>:

9
>>>;� 10�6 ð7Þ

Rb-Sr dating

The standard radiometric decay equation 1 for the

Rb-Sr system can be written as follows:

87Sr = 87SrINI +
87Rb6[exp(lRb6Age) � 1] (8)

where 87SrINI is the initial concentration of 87Sr for Age

= 0 (closing the isotopic system), lRb is the decay

constant (1.42610�11). The conventional notification is

not the initial 87Sr (87SrINI), but the initial
87Sr/86Sr ratio

(in this study: SI). Therefore:

87SrINI =
86Sr6SI (9)

Applying equation 9 to equation 8 and transforming it

to obtain the Age:

87Sr = 86Sr6SI + 87Rb6[exp(lRb6Age) � 1]

and

87Sr�86 Sr� SI
87Rb

þ 1 ¼ expðlRb � AgeÞ

then for Age in Ma:

Age ¼ 1
lRb

� ln
87Sr�86 Sr� SI

87Rb
þ 1

8
>>:

9
>>;� 10�6 ð10Þ

Total rubidium (Rbtotal) is formed by two major

isotopes, 85Rb and 87Rb, and their ratio is 85Rb/87Rb =

2.59265 (Catanzaro et al., 1969). Thus, the concentration

of 87Rb is calculated as:

87Rb

Rbtotal
þ

85Rb

Rbtotal
¼ 1

and

85Rb
87Rb

¼ 2:59265 )85 Rb ¼87 Rb� 2:59265

Therefore,

87Rbþ87 Rb� 2:59265

Rbtotal
¼ 1

and so,

87Rb ¼ Rbtotal
85Rb=87Rbþ 1

Since Rbtotal is determined by chemical analysis in

ppm, not moles, to transform ppm into mmol

87Rb ¼ Rbtotal
MWRb�ð85Rb=87Rbþ1Þ

ð11Þ

where MWRb is the molecular weight of total rubidium =

85.47. The values of 87Sr and 86Sr can be derived from

the 87Rb concentrations and the ratios 87Rb/86Sr and
87Sr/86Sr:

86Sr ¼
87Rb

87Rb=86Rb
ð12Þ

87Sr ¼86 Sr�87 Sr=86Sr ¼
87Rb�87 Sr=86Sr

87Rb=86Sr
ð13Þ

Using equations 12 and 13 in equation 10:

Age ¼

1
lRb

� ln

87Rb�87Sr=86Sr
87Rb=86Sr

� 87Sr
87Rb=86Sr

� SI

87Rb
þ 1

8
>>>>>>:

9
>>>>>>;

� 10�6

then

Age ¼ 1
lRb

� ln

87Rb�ð87Sr=86Sr�SIÞ
87Rb=86Sr

87Rb
þ 1

8
>>>>>>:

9
>>>>>>;

� 10�6

and, finally

Age ¼ 1
lRb

� ln
87Sr=86Sr� SIÞ

87Rb=86Sr
þ 1

8
>>>:

9
>>>;� 10�6 ð14Þ

Therefore, the Age equation in the Rb-Sr system can

utilize only the isotope ratios 87Rb/86Sr and 87Sr/86Sr,

provided conventionally by mass spectrometry analysis.

The differential values of 87Rb, 86Sr, and 87Sr and the

differential Rb-Sr isotopic age of the dissolved solid can

be calculated from the measurements performed before

(A) and after (B) the dissolution step:

87RbðA�BÞ ¼
87RbA �MA �87 RbB �MB

MA �MB
ð15Þ
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86SrðA�BÞ ¼
86SrA �MA �86 SrB �MB

MA �MB
ð16Þ

87SrðA�BÞ ¼
87SrA �MA �87 SrB �MB

MA �MB
ð17Þ

AgeD ¼ AgeðA�BÞ ¼
1

lRb
� ln

87SrðA�BÞ �86 SrðA�BÞ � SI
87RbðA�BÞ

þ 1
8
>>:

9
>>;� 10�6 ð18Þ

or

AgeD ¼ AgeðA�BÞ ¼
1

lRb
� ln

87Sr=86Sr� SI

ð87Rb=86SrÞðA�BÞ
þ 1

8
>>>>:

9
>>>>;� 10�6 ð19Þ

PROBABILISTIC CALCULATION

Part A

Variables, returned as the result of modeling, and

their limits (for the actual values see Tables 5 and 6):

(a) K-Ar and Rb-Sr isotopic age of glauconite

(AgeGLAUC) and the detrital phase (AgeDETR) and,

restricted by the pairs of the upper and lower limit,

assumed by an operator AgeGLAUC
MIN - AgeGLAUC

MAX and

AgeDETR
MIN - AgeDETR

MAX , respectively.

(b) amount of amorphous silica, quartz, and pyrite

(%INACT) � impurities inactive for the K-Ar and Rb-Sr

system, but diluting the K, Ar, Rb, and Sr concentra-

tions, with upper and lower limits (%INACTMIN,

%INACTMAX).

(c) fraction of glauconite (%GLAUC) in the sum of

glauconite and detrital K-bearing minerals (%DETR);

where

%GLAUC + %DETR = 100 (20)

and %GLAUC is limited by an operator using

%GLAUCMIN and %GLAUCMAX values.

(d) K2O content of glauconite (K2OGLAUC) and of the

detrital mineral (K2ODETR), limited manually by the

upper and lower limits: K2OGLAUC
MIN - K2OGLAUC

MAX and

K2ODETR
MIN - K2ODETR

MAX , respectively.

(e) Rb concentration in glauconite (RbGLAUC) and in

the detrital mineral (RbDETR), limited manually by the

upper and lower limits: RbGLAUC
MIN - RbGLAUC

MAX and RbDETR
MIN

� RbDETR
MAX , respectively.

Part B. Basic calculations

(1) For modeling, the following equations are used

for the K-Ar system:

Based on equation 4 and applying the modeled

variables K2OGLAUC and K2ODETR, the 40KGLAUC and
40K DETR values are calculated:

40KGLAUC ¼ K2OGLAUC � 0:8301
100

8
>:

9
>;�

40K
K

8
:

9
;� 1012

MWK

ð21Þ
and

40KDETR ¼ K2ODETR � 0:8301
100

8
>:

9
>;�

40K
K

8
:

9
;� 1012

MWK

ð22Þ
Utilizing equation 2, the modeled AgeGLAUC and

AgeDETR and values 40KGLAUC and 40K DETR calculated

as above (equations 21 and 22), the 40Ar* values for

glauconite (40Ar*GLAUC) and the detrital mineral

(40Ar*DETR) can be calculated:

40Ar�GLAUC ¼
lK2

lK
�40 KGLAUC � ½expðlK �AgeGLAUCÞ � 1� ð23Þ

and

40Ar�DETR ¼
lK2

lK
�40 KDETR � ½expðlK �AgeDETRÞ � 1� ð24Þ

Then the K2O and 40Ar* for the mixture of glauconite

and the detrital phase are calculated (K2OMIX and
40Ar*MIX), regarding the %GLAUC, %DETR, and

%INACT:

K2OMIX ¼
K2OGLAUC �%GLAUCþK2ODETR �%DETR

100
�

1�%INACT

100

8
>:

9
>; ð25Þ

40Ar�MIX ¼
40Ar�GLAUC �%GLAUCþ 40Ar�DETR �%DETR

100
�

1�%INACT

100

8
>:

9
>; ð26Þ

The 40KMIX is calculated according to equation 4:

40KMIX ¼ K2OMIX � 0:8301
100

8
>:

9
>;�

40K
K

8
:

9
;� 1012

MWK
ð27Þ

Following equation 3, the K-Ar isotopic date of the

mixture (AgeMIX
K-Ar) is calculated:

AgeK�Ar
MIX ¼ 1

lK
� ln

lK
lK2

�
40Ar�MIX
40KMIX

þ 1
8
>>:

9
>>;� 10�6 ð28Þ
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(2) For modeling, the following equations are used

for Rb-Sr:

Based on equation 11 and applying the modeled

variables RbGLAUC and RbDETR, the 87RbGLAUC and
87RbDETR values are calculated:

87RbGLAUC ¼ RbGLAUC

85Rb=87Rbþ 1
ð29Þ

and

87RbDETR ¼ RbDETR

85Rb=87Rbþ 1
ð30Þ

Based on equation 1 (for D0 = 0), and using modeled

values of AgeGLAUC and AgeDETR, and calculated
87RbGLAUC and 87RbDETR values (equations 21 and 22),

the pure radiogenic 87Sr* values for glauconite

(87Sr*GLAUC) and the detrital mineral (87Sr*DETR) are

calculated:

87Sr*GLAUC =
87RbGLAUC6[exp(lRb6AgeGLAUC) � 1] (31)

and

87Sr*DETR = 87RbDETR6[exp(lRb6AgeDETR) � 1] (32)

Finally, the total Rb and 87Sr* are calculated for the

mixture of glauconite and the detrital mineral (RbMIX,
87Sr*MIX, respectively):

RbMIX ¼
RbGLAUC �%GLAUCþ RbDETR �%DETR

100
�

1�%INACT

100

8
>:

9
>; ð33Þ

87SrMIX ¼
87SrGLAUC �%GLAUCþ87 SrDETR �%DETR

100
�

1�%INACT

100

8
>:

9
>; ð34Þ

Analogous to equation 11, the 87RbMIX is calculated

87RbMIX ¼ RbMIX

MWRb � ð85Rb=87Rbþ 1Þ ð35Þ

Transforming equation 8 or 10 for 87SrINI = 0 to

calculate the Rb-Sr isotopic date of the mixture (AgeMIX
Rb-Sr):

AgeRb�Sr
MIX ¼ 1

lRb
� ln

87Sr�MIX
87RbMIX

þ 1
8
>>:

9
>>;� 10�6 ð36Þ

Part C. Optimization

(1) For each portion of the acid-treated glauconite,

five measured values are compared with the modeled

values (equations 25, 28 and 33, 36): K2OMIX with

measured K2O (K2OMEAS), RbMIX with the measured

total Rb (RbMEAS), AgeMIX
K-Ar with the measured K-Ar

isotopic date (AgeMEAS
K-Ar ), AgeMIX

Rb-Sr with the measured

Rb-Sr isotopic age, with SI assumed as 0.7080 for all the

values (AgeMEAS
Rb-Sr ), and the Rb/K ratio of the calculated

(Rb/KMIX) and measured (Rb/KMEAS) values. The errors

(E) between the measured and modeled values were

calculated (EK2O
, ERb, EAge(K-Ar), EAge(Rb-Sr), and ERb/K,

respectively). Some errors were multiplied by the

scaling factors (ScF) of 1, 10, 100, or even 1000,

depending on the assumed accuracy of values modeled

and their absolute values.

EK2O
= (K2OMIX � K2OMEAS)

26ScF (37)

ERb = (RbMIX � RbMEAS)
26ScF (38)

EAge(K-Ar) = (AgeMIX
K-Ar � AgeMEAS

K-Ar )26ScF (39)

EAge(Rb-Sr) = (AgeMIX
Rb-Sr � AgeMEAS

Rb-Sr )26ScF (40)

ERb=K ¼
RbMIX

K2OMIX � 0:8301
� RbMEAS

K2OMEAS � 0:8301

8
>:

9
>;� ScF ð41Þ

The ERb/K is a derivative of EK2O
and ERb but was

added as an additional point of fitting.

(2) The total error for each acid-treated portion (EP)

is the sum of the errors. For the GL series, the values of

ScF were chosen as follows: for EK2O
ScF = 100, for ERb

ScF = 1, for EAge(K-Ar) ScF = 100, for EAge(Rb-Sr), ScF =

100, and for ERb/K ScF = 1000.

Ep = EK2O
+ ERb+ EAge(K-Ar) + EAge(Rb-Sr) + ERb/K (42)

Four portions of the GL series were fitted simulta-

neously. The GL Nat portion was rejected from the

calculation due to the probability of occurrence of the

additional easily soluble phase, which would break the

assumption regarding one type (or a mixture with

constant ratios of mineral concentrations) of the detrital

phase. The EP value for GL 1h (EP
GL1h), GL 3h (EP

GL3h),

GL 4h (EP
GL4h), and GL7h (EP

GL7h) were added to obtain

the total error for all portions of the GL series (EGL) used

in the modeling:

EGL = Ep
GL1h + Ep

GL3h + Ep
GL4h + Ep

GL7h (43)

(3) The EP value for the GW8 series was calculated in

an analogous way as for GL. Due to the fact that the

portions of GW8 were not measured for the Rb

concentrations and Rb-Sr isotopic date, EP is given by

the sum:

Ep = EK2O
+ EAge(K-Ar) (44)

and for EK2O
ScF=1000, while for EAge(K-Ar) ScF=1.

Five acid-treated portions of the GW8 series were

used in the modeling, thus the total error for GW8
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(EGW8) is:

EGW8 =

Ep
GWNat + Ep

GW8 0.5h + Ep
GW8 1h + Ep

GW8 3h + Ep
GW8 4h (45)

(4) All the variables listed in Part A were modeled

during the optimization runs, in order to obtain the

smallest possible EGL and EGW8 values. Once the

AgeGLAUC and AgeDETR, K2OGLAUC and K2ODETR,

RbGLAUC and RbDETR (the latter two for the GL series

only) were the single values modeled for all portions

together, e.g.:

AgeGLAUC
GL 1h = AgeGLAUC

GL 3h = AgeGLAUC
GL 4h = AgeGLAUC

GL 7h (46)

The %GLAUC, %DETR, and %INACT, and their

upper and lower limits, were different for different

portions. In such a way the chemistry and isotopic age of

the components of the glauconitic pellets (GLAUC,

DETR, and INACT) in different stages of the acid

dissolution remain the same, while their relative

proportions are allowed to change.

The probabilistic mathematical engine � gradient

non-linear Premium Solver PlatformTM 8.0 (Frontline

Systems Co.) � added to the model described above is a

common method used in various fields. All the details of

the optimization strategy were described by Fylstra et al.

(1998) and Nenov and Fylstra (2003).
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