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EVOLUTION OF BORON AND NITROGEN CONTENT
DURING ILLITIZATION OF BENTONITES

JAN SRODOX*
Institute of Geological Sciences PAN, Senacka 1, 31002 Krakow, Poland

Abstract—The incorporation of boron (B) and nitrogen (N) into illite is the key demand-side process
responsible for the diagenetic budget of these elements in sedimentary basins, with important implications
for pore-water chemistry, natural-gas composition, and borehole geophysics. The purpose of the present
study was to take advantage of recent advances in quantitative mineral analysis of sedimentary rocks which
have opened new possibilities for investigating this particular process. In order to avoid complications with
recycled (detrital) N and B, clays from pyroclastic horizons of sedimentary rocks (bentonites) were used.
The B and N contents in illite-smectite were measured in samples from different sedimentary basins,
representing a complete range of diagenetic alteration. The bulk-rock chemical measurements, performed
on raw rock samples in order to avoid any loss of exchangeable B and N, were referred to the contents of
illite-smectite clays and to the content of illite alone, both measured by a combination of XRD and
chemistry-based techniques.

Both B and N (as NH}) are present in illite, so their contents in illite-smectite clay increase in a more or
less linear manner with progressing illitization. Thus, during diagenesis, the illite-smectite clay is a net
consumer of B and N from the pore water. The amount of N in individual illite layers decreases during
diagenesis and the amount of B either decreases or remains stable. Bentonitic illite must acquire both B and
N from outside of the bentonite bed. In one diagenetic cycle, bentonitic illite fixes up to 800—1000 ppm B

and up to >1% N expressed as (NH,4),0, corresponding to >20% of the fixed cation sites.
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INTRODUCTION

Boron (B) and nitrogen (N) are two elements present
in clastic sedimentary rocks in small quantities (typically
<<1%), which most often are held by the illite+smectite
fraction of the rock (see Spivack et al., 1987, for B;
Williams and Ferrell, 1991; Lindgreen et al., 2000, for
N). The main interest in B behavior in the course of post-
sedimentary alterations is generated by hydrochemists,
who observe elevated concentrations of B in oilfield
brines and other evolved diagenetic waters (e.g. Collins,
1975; Zuber and Chowaniec, 2009, and literature cited
therein), and log analysts, because of the major effect of
B on the response of neutron tools (e.g. Ellis and Singer,
2007; Zorski et al., in press). Studies of N in clays are
most often aimed at using it as an indicator of the
reactions generating hydrocarbons, which release N as a
by-product (e.g. Cooper and Abedin, 1981; Williams et
al., 1992; Lindgreen, 1994; Williams et al., 1995;
Lindgreen et al., 2000; Srodof et al., 2009a), though
the role of mineral nitrogen in the geological nitrogen
cycle (Berner, 2006) and the contribution to the nitrogen
pool in soils (Holloway and Dahlgren, 1999) have also
been stressed.

Since Goldschmidt and Peters (1932), B has been well
established as being strongly enriched in shales and
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marine sediments with respect to the precursor igneous
rocks (from 10 ppm in continental igneous rocks to
100 ppm in shales; Spivack et al., 1987). Two mechan-
isms of enrichment have been recognized. Adsorption is a
reversible, low-temperature process, extracting B from
seawater and pore water. Originally B adsorption was
investigated as a possible paleosalinity indicator
(Frederickson and Reynolds, 1960; Harder, 1970), but
later, temperature and pH were documented experimen-
tally as controlling factors (Basset, 1976; Keren and
Mezuman, 1981; Palmer et al, 1987). The partition
coefficient of exchangeable B increases with pH to ~3.5,
but decreases to zero at ~100°C, indicating no B sorption
at and above this temperature, and implying mobilization
of B adsorbed at lower temperatures (You et al., 1995).
Substitution of B for Si in the tetrahedral sheet of
illite is the second enrichment process, dominant in
burial diagenetic environments — a result of smectite
reaction into illite (Perry, 1972). Such tetrahedral B
accounts for 80—90% of B in marine shales, indicating
that the observed average B enrichment of shales with
respect to igneous rocks is a cumulative product of
multiple cycles of weathering and burial (Spivack ef al.,
1987). Williams et al. (2001) pointed to kerogen as a
potential source of B during burial diagenesis.
According to hydrothermal experiments (You er al.,
1995) and field evidence (Spivack et al., 1987), the
tetrahedral B is remobilized above 200°C, resulting in a
decreased B content of metapelites with increasing
metamorphic grade and in redistribution of B among
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different mineral phases in other lithologies (Leeman
and Sisson, 1996). In particular, Reynolds (1965)
observed release of B during metamorphic recrystalliza-
tion of 1Md into 2M, illite in carbonate rocks, resulting
in crystallization of magnesian tourmaline (dravite)
containing B.

Nitrogen is held by illite in the form of the NH; cation,
substituting for K in illite interlayers. Ammonium is
commonly produced by post-sedimentary maturation of
the organic matter. Cooper and Abedin (1981), who were
first to study the incorporation of NHj into illite with
progressing burial (Gulf Coast), concluded that its content
in shales increases systematically with depth, and it does
not come from the organic matter present in the rock but it
is probably released at greater depth during thermal
metamorphism of silicate minerals and organic matter.
Cooper and Raabe (1982) made observations consistent
with this conclusion when studying N distribution in
shales intersected by a basalt dike. Williams and Ferrell
(1991) made a similar study of bentonite transected by a
dike in the Pierre Shale (Colorado) and concluded that the
maximum NH; fixation takes place at temperatures
corresponding to the oil window. This conclusion was
supported by Schroeder and McLain (1998), who studied
a Gulf Coast oil well. Others, however, have reported
illites particularly rich in NHj from much higher
temperatures (hydrothermal alteration zones: Kozac et
al., 1977; Bobos and Ghergari, 1999; anthracite zone:
Daniels and Altaner, 1990; Sucha et al., 1994). Recently,
NH; released from the ‘temporary storage’ in illite and
then oxidized by redbeds was indicated as a possible
source of N in natural gas of the North German Basin
(Mingram et al., 2005).

The present study was initiated in order to understand
in more detail the interaction of both B and N with clays
during the entire course of post-sedimentary alteration.
To avoid complications related to B and NH contained
in the recycled (detrital) clays, six series of bentonites
from different basins were chosen for this study. The
clays were analyzed as bulk rocks, without chemical
treatment, to ensure that all B and N present in the rock
would be measured.

MATERIALS AND METHODS

In order to make this study representative, six series
of bentonite samples, representing different levels of
smectite illitization, from different basins around the
world, were investigated (Table 1). The Podhale samples
are from thin bentonite beds located at the surface of a
Tertiary flysch basin, exposing different levels of the
diagenetic alteration (Srodofl et al., 2006a). The East
Slovak Basin (ESB) samples were also from thin
bentonites, collected from cores of a Tertiary molasse
and characterized mineralogically by Sucha er al.
(1993). The Welsh Borderlands (WB) are outcrop
samples representing thin Silurian bentonite beds alter-
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nating with shallow-water limestones (érodofl et al.,
1986). The Montana samples came from an outcrop of a
thick Upper Cretaceous zoned bentonite (Altaner et al.,
1984; Clauer et al., 1997). The Upper Silesia Coal Basin
samples were collected in coal mines and represent two
thick-zoned bentonite beds of Westphalian (Brzeszcze)
and Upper Namurian A (USCB: remaining samples) age
(Srodon et al., 2006b).

The untreated rocks were crushed in a hand mortar to
pass a 0.4 mm sieve, and were separated with a hand
splitter into portions for XRD and chemical analyses.
Quantitative XRD mineral compositions were obtained
for all 31 samples using ZnO-spiked random prepara-
tions and the QUANTA computer program (Mystkowski
et al., 2002; Omotoso et al., 2006), based on the method
of Srodot et al. (2001). Compositions were recalculated
to 100% (Table 1) and are reported along with the
original sum of the QUANTA model.

The B and N were measured on splits of untreated
bulk rock at the Activation Laboratories, Ltd.,
[ACTLABS] Canada (B by Prompt Gamma Neutron
Activation Analysis (PGNAA, from Thermo Scientific)
with a detection limit of 0.5 ppm and N by an elemental
analyzer with a detection limit of 0.01% wt.%. The B
analyses were checked twice (by ACTLABS, Canada)
using two standards, SY-2 and SY-3. For SY-2 the
differences between the measurements were 2.5 and
0.5 ppm, and for SY-3, <0.5 ppm. The N analyses were
made in duplicate with four samples and all differences
were found to be <0.01% absolute. The relative standard
deviations calculated for the N analyses of NIST 2684B
and NISR 2685B standards were 1.51 and 5.08%,
respectively.

H,0 and ethylene glycol monoethyl ether (EGME)
sorption and cation exchange capacity (CEC) measure-
ments, following the approach of Srodon et al. (2009b)
and Srodon (2009) [based on the techniques of Newman
(1983) for H,O, of Tiller and Smits (1990) for EGME,
and of Orsini and Remy (1976) and Bardon ez al. (1983)
for CEC], were performed on the Ca-exchanged bulk-
rock samples. A portion of the crushed bulk rock was
Ca-saturated by four exchanges with 1 N CaCl,, then it
was purified by centrifugation followed by dialysis
which was monitored by an electrical conductivity
meter, and finally freeze dried. All measurements were
performed on the same sample split and referred to the
same weight at 200°C, which is close to pure dry weight
(Srodon and McCarty, 2008).

Another split of the Ca-exchanged bulk-rock sample
was used for % K,0 measurement by a Sherwood Model
420 flame photometer. The results were controlled using
NIST 70a and 76a standards (§rodor’1 et al., 2006b), and
the measured values differed by no more than 0.01%
absolute from the certified values. The % K,O measure-
ment was also referred to the weight at 200°C.

For most samples the layer composition of illite-
smectite (expressed as %S: percent of smectite layers)
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was taken from the original publications (Table 1). This
measurement was not available for three of the samples,
for which it was carried out in the course of this study.
The samples were treated chemically to remove carbo-
nates, organic matter, and Fe oxides (Jackson, 1975).
After removing excess electrolytes by centrifuge wash-
ing, followed by dialysis, the <0.2 mm fractions were
separated and analyzed by X-ray diffraction (XRD) as
oriented preparations (10 mg clay/cm?®) which were air
dried and solvated with ethylene glycol. The %S was
measured from peak positions (Srodoﬁ, 1980, 1984;
Srodon ef al., 2009b). All available peaks were used and
the averaged result was presented.

RESULTS

Identification based on the XRD patterns of random
preparations revealed the following minerals: quartz,
smectite or 1Md illite-smectite, 2M, illite+tmica, kaolin-
ite, chlorite, K-feldspar, plagioclase (albite or andesine),
anatase, pyrite, calcite, ankerite, dolomite, siderite,
goethite, hematite, anhydrite, bassanite, and apatite
(Figure 1). The rocks investigated represent almost a
complete range of interstratification, from a few percent
to almost 100%S in illite-smectite (Table 1).
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The QUANTA results (Table 1) indicate highly
variable quantitative mineral compositions among the
bentonites studied. Illite-smectite (or smectite) content
ranged from 13 to almost 100%, kaolinite from 0 to 52%,
chlorite from 0 to 16%, 2M; mica+illite from 0 to 11%,
quartz from almost 0 to >40%, plagioclase from 0 to
almost 50%, calcite from 0 to 46%, and K-feldspar and
pyrite from 0 to 5%. The remaining components were
minor, <3%. The sum of clay minerals ranged from 29 to
99%. The most characteristic compositional differences
among the sample sets were: large plagioclase content of
the Podhale and East Slovak Basin samples, large
chlorite content of the East Slovak Basin samples,
large kaolinite content of Brzeszcze samples, and
elevated K-feldspar content of the Upper Silesia Coal
Basin samples.

INTERPRETATION

Mineral indicators of the degree of post-sedimentary
alteration

The percentage of smectite in illite-smectite (%S) is
well established as the best mineral indicator of the degree
of diagenesis. No clear correlations between %S and
mineral contents were observed in the collected data set.
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Figure 1. Representative XRD patterns of random preparations of the whole rock with ZnO as internal standard. Q — quartz, IS —
smectite or 1 Md illite-smectite, | — 2 illite+mica, K — kaolinite, Ch — chlorite, KF — K-feldspar, Ab — albite, An — andesine, A —
anatase, P — pyrite, C — calcite, D — dolomite, S —siderite, B — bassanite.

https://doi.org/10.1346/CCMN.2010.0580602 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.2010.0580602

uokue))

TLE TESE 689 v¥8  SI0 L16 L96 1TL 10 1T 669 669 0 70 S0 10 0 €0 0 0 10 60 0 «l€ 60 91T €€ JAR] UNg  qZ-78-VS
uokue))
e 8I'6€ 0TL  S€6 910 9L6 €01 LyL 10 v'e TIL 869 VI 0 0 0 0 0 10 0 0 L1 0 #'T 0 1T 9¢ JOATY ung B1-T8-VS
uokue)
10T 16%€ 6€9 TIL 10 9Ly €66 v9S ST ST ¥IS YIS 0 T0 0 0 0 0 €0 0 0 <l 0 sl 0 89¢ 09 1oARy ung 17-78-VS
uoKue))
PI'v  ITLE €89 8T6  SI°0 901 666 tvI8 SO I'e 8LL  SLL 0 0 0 0 0 €0 0 0 0 I 0 € 0 ¥yl [43 JoAry ung BII-VS
BUBJUOJA]
ILT  v8°LE 0L9 16 LOO LET  ¥'T01  ¥'L9 0 g6l 6LV 6LV 0 0 80 0 0 0 0 0 0 €0 0 #1767 0 4 144 s0noofeg 86-A1
8¢T G881 L'Ey  S0S I'0 v99 656 S0S 67 9Ll 0€ T 4 0 1o 0 0 0 9l 0 0 0 €0 *£9C 0 [y 9 Ay °/y-NH
Ty vTcoT €T 0Ly 10 L09 T8  +09 0 9ve  8ST  €eT ST 0 10 0 10 S0 90 0 0 €0 10 *8°LT 40 01 |84 Ay 1/4-NH
Aarea
Wl P800S $T8 L0 600 LT9O  T98 €09 Tl I'L (AR . Il 0 10 (44 0 90 0 0 L0 0 #b¥T ¥l I'6 SL eydatsold  D/1-dOdd
Aarea
L0 LLTY vOL  0'6L 600 L'6€ 1'v6 SR 0 8L LSy LSy 0 0 o <o 0 Y €0 1o 0 y'e 0 #%0'1€ 0 9 08 BY391501d 4/1-dodd
860 S6SE 189  €LOI 900 'ty 98ET  L8L L0 vy 9% I'ee ST L0 sxxC0  TT ¥ 8t 10 0 0 L0 0 0 0 PII 06 BRIy Bjewoy
10T 109% ¥#'6L  L901 10 L¥yT T€6  96¢ 0 0 96¢ 16 S0 0 0 0 [ 0 'l 1o o 61 €0 xx66Y €1 9Y S6 anskg 4/9STA'T
L 600T L'6E  ¥eEr 900 61§ LY6  €6C 4 Le 9¢C S8 IS 0 0 0 0 0 'l 60 ! v 0 «9C S0 6I¢€ 8L anskg aMON TIN
$TT  00°SS 688  9TIT  LOO 0Tl 8L6 SS9 0 v'e 1’29 65 It L0 o0 10 0 ¥°0 0 L0 0 Ty €0 #x£91 0 ST 99 mopey -1y
69'l  T69C ¥19 ¥'C8 o TLL  vI9¥l ¥I9L ST €0c  9¢s 8IS 8’1 0 0 0 'l 10 9l 0 0 0 0 %91 0 134 or BOIUST B[-S9T
80°T 8091 ¢€¢€ LO¥ 800 999 €L01 8%y 6FI ST yLe TLT TO 0 90 0 0 90 0 €0 60 T8 0 *8'1C S0 ol 143 oofeunq Aperg ®01/0-dd
wT 890y T¥9 $88  LIO 00 6¥6  €8L I'l 8¢ veL  LOL LT 0 €0 0 0 S0 80 0 0 <0 S1 Prad! S0 T¢ 1€ AYIID SN L-ON
06T S80F LSS ¥06 910 P61 668  98L 0 8 v0L  ¥OL 0 0 0 0 0 0 0] 0 0 80 Tl *9°€l €T 67T P AYdID dfEN S-ON
L8T 96'SE L'19  ¥I18  +I'0 00T 6¢6 €Tl 1T LT LY SLY 0 0 80 0 0 0 0] 0 0 Tl ¥°0 *8°0C o 8¢ [43 BuR[Og BSAT 99T-A1
LYl 8861 09¢ 8vr 800 €01 TS6 908 1T €el cee 60¢ €T 0 0 ¥0 0 9l L0 9l 10 9°¢ 10 *5'CE 60 9¢ 0¢ urmoed] POI-9e3]
0S'C €70 T¥S 6'IL SI'o €91 906 8L 1 See ¥S gor LYy 90 0 0 0 [ €0 0 70 T €0 *L°01 0 1S 0¢ urmoesy d01-9e3]
€¢e veor TL9 688 610 L0T ¥'66 978 S0 SL 9vL  9IL € 0 90 0 0 €1 [40 €0 0 I S0 +C01 0 T¢ 0¢ UMy 1-oey]
10¢ 85Ty 8IL ¥'S6  SI0 w0T  8'L6 18 <0 L9 8¢L  8EL 0 L0 0 0 0 €0 0 0 0 I 60 *€'€l ¥0  ¥T 9t AYdID AN [-PMO
0z 6Tty 0TI I'vl SO0 I'eL LSOl TTE 0 L8 S€C 9Tl 601 0 T0o 0 0 0 0 0 (44 0 0 0 v'Ic 9 BIDOAY BY[PA 6ST-A1
dreypod
%) ] = = o [22) g o ® w»
r g g B z2 ®2g 22 7 g 2 £ z z ¥ & £ £ z § g =z = 2 & 5 ¢
o AN o z 2 S = 2 = o =] 5 5 =Y 5 5 @ =8 9 = 5 5 S 7q 2 5] I 3
— ~ = =S =TS =8 =3 o =9 g B = I =S g = 08 5 = g = a2
s § = s 282 ¢ 25 & =2 £ k& &8 575 = 7 8§ & =2 & 3 e Z @ o
= 2 & =& £ < 5 E @ - § X g & ¢ ¢ 8 7 g8
X 2 = B8 = 2 ERS|
< = - aQ + =]
~ —_ ~
o 1) <] 3
S ~ 2 >3
@ @
] I ot
~ =
3

"Apnis sIy) Ul pemseduwr e[-g8-y'S pue ‘0/[-A0Ud ‘L-DN seldwes 1oj pue ((q900g) 77 /2 UOPOIS woly ‘uiseq [e0) eIso[ig Joddn
— gDSn 1oy ‘Apys jeyy woiy eyep paysiqndun pue (Le6]) 7p 1o IONB[) WO ‘uiseq YBAO[S ISt — €SH 10§ (9861) 7P 10 UOPOIS WOLJ ‘SPUBLIOPIOY US[OM — A 10F ‘(‘wwod ‘s1od) 1oueyy
‘S pue (L661) v 72 1one[) woiy sojduwes BUBRUO 0§ (89007) 7P 72 uopoi§ woy sajduies d[eypod ay) Jo jsouwl 10§ S% (O %M pue DID ‘O%H Pue JNDH JO UOHUDIAI ‘SJUAUOD N PueB
€) BIBP [BOIUAYD O PUB “(SIIUBSSBY 44y QUISIPUR,, D[R4 001 O) PAIB[NI[RIAL % im snjd wins mel) S0 J[nq Y} Jo uoISOdWod [BISUIL “VJOAWS-I[[I UL (S9%) SINOSWS JUdIdJ “| d[qeL,

https://doi.org/10.1346/CCMN.2010.0580602 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.2010.0580602

91

6C'1

9¢'l

091

sl
8L°0

48!
€51

€91

T

8¢'C
65T

€8¢
¥9°¢

9¢'0
660
61l
Elat
el

Wy

€8¢
LS
Iw'c
€Ts

0€'9

eLey

Sv'oy

67°€S

L8'8Y

67'6¢

ST8l

$9°0T
[43t}

ILYL
8T'8L

e

€99

w6y
8¢°SS

99°C¢s
L6'6E

[A
Prle
90°¢€€
€87l
'S

99°LS

ILvE
SO’y
00'%8
8¥'91

1s°Le

9'6L

%

¥'€6

1's8

TSL

oy

(444
S'8€l

0'9¢l1
'8¢l

8'¢Cl

cell

7'v8
896

'v6
09L

43
P19
959
9°9¢
[\

9°LOT

6'LL
8'88
TLel
0’18

I'sL

6601

9'¢cl

8'8¢1

44!

9601

L'9S
8'8CC

Pyee
cLee

T80T

7981

Tyel
9191

L'LST
9°¢el

6’1y
9'¢8
0'88
8¢S
60T

6'8L1

Toel
08¢l
861
S'8T1

861

€00

€00

L00

700

S0°0

¥0°0
100
€00
w00
€00
SO0
700
90°0

SO0
800

¥0°0
700
900
110
90°0

110

€10
110
800

600

1'ee

9'1¢

I've

1'ze

34

cle
9'6S
€8y

98
9'0L

L8
L'EL
8’16

991
1€l

6'€e
49
L'€T
08
$'86

0Ll

PLI
081
8'6¢

a4

901

001

reot

201

96

86

8901
8001

L'86
¥'C6

956

¥'06

S0l
9'86

S°001
§'S01

8'C6
L'16
L'€6
8°001
ol

8°06

9'C6

€6
1'e6
86

9001

L9

69

PIL

8'IL

6'vL

I'eL
L'EL

6'8L
868

'L

L'08

€8
6'CL

88
1oL

'8¢
S'LS
1'os
S'Ly
9Tt

Tr6

1’6
£'66
L8
L'86

S'L6

90

S0

Tl

S0

8¢l
Lel
9l
8’1

=}

¥'0

L'ee
8'0C
881

9t

y'Cs

Ly
91

88
6'¢

Sl

L1
L'e
€0
0
0

0

e

L8

ey

9Ly

1'es

9vy

4

6'vC
1eL

1'69
618

6'0L

9L

09
899

SoL
€LY

9'0¢
1oy
€0t
6'C¢
8°0¢

o

676
£'66
618

06

S'L6

8Ty

9Ly

L'1S

a4z

€C

8¢
0L

9'L9
8L

£69

9€L

TLS
199

oL
€'L9

90T
6'6¢
€0y
6'CE
$'0T

06

6’76
£66
618
1'68

S'L6

S0

¥'0

1o

Sl

S'e

91

T

[

60

60

80

0

o0

60

€0

o

0

cocoocoo

90

= ]

0

¥'0

[y

4y
€1

L1

90

80

1'0

L0

o0

80

€0

80

[y

€0

(=l

0

o0

L0

cococoo

o

10

1’0

[

€L
L1l

s6l

3

80

¥'0

¥e

0

0

€0

¥l

Sl
1o

0

€T

#%8'€

*xV'C

#2x5°C

«C'C

%L'0
*¥'0

%S0

#%5'9¢
Pradt

#xL'6
*L'8C
#1'1€

#3%C 0

%10

#x1°0

9T

T

'

6'¢

€e

99T

1ee

€C

L'Te

91

0T
L'yT

L'L1
S01

6'¢C

01

601
1T

'L

9°¢l

'Sl

L'SE

384

L'e

€0

¥'0

'l

6L

9L

89

L

4

(U4

6¢
86

S8

€L

09

LYy
€9

54

09
0¢
St
€€
81

8¢

ST
99

6C

0C

surw
92575971
auru
02075071
sun
92575971
aurw
2z0z50z1¢g
sun
02075071
suru
92025971
auru
02075071
ourw pejez)
aurw
QOIMOTIA
aurw pejaz)
suru
SOIMOTIA
aurw
SOIMOTIA
ourw
QOIMOTIA
aurw pejez)
aurw
QOIMOTIA
QuIW MOZIOYD)

oM esynag
[[oM 994011
[[9M 99A0IBOID)
[[oM 99A0IBOI))
[[oM QISIAOYIL,

QIIYSIDISIIIO M
‘dwreyoneog
Kasfoys

QIYSPIOJOIOH
‘adoyjoom
‘AmMqIoaQ
JuomD)
‘1qisuery

(=)

0

~

e}

o

o

9Z978371g

9ZJZSdZ1g

9Z978371g

Rravarvats|

9ZJZ8dZ1g

ravatvats|

97075971
SZD1

9NT
€201

E€NT

TNT

0NT
[Ze]!

YN
L]
4ad0sn

01/01 Ldd
81/1 JID
0Z/1 JID
11/8 21D
LE/1 HYL

asd

6N

LN

SN

€N

N

1N
am

https://doi.org/10.1346/CCMN.2010.0580602 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.2010.0580602

748

Mineral indicators of the degree of epiclastic
contamination

Dioctahedral mica (illite) 2M, is a mineral compon-
ent that is absent from the pyroclastic materials, and as
such may serve as an indicator of epiclastic contamina-
tion of bentonites. In most samples, 2M; was absent or
barely detectable, but occasionally elevated contents (up
to 5%; in one sample 11%) were observed. The %2M,
was not correlated with the content of any other mineral.

Evaluation of authigenic illite and smectite contents of
the rocks

Measurements of authigenic illite and smectite are
crucial for tracing the diagenetic evolution of the B and
N contents based on bulk-rock analyses, i.e. for the
approach used in this study. Recent advances of
quantitative XRD analysis allow for the accurate
evaluation of the sum of all dioctahedral 2:1 clays
(hereafter %2:1), and also for differentiating 1Md +
turbostratic (illite + smectite; hereafter %I+S) and 2M,
polytype (illite + mica; hereafter %2M,) (e.g. Srodon et
al., 2001; Omotoso et al., 2006). Separate evaluation of
illite and smectite contents of the rock with comparable
accuracy is not possible by XRD quantitative analysis.
Chemistry-based techniques of such measurement were
proposed recently (Srodon ef al., 2009b; Srodon, 2009)
and they have been applied in this study, along with a
mixed technique, using a calibration of the XRD
measurement of %S.

The calculation of illite content (defined as the sum
of all non-expandable interlayers of authigenic 2:1
clays) was based on the finding of Srodof et al.
(2009b) that the charge of illite layers is stable and
equals 0.95/0,o(OH),. If the fixed interlayer cation is
only K", then this charge corresponds to ~11% K,O in
the dioctahedral aluminous illite. Thus, the illite content
of the rock (f;) can be calculated by dividing the K,O
content of the rock assigned to the authigenic 2:1 clay
(%I+S) by 11%.

Precise calculation should account for NHj substitu-
tion in illite. Bentonites are rocks essentially devoid of
organic matter. Potassium feldspar, another possible
carrier of N, is present in trace amounts in most samples,
and in the Carboniferous samples, where it is more
abundant (Table 1), it was identified as volcanogenic,
not authigenic (Srodoﬁ, 1976). Based on these data,
assigning all N to the authigenic illite-smectite was
considered to be a justifiable approximation. The N
measured in the rocks was recalculated into (NHy4),0,
then into an equivalent amount of K,0, and added to the
measured K,O giving K,O.o..- K70 in K-feldspar and in
2M; mica was then calculated from their XRD contents,
assuming typical values of 15% K,O in K-feldspar
(~10% of Na for K substitution) and 11% K,O in illite.
Subtracting these values from K,O,, produced a K,O
content of the rock representing the authigenic clay,
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which also accounted for the (NH4),O contribution
(Table 2).

An alternative technique for calculating f; is based on
the experimental relationship between %K,O (including
recalculated (NHy4),0) in illite-smectite and %S, estab-
lished from the data of Srodon et al. (2009b) obtained
for pure illite-smectites:

2 =0.99
(D)

Multiplying this value by the fraction of authigenic
2:1 clay in the rock (%I+S = %2:1— %2M,) produces
%K,0 (including (NH4),0 recalculated to K,0O) in the
rock representing the authigenic clay. Such calculation is
possible only in bentonites, where all of the 2:1 fraction,
except the 2M illite, is a single authigenic, homogenous
illite-smectite.

The two calculations of f; were compared (Figure 2)
and gave a linear relationship (r* = 0.93) which
extrapolated to zero, although the values based on %S
were systematically greater. Some discrepancies were
expected because the two calculations were based on
four XRD quantitative measurements (%S, %Kspar,
%2:1, %2M,), which are not as accurate as the chemical
measurements.

The smectite (defined as the sum of all expandable
interlayers including edges of 2:1 clays; Srodon et al.,
2009a, 2009b) content of the rock (f;) can be calculated
analogously to f;, as the ratio of the total specific surface
area (TSSA) of the rock to the TSSA of pure smectite, if
other components with large TSSA values are negligible.
Srodon (2009) demonstrated that the calculation of the
rock TSSA can be based on CEC and EGME retention, if
their relationship is linear and if the data extrapolate to
zero. Such a relationship for the bentonite samples under
study (Figure 3) was close enough to the data of Srodon
(2009) to assume that the approach used in this paper can
be applied. H,O sorption data (Table 2) were not used
for the f; calculation because they confirm the excess

%K,0 = 0.0006%%S? — 0.1628%%S + 10.855

¥ =1.2114x- 0.0182

r2=0.9338
06
*

e Nk
0.3 -y
0.2
0.1 * % $e
0 ryad
0 0.1 0.2 0.3 0.4 0.5 0.6

f; (CHEM)

Figure 2. Comparison of two independent calculations of the
illite fraction of the rock (f;) from the K and NH,4 contents in the
rock assigned to illite: f; (CHEM) — measured after correction
for K-feldspar, and f; (%S) — calculated from illite-smectite
layer composition (equation 1) and illitetsmectite content
(XRD data); details in the text.
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Figure 3. The plot of EGME retention vs. CEC, used to infer the
values of smectitic layer charge and EGME coverage, needed for
the calculation of the smectite fraction of the rock (f;).

water at low CEC values which was detected in the 2009
study. The calculations of f; from the CEC and EGME
data (Table 2) were based on equations 1 and 2 of
Srodon (2009), i.e.

EGMErctcntion

coverage

and

CEC x b3 x EGME x 3.477

TSSA(CEC) = o

where the mean smectite TSSA is 757 m?/g, the mean b,
for aluminous dioctahedral 2:1 clays is 0.9 nm, smectitic
charge (Qs) is 0.41/0,o(OH),, and the EGME coverage
is 0.41 mg/m>:

fs = 0.0091*CEC
/s = EGME retention/310

(@)
3

The correlation of the two values (Figure 4) was
linear and quite strong, but the EGME-based values were
slightly smaller than the CEC-based values.

The f; and f; values were averaged and their sum
plotted vs. % authigenic illite + smectite measured by
XRD (Figure 5). The high linear correlation extrapolat-
ing to zero demonstrated that the XRD and chemistry-
based measurements were internally consistent. A
justified assumption is, therefore, that the estimates of
fi and f; are accurate and precise enough to be used for
analyzing the evolution of the B and N contents in the

0.8
o7 |_¥=08402x-0.0071 RS
06 2 = 0.8811 2.
: 3
wos PY -
=
O 0.4 . ® ‘4",
o * + .
02 B> ol
02 N
0.1
0
0 01 02 03 04 05 06 07 08
f. (CEC)

Figure 4. Comparison of two independent calculations of the
smectite fraction of the rock (f;): from measured CEC using
equation 2 and from measured EGME retention using equation 3;
details in the text.
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course of illitization. The averaged values of f;, f;, and
Jiirs) (Table 2) were, therefore, used in further calcula-
tions. The individual values were also tried, but the
differences between them were too small to affect the
final conclusions concerning B and NH; behavior.

Evolution of the B and N contents during diagenesis

The B and N contents of the rock were plotted against
the content of authigenic 2:1 clay (%I+S), separately for
the different series of bentonites (Figure 6a,b). No
general relationship was detected. For three of the series,
a tendency to positive correlation was observed for both
elements; for the other three, such tendencies were
absent. Plotting the same values against the illite content
in the rock yielded a generally positive correlation
(Figure 7a,b). The different bentonite series formed
more or less coherent linear plots with different slopes,
all extrapolating close to zero. These plots demonstrate
that most if not all of the B and N present in the rock are
contained in the authigenic illite. If significant amounts
of B and N were contained in the rock components other
than illite (e.g. in smectite), then the plots in Figure 7
would extrapolate to positive values for 0% illite. This
assertion was confirmed by plotting the B and N
contents of the authigenic 2:1 clay (recalculated from
the bulk-rock contents) against the degree of illitization
expressed by %S (Figure 8a,b), which gave clear
negative correlations for all sets. During illitization,
the contents of both elements in the authigenic 2:1 clays
increased several fold.

The B and N contents of the rock were also
recalculated into the contents of these elements in the
authigenic illite (B in ppm and N as % of fixed cation
sites occupied by NHj) and also these values were
plotted vs. %S (Figure 9a,b). The surprising result was
that the B contents in the illite layers were either stable
or decreased during the course of illitization. The N
content decreased in all investigated series.

The range of amounts of illite was quite large, from
<200 to >1000 ppm for B and from 5 to >35% of fixed
cation sites for NHy (the values for extremely large %S
are less reliable because of the large relative error of the
% illite layers measurement). For all series, except the

0.9 |¥=0.0103x + 0.0166 o
08 2= 0.9605 o —
) *
: Y
205 e
o >,
03 .ﬁl
gf —
0
0 10 20 30 40 S0 60 70 80 90 10C
% 1+S

Figure 5. Comparison of two independent calculations of the
illitet+smectite content of the rock: from chemistry (f;.s) and
from XRD (%I+S); details in the text.
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USCB, the ratio of B/N (expressed in ppm as
B/(NH4),0) was well constrained and increased from
0.01 to 0.1 in the course of illitization (Figure 10). The
values for USCB bentonites were much larger due to
both large B and small N contents.

DISCUSSION AND CONCLUSIONS

(1) The present study was performed on raw rocks in
order to study the entire budget of B and N, including
their exchangeable forms, which could have been lost in
the course of clay-fraction separation. The results
document multi-fold increases of both elements in the
authigenic 2:1 clay in the course of illitization. Such
large increases cannot be attributed to an illitization
reaction which would involve reduction of the mass of
the clay by dissolution of the original smectite and
precipitation of illite, concentrating both elements,
originally adsorbed on smectite and then released during
its dissolution. Such an interpretation can be excluded,
based on sedimentary structures, perfectly conserved in
their original geometry in the USCB bentonite bed
(érodoﬁ, 1974). Thus, the results indicate that the
smectite illitization reaction over the range of 100 to
<20%S is not so much the result of redistribution of
existing B and N in the original smectite as it is a net
extraction of both B and N from the pore waters . The
contribution of B and N from parent smectite is rather
small (Figure 7; extrapolations close to zero for pure
smectite). This conclusion should be verified by
selective extraction and measurements of the echange-
able forms of B and N.

(2) The case studied is different from regular
sedimentary clays because the smectite in bentonitic
horizons is not detrital but it crystallizes in situ during
early diagenesis at the expense of volcanic glass. The
conclusions drawn above refer only to this particular
case. In shales dominated by detrital expandable clays,
the proportion of exchangeable ‘smectitic’ B can be
greater (Spivack et al., 1987; Table 1 of Williams and
Hervig, 2002, data for the Gulf Coast). Also, for
ammonium, some studies indicate its quite elevated
pure smectite contents, while others report decreases to
zero at large expandabilities (Schroeder and McLain,
1998). Direct comparison is difficult, as all previous
studies were performed on clay fractions and not on the
untreated bulk rocks. A study performed by the same
technique of interbedded shale and bentonite is needed.

(3) The present study demonstrates that bentonite
acquires both B and N from outside of the bentonite bed.
In one diagenetic cycle, bentonitic illite fixes up to
800—1000 ppm B and up to >1% (NH,4),0, i.e. >20% of
fixed cation sites (Figure 9). These numbers result from
assigning all measured B and N to the authigenic illite
layers.

(4) Contrary to the opinions of several authors (e.g.
Williams and Ferrell, 1991; Schroeder and McLain,
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1998; Lindgreen et al., 2000), drawn from the studies of
more complex systems, i.e. shales, this paper documents
the illitic ammonium decrease in the course of diagen-
esis, including the oil-window temperature range. A
similar tendency, though not as strong, was observed for
B. These findings, based on interpreting all B and N as
contained in illite, should be verified by studying the B
and N contents of different classes of illite fundamental
particles, which reflect subsequent stages of illite
nucleation and growth (Clauer et al., 1997, Srodon et
al., 2000, 2002).

(5) The remaining, intriguing question is whether
these tendencies reflect a control by crystal-chemical
properties of illite, by kinetics of illitization, or by pore-
water composition. The first explanation seems to be
favored by the fact that these tendencies were observed
both in the sample sets representing bentonites from
different depth in a basin (more illitic = higher
temperature) and in zoned bentonite beds (more illitic
= equal or lower temperature; see Clauer et al., 1997).
However, the N contents of illite are smallest in the
USCB series, coming from a coal basin and rich in
organic sources of this element, while greatest in
Podhale bentonites, coming from a basin with small
organic contents (TOC of shales = 0.1-3%: Kotarba,
2003; Marynowski et al., 2006). Perhaps the thickness of
the bentonite beds is also a factor; among the studied
samples, the Podhale beds are the thinnest and the USCB
bed is the thickest. Perhaps the kinetics of illite
crystallization vs. the kinetics of B and NHj supply
controls the contents of these elements in the illite
structure. In any case, during burial diagenesis, a
bentonite layer was an open system with respect to
these elements, but the scale of their migration remains
unknown. This result supports earlier hypotheses con-
cerning the origin of ammonium in illite, based on the
studies of shales (Cooper and Abedin, 1981; Schroeder
and McLain, 1998).

(6) Similarities in the diagenetic evolution of the B
and N contents of illite, documented in the present study,
argue in favor of the kerogen as the dominant common

https://doi.org/10.1346/CCMN.2010.0580602 Published online by Cambridge University Press

source of both elements in sedimentary basins (see
Williams et al., 2001). Verifying the origin of B and
deciphering the distances of migration of B and NH} will
require very detailed basin-scale studies, which may
later help to interpret past hydrocarbon-forming pro-
cesses from the record preserved in bentonites.
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