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Abstract

Surface characteristics of sedimentary opal A and CT were investigated for a large
collection of samples from the Monterey Formation, California, based on the bulk rock mineral
and chemical analysis, cation exchange capacity (CEC) and water content. Two approaches were
used: (1) modeling bulk CEC and adsorbed water content for the entire data set using the contents
of opal and clay minerals measured by XRD, and (2), correcting the chemical composition and
CEC of the most pure opal samples for the mineral impurities quantified by XRD.

Modeling indicates that the bulk rock data can be best explained by mixing an illite-
smectite (CEC=59 meq/100g, 7-8% H,0), consistent with the XRD characteristics of the clay
fraction, with opal-A (8 meq/100g, 3.4% H,0), or opal-CT (13 meq/100g, 3.7%H,0).

Correcting the chemical composition of the most pure opal samples leaves a large excess

of cations (Al, Fe, Na, K, Ca, and Mg). Iron is suspect to form traces of separate (oxy-)hydroxide
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phases, not detected by XRD, while Al for Si substitution in the opal structure produced local
negative charge, which was compensated by Na, K, Ca, and Mg exchange cations. A perfect
balance of positive and negative charges is observed if the clay admixture in pure opals has the
composition of montmorillonite. The concentration of heterogeneous impurities in silica network
in opal leads to smectite formation on or within the diatom frustules. These dispersed smectite
particles, perhaps monolayers, can be missed during the bulk rock mineral quantification.

The recalculated CEC of the opal, assuming the occurrence of dispersed smectite
particles, varies from 3 to 11meq/100g, which is slightly less than that evaluated by modeling all
the rock samples in the set, and corresponds to ~ 10-50% of the total opal charge quantified by
the degree of Al for Si substitution. The remaining charge of the opal structure represents non-
exchangeable cations. As opposed to smectite, opal CEC may depend on the size of cation used
for the CEC measurement.

For opals in the Monterey Formation the content of water removable at 200°C can be
modeled as a sum of a constant value and a variable value dependent on CEC; the latter
component is similar to the H,O-CEC relationship that is typical for smectite. The combined
system of a constant H,O + variable H,O in opal can potentially be applied for mineral modeling

programs in wireline log formation evaluation in diatomaceous hydrocarbon reservoirs.

Keywords: opal, smectite, illite-smectite, cation exchange capacity, adsorbed water, Monterey

Formation
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INTRODUCTION

Cation exchange capacity (CEC) is among the most important physicochemical properties
of sedimentary rocks. In the oil and gas industry, the CEC value reflects the quantity of hydrated
cations, allows calculation of the mineral surface-bound water, and is used for various corrections
and calibrations in wireline log analysis where it is employed in calculating effective porosity and
permeability in hydrocarbon reservoirs (Clavier et al., 1984; Fertl and Chilingar, 1988; Brown
and Ransom, 1996; Matteson et al., 2000). CEC is also important to hydrocarbon production,
where it relates to formation damage potential, affects drilling and completion strategies, and is
needed to design effective reservoir stimulation techniques.

One of the most common paradigms in measuring and modeling the sedimentary rock
surface properties is the assumption that the bulk rock CEC and the total specific surface area
(TSSA) are interrelated and control the quantity of adsorbed water via the content of hydrated
cations, while CEC and TSSA of zeolite-free rocks are controlled almost exclusively by the
quantity and type of clay minerals in a rock (Fertl and Chilingar, 1988; Kaufhold, 2006; Srodon
and McCarty, 2008; Srodon, 2009; Srodon et al., 2009; Kaufhold et al., 2010). Therefore, the
total adsorbed water in a sedimentary rock is essentially that of the clay-bound water (CBW).
Clay minerals, including smectite, mixed-layered illite-smectite (I-S), and other, less common
expandable mixed-layered clays (i.e. chlorite-smectite and kaolinite-smectite), contribute to the
bulk CEC and TSSA, proportionally to their content in the rock, their expandability (%S; % of
smectitic surfaces and interlayers), and the surface charge density (Qs). Discrete illite has a CEC
of about 15-20 meq/100g (Srodon et al., 2009) and is a minor contributor to the bulk CEC, while
other micas and non-expandable clays, like chlorite and kaolinite, have negligible impact on the

bulk CEC. In common diagenetic environments, such as sand-shale reservoirs, the typical range
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of CEC values of the smectitic end-member of I-S is limited because of the narrow range of its
layer charge density: Qs = 0.42+0.03 (Srodon, 2009), which translates to the average CEC of
~110 meq/100g. Due to the narrow range of I-S surface charge densities and the fact that
common pure smectite also has an average CEC value of 100meq/100g (Srodon and McCarty,
2008), the measured bulk CEC roughly represents the sum of smectitic surfaces in the sample.
The CBW content is then directly calculated from the bulk, measured CEC (Clavier et al., 1984).
In common sedimentary rocks, %S and weight percent of I-S and illite are the main factors
determining bulk rock CEC and CBW. Rare sediments rich in zeolites do not follow this rule
(Derkowski et al., 2006).

Opal derived from biogenic silica form a significant portion of mineral matrix in pelagic
sediments, deposited in the upwelling zones. Because of the porous construction of the original
diatom frustules, these deposits can have very high porosity and thus become exceptionally good
hydrocarbon reservoirs (Montgomery and Morea, 2001; Cortese et al., 2004; Shukla and Mohan,
2012). After deposition, the silica occurs as opal-A (amorphous) and, with increasing diagenesis,
it transforms into opal of a mixed crystoballite-tridymite layer structure (opal-CT) with
progressively decreasing tridymite content, then into opal-C, which finally recrystallizes into
quartz (Williams and Crerar, 1985; Guthrie et al., 1995; Elzea and Rice, 1996).

Natural opal as well as its synthetic analog was found to possess a variety of significant
surface properties. Opal surface Si-OH groups provide a pH-dependent proton surface charge
that varies among natural opal structures (Rodrigues et al., 2001; Khraisheh et al., 2005;
Loucaides et al., 2010; Boboi et al., 2011; Ma et al., 2012). Aluminum dissolved in sea water
complexes at the silica surface and can be incorporated into the silica structure (Gehlen et al.,
2002; Koning et al., 2007; Houston et al., 2008). Substitution of Al and Fe for Si in the silica-

silicate network is believed to produce local charge deficiency, which is compensated by the
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exchangeable Na, Ca, K, Ba, and Mg cations (Beck et al., 2002; Gehlen et al., 2002; Gaillou et
al., 2008; Rondeau et al., 2012), as in phyllosilicates. The opal surface charge strongly increases
opal reactivity potential, raising a question of opal behavior during CEC measurements. For
example, Robertson and Twedily (1953) measured a very high CEC in pure diatoms, up to 54
meq/100g using exchange with ammonia, but only a fraction of this value was measured using
methylene blue. Moreover, a reaction of diatom frustules with saline water can result in
significant incorporation of a mixture of cations in the opal structure, which in turn can produce
authigenic smectite particles on or within diatom frustules (van Bennekom and van der Gaast,
1976, Badaut and Risacher, 1983; Michalopoulos et al., 2000; Gehlen et al., 2002).

Natural opals are known to contain large quantities of water, both in H,O and OH forms,
up to 15 wt.%, in both opal A and opal CT structures (Jones and Renaut, 2004; Bobon et al.,
2011). The thermal release of the water species (dehydration and dehydroxylation) occurs at
different ranges of temperature with overlapping boundaries between them, but the majority is
usually released below 500°C (Graetsch et al., 1985; Mendioroz et al., 1989; Jones and Renaut,
2004). Webb and Finlayson (1987) linked different quantities of molecular H,O and OH groups
to the Mg and Al substitutions in Si framework.

Regardless the actual origin and type of the opal surface charge, opal surface properties
and water content are expected to affect the petrophysical properties of the rock matrix in
diatomaceous sedimentary basins, and in particular the bulk rock CEC. The CEC/CBW ratio
could then be different than that known for clay minerals. The aim of this paper is to evaluate the
large-scale potential contribution of opals to the reservoir CEC and the adsorbed water content,
using a broad data set collected from the classic siliceous shale of the Monterey Formation in

California.
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SAMPLES AND METHODS

Two types of samples have been used in the study:

1. Mineral standards. The standards represent several opal-A samples, a mixed-layer opal-CT,
opal-C, and tridymite obtained from various sources, purified by chemical treatment and
centrifugation. Structure and purity of the standards were checked by X-ray diffraction (XRD).
Volcanic glass — obsidian, was used as a natural amorphous silica-rich reference to compare with
the opal analysis.

2. Natural samples from an opal-rich hydrocarbon reservoir. Over 300 core samples were
collected from numerous wells drilled by Chevron’s San Joaquin Valley Business Unit in the
Antelope shale of the Monterey Formation, San Joaquin Basin, California, USA (Montgomery
and Morea, 2001). The samples represent an entire range of depths corresponding to the zones
dominated by opal-A (~ 1000-1500 ft. in the study area) and the zones rich in opal-CT containing
usually > 70% of cristobalite layers (~ 1300-1900 ft.) (Elzea and Rice, 1996; Chaika and
Williams, 2001). The actual well names, locations, and sampling depths cannot be revealed due
to industrial confidentiality.

Portions of mineral standards equilibrated at 50+3% relative humidity (RH) were
analyzed for water loss at 110°C and 200°C (labeled H,O110 and H,0200, respectively) when
held for 15 minutes at a given temperature, using the Mettler-Toledo HR83 moisture analyzer.
According to Srodon and McCarty (2008) and Srodon et al. (2009), drying at 200°C is required to
determine complete water loss from natural samples. The mineral standards were also analyzed
for the continuous mass loss during heating by thermogravimetry (TG) using the TA 2050

analyzer connected to a mass spectrometer (MS) for evolved gas analysis. In the TG analysis ~
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25 mg of a sample was heated from room temperature to 1000°C, with a rate of 5°C/min, under
N, gas flow of 25 ml/min.

All natural samples and mineral standards were analyzed for CEC using a broadly
applied, accurate, and fast spectroscopic method of CEC determination via exchange with
colorizing complex cations of high selectivity (Dohrmann, 2006 and references therein). In this
study CEC was determined using VIS spectrometry and Co(III)-hexamine chloride solution at
buffered pH ~ 7, following the method of Orsini and Remy (1976) and Bardon et al. (1993). A
pre-dried sample (0.5 — 1 g) was mixed with 25 ml of the Co(IlI)-hexamine stock solution at one
of the absolute concentrations of 14.95 mmol, 7.48 mmol, 3.74 mmol, and 1.5 mmol, shaken and
treated with ultrasounds for 2 minutes, then centrifuged for 10 minutes at ~ 4000 g. The
absorbance of the supernatant solution, analyzed at a wavelength of 470 nm linearly depends on
the amount of [Co(NH;)s]” “cation, adsorbed by the tested sample.

Quantitative mineral analysis of bulk natural samples was performed using XRD analysis
on Thermo X’TRA diffractometer and the Quanta software (Chevron ETC proprietary), which
uses the mineral intensity factor method in conjunction with a collection of pure standards
(Srodon et al., 2001; Omotoso et al., 2006). The sample preparation procedure applied for the
samples was described by Srodon et al. (2001). The Quanta XRD standards contain a selection
of disordered and partially ordered structures of clay minerals and opal of various types and the
approach used has been proven successful in opal-rich and clay-rich samples (Omotoso et al.,
2006). In this method the total dioctahedral Al-rich 2:1 layer clay (illite, muscovite, dioctahedral
Al- and Al+Mg-smectite, mixed-layered illite-smectite) are quantified together by careful fitting
of the 060 reflection (Srodon et al., 2001) and are referred to as the illite+smectite group. The

structural details of the clay minerals that form this group are precisely identified and quantified
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using the XRD patterns of oriented preparations of the < 2um grain size fractions and the multi-
specimen computer simulation method (e.g. Sakharov et al., 1999; McCarty et al., 2009).

Clay mineral composition was investigated in < 2um grain size fractions, separated from
selected natural samples after chemical purification and centrifugation including carbonate
removal, organic matter (OM) oxidization, and Fe-(oxy-)hydroxides removal (Jackson, 1969).
Diffraction data were collected from oriented preparations of the Ca-exchanged clay fractions in
both the air-dry state and after saturation with ethylene glycol (EG). Qualitative and quantitative
analyses were performed by full XRD pattern simulation using Sybilla software (Chevron
proprietary, cf. McCarty et al., 2008), using the formalism described by Drits and Tchoubar
(1990).

The chemical composition of the selected opal-rich, clay-poor samples (Table 1a) was
analyzed with the common Inductively Coupled Plasma-Optical Emission Spectroscopy
(ICP/OES), LiBOs;-fusion method, by Activation Laboratories Ltd., Ancaster, Ontario, Canada.

Total organic carbon (TOC) was determined using a LECO elemental analyzer.

RESULTS

Bulk samples from the Monterey Formation

Natural samples were found to consist of four different mineral groups: (1) coarse detrital
minerals (quartz > plagioclase > K-feldspar), (2) clay minerals (illite+smectite group >>
kaolinite), (3) biogenic opals A and CT with minor opal-C, and (4) carbonate minerals either as

cement (<10 wt.%) or as carbonate beds with higher carbonate contents. The samples represent a
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range of opal content from zero to more than 90% (median 48%), and from zero to 27% of total
clay minerals content (Figure 1 and 2) with a median of 12% for the illitet+smectite group.

Due to potential variability of the opal and the I-S properties in the diagenetic zones of
opal-A and opal-CT, the database of natural samples was divided into two roughly equal groups,
based on the dominant opal type (“opal-A zone” and “opal-CT zone”). In these sample subsets
the minor opal type is < 5 wt.%.The CEC values measured in these zones vary from < 2
meq/100g to 17.3 meq/100g in the opal-A zone, and from < 2 meq/100g to 25.9 meq/100g in the
opal-CT zone. H,0200 values vary from 0.1 to 3.9 and to 4.1 wt.%, respectively (Figure 1 and
2).

The quantitative relationships between CEC or H,0200 content and wt.% of the two
components that can provide bulk rock CEC and H,0200, i.e. opal and illite+smectite groups are
similar for rocks with opal-A and opal-CT (Figures 1 and 2). There is no statistically significant
linear correlation between neither CEC nor H,O0200 content and illite+smectite, but a very weak
positive relationship can be observed between CEC and illite+smectite. The relationship between
CEC and opal content has a clear, though scattered concave shape, while that for H,0200 and
opal content is linear, positive and less scattered, with a slight concave shape, especially for the
opal-A samples.

The scattered, co-varying increase of illite+smectite mineral content with opal content up
to ~30% (Opal A zone) and to ~ 50% (Opal CT zone) in the Figure 3 is responsible for an
apparent control of CEC by opal at low opal contents (Figure 1 and 2). The illite+smectite versus
opal relationships are, however, similar to the concave shapes of the CEC versus opal
relationships (compare Figures 1 and 2 with Figure 3). Unless assuming that opal CEC is high in
the samples with low opal content and it is much lower in the opal-rich samples, the similarity of

these concave relationships suggests that illite+smectite content rather than opal is dominating
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bulk CEC in the majority of the samples. The samples with intermediate opal content have the
highest illite+smectite content and, therefore, the highest CEC. These relationships document
that CEC and H,O0200 are controlled by different factors; CEC being more dominated by
illite+smectite content while H,0200 by opal content. The concave relationship of
illite+smectite versus opal content is of sedimentary origin, because it characterizes both opal-A
and opal CT samples, across the opal diagenetic transition.

A third subset of natural samples that contain at least 85% of opal-A and < 5% of
illite+smectite was selected from the database (11 opal-CT samples and 1 opal-A sample, Table
1). These samples can be considered as almost pure standards, where the measured bulk CEC
and H,0200 are negligibly affected by non-opal minerals. The opal-CT samples have CEC
variability from 9.0 to 14.1 meq/100g (median 11.6 meq/100g) and H,O0200 values from 2.4 to
3.9% (median 3.3%). The opal-A sample has a CEC of 7.4 meq/100g and 2.4% of H,0200. Due
to difficulty in the quantification of disordered phases in amorphous matrix and the problem with
determination of minerals with variable crystal chemistry, a careful quantification of minerals in
the subset of the 12 opal-rich samples was repeated using various mineral standards, different
than those used for the quantification of the majority of Monterey Formation samples. At low
mineral contents, the relative quantification error is usually very high. The aim of the additional
analysis was to find the highest acceptable content of minerals other than opal, in order to
account for the chemical composition of the opal-rich samples. This procedure resulted in an
increase in feldspar and carbonate contents by roughly 1% in respect to the previous
quantification of the entire rock series, while illite+smectite content increased by 2-4 %, which is
consistent with the assumed quantification errors. At such low concentrations the composition of
the illite+smectite group cannot be determined in bulk samples. Only a discrete illite component

was identified in some samples from sharp peaks close to 1 nm.
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The composition of the<2 pm clay mineral fraction is similar in all samples, regardless
the opal species. The samples have two types of mixed-layered illite-smectite, one with random
interstratification (R0) and up to 19% of illite layers, and the other with ordered interstratification
(R1) and 70-80% of illite layers. The discrete illite and kaolinite contents vary from 6 to 17 %,

accompanied by a few percent chlorite (Figure 4).

Opal mineral standards

Three opal-A standards from different locations have CEC values from 3.5 to 6.0
meq/100g, in the following order: opal-A 586 > opal-A 282 >> opal-A 252. The lowest CEC
among the opal-A samples is equal to that recorded for the opal-CT standard (3.6 meq/100g).
Opal-C has 1.3 meq/100g, with is close to the CEC measurement limit, while the tridymite and
obsidian samples have CEC values < 1 meq/100g (Table 2).

Water loss at 110°C and 200°C in the opal samples does not arrange samples in the same
order as the CEC values. The opal-CT H,O110 1.5% is close to the lowest value for the opal-A
range (1.7 —3.2%). There is a significant variability in the opal-A H,0200 values, from 3.5 to
5.3%. In the opal-C, tridymite, and obsidian samples, the H,O110 and H,0200 values are low,
<0.6 wt.%.

The TG patterns of the opal-A and CT standards have qualitatively similar features and
can be divided into temperature ranges that correspond to different reactions. The first reaction
seems to occur between room temperature and 300°C, and the second reaction is completed at

about 650°C (Figure 5). Therefore, these two temperatures were chosen as reference values for

11

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-5008 11/5

mass loss determination, TG-300 and TG-650, respectively, along with the final mass loss value
at 1000°C, TG-1000 (Table 2).

The total TG mass loss of the opal-A and CT standards follow the order of mass loss
determined for H,O110 and H,0200analysis with the moisture balance: opal-A 586 > opal-A 252
>> opal-A 282 > opal-CT 417 (Table 2). The final mass loss ranges for opal-A and CT are from
7.1to 15.1 %. However, besides H,O removal (mass 18), the evolved gas MS signal also showed
the release of CO, (mass 44) in the temperature range of ~ 450-650°C. Therefore, the estimated
range of maximum H,O and OH loss in the opal-A and CT standards, derived from the TG-1000
values, has been reduced to 6 — 12 %, which is close to the loss of ignition (LOI) range measured
for the opal-rich samples from the Monterey Formation (Table 1a), corrected for organic carbon
(TOC) and the carbonate CO; content. The CO, evolved from the opal standards upon heating
probably comes from organic matter as it is at lower temperature range than carbonate minerals,
which were also not identified by XRD in the opal standards. The opal-C, tridymite, and
obsidian standards have negligible mass loss during TG analysis, only< 0.5 wt.% at TG-650 and
maximum 0.85wt.% at TG-1000, consistent with the mass loss determined with the moisture

analyzer (Table 2).

MODELING THE OPAL CEC and H,0200 IN SEDIMENTARY BASINS

The illite+smectite and opal phases are the main contributors to the CEC and H,0200 in
the sample set studied. Because illite+smectite CEC can be well constrained from the structural

analysis (Srodon and McCarty, 2008; Srodon et al., 2009), it can serve as independent
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verification for the modeling applied to estimate the corresponding CEC values for opal and
illite+smectite.

The error minimization (Fnin) approach, using the least-squares-based calculation was
applied. It uses as the criterion of optimum solution the lowest difference between the bulk rock
measured (CECeas, H2O2004,c25) and modeled (CECodel, H202001,04e1) Values for individual
samples. The multi-variable linear regression model solving simultaneously multiple equations

applied to the Monterey Formation sample set is:

Fmin = Zn[(CECmeas - CECmodel)Z + (HZOZOOmeas - HZOZOOmodel)z] Equation 1
and  CECyyyp = (CECopalXWopié-l(;CECHSXWHS) Equation 2a
(H202000p01XW opai+H20200145XW4s) .
and  H,0200,,,00 = — pal p1éo b MME L Equation 2b

where n is a number of samples (equations) solved simultaneously in a model; CECqpai,
H>02000pa1, CECi+s, and H,O200y.s are the unknown values undergoing evaluation in this
procedure, assumed in this calculation to be constant in the entire data set, while Wopa and Wig
are known contents of opal and illite+smectite mineral group in a sample (in wt.%), respectively.
The mineral quantification error can be as high as +3 wt.% absolute for opals, due to their
disordered structure, while it is up to 2 % absolute for the illite+smectite mineral group
(Omotoso et al., 2006). The CEC measurement error was considered as =1 meq/100g
(Derkowski and Bristow, 2012), while the repeatability of H,0200 was determined to be +£0.1%
with the moisture analyzer. For each sample, the CECiyeas, HXO200meas, Wopal, and Wis values
were allowed to vary within these measurement error limits. The adjusted Wpa and Wis
mineral contents, and the adjusted CEC;cas and HyO200,,,¢,5 values were thus fitted within the

given maximum error to Equations 2a and 2b in order to minimize the Fnin (Equation 1)
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simultaneously, using the non-linear Solver® engine (Frontline Systems Co., Incline Village,
Nevada, USA).

The best fit between the measured and modeled bulk rock CEC values (Equation 1 and
2a), with the Pearson correlation coefficient R? = 0.822, was found in the opal-A zone for illite
CECyss 0f 59.7 meq/100g and opal-A CEC value of 8.1 meq/100g. In the opal-CT zone the
highest correlation coefficient (R* = 0.857) was determined for CECy.s of 57.8 meq/100g and
opal-CT CEC value of 13.3 meq/100g (Figure 6). The calculated end-member H,0200 values
(H20200,p.1) that give the best fit between the measured and modeled bulk rock H,O200 values
(Equation 1 and 2b) are 3.40 % for opal-A (R* = 0.848) and 3.68 % for opal-CT (R* = 0.881;
Figure 6). The calculated CEC,pa and H,O200,pavalues of both opals (A and CT) remain within
the ranges determined for almost pure opal samples from the Monterey Formation (Table 1b,c),
confirming validity of the model.

Careful simulation of the XRD patterns from the < 2um clay fractions following the
approach by McCarty et al. (2008, 2009), revealed that the samples from both opal-A and opal-
CT zones contain a mixture of I-S phases, RO and R1 in roughly equal proportions, regardless the
sample depth. This finding is different from the results by Compton (1991) who assigned the
occurrence of R1 ordering in I-S to opal-CT / quartz diagenetic transition, not seen in the opal-A
zone. Due to the independence of the degree of the opal diagenesis, here the I-S RO and R1
phases are interpreted as being of detrital origin that have not underwent illitization. The
temperature of opal-A to opal-CT transition is broadly accepted as 35-50°C, which is lower than
the onset of illitization (Keller and Isaacs, 1985; Compton, 1991; Huang et al., 1993). For the
Monterey Formation, an even lower temperature of 17 to 21 °C was suggested for opal-A to opal-

CT transition (Matheney and Knauth, 1993).
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The CEC of the total illite+smectite group (average for illite and different I-S
populations) calculated from the composition of clay fractions varies within a narrow range of
53-67 meq/100g assuming an average 110 meq/100g for the smectite component in I-S and 15
meq/100g of CEC for the non-expandable illite layers (Figure 4). The CECy.s values calculated
using Equation 2a are exactly within the CEC range for illite+smectite group found from the clay
fractions, which provides independent evidence that the real CECy,s values cannot be
significantly different than the calculated CECys. Therefore, to match the measured bulk rock
CEC, the CEC of opal in the Monterey Formation samples also cannot be much different than the
calculated CEC,pa values. Moreover, the CECy:s calculated independently for the opal-A zone
and the opal-CT zone have essentially the same values with an insignificant difference, which
provides additional validity for the models.

Additional confirmation of the modeling accuracy is that the modeled values for opal and
illite+smectite explain the concave shape of CEC versus opal content curve (Figure 7). A
simulation exercise was performed to verify the CEC versus opal content prediction model. The
H,0200 part was excluded from Equation 1. In two independent simulations the CEC,pai value in
Equation 2a was fixed at zero or at 20 meq/100g, which is approximately twice the calculated
CEC,pal value, and the simulations were performed again to find the lowest Frin. The third model
with unconstrained CEC,pq1, however, returned the CEC,pa and CECy:s values exactly the same
as given by the models involving the H,0200 part of the Equation 1 (Figure 6), reproducing
perfectly the concave shape of CEC versus opal content. In both tested combinations with the
constrained CECpql, the RPcorrelation coefficient was significantly worse and the concave shape
of CEC versus opal content was either not reproduced or followed with much lower quality of fit
(Figure 7). For these two simulations, the calculated CECy;s values moved far beyond the range

estimated from the clay fraction analysis, and corresponded to pure smectite when CEC,p, was
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fixed at zero or to an almost pure illite when CEC,q was set to 20 meq/100g (Figure 7).
Therefore, the realistic range of CEC,pq values in the Monterey Formation must be much
narrower than 0-20 meq/100g.

The calculated end-member H,O200 values for the illite+smectite group (H,O200ys) are
8.21 % in the opal-A zone and 6.71% in the opal-CT zone. Pure smectite equilibrated at 47% RH
and heated at 200°C releases on average 16.0 wt.% of adsorbed water when Ca-exchanged and ~
11.3 % when Na-exchanged (Srodon and McCarty, 2008); the same measurement conditions
were applied for H 0200 measurement in this study. The composition of exchangeable cations in
the Monterey samples is unknown, but can be assumed to be a mixture of Na and Ca. Because
the separated clay fraction has an ~50% equivalent smectite layer content in the total illite +
illite-smectite (R1 and R0O) minerals, the modeled H,0200y.s values (6.7-8.2 wt.%) match

perfectly the values measured by Srodon and McCarty (2008).

DISCUSSION

Surface charge in biogenic opals from the Monterey Formation

Comparing the chemical and mineral composition of the twelve opal-rich samples
provides an independent approach to evaluating the composition and surface properties of the
opal species. Even if the maximum realistic non-opal mineral contents are used, the chemical
composition does not match the mineral composition of the opal-rich samples (Table 1) if the

opal fraction quantified by XRD is considered as pure Si0,+H;O.
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Two chemical models were considered; assuming that the illite+smectite mineral
quantified in the opal standards has a pure montmorillonite composition (average value from
Srodon and McCarty, 2008), or it is the I-S with ~50%S, as estimated from the detailed clay
analysis (Figure 4) and the CECy;s model (Figure 6). The I-S with ~50%S and a pure
montomorillonite have different average chemical compositions, so they in turn contribute
differently to the bulk rock element concentrations. For both applied models, after subtracting
the contributions of all identified and quantified mineral species other than opal to the total
element concentrations in the bulk rock, the excess K, Na, Al, Fe, Ca and Mg are observed in
almost all samples analyzed (only Fe for one sample is slightly underestimated, Table 1b,c). The
excess Al reaches up to > 1.0% while the average excess Na exceeds 0.3%. Assuming the
negligible contribution from closed pore fluids, the excess element concentrations represent
impurities in the opal silica network. If this model is correct, Al substitutes for Si and provides
the negative net charge of silica while Na”, Ca®", Mg*" and K are then the compensating cations
(Webb and Finlayson, 1987; Gehlen et al., 2002; Gaillou et al., 2008;). The valence of Fe in the
studied samples is unknown. It is accepted that Fe’“can behave like Al and substitute for Si
(Rondeau et al., 2012). Alternatively, Fe may occur as separate, amorphous, XRD-undetectable
oxy-hydroxide phase or linked to organic matter (van Bennekom and van der Gaast, 1976).
Charge balance in the opal structure can be compared by assuming that the excess (AlO;) and
(Fe*"0,) are the species providing the negative charge excess in the silica network, and the
monovalent and divalent cations compensate this negative charge (Table 1b,c, Figure 8). The
charge balance tested with two different element excess sets of anions (from sole Al or total Al +
Fe") and the total cations, determined from two different illite+smectite mineral models
(montmorillonite or I-S) shows a close qualitative match (Figure 8), which supports the model

used. Despite good linear correlation, the models assuming total Al and Fe*" substitution in the
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silica framework have a significant deviation from the zero charge balance, with a trend line
slope << 1 for both mineral models. When assuming only Al substitution for Si (Gehlen et al.,
2002; Koning et al., 2007; Gaillou et al., 2008), the charge balance fit becomes perfect 1:1 for the
montmorillonite model, while the I-S model trend line displays a noticeable intercept of excess
positive charge (Figure 8). The calculation, therefore, suggests that Fe occurs outside the opal
structure as suggested by van Bennekom and van der Gaast (1976), the minor quantities of
illite+smectite mineral is represented mostly by smectite, and the silica network contains
abundant Al substitutions compensated by common seawater cations: Na, Ca, Mg, and K.

The bulk CEC measured for the opal-rich samples (Table 1a) can be reduced by the CEC
of re-quantified, maximum possible illite+smectite content, using either the I-S model (~60
meq/100g) or the montmorillonite model (100 meq/100g), in the same manner as calculating the
excess element concentrations. These “excess CEC” values, when normalized to the opal
content, represent the estimated CEC of pure opal, which - assuming the illite+smectite mineral
admixture as smectite - vary within 3-10 meq/100g (Table 1c). These values are consistent with
CEC measured for the pure opal standards (Table 2). The CEC,pa values modeled for opal-A and
opal-CT using the entire set of ~ 300 samples from the Monterey Formation (Figure 6) need to be
decreased by the CEC equivalent of 2-4 wt.% of smectite that the selected opal-rich samples
revealed after careful re-analysis (Table 1a). This brings the modeled CEC,p, values down to the
range of 4-11 meq/100g, as in the opal CEC range computed for the set of the twelve opal-richest
samples (Table 1c).

The CEC of the pure virtual opal accounts for only ~ 10-50% of the total opal charge
determined from Al substitution for Si (compare Table 1b,c). The mismatch between the CEC
and the total opal charge can be explained by distinguishing between the external (exchangeable)

and internal (fixed) compensating cations (C.f. Robertson and Twedily, 1953; Florke et al., 2012)
18
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in a similar way as performed for OH groups and Si-substituting cations by Webb and Finlayson
(1987) and Loucaides et al. (2010). The Co-hexamine®" cation used to measure CEC in this
study is a large complex cation that does not enter micropores with a sub-nanometer effective
size dimension (Derkowski et al., 2006). If smaller cations were applied for the CEC
determination, more total compensating cations should be exchanged in the silica structure, as
showed by Robertson and Twedily (1953). Using ammonia method those authors found CEC of
pure opal samples in the range of 31-54 meq/100g comparing to 8-12 meq/100g determined with
a large methylene blue molecule. The range of CEC determined with a large Co-hexamine cation
and the total CEC estimated from excess ion based on chemical composition (Table 1c; Figure 8)

perfectly match the ranges given by Robertson and Twedily (1953).

Opal chemical composition and smectite authigenesis

Smectite rather than detrital I-S particles embedded in the Monterey Formation opal
structure should not be surprising. Van Bennekom and van der Gaast (1976), Badaut and
Risacher (1983), Michalopoulos et al. (2000), and Gehlen et al. (2002) independently suggested
the formation of very fine phyllosilicates within diatom particles. Most likely, such embedded
smectite occurs mostly as monolayers, which is evidenced in the Monterey Formation opal-rich
samples by the presence of the XRD hkO reflections that are proportionally much stronger than
the corresponding 00l reflections.

The presence of fine smectite crystallites (or even monolayers) associated with opal, in a
combination with abundant Al substitutions in a silicate structure, suggests a specific pathway of
smectite authigenesis in opals. The 1:1 charge ratio of total excess cations and Al implies the

initial incorporation of tetrahedral Al into the silica network at an opal surface, rather than direct
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nucleation of smectite precursor at a solid-water interface that would have to lead to a
significantly lower cation/Al ratio and the presence of octahedral Al. Although a formation of
Al1"-rich, highly anionic aluminosilicate gel at opal surface seems a feasible mechanism
(Robertson and Twedily, 1953; Michalopoulos et al., 2000; Houston et al., 2008), tetrahedral Al
can also be incorporated directly into a diatom surface structure (Stoffyn, 1979; Gehlen et al.,
2002; Florke et al., 2012). A mix of Al"Y and A1"' found in natural diatoms (Gehlen et al., 2002)
also supports the idea that above a certain concentration of heterogeneous cations incorporated in
opal structure smectite layers can form. The authigenesis of smectite particles from such an
heterogeneous cation composition in the opal structure can be facilitated by the opal dissolution-
precipitation during the opal-A—CT transformation (Compton, 1991; Williams and Crerar,

1995).

Water release from biogenic opals

Using the same approach as for the opal-normalized excess CEC calculation (Table 1b,c),
H,0200 measured for the opal-rich samples (Table 1a) can be reduced by the theoretical water
adsorbed on associated clay, using either the I-S model (H,0200 = 7 wt.%) or the
montmorillonite model (H,0200 = 14 wt.%), assuming mixed Na and Ca cations in the interlayer
(Srodon and McCarty, 2008). The “excess H,0200” values were then normalized to the opal
content. These calculated H,O0200 values for pure opal from the Monterey Formation samples
range from 2 to 4 wt.% (Table 1b,c), which is close to the H, 0200 values measured for the opal
standards (3.5 - 5.3 wt.%; Table 2).

Plotting the computed excess (opal) H,O0200 versus excess (opal) CEC (Table 1b,c)

reveals a weak positive correlation for the opal-rich Monterey samples, regardless the detailed
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clay type assumed for the illite+smectite phase (Figure 9). Moreover, both the modeled opal-A
and opal-CT, CECpa and H,0200,p. values (Figure 6), reduced by ~3% contribution of virtual
smectite, occur close to the trend line derived from the opal-rich Monterey samples. Although
the actual opal H;O200/CEC ratio determined for these samples varies significantly from 0.3 to
1.0, a linear equation with an intercept of ~ 1.75 wt.% of H,O200 for zero-CEC describes the
opal H,0200 and opal CEC relationship with an average factor of 0.17 (SD = 0.066; Figure 9).
The very same H,0200/CEC ratio has been measured for pure smectite (Srodon and McCarty,
2008; Kauthold et al., 2010). Although these two values may be coincidental, they can as well
suggest that a portion of the water removable from opal A and CT at 200°C is controlled by the
hydration of exchangeable cations like in expandable clays, and that content of such water varies
among samples from the same formation. Alternatively, the linear correlation between CEC and
H,0200 can be provided by anhydrous, amorphous, Al-rich, gel-like aluminosilicate phase
formed at opal surfaces (Robertson and Twedily, 1953; Michalopoulos et al., 2000; Houston et
al., 2008). In contrast, the other portion of adsorbed water in opal, described by the intercept, is
cation-independent and it is relatively constant for the entire sample set. This fraction of water
likely represents H,O bound directly to Si-OH surface groups (Loucaides et al., 2010; Bobon et
al., 2011). Two opal standards strongly deviate from the general trend of the H,O200 versus
CEC in the Monterey Formation samples (Figure 9). Such variability is not uncommon because
opal surface properties can vary significantly (Van Cappellen, 1996; Rodrigues et al., 1999;
Boboni et al., 2011).

Because residual H,O molecules are still noticeable in opal after drying in a vacuum at
200°C (Boboni et al., 2011), the observed transition on the TG curve between the low-temperature
and the high-temperature mass loss at ~300°C (Figure 5) can be assigned to the complete removal

of water molecules and the beginning of breaking O-H bonds in silanol groups. Further
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continuous mass loss, besides organic matter decomposition, is thus interpreted as subsequent
dehydroxylation of silanol groups, forming H,O molecules, starting from the opal surface and
proceeding deeper into the opal structure. Water and OH groups may also be released from fluids
contained in closed porosity (Khraisheh et al., 2005; Bobon et al., 2011).

As found in this study and by other authors, H,O and OH contents vary significantly in
opal-A and opal-CT structures (Jones and Renaut, 2004; Bobon et al., 2011). The structural
transition of opal-CT to opal-C and to chalcedony results, however, in an immediate loss of total
water content (Graetsch et al., 1985) and CEC (Table 2). The diagenetic reaction of opal-CT to
opal-C must release enormous quantities of water, thus strongly change the local geochemical
environment. Comparing the quantities of total water (H,O + OH) potentially releasable from
opal (median content 48 % with 6-12% water) and illite+smectite mineral group (median content
12% with 11-13% water), it appears that the total liquid locked up by opal in the Monterey Fm.
rocks can be much greater than the total H,O + OH in clay minerals. When released by frictional
heating during earthquakes, this expelled water can strongly affect the energetics and propagation
of earthquakes (Hirono and Tanikawa, 2011), which is especially significant in the neighboring

San Andreas Fault system in central California.

IMPLICATIONS OF OPAL SURFACE PROPERTIES FOR HYDROCARBON

EXPLORATION IN DIATOMACEOUS RESERVOIRS

Different fractions of water in the opal structure and opal surface properties affect wire-
log measurements and require a revision of conventional approach to porosity determination.
Not only the molecular weight divided by unit cell volume (in ordered structures) or atomic

weights and packing factor (in amorphous phases) are the controlling factors for mineral density,
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but also the quantity of OH groups and their surface distribution strongly affects the mineral
density of opals A and CT (Chaika and Williams, 2001; Bobori et al., 2011). The opal water
would greatly mislead the wireline log-based neutron-porosity determination and may provide
significant mismatch between the density, nuclear magnetic resonance (NMR), and resistivity
logs when conventionally interpreted (Pearson and Derbyshire, 1974; Clavier et al., 1984;
LeCompte et al., 2008). The same tendency may occur when trying to calculate the CBW-
equivalent for opals; the dual-water theory models will not be valid for opal-A and CT in the
same way as it works for clay minerals (Clavier et al., 1984; Fertl and Chilingar, 1988; Matteson
et al., 2000). Due to a multi-step mass loss during opals heating, there is no clear boundary
between different fractions of H,O and OH, therefore the notion of “dry mineral” in the case of
opal-A and CT may not have any practical meaning in oil exploration.

The relationship in Figure 9, gives hope for linking the conventional dual-water theory
model to the opal-bound water. A portion of the opal-bound water can be CEC-dependent in a
similar way as on the surfaces of clay minerals (Clavier et al., 1984; Kauthold et al., 2010) while
the intercept of the linear function of adsorbed water versus CEC is probably a formation-specific
constant that can be determined by careful mineralogical studies and quantitative analysis. The
combined system of a constant H,O in opal + variable H,O, related to CEC as in smectite can
potentially be applied for mineral modeling programs in wireline log formation evaluation (Fertl
and Chilingar, 1988; Brown and Ransom, 1996; Zorski et al., 2011). Because two other opal
standards do not follow the trend line formed by the Monterey samples, it is clear that a separate
study is required for separate basins.

As opposed to smectite, opal CEC may depend on the size of cation used for the CEC
measurement in a similar manner as in zeolites (Robertson and Twedily, 1953; Derkowski et al.,

2006). Opal surface charge is pH-dependent with zero point charge at pH 5-6. At pH 10 opal
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surface charge density can increase to 0.5-0.6 C/m?, which is several times greater than smectite,
while below pH 5 silica surface can develop anion exchange capacity (Rodrigues et al., 2001; Ma
et al., 2012). Such variability of opal surface properties with pH, within the pH range common
for pore water chemistry, affects the reservoir stimulation process (Montgomery and Morea,
2001). The adsorption of dyes as a function of pH was found, however, far less variable than the
surface charge density (Khraisheh et al., 2005), so the opal surface adsorption properties under
formation conditions may depend also on a type of adsorbate reagent used in a reservoir
stimulation flow (cf. Robertson and Twedily, 1953). Therefore, the CEC value measured for opal
at a given pH in the laboratory can serve as reference but the actual formation CEC likely varies
with the pH and chemical composition of pore water. Moreover, silanol pH-dependent surface
properties may produce an alteration in opal surface wettability, from water-wet to oil wet,

decreasing the efficiency of recovery (Turov and Leboda, 1999; Strand et al., 2007).

CONCLUSIONS

Recent developments in routine mineral quantification of non- and semi-crystalline
phases allowed combining quantitatively bulk rock CEC data and the adsorbed water content
with clay minerals and opal contents. Opal A and CT are found to have measurable CEC. Opal
CEC varies even within one formation due to the different degree of Al for Si substitution in the
silica network structure, producing local negative charge that is compensated by potentially
exchangeable Na, K, Ca, and Mg cations.

The range of CEC values found for opal-A and opal-CT in the Monterey Formation is 3-
11 meq/100g, which is a fraction of the total charge determined by the Al substitution in the silica

network. The other portion of total charge is not available for cation exchange by the applied
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method. Opal CEC can be both exchange cation-dependent and pH-dependent, which is a topic
for future studies.

Dispersed smectite particles identified in the opal samples from the Monterey Formation
are easily underestimated or missed by routine XRD-based mineral quantification. The formation
of authigenic smectite particles within opals, or on opal frustule surfaces have been found in
various environments and can be much more common than assumed to date.

Although the absolute CEC of opal surface measured with Co-hexamine cation is quite
low, lower than a typical illite, the opal contribution to the bulk rock CEC can be significant due
to opal forming large proportions of the mineral matrix. Due to a great variability and number of
OH groups and attached water molecules on opal surface and trapped within closed pores, the
CEC-to-total opal water ratio does not follow the relationships determined for clay minerals. In
the Monterey Formation, the opal-bound adsorbed water removable at 200°C, seems to develop
two components: (1) a constant quantity specific for the formation, and (2) a variable quantity
that is CEC-dependent, similar to the CBW/CEC relationship for clay minerals. Additional work

will help verify this concept.
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Figure captions

Figure 1. Relationships between opal-A content, illite+smectite mineral group content, and the
bulk rock cation exchange capacity (CEC), and mass of water desorbed at 200°C (H,0200) in
samples collected form the Monterey Fm., CA. Presented are samples rich in opal-A (opal-A
zone). Linear correlation coefficient R%s given for the Model I regression y=ax + b.

Figure 2. Relationships between opal-CT content, illite+smectite mineral group content, and the
bulk rock cation exchange capacity (CEC), and mass of water desorbed at 200°C (H,0200) in
samples collected form the Monterey Fm., CA. Presented are samples rich in opal-CT (opal-
CT zone). R%as in Figure 2.

Figure 3. Mineral relationships between opal-A (left) and opal-CT (right) content, and
illite+smectite mineral group content for samples collected in the Monterey Fm., CA, shown
separately for opal-A and opal-CT zones.

Figure 4. X-ray diffraction patterns of oriented specimens of clay fractions (< 2 pm), separated
from the Monterey Formation samples, Ca-exchanged and saturated with ethylene glycol
(black dotted line). Mineral structures determination and quantification was performed based
on the XRD pattern modeling (gray solid line).

Figure 5. Patterns of termogravimetric (TG) analysis performed on the mineral standards (left).
The same analyses presented in a form of first derivative TG patterns (DTG; right).

Figure 6. Results of multiple linear correlation modeling (Equations 1 and 2) for CEC and
H,0200 performed separately for opal-A zone and opal-CT zones as a correlation between
the measured bulk rock data (CECyeas, H2O200me05) and the modeled values (CECyogel,
H>02001m0de1)- R? denotes the correlation coefficient.

Figure 7. Bulk rock opal content vs. CEC values measured and modeled with multiple linear

correlation models (Equations 1 and 2a). Left — unconstrained CEC,pa and CECyyg values;

33

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-5008 11/5

middle and right — fixed value of CEC,pa = 20 and zero meq/100g, respectively. Fixed
parameters are shown in bold and underlined. Black diamonds — measured values, gray
circles — modeled values. Linear correlation coefficient R’given for the Model I regression
between the measured and modeled CECs.

Figure 8.Total excess cations plotted against total excess anions for the opal-rich samples from
the Monterey Formation, using I-S mineral model (Table 1b) and montmorillonite model
(Table 1c) for excess element concentrations calculation. The black and gray trend lines
correspond to the respective model data points; the R%is given from the Major Axis (Model II)
regression.

Figure 9. Excess (opal) CEC and excess (opal) H,0200 values measured for opal standards
(Table 2) and calculated for opal contribution after subtracting the illite+smectite contribution
using [-S (Table 1b) and montmorillonite (Table 1¢) models for the set of twelve opal-rich
samples from the Monterey Formation. The results of CEC,pq and Hy0200,,, modeling
using the full sets of the Monterey Formation samples (opal-A zone and opal-CT zone —
“Monterey models”), reduced for the contribution the virtual of 3% smectite, are also
included. The linear correlation equation is given based on the Major Axis (Model II)
regression for Monterey samples with both types of excess elements corrections (Table 1b

and c), n =22, r* = 500.
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796  Table 1. (a) Mineral and chemical composition, in wt.%, CEC, and mass loss at 200°C of selected opal-rich, clay-poor samples from the

797  Monterey Fm., (b and ¢) Opal-assigned CEC and the excess element and ion concentrations calculated by subtracting contributions of individual
798  mineral species to the total element concentrations in the bulk rock, including I-S model of the illite+smectite mineral (b), and the

799  montmorillonite model (c).
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CTmax6 | 2.0 | 0.5 | 2.0 0.0 0.9 0 90 3.5 11.0 35 1.99 {84.49]1 2.85 | 0.50 [ 0.21 [ 0.33 | 0.79 |1 0.42 |10.119| 0.1 | 8.55
CTmax7( 2.0 [ 1.0 | 2.0 3.5 0.7 0 85 5.0 9.2 2.8 | 1.20 |84.67] 2.11 [ 0.63 | 0.85 [ 1.49 | 0.65 | 0.35 |10.084( 0.11 | 8.92
CTmax8 | 3.5 (| 1.2 | 3.8 0.0 0.9 0 86 4.0 12.4 3.0 | 1.15]82.83|3.46 | 1.10 | 0.29 | 0.47 | 0.97 | 0.61 |0.158( 0.14 | 10
CTmax9| 20 ] 05| 1.5 0.4 0.7 1 &8 5.0 11.6 3.1 [0.88 |8531(248)0.89(0.25]059(081]| 04 [0.102] 0.08 | 9.43
CTmax 10| 3.5 | 2.0 | 3.0 0.2 0.6 1 83 6.0 14.1 1.90 |185.33] 3.21 [ 092 ] 0.25 1037 | 0.86 | 0.53 | 0.14 | 0.09 | 8.47
CTmax 11| 151 05| 1.0 | 44 0.6 0 88 3.5 12.0 1.19 183.95]2.37 1 0.87 | 1.03 | 1.68 | 0.59 | 0.3 |0.087| 0.11 | 9.88

801 * Mostly excess-Ca dolomite, with traces of calcite; H1'0.9% of halite ™ 0.4% of halite
802
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b)

Excess (opal) | Excess (opal)
Sample I-S model excess element concentration (wt.%) I-S model excess ion (meq/100g) CEC H,0200

(meq/100g) (Wt.%)

K Al | Mg | Ca | Na Fe | K" | Na" [Mg*"| Ca*" | (AlO,) |(Fe*'0,)"
Amax1l | 006 | 058 | 0.11 | 022 | 028 | 0.31 | 1.6 |12.0[ 9.4 | 11.0| 21.6 5.6 6.8 2.53
CT max 1 10.9 3.90
CTmax2 | 041 [ 1.29 | 0.16 | 0.30 | 0.53 | 0.76 | 10.5|22.9|13.4| 148 | 47.8 13.6 11.3 4.14
CTmax3 | 009 | 042 | 0.04 | 0.17 | 036 | 0.65 | 2.4 |159]33 | 85 | 15.6 11.6 7.1 2.45
CTmax4 | 029 | 0.65 | 0.11 | 0.19 | 044 | 048 | 7.5 | 19.4| 88 | 9.7 | 24.0 8.7 8.6 3.49
CTmax5 | 008 | 035013 025|021 |1.72] 2190 |105|12.6] 13.0 | 30.7 6.7 3.41
CTmax6 | 0,17 | 0.70 | 0.07 | 0.18 | 0.39 | -0.10| 4.4 [17.0] 6.1 | 9.0 | 259 0.0 9.9 3.65
CTmax7 | 0,00 | 0.02 | 0.02 |-0.01]027]003]|00 [118]15]| 00| 0.7 0.5 7.2 2.86
CTmax8 | 021 [ 0.69 | 0.11 | 026 | 0.38 | 0.31 | 5.5 |163]9.5|12.9| 257 5.6 11.6 3.18
CTmax9 | 0.11 | 0.31 | 0.03 | 0.14 | 043 | 024 | 2.8 |18.7]23 | 7.2 | 11.6 4.3 9.7 3.03
CTmax 10 | _0.03 | 0.24 | 0.04 | 0.13 [ 0.34 | 031 | 0.0 | 14.7|3.0| 6.4 | 9.1 55 12.5
CTmax 111 007 | 055|004 |0.14 [ 032 | 025 | 1.9 | 140|344 | 72 | 202 4.5 11.3
36
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807 ¢
Montmorci:)lr(::;;etrr;(i):zl (f;(tc(;: )S clement Montmorillonite model excess ion (meq/100g) Excii;(é)pal) Exilezs(;Z(ggal)
' (meq/100g) (Wt.%)
Sample K Al | Mg | Ca Na Fe | K | Na" [Mg*| Ca®" | (AlO,) |(Fe*'0,)"
Amax1l | 012 |072]009|020]|026]|027 |31 ]|11.1[78]10.0] 26.8 4.9 5.9 2.38
CT max 1 9.5 3.67
CTmax2 | 053 [ 1.57 | 0.12 | 0.26 | 0.49 | 0.68 | 13.6|21.1 [10.2]| 12.8| 58.2 12.2 9.4 3.81
CTmax3 | 024 | 0.77 [-0.01 | 0.12 | 0.31 | 055 | 6.2 {13.7] 0.0 | 6.0 | 28.5 9.8 4.7 2.03
CTmax4 | 043 | 0.96 | 0.06 | 0.15 | 0.40 | 0.39 | 109|174 |51 | 7.5 | 357 7.1 6.6 3.14
CTmax5 | 032 | 091 ]0.05]017 [ 0.13 | 1.56 | 82 | 55 |39 |86 | 338 | 27.8 2.6 2.71
CTmax6 | 028 | 0.94 | 0.04 | 0.15 | 0.36 [-0.17 | 7.1 |155[32| 7.3 | 35.0 0.0 8.3 3.38
CTmax7 | 0.15 | 0.37 |-0.03 | -0.06 | 0.22 | -0.07 | 3.8 | 9.7 [ 0.0 | 0.0 | 13.7 0.0 4.9 2.44
CTmax8 | 033 | 0.97 | 0.07 | 022 | 034 | 023 | 8.6 |14.6| 62 |109| 36.1 4.2 9.8 2.85
CTmax9 | 026 | 0.66 [-0.02| 0.09 | 0.38 [ 0.14 | 6.7 |16.6] 0.0 | 47 | 24.6 2.5 7.4 2.63
CTmax10 | 0.15 | 0.66 {-0.02| 0.07 [ 0.28 | 0.19 | 3.9 | 12.1| 0.0 | 3.4 | 246 3.3 9.6
CTmax 111 018 [ 0.79 | 0.01 | 0.11 [ 029 | 0.18 | 4.6 | 12.5| 0.5 | 5.4 | 29.3 3.3 9.7

808  Excess element concentrations calculated from the bulk contents corrected for the element contributions from: K-feldspar (K — 14.3%, Al —9.7%, Na — 1%),
809  plagioclase (Ca— 1%, Na — 8%, Al — 10%), excess-Ca dolomite (Fe — 1%, Ca — 23%, Mg — 12%), pyrite (Fe — 46.5%), halite (Na — 39%); illite+smectite
810  group considered as I-S (K — 3%, Al — 16%, Mg — 1.5%; Ca — 1%, Na — 1%, Fe — 1%) or montmorillonite (Al — 9%, Mg — 2.5%; Ca — 2%, Na — 2%, Fe —
811  3%).

812  Excess (opal) CEC and excess (opal) H,0200 calculated by subtracting the illite+smectite contribution to measured bulk rock CEC and H,0200, using 60
813  meq/100g and 7 wt.% for I-S model and 100 meq/100 and 14 wt.% for montmorillonite model, respectively, and normalizing to the opal content.

814  Excess element concentration less than zero was approximated by zero.

815
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Table 2.Cation exchange capacity and mass loss of mineral standards during moisture analysis tests and thermogravimetry analysis.
Moisture analysis TG analysis
(H2O loss at given temperature) (mass loss at given temperature)
Sample H,O0110 H,0200 CEC H,OTG300 | H,OTG650 | H,OTG1000 | Sample origin
(%) (%) (meq/100g) (%) (%) (%)

Opal-A 282 1.67 3.49 5.6 5.98 8.09 9.19 Santa Barbara Co., CA, USA

Opal-A 586 3.20 5.34 6.0 7.94 13.75 15.07 Auvergne, France

Opal-A 252 3.17 4.09 35 6.49 12.60 14.59 Monterey Formation, CA, USA

Opal-CT 417 1.48 3.6 3.63 6.34 7.11 Jalisco, Mexico

Opal-C 264 <0.05 <0.05 1.3 0.19 0.37 0.67 Virgin Valley, Humboldt Co., NV,
USA

Tridymite 477 0.56 0.5 0.28 0.48 0.72 Germany (detailed location
unknown)

Obsidian 501 0.18 0.32 0.8 0.11 0.32 0.85 Millard City, UT, USA
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Figure 7



A 1-S elements excess model

e Montmorillonite excess elements model
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