DOE/ET/27111-2

USING PRESENCE OF CALCITE CAP ROCK

- IN SHALES T0 PREDICT OCCURRENCE OF RESERVOIRS

' COMPOSED OF LEACHED SECONDARY POROSITY ,

: - IN THE GEOPRESSURED ZONE: .

‘Annual Report For The Period

June-1, 1980 - October 31, 1980

_ w R Ka1ser K1n31 Magara
Ko L. Milliken, and D. L. R1chmann *

: |

Bureau of Economic ‘Geology ‘
~ ~:W. L. Fisher, Director L e
- The University of Texas at Austin
University Station, Box X
Austin, Texas - 78712

' Prepared fdr"
U.S. Department of Energy

Nevada Operations Office
Las Vegas, Nevada

Work performed under contract
© DE-AC08-79ET27111

January, 1981

QAe7227



Contents

AbStraCt . f ., . .. . . © « o ., . 'y ° . . - .
Introduction ¢ . . . e i e e e B

- Cap Rock Mapping e e e e ; ,.'v. . a

FTUid‘FldW‘Mappihg . o‘ . ‘o ] ] . . T e -‘f;wi;"o . ki .

Cap Rock Petrology « . . . . . ; . e+ e e e e e

Background . . « . . ¢ & ¢ & e e o e o s

~ Sampling and Analyt1ca1 Techn1ques e oe e R

' Pre11m1nary ReSUTES « & 0 v W . e . . o e
Isotope Chem1stny e e e e e T e e e e ;-‘.
Detrital Fe]dspar Compos1t1on . . ; . .. e e .7 .

Background . . ..o PRI
Sampling: and Analytical Techn1ques A T  .‘ .

Preliminary Resu]ts _ - « e e e ..

Estimating Thermodynamic Functions . « & & .. o . 0 .

Ca—MOI’ItmOY"” ] Onite L] ) . - . . * . e . 4- . . v. (3N o‘
Ferroan Calcite . . . . . . PRI T
‘Acknowledgments ..‘{"7., T T T,

REferenCES . . L) . . . bo ;’ . P ) vn . N [ . ] e .

F1gures

1. Distribution by county of organic carbon content of sha]es
- in the Frio Formation study area and adjacent areas . .

2. Histogram of 0rgan1c carbon content in the Frio Formation

3. Schematic'diagrams showing shale porosity or transit time
versus depth and f]uid pressure versus depth relationships .

14: Schemat1c cross sect1on showing interpreted directions of
present fluid flow . . . . . « ¢ + « « « .+ .

Page

o ® B W™

18
18

19.

20

23
- 27

29

g

31



9a.
9.
10.

11‘

12.

13.

14,

T
- 2.‘“'

3.

Foraminifers, GCO/DOE No. 2 Pleasant Bayou . . . . . .
Cocco]ithophores, Humble No. 1 Vieman . T
Detailed views of foraminifers, Humble No. 1 Skrabanek . .

Close examination of cocco11ths, GCO/DOE No. 2 Pleasant Bayou

S1ng1e rhomb (Fe- bear1ng carbonate) GCO/DOE No. 2 P]easant Bayou

C]uster of rhombs, GCO/DOE No. 2 P]easant Bayou c e s .

Calcite peaks he1ght from X-ray d1ffractometer traoes versus
depth, Brazoria County shales o o o o 4 e 4 e

Bulk carbonate oxygen and carbon 1sotop1c data versus depth

Brazoria County sha]es S Tiee e e et ey e

Distribution of detrital fe]dspar cohpositions, Miocene . .
Distribution of detrital fe]dspar compos1t1ons, Frio . . .

Estimation of the standard change in entha]py of format1on of

phy]]os111cates T e

|
- Tables

vBrazoria,County isotope data . . . . T
Compositions of key minerals .. . . . . . . . . . .

‘Hydrolysis reactions‘ B ERCR

. 4 . : 4 "_' K ) .
Reaction pairs . . .« '« .« .+ o o . ... .0

iv -

°

 Page-
-

11
12
12

13

13

15

16

21
22

28

17

2

25

26



ABSTRACT

‘The distribution of high-resistivity sha]e in the Frio Formation bethen
hydropressUred and geopressuked straté‘has been’Mapped aTohg the TeXés>Gu1f
'FCoaSt- ~Two hlgh res1st1v1ty intervals more than 1 000 ft thick have been
}mapped one in Brazor1a and Ga]veston Count1es and the other in Kenedy County.
They co1nc1de with Fr1o deita systems and may be ‘related to extraord1nary
quant1t1es of COp produced by deltaic sediments rich in woody and herbaceous
. matter. Beyond be1ng ca]careous the nature of the high- res1st1v1ty interval
-is enlgmat1c and its re1at1onsh1p to deep secendary poros1ty prob]emat1c
Most of the conta1ned»carbonate is microscopically and 1sotopjce11y skeletal
1ﬁ“origin, kevea]ing no evidence of diagenetic modification. Minor rhombs of
jron-bearing carbonate tens of microns in size were identified. Detrita]
fe]dspar\compOSitions are being,estab]ished to fest subsequent. changes 1in
'feldspar compos1t1on resu1t1ng from progressive burial and a1b1t1zat1on. Hy-
.’drolys1s react1ons for auth1gen1c m1nerals and react1ons between key pa1rs of
minerals have been wr1tten. Thermodynamic' funct1ons for complex phyl]os111—
eetes at temperatures up to 200°C have been calculated. From thermodynamic
- ealcuTations it was predicted that ferroan calcite would be the favored authi-

genic carbonate in ‘shales.
INTRODUCTION

Two areas of cap rock occurrence have been mapped, one in the upper Texas
~coast and the other in South Texas. These may be related to ancient delta
systems. Two high-resistivity zones have been 1dentified‘in Brazoria County;'

‘The nature of the high-resistivity intervals remains enigmatic. Most of the



carbonafe they contain is microscopically and isotopicatly skeletal in origin.
Few éuthigeﬁ}c componehts have been identified. Isotopic data suggest minimal
recycling of pore waters between shale and“Sandstone. ' |

\ Hydrolysis reactions and reactionélbetwéen key pairs of minerals have
been written. The goal 1is to'p]ot formation waters on ;tability diagfams~for
these reactionrpafrs and to correlate ]og'activfty ratios with thé presence or
absence of cap rock and deep'secoqdary porosity. Mineral compositionskare de-
termined on -the basis of:microprobe data from earlier Sandstone Consolidation
projects and new data collected in this project. Mefhbds have been developed
to estimate thermodynamié fdnctions fok-most of.ﬁhese ﬁfnera]s at\e]evafed
temperatures. Methods differ depending on the mineral class and a?ai]abi]ify

of published thermodynamic data.
CAPFROCK,MAPPING

| Crosé sectiohs anh maps of the shé]e cap rock (high-resfstivity zone§)

have Eééh made frdm sévéraT hundréd geophysical logs. Two main aréas of.céb
" rock héve been mapped, one in Brazoria and Galveston Counties and the other in
 Kenedy: Cbunty. In Brazoria County two h1gh re51st1v1ty zones at 7,000 to
-8,000 ft and 10, 000 to 12,000 ft have been 1dent1f1ed. The shallower zone is
at the base of the hydropressured ‘interval (0.465 psi/ft), and the deeper one
is near the boundary'between the soft geopressured and hard geopressured in-
tervals (0.7 psi/ft). The deeper zone is regiona]]yvmore extensiVé than the
shallower zone. - | |

Geographically, the cap rock appears-to\cofncide with two Ffio delta sys-
téms;-thé Houston delta Syétem on the upper coast'and'thé‘Norias delta system

in South Texas. It is further sugéested that since delta sediments are



normally rich in woody and herbaceous organic matter, an extraordinary,quan- .
fity of COp is produced in these areas, contributing to cap rock’formation;
In contrast, interdeltaic areas seem to have no maJor cap rock development,
and its absence is be11eved to be related to a greater abundance of amorphous
organic matter. |

MData on the percentage_of organic carbon have been compiled for the’Frio
Formation (fig. 1). A'histogram}shows that most samples range‘from‘about 0.1
to 0.4 weight percent-and average 0. 28 weight percent (fig. 2). ‘The cOmmonly '
accepted 1ower Timit for s1gn1f1cant 011 generatlon in other basins is approx-'

1mate1y 0. 5 percent
“FLUID FLOW MAPPING

USing digital'sonic Tog data, we plan to map the current vertica1 and
hor1zonta1 compact1on f1u1d flow patterns in Brazor1a County Sonic transit -
t1me can be re]ated to poros1ty or compact1on 1eve1 of sha]e. Because of a
c]ose re]at1on among the level of sha]e compaction, depth of burial, and pore-
fluid pressure, it is possible to estimate the pore-fluid pressure at a given
depth from the level of shale compaction or~sha1e transit time value (fig. 3);
The estimated pore-fluid pressure values in shales may?be used to interpret \
the vertica] and horizonta] fluid-flow patterns that currently exist fn the
subsurface (fig. 4).

However, fluid-flow patterns inithe geo]ogjc past are probab]y different
from the present patterns. This is because the paleo fluid flow is controlled
mainly by the loading patterns and by the fluid-expulsion efficiency of the
sedimentary sequences. Whetber or not a giuen sedimentary sequence retatned |

relatively high efficiency for fluid expulsion in the geologica1 past can be
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Figure 1. Distribution by /county of orga'nic\carbon content of shales in the
Frio Formation study area and adjacent areas. :
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- Figure 2. Histogram of organic carbon content in the Frio Formation.
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Figure 3. fSchematic diagrams showing shale porosity or transit time versus
depth and fluid pressure versus depth relationships.  Equation is for
calculating fluid pressure at depth D' in an undercompacted interval.
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evaluated by the comparison of the sediment's total Toad pressure and of the
remaining pore—f]uid'pressure; If most of the 1oad pressure was re1ieved
owing to effect1ve fluid expu1s1on, 1t wou]d now have relatively 1ow pressure.
Such a sed1mentary un1t wou]d 1nd1cate very 11tt1e movement of fluids now,- but
s1gn1f1cant fluid expu]s10n and‘movement in the geologic past. The objective
of the;pa]eo end‘preSent tluidnflow anelyses is to indicate the direction of.
movement of fluids containing mineral solutes and to 1nfer the;11ke1y places
“for precipitation‘of minerals. r

In summary , the paleo and the present f1u1d f]ow patterns must be anal-
yzed separately. For the pa]eo fluid-flow study, a 1oad1ng map (map show1ng
the total weight of sed1mentary column) can be constructed and used For the
present f1u1d f]ow study, the pressure values . der1ved from the analysis of “

_sonic transit time can be used. Cent®

. CAP ROCK PETROLOGY
Background

Heretofore, no one'has.conducted"detailed petrographic ana]yses_of cap
rock dr high-resistdvity shale to exp1ain its_response on geophysical logs;
that is, why do shale resistivities within.these intervals increase so abrupt-
< 1y? Is this effect related to shale mineralogy, pore fluids, or some other
feature of the rock? \'

It is known that cap rock is ca1careOUs, but the nature of the carbonate
material has never been documented. One‘of the major Objectives of this study
is to determine the geneticiassociation of'these carbonates. If they prove to

~ be authigenic and if it can be shown that high resistivity is related to their

presence, then the distribution of cap rock, cemented:utth materia] possibTy



a:1eached from the underlying strata, could bear some relationship to deep sec-
‘ondary poros1ty On the other hand, if res1st1v1ty cannot be re]ated to the
presence of authigenic carbonate (or other authigenic minerals) some other

~ physical or chemical parameter must control it.
Sampling and Analytical Techniques |

On fhé basis of shale resistivity and intérval'transit time plots, caafr
;;&OCk intervals were identified in three wells from Brazoria County: GCO/DOE
aNQ‘ 2 P]easanf Bayou, Humbie.No. 14 M.vSkrabanek, and Humble No. 1 R. W.
’iVjeman. Ih‘alT three we]]é; aishallow aad a deeper high-reéistivity cap rock
tfzone waéuidéntified Whole-core samples ffom the-interva]s of interest weré
:anot ava11ab1e however, we obtained washed cutt1ngs from these wells over
~‘port1ons of each cap rock 1nterva] and from the section above and be]ow these
1ntervals.‘ Fromvthe wa;hed cutt1ngs,‘a pure sha]e sample of about b grams was
hand picked under the binoéu]ar microscope. These shale cutt1ngs were exam-
ined on the scanning electron microstobe (SEM) as whole rock fragments and in
u]trasohica11y disaggregated size fraétions. In add1t1on, d1saggregated sam-b
ples in liquid mounts were examined with a standard po]arizing”migroscopé.

The so]e petrographic criterion we used to identify-authigenic minerals
waé_grystal morphology. By analogy to coarser grained sediments, authigenic
phaséswtypica11y deve}pp euhedral crystal faces wheré they grow into pore
‘spaces. Thus; we would éxpect that authigenic carbonates present in the

shales might occur as recognizable rhombs.
Preliminary Results

Identification of individual conétituents of the cap rock is best .accom-

plished using disaggregated samples. In the whole cuttings, many of the



corstituents were impossible to identify without the energy dispersive analy-
vzer (EDA) because of ‘dense coatings of detrital clay that obscured their mor-
phology. This probTem was 1arge1y a11eviated hy ustng the disaggregated
samples. | | |

Disaggregated samp1es were examined in the following size fractions:
<2um; 2 to 20 um; >20um; and whole sample. Most of our data were obtained
from observations of the >20um-'and‘2—’to 20-um-size fractions. In these
splits, we found that skeletal carbenate, consisting of coccolith and foramin-
ifer fragments, composes a significant port1on of the sample (figs. 5 and 6).
In fact, in the sha]]ow cap rock zones of a11 three wells, it is the only form
of carbonate that could be#positively identified by SEM. The detailed struc-
tures of the foraminifers and coccoliths are remarkabTy well preserved. High-
magnification views of these features (figs. 7 and 8) fail to reveal any evi-
dence of diagenetic modification.

Under the petrographic microscope, some micritic fragments were also ob-
served these may represent the lithified product of carbonate mud present
upon depos1t1on. However, these fragments are volumetr1ca]]y 1ess abundant
than fossils.

In some samples from the deeper cap rock zones in each of the three
wells, minor quantities of a rhombic mineral nere observed (figs. 9a and 9b).
These rhombs are iron-bearing carbonate. In all instances that the rhombic
carbonates were observed, they occur in extremely minor quantities and are far
Tess abundant than the skeletal carbonate. A]so there are problems in inter-
preting the genesis of these carbonates on the basis of their form a]one..
First, they are too large to have formed as a pore-filling cement. Most are
tens of microns across and thus probably did not form in microbores‘(on the
order of 0.1 um) between the clay flakes of a compacted shale. This does not,

however,,exclude the possibility that they may have formed authigenically

10
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Figure'5.. Foraminifers. Foraminiferal tests constitute a significant part of
‘the > 20 um fraction; 9,260 to 9,290 ft, GCO/DOE No. 2 Pleasant Bayou.

Figure 6. Coccolithophores. Coccoliths, often in the form of entire
coccospheres, are abundant in the 2 to 20 um fraction; 9,716 ft; Humble No. 1
Vieman; 3,7OQx»

11
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Figure 7. Detailed views of foraminifers reveal no evidence of dissolution of
precipitation of authigenic minerals in pores; 6,937 ft; Humble No. 1 Skrabanek;
5,100x. ‘ ' ‘ R

Figure 8. Close examination of coccoliths also reveals little evidence of
textural modification from diagenesis; 10,010 ft; GCO/DOE No. 2 Pleasant Bayou;
4,900)(. ’ ' ' N :

12 /



Figure 9a. Single rhomb (Fénbearing carbonate); 10,010 ft; GCO/DOE No. 2
Pleasant Bayou; 3,200x.

Figure 9b. Cluster of rhombs; 10,010 ft, GCO/DOE'NO.V2'P1easant Bayou; 5,200x.



within fractures, as an alteration of detrital materia1, or within foraminifer
chambers. The on]y‘cléar1y authigenic'minerai that We H%ve found_to Qéédr
abundantly in:the coarse ffactions of the shales is pyrite occurring as fram-
”boids.‘  | ) B

Itris‘infefésting thatithe consolidation state of the shale does not ap-
pear to differ between cab rock énd hon—cap rock.interVaTé,‘ A11 samples shal-
Tower than 13,000 ft are virtua]]&wun1ithifféd and d}saggregate sﬁdhtanebus1y ‘
on contact:wifh water. Be]ow this depth, lithification proceeds rapidly with
increésing-depth‘to form very hard, splintery, slate-like shales. The transi-
tioh to lithified shale roughly corresponds to the total Toss of carbonate
»yithidepth‘(figf 10) and the stabilization of mixed-layer illite/ smectite at
approximately 80 percent illite layers (ered, 1980). Interérowth of clay

‘flakes may be responsible for the increasing lithification..

ISOTOPE GEOCHEMISTRY

"‘faifWenty-tﬁﬁlsha1é samples from the same three wells in the Chocolate
.Bayou Fie]dkhave\been éha]yzed for oxygen and carbon,fsotopes. To obtainf‘
C02 gas fopeisotbpic aha]ysis, carbonaterin the pu]k_sha]e sample is reacted
“under vacuum with 100 percent anhydrous phosphoric acid.;hShale sampTes for
“isotopic analysis are se1ectivé]y removed by hand from,quttjngs, grouhd in a
- ceramic mortar, and X-rayed to determine the.nuhber of cakbohate phases pres-
ent and their relative abuhdance. A11 Brazoria County samples examined so far
are calcite. . » | 7
Isotopic.data obtained so far aré consistent‘with a carbonafe fﬁaction

consisting primari1y of skeletal debris (fig.kll; table 1). At all depths
examined,ﬂ6180 vélues for cérbohates‘in'sha1es'are significantly heavjer

‘than the §180 values for carbonates in associated sandstones (Loucks and

~
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.Figure 10. Ca]c1te peaks height from X-ray d1ffractometer traces versus depth,
Brazoria County shales. Hard, splintery shale occurs below 14,000 ft.
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Table 1. Brazoria County isotope data.

/

. Well Name ~ sample No. Depth (ft) 180  13¢
~ GCO/DOE No. 2 Pleasant Bayou  BrS-1 9,260 - 9,290  -2.44  -1.73
Lo L " Brs-2 9,520 - 9,580  -2.30  -1.59
e ~ Brs-3. 10,010 - 10,040 - 3
o Sonow Tom ‘Brs-4 10,650 - 10,680 -3.54  -4.41
e newo | Brs-5 11,220 - 11,250 -2.58 ~ -4.54
b oo " Brs-6 11,800 - 11,840 -2.53  -4.41
E o Brs-7 12,410 -'12,440  -3.02  -4.98

SR UL Brs-8 13,050 - 13,090 -4.67  -4.38
o L y Brs-9 13,510 - 13,540 -4.84 -4.22
Low e W CBrs-10 14,110 - 14,140  -4.46  -4.75
g?‘HUmble No. 1 Skrabanek _ BrS-16 6,874 - 6,906 -2.95 -2.54
oo m e Bps-lT 6,998 - 7,030 ~ -2.89  -3.38
o W o Brs-18 7,188 - 7,215  -2.54  -3.18

L N Brs-19 7,336 - 7,367 -2.82  -2.70

L Brs-20 7,547 - 7,576  -2.77  -1.70,

R L Brs-21 7,834 - 7,865 -2.61  -2.11

" S AR " BrS-22 8,361 - 8,393  -2.43 -3.67

" now " I Brs-23 9,212 - 9,242 :

Humble No. 1 Vieman Brs-24 6,000 - 6,028  -2.905 = -3.275

) L " . BrS-24a 6,000 - 6,028 «

" ww e ~ Brs-25 6,278 - 6,308  -2.49 -2.28

" - "  Br$-26 6,522 - 6,553  -2.60  -3.28

W w e T Brs-26a 6,522~ 6,554 |

W wmowo o w o prea7 6,740 - 6,987

" N B B ~ Brs-28 6,987 - 7,019

GCO/DOE No. 1 Pleasant Bayou BrS-29 . 10,240 - 10,260:

" SCR " Brs-30 10,900 - 10,930 -1.99  -4.685

n woon " BrS-31- 12,740 - 12,770  -3.11 - -4.20

- 8,745 |

Humble No. 1 Skrabanek BrS-32 8,716 .
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others, 1980) and is consistent‘with minima? recyc1ing of pore waters between
shale and sandstone.. In other words, waters were squeezed out of the sha]es
into the sandstones and underwent m1nor recontact wWith the shales. Both sand-
stones.and shales shift toward 11gnter s13¢ yalues at_approximately 10,0001ft.’
The shift in the sandstbnes, however, is to values of abproximate1y'A10”per
mil, whereas va1ues in shales below 10 000 ft were approx1mate1y -5 per mil.
Below approx1mate]y 12,500 ft, 513C va]ues in sandstones become heavier, where:
as 613C values in shales do not show a trend toward heav1er va]ues (fig. 11).
Above1approximate1y 10,000 ft,'6180 and 613C_va1ues of shale carbonates
are consistent with essentially unmodified skeletal debris. -Be]ow}this‘deptn
~ ‘isotopic values are sti11'withinvthenrange of values possible for skeletal
debris but shen a trend toward somennai iighteriva]ues with depth. Below ap-
proximately 14,0005ft tne,shales are devoid of carbonate. The shift toward
lighter isotopic values below 10,000 ft probably reflects 1ncneased amounts of
exchange between,earbonate particleshandvsha1e pore f]uids»at higher temperaé

= ture.

- DETRITAL FELDSPAR COMPOSITION

e

Background

The Sandstone Consolidation III project includes microprobe analysis of
(1) detrital fefdspars - to essess the potential consequences of albitization
' on sandstone diagenesis, and (2) authigenic carbonates - to determine whether
any systemétic or sequential variations in carbonate chemistry can be docu-
‘mented, and if so, what the implications of. such variations are. ,Beeause of
unforeseen operatiéna] problems with and Timited eecess to the University‘of
Texas Geology Department‘s microprobe, resulting data are limited and

preliminary.

18



We have not yet begun analysis of carbonates but are currently analyzing
:detrlta1 feldspars from Miocene and 011gocene Frio sandstones from Brazoria
county, Texas. On comp]et1on of th1s part of the task, we will conduct sim-
}ilar ana1yses of fe]dspars in V1cksburg sandstones from Hidalgo County, Texas,
~and compare the two data setsq Th1s comparison may te]] us if the albitiza-
t1on reaction is dom1nant1y temperature dependent (51nce upper and 10wer Texas
geu]f coast regions are characterized by d1ffer1ng geotherma] gradients) or if
:other factors are significant controls (for example, whether a "threshold"

a north1te content of detr1ta1 p]ag1oc1ase is requisite to albitization; what
tthe potent1a1 effect of depositional matrix is on the reaction; and in Tlight
jof concurrent research on br1ne chemistry, what the 1nf1uence of variable pore

gflu1d compos1t1ons might be)
Sampiing and Anafyticawaechniques

Probe sections were made from who]e-core and from hand-picked sandstone
cottings overrdepth interVa]s where core was unavailable. This was done to
obtain the most cOntinuous depth distrtbution of samples posSib]es. Idea]]y;
samples were taken every 50 to 100 ft; however, gaps'exist'owing<to the ver-
tiCal distribution of sandstone in the sedimentary sequence.

F1fty—three polished probe sections were made from Brazoria County sam-
ples. Samp]e depths range from 4,345 ft to 17 783 ft. Acquisition of samples
from the lower Texas coast is incomplete. Current]y, we have 28 po]iShed sec-
tions of Vicksburg sandstones from Hidalgo County.

Microprobe analyses are conducted on an Applied Research Laboratories in-
strument utilizing an energy dispersive spectrometer. Each section is examin-

ed in reflected light, and 20 randomly selected detrital feldspar grains are

19



analyzed for Nap0, A103, Si0p, Kp0, Cal, and FeO. Va%ues of the three feld-
spar end members, An (‘CaAT‘231'208), Ab (uaA‘isigog), and 0r'(|<,A1,31308) are no’rmaﬁ
ized to 100 percent by the EDS-ULTIMATE bregrah; These end memuer compositions:
are ‘then plotted on triangular graphs from wh1ch potential compos1t1ona1 ;

trends can be read11y d1st1ngu1shed
Preliminary Results

Two Miocene samples aud two Frio samples from the 1o;boo;ft inteuva]’"'
“have been ana]yged. Pre]iminary_data suggest that the Miocene;eandstones and
Frio sandstones ‘may have been derived, at least in part, from different
sources. On‘An-Ab—Or plots overprinted with the fields of p]utonic/metamor?
phic and ve]canicvfeldspar compositions (Trevena and Nash, in press), detri-
- tal fe]dsper compositions from the Miocene samples are all.consistent with a.
plutonic/metamorphic source (fig. 12). 1In cohtrast, a number of feldspars
(fig. 13). While, admittedly, thesereifferences could be attributed to the
over]ap th the fe]dspar fie]ds this seems unlikely. The d1fference in compo- -
s1t1ona1 distributions could be attr1buted to the overlap of the two genet1c
f1e1ds. There is sufficient overlap to 1nterpret a volcanic as well as a plu-
tonic/metamorphfc source for the Miocene samples. However, this seems‘unlikes
ly, one would expect to find some distinctively voleanic fe]dspar compos1t1ons
if a volcanic source were contributing significant sediment dur1ng the
Miocene. |

~ We had originally proposed to use the feldsper mix of the shallow Miocene
samples to establish an initial calcium content to test subsequent changes iu
feldspar chemistry resulting from progressive burial and albitization. Since
we now believe dtfferent sediment sources were involved during depositionvof

the Miocene and the Oligocene Frio sediments, we instead plan to use shallow,

20



An

Range of volcanic
feldspar compositions

< Range of plutonic.and
\ metamorphic feldspar

compositions....

Figure 12. _Distribution'of detrital feldspar compositions, Miocene (Trevena and
Nash, in press). ,
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Figure 13. Distribution of detrital feldspar compositions;'Ffio (10,000 ft
interval) (Trevena and Nash, in press). ‘ o L
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‘-Fr1° -gandstones poikilotopically cemented with ca1c1te Our preliminary data ‘
;;Suggest that the earTy po1k110top1ca11y cemented sandstones were 1mpermeab1e
}to the albitizing f1u1ds.A Consequently, in samples having cements that were |
 hot Teached before burial to depths where albitization occurs, the or1g1na]
.fe]dspar compositions are preserved

= 5 In the Frio samp]es from the 10,000-ft interval, detrital plagioclase
.2ébmpos1t1ons vary from Any to An53 (f1ge 13). Th1s range fs'considerab1y
.gééater than expected and could complicate determination of a meaningfu]b
5§¢rage 1nitia1 calcium content if the fe]dspar.compositions heve e large

“standard deviation.
ESTIMATING‘THERMODYNAMIC FUNCTIONS‘

w Thermodynamlc data are directly available for construct1on of many stabi-
_$11ty dlagrams of fair to excellent va11d1ty at 25°C (298. 15°K) Tb calculate
{¥etab111ty relat1ons among minerals at h1gher temperatures, between 25 and
?200°C requ1res data at the temperature of interest. Idea]ly, tab]es of the ’
ichange in standard free energies of formation (AG°¢) would be available at
thigher"temperatures in intervals convenient for interpolation. But, becaUse1:
- of ‘the fragmentary nature and the lack of availability of thermodynamic data,
no comprehensive compilation has been‘made,’especia11y'for theﬂphyllosilicates
or 1éyerwsi1icate$. However, enough data has beenIPUblished to allow estima- :
tion of AG°s for key minerals (table 2) and reactions in tables 3 and 4.

The approach is eclectic and is i]]ustrateq by calculation of the change in
~free energies of formation for Ca-montmorillonite and ferroan calcite

(table 2).
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Table 2. .Compositions of key minerals.

Quartz 'N Si02
Calcite CaC03

Ferroan calcite . Ca_gsFe_o5C03

Albite NaA1Si30g

K-feldspar  KA1Sig0g

Intermediate p1agio¢1asé ’ Na’7Cé.3A1103$j2;708
Kaolinite 'A12$i205(0H)4‘ | |

chloritéé E MnggFez,gAl2083{2;5010(0H)8‘,"’“
Ca-monthb?i]lonité ACé‘15(A11;56M9.25Fe.25)Sf4010(0H)2

" Na-montmorillonite Na_33(A11.56Mg.25Fe,25)S14010(0H)2

Ilite K.6Mg,25A12,3513,5010(0H)2

Laumontite  CaAlpSig01p * 4Hp0

Clinoptilolite  NaAlSig01p + 4Hp0
Sphene  Ca(Ti.7A1.4)Si0s5
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Table 3. Hydrolysis'reactions.’

o

S105 + 2 HyO = H,Si0,°

CaCos = CaZt + C052"

Ca,gsFe,05C05 = 0.95 CaZ* + 0.05 FeZ* + 032"

NaAlSiz0g + 8 Hp0 = Na* + AI(OH) 4~ + 3 H,S10,°

KAISi30g + 8 Hp0 = K* + AL(OH),~ + 3 H4S{041

Na;7Ca.3A|1.35i2.§oe + 8 Hp0 = 0.7 Na* + 0.3 CaZt + 1;3vAI(OH)4" { 2.7 H4sio4°
Al2S1205(0H) 4 + 7 HpO = 2 AI(OH) 4™ + 2 HgS104° + 2 W+

Maz,3Fe2,3A12,8512,6010(0M) g + 3.6 Hp0 + 6.4 H* = 2.3 MgZ+ + 2.3 Fe2* + 2.8 AI(OH)4~ + 2.6 HySi0,°

Ca, 16¢Al 1,56M3, 2572, 25514010(0H) 2 + 10,24 Hy0 = 0.16 CaZ* + 1.56 AI(OH) 4~ + 0.25 Fe2* + 0.25 Mg2* + 4'H,S10,° + 0.24 H*

Na_33(Al 1 56Ma_ 258, 25)S14010(0H) 5 + 10,24 H0 = 0.33 Nat + 1.56 AL(OH) 4~ + 0425 Mg2* +‘o.2s FeZ¥ + 4 HyS104° + 0.24 H*
K'6Mg.25Al2;3Si3.5010(0H)2 + 11,2 Hy0 = 0.6 K* + 2.3 Al (OH) ;= + 3;5 HgS104° + 0,25 Mg2* + 1.2 H*

Cahl,Si4012 * 4 HyO + 8 Hy0 = CaZ* + 2 AI(OH),~ + 4 H4sfo4° - |
NaAlSig0yo * 4 Hy0 +ba HpO = Na¥ + AL(OH);™ + 5 HyS10,4° |
Cé(Ti'7AI°4)$i05 + 2 Hp0 + 2.3 H = Ca* + 0.7 TioOH* + 0.4 Al(OH),~ + H4Si049\



9¢

Table 4, Reaction pairs.

1. CaCOz + 0.05 Fe?* = Ca_gsFe_o5CO5 + 0.05 CaZ*
2. 2 KAISis0g + 2 HY + 9 Hy0 = Al,Si05(0H) 4 + 2 K¥ + 4 H,Si0,°
- : i : .

3. KAISiz0g + Na* = NaAlSiz0g + K* R i PR A | 5

4. Na 7Ca 3Alq 3805 70g + 0.6 Na¥ + 1.2 HyS104° = 1.3;NaAISI3Qg + 0.3 Ca2* + 2,4 H,0

5. Na yCa 3Alq, 350,708 + 1.3 HY + 3,45 Hy0 = 0.65 AlpSiz05(0H), + 0.3 CaZt + 0.7 Nat + 1.4 HyS10,4°

6. 1.4 AlS1505(0H) 4 + 2.3 Mg2* +12.3 FeZt + 6.2 HpO = Mgp 3Fep 3Alp ST, 6010(0H)g + 0.2 HpS104° + 9.2 HY

7. mCa'16(A|1.56Mg.25Fe‘25)SI4O1O(OH)2’+ 1,32 HF + 4.78 Hy0 = 0,78 AlSig05(0H) 4 + 0.2§:M92+ +0.25 FeZt + 0.16 Ca?* + 2.44 HyS104°
8, Ca_q6(Aly, 56Ma,25Fe 25)S14010(0H) 5 + 0.41 K* + 0,57 H* + 2.64 sz = .}
0.68 K _gMg, 2571 2,3813,5010(0H)2 + b.oangZ+ + 0,25 Fo2* + 0.16 Ca2* + 162 Q4sio4°
9; K.5Mg.é5Al2.3SI3.5010(0H)2 + 1.1 oY+ 5.1 H0 = 1.15 Al3SiZ05(0H) 4 + 0.6 K* + 1;2‘H4Sio4° + 0.25\M§2+
10. NaAISisOyp * 4 Hy0 + CaZt + AI(OH)4~ = céAtzsi4o|2 * 4 Héo + Nat + HyS104° W

11, CaCO3 + 2 AI(OH) 4~ + 4 HyS104° + 2 HY = CaAl Sis01 * 4 HyO + 8 HpO + HyCO5°

Note: All reactions written with Al immobile,.



Ca-Montmorillonite

A method suggested by Helgeson (personal communication, 1971) is used

ﬂ'hére because it enables estimation of thermodyﬁamic functions at temperatures
‘fgégatér than 25°C. The standard change in ehthany of formétion (AH°f) for
 ,§%+ﬁontmori1T0nite is estimated graphically from a curVe derived from phyllo-
| gglicates,in general (fig. 14). Fok the ordinate, the change in enthalpy bf
V%Srmation of é particular phy1losi11¢éte is‘diviQéd by the total number of te-

%@}ahedra]]y coordinated Si-and Al atoms (SiTet+A7Tet)° The values along

:fge abscissae are obtained by considerfng octahedral and‘exchangeab1e jonic

'ﬁpnstituents and hydroxyl jons. The entha]bies of formation of these species

;jpjaqueous solution, md1tip]ied by their respecthe Stoichiometric cqeff17 
;éjents, are summed and divided by (SiTet+A]Tetj° A surprisingly good fit for
fng available phyllosilicate data can be made with a straight line. The standard
iéhange in entropy (As°f)‘is calculated from the relationship, S%pg - S°f - AS“%,”1
lfﬁbso]ute entropy.(S°ahs) is estimated by‘summing'the oxide constituents where -
?@ater is treated as icé.“ The entropy of formation (S°¢) is calculated by summing
 ;1émenta1 entropies. - Accordingly, aAH°f and Asdf_atq25°C for Ca-montmori1]onite
ﬁ?re -1352 kcal/mole and--294 ca]/degmg]e, respectivé]y. Thus, AG°f is |
,-1264.4'kca1/mo1e at 25°C’ffom the reiationship, AG;f = AH%f - TAS°f. Ugfngﬂa.'
;method suggested by Tardy and Garrels (1974), AG°f at 25°C is estimated at "
;-1557.2 kcal/mole. ‘Enthalpies can”be Fa]cu1ated atihigher temperatqrgs using
*Eaverage heat cépacity data (Helgeson, 1969) fa'prepare curves for the épﬁro—
r priate temperature (fig. 14). Vé]ues of entropies for oxides and elements at

higher temperatures can be interpolated from Robie and others (1978).
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| Kaolinite _
2 Halloysite =~ =
3 Muscovite '
‘4 Flour-phlogopite
5 Talc
6 Chrysotile
7 Mg-chlorite
8 Annite
9 K-montmorillonite
"~ 10 Mg-montmorillonite
Il Llite sl
12 Phlogopite. - N

AH® ¢ /(Siqg+Al 1o ) keal /mole

-500

. | |
" -200 o ‘ “100
i AH®¢ 4q / (Sitgy + Alpg, ) keal/mole

Figure 14. Estimation of the standard change in enthalpy of formation of
phy]]osi]icates. Circles are data points at 25°C, squares data points at 200°C.

N

28



Ferroan Calcite

7;The catculation of aG°¢ for ferroan calcite (and intermediate plagio-
r c1ase) (table 2) is essentially the'estimatidn of AG°f for solid solutions.
3 ¥erroan ca1c1te is considered a mixture in which calcite and siderite are pure

i’end‘members. For solid solution,
46f = K1B6°F1 + XpaGPF,p + RT (1 Ty + Xp Tikg)

siwhere X1 and Xz are the mole fractions of component 1 and 2, respectlvely, and
L G f 1 and AG°f, 2 are the standard change in free energ1es of format1on for |
 fcomponents 1 and_2, in this case ca1c1te and siderite. To illustrate the method,
 _1og Kp is calculated for the reaction, Ca 95Fe 05c03 = .95 Ca2+,05 Fe2*+ co32-

ftCa]culat1on of AG°¢ at 25°C accord1ng to

©46°F = XCaC0386°fCaCOg* XFeCO3 AG°fFec03 * RT(XCaCOg1nXcaCO3 + XFeC03 1MXFec03)s

i _ t

if;ubstituting free energy values and mole fractions yields a AG°f = -264.4 kcal/mole.
2;Th1s value is almost identical to a va]ue of -264.3 kcal/mole obtained using an
Jialternat1ve method (Bo]es, 1978) AGor is then +11 59 kca]/mo]e and therefore

kﬁlog Ky is -8.50. |

| To estiméte‘AG°r/at higher temperatures requires gé]éﬁ]atiqh of AH®p.e

AS°¢ = -62.53 cal/degmole, since S°3ps of ferroan calcite calculated from the

oxides 15122.17 ca]/degmo]e,‘and-S°f from the elements is 84.70 ca]/degmo1eﬂ For
ferroan calcite AH°f¢ = -283.03 kca]/mble, from the relationship aH°f = AGofJ+

TAS®f, and therefore AH. at 25°C is -2.91 kca]/mo]g. Assuming AH®y is
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constant over the temperature range of 25 to 200°C, log K, can be easily calcu-

lated from the Van't Hoff equation:

log Ky = - AH°r _(_.1_ - _1_) + T0g K208
© 2.303R\ T 298/ -

to establish ré]ative sb]dbi]ities of ferroan calcite and calcite where T is
in degrees Kelvin. Under these assumptions 1og"K'r at 100°C 151—8.95 for
ferroan ca]cite\apd -8.73 for calcite.

: Thermodynamica]]y, calcite at pH less than about 8 is.more sé]ub]e than
ferroan calcite. Solutions with a Calt/Felt ratio less than 1.41 will first
yield ferroan calcite. Predictably, then in shales, aufhféenic iron-bearing
wcarbohate.wou1d be favored,‘since the smectite/illite transformation (table 4)
yields a Ca2*/Fe2* ratio of 0.64. Indeed, energy dispersive analysis shows

authigenic carbonate to be iron bearing (fig. 9).
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