
THE AMERICAN MINERALOGIST, VOL. 56, JULY-AUGUST, lqi1

AUTHIGENIC FELDSPARS IN CARBONATE ROCKS

Mrnrarvr KasrNERl, Department of Geological Sciences,
H ar v ar d (J niv er s it y, C ambri d ge, M as s achus ett s

ABSTRACT

Authigenic feldspars occur in both marine limestones and dolostones, and no correlation
has been found between the amount of MgCOr in the carbonate rocks and any chemical or
physical properties of authigenic feldspars.

Optical and unit-cell parameters indicate tha[ authigenic feldspars are highly ordered
but not as ordered as lor'v albites and microclines from low-grade metamorphic rocks and
pegmatites. 'l'he 

albites contain less than 1 mole percent potassium and calcium and the
microclines contain less than one ntole percent sodium and calcium. Authigenic feldspars
show no detectable cathodo-luminescence.

The composition of the carbonate inclusions that are present in all authigenic feldspars,
is the same as that of the rock matrix.

Authigenic albite is far more abundant than authigenic microcline. In a few localities
the tr,vo feidspars coexist, apparently in ecluilibrium as indicated by textural relations.

A mass balance betrveen the maximum total percentage of authigenic feldspars and
mica components in carbonates and the amount of fluid phase needed to provide the
alkalies for the feldspars, suggests isochemical formation of authigenic feldspars. Calcula-
tions based on ion exchange and thermodl'namic data fron-r the literature show that the
K/(K*Na) ratio in the fluid phase in equilibrium with both albite and microcline at 100oC
is approximately equal to the K/(Kf Na) ratio in sea water. Thus the chemical environ-
ment of formation of authigenic albite does not necessarily differ appreciably from the
environment of authigenic microcline.

fwrnouucrrow

The feldspars are major constituents of arkoses and other sandstones,
many shales, and are a minor constituent in other kinds of sediment. It is
estimated that over 95 percent of f eldspars in sedimentary rocks are detri-
tal; the remainder are authigenic.2

Drian (1861) and Lory (1861) were the earliest to report an occurrence
of feldspar of apparent sedimentary origin, in the Triassic dolostones
from Roc Tourn6, Modane, France. Since then the number of reports of
authigenic feldspars have increased rapidly, though precise statements of
mineralogical and chemical compositions have been scarce.

The physico-chemical conditions of authigenic feldspars must be in-
ferred from a combination of careful descriptions and analyses of field
assemblages as well as from experimental studies. In the past the de-
scriptive approach has been pursued to a much greater extent than the
experimental approach. Ilowever, there are extreme difficulties in the

r Present address: Department of the Geophysical Sciences, The University oI Chicago,

Chicago, Illinois 60637.
'? In this study "authigenic" is used in the sense of being tormed in slla between sedi-

ment deposition and an established low metamorphic grade. Later introduction of hydro-

thermal or metasomatic fluids is excluded.
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study of authigenic feldspars, which are mainly caused bV (1) their low

abundance (in most carbonate rocks studied, between 0.05 to 0.5 weight

percent, and rarely up to 2 weight percent), (2) their very small dimen-

sions, and (3) their frequent coexistence with detrital feldspars. This

necessitates either a laborious mineral separation or the use of new cri-

teria and techniques to distinguish between the authigenic and detrital

feldspars. Furthermore, only a small amount of experimental data on the

physico-chemical conditions of formation of authigenic feldspars is avail-

able, because of the difficulties in low temperature and low pressure ex-

periments.
Distinctive differences in habit and twin laws between authigenic

feldspars and feldspars from igneous and metamorphic rocks have at-

tracted the attention of many investigators concerned mainly with the

crystallographical and optical properties of authigenic feldspars.However'

few petrologic details were included in the older studies. The recent de-

tailed investigations of authigenic feldspars are those of Baskin (1956)

and Reynolds (1963, 1965). Baskin (1956) reported some anomalous unit-

cell parameters which suggested important differences between the prop-

erties of authigenic and other feldspars, and which could provide a clue to

their geologic histories. Moreover, disagreements in the literature regard-

ing the identification of the unusual twins, and inaccuracies in the chemi-

cal composition of authigenic feldspars because of bulk analyses, are

numerous. In addition, reported optical and crystallographic properties

of authigenic K-feldspars are inconsistent.
The purpose of the present study was to infer the physico-chemical

environment of formation of authigenic feldspars by obtaining accurate

and precise new data concerning the physical and chemical properties and

comparing them with previous studies.
The decision to choose carbonate rocks for the initial study was made:

(1) to limit the study to a relatively simple geochemical system (in con-

trast to shales or greywackes, for example); (2) because carbonate rocks

were reported to carry both authigenic albites and authigenic K-feldspars.

In contrast, mostly authigenic K-feldspars have been reported from

shales and sandstones.
On the basis of mineral assemblages (tfrat will be discussed below) the

diagenetic origin of the feldspars from the Belt Series, North Michigan,

and of the larger albites from Modane, France (Table 1) is in doubt.

Nevertheless they are included in the tables.

The observations and results reported here and by Kastner and Wald-

baum (1968)1 explain discrepancies among previously reported results.

1 The morphology and optical crystallography were discussed previously in detail by

Kastner and Waldbaum (1968), and therefore will not be presented in this paper.
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Lrrnor,ocv

Authigenic feldspars in carbonate rocks ranging in age from late Pre-
cambrian to Eocene were studied. Samples of carbonate rocks, known to
contain authigenic feldspars, were obtained from North American and
from classical European localit ies. A few of Baskin's (1956) samples were
also studied.

On the basis of microscopic examination of about 400 thin sections, 34
representative samples were chosen for the detailed study.

Carbonate Matr'ir. Authigenic feldspars occur with essentially equal de-
velopment in both limestones and dolostones. In the 400 samples studied,
almost all of which contain authigenic feldsapr, micritic, pelmicritic, or
biopelmicritic types are more abundant than other carbonate rock types,
in approximate proportion to the representative samples shown in Table
1 (classification of Folk, 1959). Only a few are fine-to medium-grained or
partially recrystallized carbonate rocks. This is in agreement with Reyn-
olds' (1963) findings, but in sharp contrast to Carozzi's (1953) and Bask-
in's (1956) statement that authigenic feldspars occur most frequently in
recrystallized and dolomitized carbonate rocks.

The carbonate rocks in which authigenic albites occur are colored me-
dium light gray (N61) to grayish black (N2);in contrast, the carbonate
rocks in which authigenic K-feldspars occur are light gray (N7), pale
brown (sYR 5/2), and grayish red purple (IF.P 4/2).

The composition of the carbonate rocks ranges from pure calcitic
Iimestone to stoichiometric dolomite. The relative amount of MgC03 in
the carbonate rocks does not correlate with any physical or chemical
properties of the authigenic feldspars. There is no genetic significance re-
lating to feldspar formation in the presence of magnesium in the car-
bonates.

The Eocene limestone from Rhodes is the youngest carbonate now
known to carry authigenic feldspars.

At many of the localities the rocks are structurally deformed on an
outcrop scale. Stylolites, carbonate veins, and joint f i l l ings are common.
For example, in various carbonate rocks from Rhodes (Kastner and
Waldbaum, 1968) and from Crete several generations of stylolites and
carbonate veins intersect, and the authigenic feldspars are cut or even
displaced by all of them, indicating that the f eldspars crystallized before
stylolitization or jointing and before any detectable deformation of the
rock.

The authigenic feldspars are sparsely scattered in the carbonate rocks

I Geological Society of America (1963), Rock Color Chart.
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and often not uni{ormly. They generally also do not show an increased
concentration along bedding planes, veins, stylolites, or joints. IIowever,

Spencer (1925) observed that albite crystals in a l imestone from Bengal

are concentrated in zones parallel to the bedding planes. In samples from
Modane, France,l some of the albite crystals (the larger ones) are as-

sociated with veins. Ilowever, the presence of phengite in sample M-501-
MF and the textural relations between the large albite and phengite

crystals indicate that these larger albites formed during metamorphism.
Where authigenic feldspars are found they are common in micrites,

and also in pelmicrites, and biopelmicrites; in the latter two types of
micrite lhe feldspars partially replace pellets and fossils. They are rare in

sparry calcite cement, occurring, for example, in the samples from Glens
Falls, New York (Table 1). In some rocks the feldspars partially replace
pellets and also extend into the sparry calcite cement. The replacements
of pellets and fossils are the strongest evidence for authigenesis of these

feldspars; the replacement of cement, based on the composition and dis-

tribution of carbonate inclusions in the feldspars, is very strong evidence
for post-lithification crystallization of these feldspars.

Insoluble R.esidue. Insoluble residues were extracted by dissolving rocks in

10 percent aqueous solution of Na-EDTA at pH 8.1 (Glover, 1961)'

Table 1 shows that samples containing authigenic feldspars have smaller

amounts of insoluble residue than samples in which the diagenetic origin

of the feldspars is in doubt. The meaning of this observed relation is not
yet understood.

Spencer (1925) observed that in Bengal "l imestone associated with

the albite is usually free from argillaceous material, but some of the

banded limestone contains albite crystals in the calcite material between

the argillaceous layers." However, in this study, no correlation has been

found between the total amount oi insoluble residue and the composition

or quantity of authigenic feldspar in the rocks studied.
In addition to authigenic feldspar and the authigenic quattz that is

usually present, the most common phases of the insoluble residues are:

detrital qtartz, detrital feldspars, illite, montmorillonite, mixed-layered
clays, micas, pyrite, and carbonaceous matter, as shown in Table 1'

Kaolinite was detected in only one sample. Because of irregular variations
in the major elements of anhedral feldspars and of the various clay min-

erals (and micas) present in the insoluble residues (Table 1), theyare re-

garded as detrital phases; hence, they are not considered in the phase

equil ibrium relations. I l l i te, which is present-in most of the carbonate

rocks studied, is the clay mineral most likely to form authigenically from

1 The Modane, France locality will be discussed in a separate paper
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an expandable clay in a marine diagenetic environment (Grim, 1951;
Perry and Hower, 1970), providing that the lattice charge of the ex-
pandable clays is relatively high (Weaver, 1958a and b). Therefore, I
assume that some of the i l l i te may be authigenic.

On the basis of the above assumption, the following are the authigenic
mineral assemblages f ound :

1) quartz-albite
2) quartz-microcline
3) quarrz-albite-illite
4) quartz-microcline-illite
5) quartz-albite-microcline
6) quar tz-albite-microcline-illite

The most prevalent assemblages are (1) and (3); and assemblages (5)
and (6) have each been found in one locality.

Cernooo-LuurNEscENcE

Erperimentd Method. Lincovered thin sections and single crystals of feldspars, quartz, and
carbonates were studied for their cathodo-luminescence, using the electron microprobe
X-ray analyzer, Applied Research Labbratories (ARL-EMX), and a luminoscope (Nuclide
corooration) operated at a pressure of 10-40 microns v'ith an electron beam potential of
10 18 kV. The electron beam excites luminescence in the visible spectrum that is due to
impurity eiements such as manganese and to defect struclures such as electron traps.

Feldspars. None of the authigenic feldspars in this study show detectable
characteristics luminescence. Smith and Stenstrom (1965) examined the
cathodo-luminescence of feldspars from a variety of igneous rocks. All
their feldspars showed either blue or red luminescence. They did not re-
port any non-luminescing feldspars. This suggests that cathodo-lumines-
cence in feldspars may be related to their different geological origin, and
as such luminescence might be used as a criterion for distinguishing be-
tween authigenic and non-authigenic feldspars.

To verify this suggestion, the cathodo-luminescence properties of
detrital feldspar grains and cores, that are present in many of the authi-
genic feldspar-bearing carbonate rocks, were compared with those of
specimens from pegmatites and low-grade metamorphic rocks. The
Iuminescence properties of some of these specimens are given in Table 2,
and these results and those of Smith and Stenstrom (1965) may be sum-
marized as follows:

1) authigenic feldspars in carbonate rocks show no characteristic lum-
inescence.

2) albites from low-grade metamorphic rocks shown no characteristic
Iuminescence.
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'Ienr.n 2. C.crHooo-LuMrNEscENcE or Fnr,ospn'ts

1. Water-clear albite from pegmatite (Rutherford Mine, Amelia County, Virginia,

U. S. A.) : yel'l,ou,ish-gr een luminescence.

2. Albite lamellae in amazonite from Rutherford pegmatite (above). Albite yell'ouish'

gr een l,uminescenc e; amazonite: brighl-bl'ue l,uminescence.

3. Euhedral albite crystals with carbonaceous inclusions in Upper Cretaceous dolostone

(Ravdoukra, Crete, Greece) : no l,umi.nescence

4. Euhedral albite crystals with microcline rims and hourglass-structure of calcite and

carbonaceous inclusions, in Eocene limestone (Asklipio, Rhodes, Greece): no lumines-

cen6e
5. Euhedral albites with patchy zones oI calcite and carbonaceous inclusions in Middle

Orclovician Glens Falls limestone (Glens FaIIs, Nerv York, U. S. A.): no Luninescence'

6. Euhedral microcline crystals with cletrital K-feldspar cores in Middle Ordovician Glens

Falls limestone (above). Euhedral microcline: no I'u,mi.nescence; detrital cores: bright-blue

Iuminescence.
7. Albite porphyroblasts containing helicitic carbonaceous inclusions in Cambrian quartz-

albite-sericite-biotite-garnet schist (lloosac Irm., Massachusetts, U. S. A.): no I'u.mines'

cenc2.
8. Albite porphyroblasts containing helicitic carbonaceous inclusions in quartz-stilpnome-

Iane-biotite-albite schist (Kitani, Tottori Pref., Japan): no luminescence.

3) alkali feldspars from pegmatites and igneous rocks show distinctive

cathodo-luminescence.

Luminescence has been shown to depend on defect structures and on

the concentration and interaction of a variety of trace elements which act

as activators, for example manganese (Kdhler, 1940; Medlin, l963a,b;

Claffy and Ginther, 1959; and Long and Agrell, 1965). These activators

are presumably present in varying amounts in nearly all geological en-

vironments. The absence of luminescence probably does not indicate that

the necessary elements were unavailable during crystallization, but more

likely that temperatures were too low for a sufficient amount of activators

to be taken up by the feldspar structure. It is generally true that the con-

centration of impurity ions or atoms increases with temperature. The

present  s tudy supports  the suggest ion of  Smith and Stenstrom (1965)

that cathodo-luminescence properties of minerals depend on the tempera-

ture of formation.
Experimental work is needed to find out which of the elements behave

as activators and which as quenchers of luminescence, and to determine

the minimum temperature required to incorporate these ions in the f eld-

spar structure in sufficient concentrations to be detectable by lumines-

cence.
The lack of cathodo-luminescence of authigenic feldspars js a distinc-

tive characteristic, but the data in Table 2 indicate that this property it-
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self does not provide a unique criterion for establishing the authigenesis
of the euhedral feldspars in carbonate rocks, for the lack of luminescence
is also characteristic of low-grade metamorphic rocks. But a combination
of cathodo-luminescence and twinning can be used unmistakably to dis-
tinguish between authigenic and other feldspars.

Elncrnox Mrcnopxolr X-nay Anerysrs
Esperi.mental Methoil. An Applied Research Laboratories EMX electron microprobe X-ray
analyzer was used for the analyses of polished and carbon-coated thin sections and single
crystals, mounted with cold epoxy resin. The analytical conditions were, accelerating po-
tential: 20 kV; sample current: O.ffi /rA, beam size: 1-3 pm in diameter. Counting r,r,as on
the basis of fixed electron flux in the electron beam, instead of fixed time. The amount of
drift was small, about 1.5 per cent during a period of 11 hours; if necessary the data were
corrected assuming a linear variation of drift with time. In each of the crystals between five
to ten points wete analyzed, and each point was counted twice.

Thirteen analyzed synthetic and natural feldspars (prepared by Waldbaum, 1966) were
carefully checked for inhomogeneities and used for the standard curves. The standards and
the unknown authigenic feldspars were prepared and run under identical conditions. Stan-
dard curves for AleO;, SiO:, K:O, CaO, and Na:O are linear (Kastner, 1969). In addition,
the feldspars were analyzed semiquantitatively for barium.l Corrections for background
'were not needed because of the identity of crystal structures and great similarity in com-
position oI standards and the authigenic feldspars.

The precision varies between + 1.0 to + 2.0 percent of the values for Na2O, KeO, and
CaO; and bet$'een t 1.5 to * 2.5 percent of the values for SiOg and Al:Os. Correction fac-
tors given by Smith and Ribbe (1966) were used to normalize the data for standards and
unknown. Their correction factors were obtained for an accelerating potential of 15 kV
instead of the 20 kV in this study, thus introducing a small systematic error. However, I
assume that the given precisions are sufficient to include this small error.

The electron beam was swept across each of the analyzed authigenic feldspar grains
several times, and across twin boundaries. The homogeneity and lack of zoning in authi-
genic feldspars indicated by optical microscopy was thereby confirmed.

Feldspars. Electron microprobe analyses of authigenic feldspars are given
in Table 3. All the analyses give totals between 99 and 101 percent.

AII authigenic feldspars that have been described are alkali feldspars,
having compositions between NaAISLO3-KAlSiaOs with less than 1 mole
percent CaAlzSigOr. The two "authigenic plagioclases" reported by
Singewald and Milton (1929), and Tokay (1944) were identified on the
basis of wet chemical analyses of samples which probably included de-
trital carbonate inclusions and detrital feldspars and so are not valid.

Authigenic feldspars contain less than 0.05 weight percent BaO, unlike
most detrital K-feldspar cores and several detrital plagioclase cores,
which do contain barium.

1 Boron has not been detected 11 aulhigenic feldspars. The limit of detectibility for
boron is high, particularly for the relatively short counting times required for alkali feld-
spars analysis.



t4I4 MIRIAM KASTNER

'I'arlr,r 3A. ErncrroN Mrcnopnorn ANar,vsrs or AutntcnNtc ALeItns rx
Wnrcnr PnncrNr. An., Or., exo An. rN Nlor,r PntcrNr

Glens Glens
Falls, Falls, Rhodes,
New New Greece
York York M-351-

M-252- M-256- IR
GF GF

Modane,
France
M-501-

M F

Near
Belle-
ionte,

Pa.
M-654-

OP

SiOr
Al:Os
NarO
KzO
CaO

Total

n d
n d .
l t  7 4

n d
n.d
1 1  . 9 9

0 0 1

n d
n d
1 1  9 8

n.d .
n .d .
1 1  8 7
o . o 2
0 . 0 1

n d .  6 8  8 0
n d  19 .70
11.96  t l .7 r

0 0 1

68.00  n  d .
1 9  8 5  n d
t2  00  11  98
0 0 1
0 0 1  0 0 1

99 87

Ab
Or
An

99 94  99 .85
0 . 0 6  0 . 0 6

0 . 0 9

Near
Belle-
Ionte,

Pa.
M-655-

OP

Pleasant Pleasant Pleasant Tatum
Gap, Pa Gap, Pa Gap, Pa. Dome,
M-674- M-682- M-683- Miss.

oP oP oP M-7  r  s -
TD

Desert Desert
Hrovo rrovo

Lreek Lreek
Lanyon, Lanyon, AlDrie,

:3':' i':t:' utah utah rheoretical
- yt-".n . yt:i M-75r- M-i52- composilion
M_73q- M-740- 

-  -__,-
* ; ;  ' -PU" 

PU PU

n d .
n'd.
1 1 . 8 0
0 0 1
0 . 0 1

n.d.
n d .
1 1  8 9
o 0 2

67.80  68 .20  68  30
19 82  19 .48  20 .00
1 1 . 8 6  1 2  0 1  1 1 . 9 0
0 . 0 1  0 . o 2

n d .  6 8 3 0  n d .
n d 20 02 n.d.
1 1  9 2  1 1 . 8 1  1 1 . 7 6
0 . 0 2  0  0 1

68 50  68  73
19.99  19 .44
1 1 . 9 7  1 1 . 8 3
0 . 0 1

99.49  99 .7  L  100.20 100.47 100 00100.  14

99.94  99  89  100 00
0 . 0 6  0  1 1

99.94 100 00
0 0 6

99.9+
0  . 06

Chemical analyses of feldspars frequently report the presence o{ small
amounts of Sr, Ti, Fe, Pb, and H2O. The authigenic feldspars were not

ana"Iyzed for these elements. Heier and Taylor (1959) showed that Sr is

associated with Ba in K-feldspars. Hence it is suggested that authigenic
feldspars l ikewise do not contain Sr. Probably at low to moderate temp-
eratures the feldspar is unable to include Ti, Fe, and Pb in its structure'
At present, the electron microprobe is the only suitable technique for

reliable chemical analyses of authigenic feldspars. All other common
chemical techniques require a clean mineral separation which is virtually
impossible to obtain because of the presence of inclusions and detrital
cores in authigenic feldspars.
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T,q8rr 38. Er,ncrnor.r Nftcnopnonn ANalvsrs or Aurnrcnrrc Mrcnoclrnns rr.t
Wercrrr PrncnNr. Ae.. On.. axo Aw. rN Nloln PrncrNt

Water-
ton Park,
Alberta
M-1158-

BW

Micro-
cline,
The-

oretical
Compo-

sition

SiOs
Al2o3
NazO
KrO
CaO

Total

Ab
Or
An

0 . 8 9
99.01
0 .  1 0

n.d. 64.80 &.70 64.90
n.d .  18 .65  18 .60  18 .45
0 . 0 4  0  1 0  0 . 1 0  0 . 1 0

16.90  r7 .O2 16.98  16  90
0.03  0 .0 r

100.58 100.38

0 . 9 4  0 . 9 5
99.06  99 .05

64.80  65 .00
18.94 18.72
0 . 1 0  0 . 0 5

16.96 16.94
0 . 0 1

100.80 100.72

0.45
99 45
0 . 1 0

n.d .
n.d.
0 . 0 5

16.92
0 0 3

64.7 6
18.32

16.92

The reported presence of H2O in feldspar analyses, ranging between
0.02-1.27 weight percent (Deer et al., 1963), has been discussed by Smith
and Ribbe (1966). They have suggested that the H:O may result either
from alteration products or from the substitution of hydronium, (HrO)+,
for alkalies. Liquid inclusions also may be responsible for some of the
HzO. Alteration products and inclusions can easily be avoided in a careful
microprobe analysis. If a significant substitution of hydronium for alkali
metals has taken place relatively low values for alkalies should be ob-
tained. Alkali metal values f or authigenic feldspars in Table 3 do not sug-
gest a notable substitution of this kind. According to Thompson and
Waldbaum (1969) such an extensive substitution is not very likely in
natural low-temperature feldspars coexisting with aqueous solutions of
high pH.

The effect of carbonate inclusions and possibly of detrital feldspar
cores on chemical analyses of authigenic f eldspars, ana"Iyzed by Spencer
(1925), Honess and Jeffries (1940), Jacob and Neher (1951), and Baskin
(1956), indicates that this method is not valid for analyzing authigenic
feldspars.

Non-authigenic low albites from pegmatites and other igneous rocks
(without detrital cores and inclusions) have a higher content of potassium

and calcium than authigenic albites; and non-authigenic microclines have

a higher content of sodium and calcium than authigenic microclines, as
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shown by Kracek and Neuvonen (1952), Emmons (1953), and Deer,
Howie, and Zussman (1963). The low to moderate temperature of crys-
tallization of authigentic feldspars accounts for their greater chemical
purity.

One of the major conclusions of this study is that authigenic feldspars
are homogeneous, stoichiometric end members of the alkali feldspar
series. Authigenic albites contain more than 99 mole percent NaAISLO3
and authigenic microclines contain more than 99 mole percent KAISiBO8.

The homogeneity and lack of zoning in authigenic albite and micro-
cline is shown in Figure 1; the conspicuous Iack of K and Ca in authigenic
albites and of Na and Ca in the authigenic microcline rim of sample
M-355-IR, Rhodes, is shown in Figures I and 2. In addition to the ho-
mogeneity of both authigenic albite and authigenic microcline, these
figures also show the sharp boundary between the two authigenic phases.
This natural occurence is the most chemically pure example of coexisting
low albite and microcline known to the author. In contrast, the presence
of Na in a K-feldspar detrital core and of Ca in a detrital plagioclase core
are shown in Figures 3 and 4.

X-nnv Cnysrer,r,ocRA?rrY

Erperimenl,atr Method.. Unit-cell parameters of authigenic feldspar crl.stals and their car-
bonate matrix were determined by least-square analysis of X-ray diffractometer data using
the digital computer program of Burnham (1962) with three iterations for each set of data
as described bv Kastner and Waldbaum (1968, p. 1.591).

The qualitative results of the X-ray diffraction analyses of the insoluble residues (which

were extracted by dissolving the rock in a 10 percent aqueous solution of Na-EDTA at
pH 8.1) are summarized in Table 1.

Each samples was mixed with the silicon internal standard and deposited on a glass

slide. Ni-filtered copper radiation was used to obtain difiraction charts of the unglycolated
and glycolatecl mounts atlo20min-r in the range 2" to 50o with a chart speed of 1 inch per

minute. Resolution of the 3.54 A (OO+) chlorite reflection and the 3.58 A (002) kaolinite
refl ection was obtained at 0. 2 50 20 rnin-1, as d ecribed b], B iscaye ( 1965).

The accuracy of the refined unit-cell parameters in this study n'.ay be estimated by
comparing data for Amelia albite and KCl-exchanged Amelia albite, (Kastner, 1969) with
those of previous studies (Kastner and Waldbaum, 1968, Iable 2; Luth and Sun6, 1970;

Waldbaum and Robie, l9?2,Table l).

Feldspars. The separation and analysis of authigenic feldspars is difficult
because detrital feldspars nearly always occur along with the authigenic
feldspars in carbonate rocks. The detrital feldspars occur either as single
grains or as cores. Their composition varies between alkali feldspars and
sodium-rich plagioclases; their structural state varies between ordered
and disordered.

Most albite crystals in these rocks show no evidence of detrital cores.
Where detrital cores are present, they are the same minerals as found in
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Frc. 1. Electron beam scanning photographs of upper portion of authigenic albite

crystal with authigenic microcline rim, in thin section, sampie M-355-IR, Rhodes.

a) -Kxn X-ray image.
b) -Caxd. X-ray image.
c) -Nar<d X-ray image of same area.

White iine in lower left of Fig. 1c represents 20 pm for all photographs.

the matrix. Detrital cores of calcite, dolomite, qrartz, K-feldspar and
plagioclase have been identif ied with the electron probe (Figures 2, 3, and
4). A detrital core of pyrite was found in one occurrencefrom Glens Falls,
N.Y. In contrast, however, most authigenic microcline crystals only
grow around K-feldspar detrital cores; though this does not exclude the
possibility of finding detrital cores of other compositions. Separate grains
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Frc. 2. Electron beam scanning photographs of authigenic albite and detrital K-
feldspar core, sample M-752-PU, Utah.

a) -Naxd X-ray image.
b) -K6c X-rav image of same area.

White line in lower right of Fig. 2a represents 10 pm for both photographs.

of detrital K-feldspars have been observed in all rock specimens examined
thus far. The presence of detrital feldspars interferes with and affects the
quality of the X-ray reflections, and consequently affects also the refined
unit-cell parameters, as discussed below.

' * p r  Y s ; e . '  
"  

- J t t e '

Fro. 3. Continuous electron beam scans for Na and K across limestone matrix, authi
genic microcline overgrowth, and alkali feldspar detrital core, sample M-659-OP, Penn-
sylvania.
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t i . ronr

Frc 4. Continuous electron beam scans for K, Na, and Ca across limestone matrix,

authigenic albite overgrowth, and oligoclase detrital core, sample M-256-Gl-, Glens Falls,

N.Y. Weight percent CaO, in brackets, denotes calculated values from X-ray ana'lysis'

In this study, unit-cell parameters for authigenic feldspars without or
with only a negligible amount of detrital cores were determined (Tables

4 and 5 and Figure 5). The effect on the refined unit-cell dimensions of
mixing detrital and authigenic feldspars is shown in Table 6 and Figure 5.

In Table 5, sample M-355-IR, from Rhodes, is the only authigenic mi-
crocline without detrital cores. It occurs as narrow microcline rims, 3 to
20 pm wide, around relatively large authigenic albite crystals. (The larg-

est crystals were 1.75 mm along o, 0.3 mm along D, and 1.5 mm along c).
Because of the Iarge proportion of albite only a small number of microcline
reflections could be obtained and used for the refinement. The other three
microcline samples do include a few detrital K-feldspar cores.

The unit-cell parameters for authigenic albites and microclines in
Tables 4 and 5 do not differ appreciably from previous determinations of
low albites and microclines from non-sedimentary environments, as given

in the bottom of Table 5 and Table 2, from Kastner and Waldbaum
(1968). This conclusion however, is not in agreement with Baskin's data
(1956), which indicate anomalously low cell dimensions {or authigenic
albites and microclines both from the same localities reexamined in the
present study, and from other localities, as shown in Tables 4 and 5 and
in Figure 5.

The results in Table 6 and Figure 5 show that determinations of the

apparent unit-cell are affected appreciably by mixing authigenic and
detrital feldspars. The limits of precision are slightly larger for the mix-
tures in Table 6 than of the purely authigenic feldspars of Table 4. The
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Frc. 5. Unit-cell parameters b and c of authigenic feldspars without and with detrital
feldspar cores, in Tables 4, 6, and Table 2 in Kastner and Waldbaum (1968). Solid circle,
square, and triangle denote values for albite from Valentine Frn., Pa., Tables 4 and 6.
Dashed lines connect Stewart and Ribbe's (1969) values for cell oarameters of alkali-
feldspars end members.

mixing might be partially responsible for the very large limits of precision
in Baskin's set of data. Both Baskin's data for authigenic albite, Valen-
tine Fm., Pa. (Table 4), and present results for sample M-683-OP, a
mixture of detrital and authigenic feldspars from the same formation and
locality (Table 6), are anomalous for authigenic albite compared with
unit-cell parameters of authigenic albite only, Valentine Fm. Pa., sample
M-682-OP, Table 4, and with unit-cell parameters of authigenic albite
from other localities given in Table 4.

These results do not support Martin's (1968) suggestion that Baskin's
anomalous data might be typical for authigenic albite crystallized at low
temperatures (100'C or less) and incapable of recrystallization to the
lowest structural state. In addition to a systematic error in Baskin's cell
parameters, the most plausible explanation for the variance between his
and present results is that Baskin might have studied mixtures of authi-
genic and detrital feldspars.

The extraordinary chemical purity and homogeneity of both authigenic
albites and microclines has been confirmed by electron probe analyses
given in Table 3. Because these authigenic feldspars are so chemically

t3.02t210
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pure, the dst-rhl1. reflections, which, in general, are measures of both
chemical composition and Al-Si ordering (Orville, 1967; Waldbaum,
1966), can be used f or these feldspars as a measure of AI-Si ordering alone.

The unit-cell parameters plotted in Figure 5 indicate that authigenic
feldspars are highly-ordered low albites and microclines with respect to b
and c, but the relatively low values of a* and 7* of authigenic albites and
microclines and the corresponding high values of d'rar-ilm of authigenic
microclines, indicate that authigenic feldspars may be somewhat more
disordered than pegmatitic triclinic alkali feldspars. Optic axial angles
(27) which range between 78" and 84o for authigenic albites and between
80o-82o for authigenic microclines, are in agreement with these results.
Samples M-501-MF, Modane, France, in Table 4 and M-201-NM,
Michigan, in Table 5 are exceptions. Their d1.1,1t-dmvalues are similar to
values obtained from pegmatitic alka.li feldspars. On the basis of the

assemblages iron-rich chlorite-microcline the microclines of these two

occurrences might have formed either in a low-grade metamorphic en-
vironment (Zen, 1960) or in a diagenetic environment, as discussed be-
low.

The only albite of an intermediate degree of order, that is assumed to
be authigenic, is that from Trochitenkalk (Lower Muschelkalk) at
Gdttingen described by Baskin (1956). AII other reported data for authi-
genic albite are consistent with the present conclusions, i.e., that authi-
genic albites exhibit a high degree of order. fn contrast, a few authigenic
K-feldspars studied by Baskin (1956) are either monclinic or disordered
triclinic. Fiichtbauer (1950, 1956), on the basis of optical measurements o{
authigenicd felspars from the Gcittingen Muschelkalk, concluded that
the authigenic feldspars that occur as overgrowths around detrital K-
feldspars are monoclinic and probably inherited the Al/Si ordering of the

detrital cores. But newly formed authigenic feldspars without detrital
cores are triclinic.

The above observations on the samples studied here suggest that most,
but perhaps not all, authigenic K-feldspars are highly-ordered and tri-

clinic. More occurrences of authigenic K-feldspars should be studied with

current techniques before conclusions can be reached regarding the order-
ing of authigenic K-feldspars.

Martin (1968) synthesized orthoclase but not microclinel under iden-
tical conditions he synthesized low-albite. fn igneous, sedimentary, and
metamorphic rocks most Na-feldspars are well-ordered albites, but most
K-feldspars are monoclinic or disordered triclinic. The mechanism and
kinetics of ordering of alkali-feldspars are not well enough understood to

account for the measured differences between K- and Na-feldspars.
The unit-cell parameters of authigenic feldspars given in Tables 4 and
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5, the triclinic morphology of authigenic microclines, (Baskin, 1956), and
the absence of the typical transformation twins in these microclines
(Baskin, 1956; Kastner, 1969) suggest that authigenic albites as well as
some authigenic K-feldspars did not originally grow as highly disordered
phases; they probably grew as ordered phases.

Cntrrnr.a, ron AurnrcENESrs

Eight major criteria distinguish the authigenic feldspars in carbonate
rocks from those of igneous and medium to high-grade metamorphic
rocks:

L Habit. All authigenic feldspars are euhedral with pinacoidal faces. In
addition, authigenic microclines have a triclinic morphology, unlike
microclines from other geological environments which generally have a
monoclinic morphology. (Bitgild, lglD, 1924, described from Ivigtut the
only other morphologically triclinic microcline).

2. Textural Relationships. As established by microscopy, authigenic
fledspars replace fossils, cut across pellets, contain rock inclusions, and
are cut andf or displaced by late epigenetic veins of calcite.

3. Twinning. Authigenic albites are either untwinned, twinned after the
albite law as contact twins, or twinned after the X-Carlsbad law as
penetration twins, each consisting of two jndividuals (Kastner and Wad-
baum, 1968). Authigenic microclines are either untwinned, twinned after
the albite and pericline laws as "fourlings" (Baskin, 1956), or after the
Ala-A law (Folk, 1952). In this study no polysynthetic or cross-hatch
twins have been observed in authigenic feldspars. They have been re-
ported by Fiichtbauer (1950), but only in overgrowth of similarly
twinned f eldspar cores.

4. Inclusions. Carbonate inclusions are present in all authigenic feld-
spars in carbonate rocks. The composition of the inclusions and the rock
matrix are identical, as established by microprobe analysis and cathodo-
luminescence. Occasionally, a zonally-arranged pattern of inclusions or
an inclusion hourglass structure is present.

5. Al-Si Ordering. Refined unit-cell parameters indicate that authigenic
albites (and several authigenic microclines) are highly ordered but ap-
parently not as ordered as albites (and microclines) from pegmatites.

6. Optical Properties. Table 7 shows that the optic axial angles (2V) ot
authigenic albites are significantly larger than for low albites from other



1426 MIRIAM KASTNER

Tanlu 7. Opnc Axra.r, Ancr.rs (2V) or AurruceNtc FptnspAns

Sample Reference 2V7 meas.

Albite
M-256-GF

Glens Falls, N.Y.
M-351-rR

Rhodes, Greece
M-501-MF

Modane, France
M-683-OP

Pleasant Gap, Pa,
M-751-PU

Provo Canyon, Utah
Zweisimmen, Switzerland
St. Maurice, Switzerland
Bellefonte, Pa.
Gdttingen, Germany

80 .0  +4 .0

( 1 ,  1 a )  8 1  . 0 + 2 . 0

(1)

(1 )

(1 )

(1 )

(2)
(2)
(3)
14\

83  .  5  12 .0

78 .0  +  4 .0

84 .0  +  5 .0

8 5  0 + 0 . 8
8 8 . 5 + 0 . 4
7 0 . 0 + 5 . 0
90 .0  +  5 .0

Microeline
M-203-NM

Goose Lake, N. Michigan
M-355-rR

Rhodes, Greece
M-692-OP

Axemann, Pa.
Arbuckle Fm, Oklahoma
Pontiskalk, Switzerland
Pontiskalk, Switzerland
Gd,ttingen, Germany

(1)  >80.0

(1)

(4)
(s)
(6)
(2")

(1)
2Vo meas.
8 1  . 0 + 5 . 0

8 2 . 0 + 5 . 0

s0-55
80 .0  +  2 .0
77  .O
43 .0  +0 .5

(1) This study
(1a) Kastner and Waldbaum (1968)
(2) Fiichtbauer (1948)
(2a) Fiichtbauer (1950)
(3) Honess and Jefiries (1940)
(4) Baskin (1956)
(5) Perrenoud (1952)
(6) Finney and Bailey (1964)

geological environments (Fiichtbauer, 1948, 1956; Sch<iner, 1960; Kast-

ner and Waldbaum, 1968). The optic angles of our authigenic microclines

are similar to those of microclines from other geological environments,

although Fiichtbauer (1950) reported angles of 20o-40o for a few authi-

genic microclines. The optic angles and the X-ray results of both albites

and microclines are consistent with their Al-Si ordering.
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7. Compositiom. Authigenic feldspars show extraordinary chemical pur-
ity. Both authigenic albite and microcline contain less than 1 mole per-
cent CaAIzSirOs. The albite contains less than 1 mole percent KAlSfuOs
and the microcline contains less than 1 mole percent NaAlSieOs. They are
thus nearly end-member compositions of the alkali-feldspar series,
homogeneous,  and show no zoning.

8. Cathodo-Iuminescence. Authigenic feldspars show no detectable lumi-
nescence in contrast to bright luminescence of high-temperature igneous
and metamorphic feldspars.

One criterion alone cannot be used for establishing the authigenic
origin of authigenic feldspars. Nevertheless, a combination of twinning,
chemical purity, and cathodo-luminescence can be used to distinguish
unambiguously between authigenic feldspars and those from other
geologic environments.

The main characteristics of authigenic versus detrital alkali feldspars
are summarized in Table 8.

GpocnBurcar ENvrnorqlrENT AND OnrcrN on AurnrcrNrc
Fnrospaps rN CARBoNATB Rocrs

Clay (mica) Components. The association of clay minerals with authigenic
feldspars has been investigated. Table 1 shows the following: (1) Clay
minerals associated with authigenic feldspars are: illite, montmorillonite,
mixed-layered clays, and chlorite. (2) Illite is invariably present with
authigenic albite, except for the Rhodian occurrence where the only co-
existing potassium phase is microcllne. (3) Most of the listed microclines
coexist with both illite and chlorite, except for the microclines from
Waterton Fm., Alberta, and from Kona dolostone, N. Michigan, which
coexist with chlorite only. Montmorillonite and mixed-layered clays are
considered to be detrital phases on the basis of the variations in their
major elements as veri6.ed with the microprobe.

In addition to the abundance of detrital illites in sediments, illites are
also known to form authigenically during diagenesis. Grim (1951) con-
cluded that time is an important factor in the observed alteration of
expandable clays to micas. Perry and Hower (1970) in their study of
Pleistocene to Eocene shales from GuIf Coast oil wells concluded that
with increasing depth the proportion of illite layers increases in illite/
montmorillonite. Reynolds (1963), on the basis of the high content of
1Md illites in the upper Belt series, concluded that they are almost cer-
tainly authigenic. Hower, I lurley, Pinson, and Fairbairn (1963), on the
basis of K-Ar ages also indicated diagenetic orrgin of illites. Considering
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also similar observations by other investigators, it is suggested that prob-

ably some of the illites associated with authigenic feldspars are authi-
genic.

The tendency of authigenic feldspars to be associated with illite is ex-
plained in Figure 6, showing phases coexisting with quartz in the system
HAlOrNaAlO2-KAlOr-SiOz. The assemblages albite-illite, microcline-
illite, albite-microcline, and albite-microcline-illite, are compatible.
Moreover, in the system of Figure 6, K-feldspars are incompatible with
clays other than illite (kaolinite, montmorillonite) as long as the illite and
albite are compatible.

The small number of coexisting phases and the established chemical
purity of the authigenic feldspars indicate that the feldspar assemblages
studied most probably represent equilibrium assemblages, and that in-
compatibilities in the original detrital assemblages have been eliminated
except for certain detrital cores shielded by their enclosing feldspar rims
from further reaction.

The occurrence of microcline-illite-chlorite assemblages in the upper
part of the Belt series, and of microcline-chlorite in Waterton Formation,
Alberta, and in Kona dolostone, N. Michigan (quartz is always present),
might be of low-grade metamorphic origin, for the following reasons:
Reynolds (1963), and Maxwell and Hower (1967) investigated the illites

4 t 2 0 3
Koolinife

|(Ar 02 lio A 102
|(- Feldspor l'|n -Feldspor

Frc. 6. A schematic diagram of tJre system HAlOrNaAlOz-KAIO?-SiO,

showing phases in equilibrium witJr quartz.
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and microclines from the northern Rocky Mountains, Belt series. They
observed a decrease in the ratio of 1Md to2M polymorphs of i l l i te with
depth of burial. Based on Yoder and Eugster's (1955) experiments, they
concluded that the increasing temperature and pressure with depth in the
Bel t  ser ies was responsib le for  the above t ransformat ion.  Reynolds (1965)
described an assemblage of microcline-illite-chlorite from the Cambrian,
Ordovician. Silurian. and Devonian carbonate rocks from eastern N.Y.
State and western Vermont. The similar abundance of microcline f or the
carbonates of all these ages from a given area led him to suggest that the
microclines crystallized as a result of the Taconic and (in particular) the
Acadian regional metamorphic and orogenic episodes.

As mentioned already, Zen (196O) in his study of the metamorphism of
lower Paleozoic rocks in west-central Vermont, encountered the as-
semblage microcline-chlorite-muscovite-quartz. On the basis of an
A-K-F(M) diagram he deduced the following: ". . It is seen that chlo-
rite in coexistence with potassic feldspar may be expected to show th,e
highest Fe, Mg-Al ratio in the presence of muscovitel however, chlorite-
potassic feldspar assemblages without muscovite may give even higher
ratios . ."

To test this idea, the microcline-chlorite assemblages from the Water-
ton and Kona dolostones and microcline-il l i te-chlorite assemblages from
other carbonates rn the Belt series were analyzed with the microprobe.
The chlorites show high Fe, Mg-AI ratios. However, Fi.ichtbauer and
Goldschmidt (1959) in their study of the clays in the Zechstein formation
reported an assemblage of illite Fe-rich chlorite K-feldspar, in which the
K-feldspars are authigenic and the chlorite is presumably diagenetic.
Diagenetic chlorites are well known from the l iterature; for example:
Swindale and Fan (1967).

At present the differences in abundance of major and minor elements
between diagenetic and metamorphic chlorites in specific assemblages is
not known. Therefore the assignment of a diagenetic or metamorphic
origin to a rock solely on the basis of the assemblages illite-Fe-rich
chlorite-microcline and Fe-rich chlorite-microcline is ambiguous.

The division between diagnesis and metamorphism is arbitrary. The
scarcity of diagenetic studies that contain detailed mineralogical analyses
and chemical compositions of phases, and consequently the scant in-
formation about the mineralogical changes which take place between
deposition and the established lowest metamorphic grade, make even this
arbitrary division difficult.

Occurrence oJ authigenic feldspars. Authigenic feldspars are ubiquitous in
carbonate rocks. fn the past their abundance has eone unnoticed because



AUTHIGENIC FELDSPARS I43L

of the small dimensions of most of them (between 20-100 pm), and the
fact that many are untwinned and could be mistaken for quartz in a
rapid microscopic examination. The total amount of authigenic feldspars
present in the rock samples studied is, at maximum, 2 weight percent,
and generally less than 0.5 weight percent. Albite is far more abundant
than microcline: most carbonate rocks sampled for this study as well as
those previously investigated, contain albite only.

But there are important exceptions: Triimpy (1916) reported the
presence of both sodic and potassic euhedral feldspars in Tertiary car-
bonates from Switzerland, and Fiichtbauer (1950) observed albite,
orthoclase, and microcline in the Triassic carbonates of Giittingen. In
my study coexisting authigenic albite and microcline have been observed
in two localities: (1) Pennsylvanian limestone, Provo Canyon, Utah,
(sample M-752-PU, Table 1), in which authigenic albite and microcline
have grown around detrital K-feldspar cores. (One grain had both albite
and microcline overgrowths on opposite sides of a detrital K-feldspar
core). Albites without cores are also abundant. The ratio authigenic
albite/authigenic microcline is extremely high. (2) Eocene limestone,
Rhodes, as shown in Figure 1. The inclusion hourglass structure in the
albite, which indicates the direction of the most rapidly growing crystal
faces (Kastner, 1970 Kastner and Waldbaum, 1968), continues into the
microcline rim. Furthermore, the microcline rim which grew unevenly, is
developed mainly along the most rapidly growing faces, as shown in
Figure 1, and is frequently present only along these most rapidly growing
faces, as shown in Figures 7 and 8a, b. The boundary between the albite
and microcline is sharp. These textural relations convince me that the
two feldspars crystallized continuously during the same diagenetic stage.

Authigenic albite grains are larger (70-120 pm) than those of authi-
genic microclines (40-80 pm). In those localities where the two coexist,
albite is considerably more abundant than microcline. For example: the
largest dimensions of albite from Rhodes are 1.75X0.3X 1.5 mm, and the
width of the unevenly distributed microcline rim ranges between 3-20
pm. Microcline is present only as rims around the albites. These relative
abundances and dimensions of authigenic albite and microcline were
noted by Fi.ichtbauer (1950) in his study of the Triassic carbonates from
G6ttingen.

As mentioned above, authigenic albites crystallize without reference to
the composition of the detrital minerals in the matrix. fn contrast, most
authigenic microclines grow only where detrital K-feldspars are present.
An explanation for the apparent dependence of authigenic microcline on
detrital K-feldspars will be suggested below.

The stratigraphic distribution of authigenic albites and microclines in
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Frc. 7. Electron beam scanning photographs of upper portion of authigenic albite

crystal with authigenic microcline rim only along the most rapidly growing faces, in thin

section, sample M-355-IR, Rhodes.
a) -Kxd X-ray image.
b) -Alxa X-ray image.
c) -Caxd X-ray image, of same area.

White line in lower left of Fig. 7a represents 40 microns.

Ordovician carbonate rocks from the vicinity of State College, Pa., and
from Glens Falls, N.Y., is a good example of the above relation between
the composition of detrital cores and authigenic overgrowths, as sum-
marized in Table 9. In both localities the lower part of the section con-
tains almost exclusively detrital K-feldspars, with microcline over-
growths only around detrital K-feldspars, whereas the upper part con-
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Frc. 8. Photomicrographs of authigenic albite crystals showing well developed authi
genic microcline rims.

a) Crystal from thin section M-355-IR, Rhodes, (plane polarized light).
b) Samecrystal (crossedpolars).
c) Crystal from edge of same thin section (plane polarized light).

Note calcite veins cut both the albite and the microcline in Fig. 8c, White line in lower
left of 8c represents 0.lmm for all photomicrographs.
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tains almost exclusively detrital plagioclase with authigenic albite over-
growths around detrital plagioclase, qtrartz and pyrite. At Glens FaIIs,

N.Y., sample M-252-GF with albite overgrowths, is only 4 feet above

sample M-251-GF, with microcline overgrowth. The very few samples

studied do not provide sufficient evidence that the above abrupt minera-

logical change is general throughout the area of the formation. However,

if the relation proves to be general, early movements related to the Ta-

conic orogeny might have been responsible for a change in source and

composition of the detrital feldspars, and consequently of authigenic
feldspar overgrowths. Further discussion and details are given in Kastner
(1e7ob).

Geochemical enairon'ment ond diagenetic stage oJ the f ormation of authigenic

feldspars. In authigenesis of feldspars the following observations are
important: (1) The total amount of authigenic feldspars present in car-
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bonate rocks studied is very small. (2) Albite is the dominant authigenic
feldspar phase in marine carbonate rocks. (3) The two alkali feldspar
end members coexist, apparently in equilibrium. (4) Authigenic micro-
cline forms only in the presence of an adequate source of potassium.

Clay minerals, varieties of free silica and, to some extent, detrital
feldspars may provide the necessary silica and alumina for the crystal-
l ization of authigenic feldspars, and sea water or interstit ial waters are
the most important sources for the necessary alkalies (Kastner and
Siever, 1968). Calculations based on maximum bulk percentage and
dimensions of authigenic feldspars in carbonate rocks indicate that it is
not essential to assume large amounts of water circulation in the sedi-
ment (Kastner, 1969). For example: the amount of sodium and potas-
sium in 9 mm3 of sea water is equivalent to the amount of sodium and
potassium in an albite crystal 1 mm in diameter and in a microcline
crystal 0.1 mm in diameter, respectively. This amount of water is
equivalent to a sphere oI 2.2 mm radius in a rock with 20 percent porosity
(which is a very low value). Moreover, even on the basis of the assump-
tion that clay m'nerals alone supply all the silica and alumina (which is
unlikely), a mass balance between the average minimum amount of clay
minerals and the maximum amount of authigenic feldspars present in
carbonate rocks, indicates that authigenic feldspars in carbonates could
form under isochemical conditions (Kastner and Siever, 1968; Kastner,
196e).

The compositions of interstitial waters of marine sediments, and some
experimental evidence bearing on the required K/(K*Na) ratio of the
fluid phase in equilibrium with two alkali feldspars at various temper-
atures have a bearing on authigenesis of feldspars, for they allow in-
ferences on the chemical composition of the pore waters from which the
f eldspars precipitated.

In the l iterature several attempts have been made to estimate the
alkali concentration of the fluid phase with which authigenic feldspars are
stable. The results of Garrels and Howard (1959), Hemley (1959), and
Hemley and Jones (1964), show that under near surface conditions, if the
solution is saturated with respect to quartz, K-feldspar will be stable at
[K+]/[H+]> 10s-1010. Orville (1963a) carried out similar calculations but
his solutions were saturated with respect to amorphous silica instead of
qtartz. He concluded that K-feldspars will be stable at an approximately
[K*]/[H*] :105-106. fn sea water this ratio is 106 assuming that the
activity of potassium equals its concentration. Thus, K-feldspar could
form from muscovite in sea water if saturated with respect to amorphous
silica at essentially room temperature and a few atmospheres pressure.
Hess had previously (1966) suggested that authigenic albites need (1)
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either a s1'stem supersaturated with respect to amorphous sil ica (2) or
higher temperature than 25oC (3) or a reduction in lrHzO.

Analyses of interstitial waters indicate that the [K+]/[H+] ratio never
approaches the values 10e to 10t0 est imated by Garre ls  and Howard (1959).
The highest K values are reported from subsurface brines of the chloride
type which contain 50 to 1000 ppm K, (White, 1957); sea water contains
380 ppm K. Studies of the composition of interstitial waters of marine
sediments by Siever, Beck, and Berner (1965) and Brooks, Presley, and
Kaplan (1968) show that they are enriched in potassium and silica rela-
tive to sea water. Siever, Beck, and Berner (1965) attributed the enrich-
ment of potassium to surface hydrolysis of K-feldspars and micas, and of
silica to dissolution of diatoms. The amount of silica in interstitial waters
is equal to or less that in equilibrium with amorphous silica.

The above measured, calculated, and experimental results are sum-
marized below:

(1) Mass balance between the maximum amount of authigenic feld-
spar and the minimum amount of clay minerals present in car-
bonates, and the amount of fluid necessary to convert the clays
into feldspars indicates that authigenic feldspars can form under
isochemical conditions.

(2) K-feldspar could conceivably f orm from muscovite in sea water at
essentially room temperature, if saturated with respect to amor-
phous silica.

(3) Albite is more likely to form at temperatures higher than 25oC or
in equilibrium with waters enriched in silica and alkalies relative to
sea water.

(4) Diagenetic processes are responsible for the enrichment of inter-
stitial waters in potassium and silica relative to sea water.

The microcline rims around the albite crystals from Rhodes (samples

M-351-IR and M-355-IR) are a clear indication of a change in physico-

chemical conditions during diagenesis, but does not necessarily imply a
drastic change. The calcite veins which cut both the albite and micro-
cline (Fig. 8c), and the fact that these veins are cut by later generations

of veins and by stylolites, indicate that the earliest detectable changes
which occured in the consolidated rock are later than the formation of the
microcline rim.

An abrupt change in crystallization from albite to microcline may have
resulted from a nearly isothermal, isobaric change in the K/(K+Na)
ratio in the fluid phase, as shown in Figure 9, schemetic isothermal
isobaric ternary reciprocal phase diagram. Recent calculations by D. R
Waldbaum (personal communication) from thermodynamic data
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l|rc. 9 Schematic isothermal isobaric ternary reciprocol phase diagram of equilibrium
between alkali feldspars and fluid phase (at low T and P) Arrow denotes enrichment of
notassium in fluid.

(Thompson and Waldbaum, 1967 Thompson and Waldbaum, 1968,
Part I), which are based on Orvil le's (1963b) ion-exchange data, have
shown that the ratio K/(Kf Na) of a fluid phase in equilibrium with two
alkali feldspars is about 0.03 at 100oC,1 the ratio in sea water. This value
is in agreement with Hemley's recent data (personal communication). A
change from 0.02 to about 0.04 in the alkali ratio of the fluid phase during
the late stages of leldspar growth would cause a discontinuous change
in the composition of the feldspar that is in equilibrium with the fluid
phase, as shown in the phase diagram, Figure 9. At point "a" of Figure 9
albite and microcline wil l coprecipitate.

Changes in alkali ratios could result from changes in pressure, tem-
perature, or chemical composition, or appropriate combinations. Be-
cause of the obvious difficulties of changing pressure and temperature
drastically during early diagenesis an isothermal, isobaric process is more
likely. Such a change could take place by mixing the original fluid with a
fluid enriched in potassium that originated from the dissolution of
detrital K-feldspars and/or K-rich glass, during a previous diagenetic
phase, or as a result of a relative depletion in sodium due to the earlier
crystallization of albite.

In the above discussion it is not necessary to assume that K-feldspar
and Na-feldspar are the most thermodynamically stable phases in the
diagenetic environment, even if they are in ion-exchange equilibrium

l Thermodynamic data which are basetl. on the sanidine-high albite solvus were used
for the calculations and for the extraoolation Thus, the value K/(K*Na):0.03 is an
approxitration,

FELDSPAR
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with the fluid phase for this could be a metastable equilibrium. At the

same time there are no compelling reasons to suggest that alkali feld-

spars could not crystallize as truly stable phases in diagenetic environ-

ments. Estimates of physicochemical conditions required for stability of

alkali feldspars that show that they probably are stable at low to moder-

ate temperatures and pressures have been given by Hess (1966)' Orvil le
(1963a), and Garrels and Christ (1965).

It is believed therefore that the microcline rim reflects changes that

occured at very early stages of diagenesis and reflects changes in the

composition of the fluid phase coexisting with the feldspar. As noted

above, this seemingly abrupt change can be accounted for by a con-

tinuous change in the K/(K*Na) ratio in the fluid.

The evidence presented here further indicates that the geochemical en-

vironment of formation of authigenic albite need not differ appreciably

from the environment o{ authigenic K-feldspar as has been suggested in

the literature.
On the basis of two observed and two reported occurrences of coexist-

ing authigenic albite and microcline, it is further suggested that the

K/(K+Xa) ratio of interstitial waters responsible for the formation of

authigenic feldspar in carbonate rocks, is on the Na-albite side of the

phase diagram (to the left of point "a"), Figure 9, but very close to the

K/(K*Na) ratio in equilibrium with two alkali feldspars. At temper-

atures in the range 0o-100oc. Under these conditions, as siiica increases

in solution by dissolution of free silica, albite wiII crystallize. An iso-

chemical increase in temperature would shift the equilibrium ratio to-

wards the K side, thus stabilizing the albite phase'

The formation of authigenic microcline depends on a supply of po-

tassium adequate to increase the K/(K*Na) ratio. Partial dissolution of

detrital K-feldspar is the most likely source of additional potassiuml

hence the close correlation between the occurrence of detrital K-feld-

spars and authigenic microclines.
Inasmuch as the formation of authigenic microcline depends also on an

adequate supply of potassium, which might be provided from a previous

diagenetic process, it is unlikely to be among the earliest diagenetic

phases.
Auth igenic a lb i te  might  form ei ther  at  Iower temperatures (and pre{-

erably higher total alkali concentrations), or at higher temperatures
(and lower total alkali concentrations). However, considering that under

isochemical conditions the stability field of albite increases at higher

temperatures; it is suggested that medium to high temperature dia-

genetic environments are more favorable for the formation of authigenic

albite.
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