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AUTHIGENTC ALBITE FROM RHODES!

M. KASTNER AND D. R. WaALDBAUM, Department of Geological
Sciences, Harvard University, Cambridge, Massachusetts.

ABSTRACT

Authigenic albite crystals in Eocene limestone from Rhodes contain an hourglass struc-
ture formed by inclusions of calcite, quartz, and carbonaceous material. No detrital feld-
spar core is visible in the crystals. They form contact twins of two individuals after the
Albite law and penetration twins of two individuals after the X-Carlsbad law. Both twin
types contain the hourglass structure. Lattice parameters of the albite are: a=8.1380 A,
b=12.7881 A, ¢="7.1571 = A, @=94.229°, 3=116.605°, v = 87.807°. Both optical and lattice
parameters indicate that the Al-Si distribution in the albite is highly ordered, although not
as ordered as low albites from pegmatites and low-grade metamorphic rocks. The albite it-
self contains no detectable Ca or K. Lattice parameters of the calcite matrix indicate that it
contains less than 1.5 mole percent MgCOQj; in solution.

INTRODUCTION

Authigenic feldspars are different in many respects from igneous and
metamorphic feldspars. The most striking differences are their euhedral
habits, unusual twins, and high chemical purity. Of particular interest
are Baskin’s (1956) observations that the cell dimensions of authigenic
albites are substantially smaller than those of low albites from other
geological environments, and the results of Fiichtbauer (1950) and others
which indicate relatively high optic axial angles in authigenic albites.

Albite-bearing limestones of Eocene age from the Greek island of
Rhodes in the Aegean Sea, first described by Von Foullon (1891), were
collected from several localities between the village of Asklipio and Yan-
nadi Bay (36.047°N, 56.943°E) in late 1966. These are the youngest
sedimentary rocks known to contain authigenic albites having no visible
detrital cores, and one of the few occurrences in which the matrix rock
contains little or no magnesium. In this paper we report the petrographic
and crystallographic results of a preliminary investigation of this ma-
terial.

LirrorLocy

The carbonate rock in which the Rhodian albites occur is a medium
dark gray (Munsell N4,2) micritic limestone which shows no evidence of
recrystallization. The rocks, however, are structurally deformed on
an outcrop scale, and the albite crystals are cut by two genera :ions of
calcite veins and these are cut subsequently by stylolites, as shown in

! Published under the auspices of the Committee on Experimental Geology and Geo-
physics at Harvard University.
% Geological Society of America (1963) Rock Color Chart.
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T1c. 1. Photomicrograph of albite crystals elongated parallel to (010) in micritic lime-
stone matrix (crossed polars). Note cross-cutting relations among albite, calcite veins
(white), and stylolite (black). Thin section M351; Rhodes, Greece. White line in lower
left corner represents 0.5 mm.

Figure 1. No albites were found in or related to the calcite veins. This
evidence indicates that the albites crystallized in one of the earliest
stages of post-depositional alteration of the carbonate sediment.

Approximately 3.5 weight percent insoluble residue was extracted by
dissolving the rock in a 10 per cent aqueous solution of sodium ethyl-
enedinitrilo-tetraacetate at pH 8.2. In addition to albite crystals, the
insoluble residue contained a few quartz grains, carbonaceous matter,
euhedral pyrite crystals, and a mixed layer clay mineral. No albite crys-
tals were observed in a pale yellow (10YR6/2) fine- to medium-grained
limestone from the same locality.

MoRPHOLOGY AND OPTICAL CRYSTALLOGRAPHY

Crystal morphology. The albite occurs as euhedral crystals, tabular on
(010) as shown in Figure 2, with {001}, {110}, {110}, {130}, {130}, and
{201} commonly well developed. The luster of the crystal faces is con-
siderably dulled by minute indentations of the calcite grains in the ma-
trix and the development of vicinal planes. A channel or groove on {010}
and parallel to {110} formed by a reentrant of (130) faces is designated by
the arrow in Figure 2. This channel has been noted in several studies of
albite from sedimentary carbonate rocks by Rose (1865), Lacroix (1897),
Fiichtbauer (1948), Schoner (1960), and Donnelly (1967). The dimen-
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F1c. 2. Photomicrograph of Rhodian albite crystals separated from limestone by
EDTA. Channel on (010) parallel to {110} visible in three largest crystals. Hourglass
structure (dark) visible in crystal at top center of photograph. (crossed polars). White line
in lower left represents 0.5 mm.

sions of the largest crystals studied were 1.75 mm along @, 0.3 mm along
b, and 1.5 mm along ¢. The crystals stand out conspicuously on the light
gray (N7) weathered outcrop surface. Von Foullon (1891) reported that
the largest dimensions of albites collected from the same locality were
3, 0.5, 2.5 mm along a, b, and ¢ respectively.

Twinning. The Rhodian albites are twinned after the Albite law as con-
tact twins on (010) (Fig. 3a) and after the X-Carlsbad law as penetration
twins (Figs. 3d, 3e, and 3f), each consisting of fwo individuals. Both twin
types are found in the same thin section. Inasmuch as there is some con-
fusion in the literature on twinning in authigenic feldspars, evidence sup-
porting this identification is given in detail below.

Measurements of optical orientation and interfacial angles were ob-
tained with a four-axis universal stage. The interfacial angles were used
to independently verify that (010) is a composition surface or part of a
compsition surface. Optical orientation data obtained on approximately
50 crystals are summarized below as Kohler angles (Kohler, 1942; Fisher,
1968):
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I'16. 3. Photomicrographs of albite crystals in thin section (b, c and g-plane polarized
light; a, d, e, f, and h-crossed polars). Crystals are elongated parallel to {010}. Hourglass
structure of calcite, quartz, and carbonaceous inclusions visible in all sections. Coarse
calcite vein cuts albite and matrix in Figs. a, b, and e Figures f, g, and h show a penetra-
lion twin in different extinction positions and in plane light. White line in lower right of
Figure 3a represents 0.25 mm for all photomicrographs.
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XX’ Yy’ YA AA’ BB’
Contact twins 17841 146.54+1 33+1 8341 85+1
Penetration twins 177.5+1 147.5+1 33+1 82+1 8444

These results are compared in Figure 4 with the Kohler angles for other
feldspar twin laws, and indicate that the Rhodian albites are either
twinned after the Albite law, the X-Carlsbad law, or both. The Rhodian
albites are slightly disordered (Tables 1 and 2), but this has a negligible
effect on identification of the twin laws from the K&hler angles (compare
data for Anyo in Fisher’s Table 1 where the optic angle is 82°).

Fisher (1968) notes that Kohler angles alone may not be sufficient to
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Fic. 4. Kohler angles for twins of low albite (An-content=0, Or-content=0) based
on data of Fisher (1968, Table 1). Open and solid squares denote ZZ’ and Y'¥’, respectively.
Open and solid circles denote BB’ and 4 4’, respectively. Rectangles denote X X'; width of
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identify feldspar twins, and in some instances it is necessary to determine
the location of a twin axis on the stereographic projection. The contact
twin data yield a “normal” twin projection (Turner, 1947), and the
penetration twins give projections that are characteristic of “parallel” or
“complex’ twin laws, hence it is concluded that the contact twins repre-
sent the Albite law and the penetration twins represent the X-Carlsbad
law. Other evidence indicates that the Rhodian ablites are growth twins,
and thus it appears that both reflection twins' (Albite) and rotation
twins (X-Carlsbad) developed in the same authigenic environment.

Thin sections of the penetration twins from Rhodes show two, three (Figs. 3f and 3h), or
four (Figs. 3d and 3e) optically distinguishable sectors—excluding the effects produced by
inclusions. However, all of the crystals studied consisted of only two individuals yielding
one set of Kshler angles no matter which two adjacent sectors were compared. Similar
albites are described in the literature, and are somewhat loosely referred to as ‘fourling’
twins. Distinguishing between twoling and fourling twins is more than a matter of defini-
tions, inasmuch as many authors have treated ‘fourling twin’, ‘Roc Tourné twin’, and
‘authigenic feldspar’ as essentially equivalent terms. This has resulted in misleading and
conflicting descriptions of twin laws in albites, some of which are discussed below. In the
following discussion we restrict our use of the term “fourling’ to crystals of four individuals
that intersect in a line, where each of the four individuals shows a different optical orienta-
tion when the crystal is sectioned at a large angle to the line. This restriction on fourling
twins requires that a feldspar contain at least two twin elements, yielding two sets of Kéhler
angles.

Twinned albite crystals similar in morphology to the X-Carlsbad penetration twins from
Rhodes were first described in detail by Rose (1865, Figs, 1, la, and 2) from Roc Tourné in
Savoie, France. Rose noted that the crystals obeyed a twin law which had not been de-
scribed previously for albite crystals. Lacroix (1897, Fig. 15, 20, and 21) later reproduced
the same drawings of Rose and referred to them as the T'ype I Roc Tourné crystals. Based
on his own study of several hundred albites from ‘Roc Tourné,” Lacroix described the
Type I crystals as penetration twins after the Albite and ‘Roc Tourné’ laws. Of critical im-
portance here is the fact that Lacroix (p. 164) does not describe the Roc Tourné law as a
single complex twin law representing a combination of the Albite and Carlsbad operations—
as the Roc Tourné law is presently defined (Burri, 1967). The Roc Tourné laws of Lacroix
and Burri are entirely different twin operations, although both are rotational twins. Neither

! The present authors base their discussion on Friedel’s convention of using crystallo-
graphic elements of the direct lattice only as twin elements. Hence, in this paper a pseudo-
merohedral reflection twin is defined only by a twin plane, and a rotation twin is defined
only by an axis: where the composition surface of a reflection twin is exactly planar and
parallel to the twin plane, and the composition surface of a rotation twin can have any
shape or orientation in the crystal (Friedel, 1926, pp. 438-439).

Turner (1947), Fisher (1968), and others refer to all feldspar reflection twins (for ex-
ample the Albite law) as rotational operations by using elements of reciprocal space, while
retaining the direct lattice for rotation twins. This convention is convenient for universal
stage work but it is not the same as Friedel’s, although both yield topologically equivalent
results. This “axis-only”’ convention also does not permit a distinction to be made between
reflection and rotation twins. We prefer to retain this distinction in that it is frequently a
criterion used in evaluating genetic aspects of twinning (for example, Cahn, 1954).
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Rose nor Lacroix described the Type T crystals as fourling twins; however, if Lacroix’s de-
scription of the twin operations is correct, they are fourlings and should show different
optical orientations in each of four sectors. Unfortunately Rose (1865) and Lacroix (1897)

the Rhodian and Cretan albites.

Donnelly (1967) also recognized that authigenic albites from the Paradox Basin, al-
though similar in many respects to the albites from Roc Tourné, were not twinned on the
Albite-Carlsbad complex law (Roc Tourné law of Burri). He described the crystals as pene-
tration twins of the Albite law and proposed a new name, Paradox twin, for them. Ascan be
seen in Figure 4, the X-Carlsbad law could be mistaken easily for a penetration twin of the
Albite law.

As noted above, Rose (1865) and Lacroix (1897) did not refer to the Type I crystals as
fourling twins. The crystals referred to as fourlings are the Type I albites from Roc Tourné.
Rose begins his description of them in the following way:

... Two such twinned crystals (Rose, Fig. 2) are joined into double twins such
that the twinning axis for the new group is parallel to the composition plane which
is the M face (010), and the twin axis is normal to the crystal main axis, as shown
in Fig. 3. These crystals are twinned after the Carlsbad operation with pro-
nounced P-plane (001), cleavage.

1f the “main axis” is taken to be the c-axis, then the above twin operation is the Albite-
Carlsbad complex law (Roc Tourné law of Burri, ¢/ al., 1967).

Lacroix (1897, p. 166) describes this same crystal as a “macle triple suivant la loi de
albite du Roc Tourné et de Carlsbad.” Results of the previous discussion would suggest
that Figure 3 of Rose illustrates an unusual fourling twin that is a combination of two X-
Carlsbad penetration twins related by still another Albite-Carlsbad complex law operation,
It is not, however, the “fourling” actually described by Rose. He continues (p. 463):

. ... But a peculiar thing is observed in these crystals. Those crystals that lie in
the inner part of the complex are much thinner than the outer ones, and very often
are completely absent as in Fig. 4 and 4a. As a result, the group then consists of 4
individuals, each of the four representing only half of the true ones. . .

This twin of “4 individuals” appears to be a true fourling in the sense that it should have
four optically distinct parts which intersect in a line formed by the intersection of (010) and
(100). It differs from the crystal shown in Figure 3e of this paper in which only two optical
orientations can be distinguished, although there are four optical sectors intersecting at a
point.

Inclusions and hourglass structure. The crystals are translucent dark gray

due to numerous calcite, quartz, and carbonaceous inclusions. Thin sec-
tions (Fig. 3) and observations with the binocular microscope (Fig. 2)
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show that the inclusions are confined o a volume in the center of the
crystal and are distributed uniformly about the composition plane (010).
The silicate portion cf the crystal enclosing the inclusions has the same
optical properties and chemical composition as the albite in the clearer
portions of the crystal. The surface bounding the inclusion-rich and
inclusion-poor volumes is best described as a hyperboloid of two sheets:

as shown schematically in Figure 5 where » L (100), y L (010), and z L
(001). The geometry of the surface in Figure 5 was determined by mount-
ing several of the albite crystals in orientations parallel to (100), (010),
and (001) in a cold-setting epoxy resin. The crystals were then ground
down gradually parallel to these orientatins. At various stages during
grinding the crystals were viewed in transmitted light under a polarizing
microscope and sketched. Figure 5 is a reconstruction of these sketches.
All the crystals studied were either Albite or X-Carlsbad twins. The
distribution of inclusions appears to be independent of the twin law.

The magnitudes of ¢, f, and g are related as f<<g<<e. Hyperbolic sec-
tions at constant x or z are both distinguishable, but sections subparallel
to (100) are by far the most prominent in thin section (Fig. 3), giving
rise to what is commonly called an hourglass structure. The relative
magnitude e is so much larger than f and g that the surface appears to be
nearly cylindrical, which accounts for the observation that most of the
Rhodian albites sectioned subparallel to (100) yield an hourglass struc-
ture. Hyperbolic sections such as Figure 3b are not sections through an
hourglass-shaped surface which is more accurately described as a hyper-
boloid of one sheet. However, no other petrographic hourglass structures
such as in chiastolite (Weinschenk, 1912, pp. 196 and 298), chloritoid
(Halferdahl, 1961, p. 90), and augite (Preston, 1966, p. 1228) are known
to be hyperboloids of one sheet or conic surfaces, hence, a change in
terminology is not warranted.

Spencer (1925) and Papastamatiou (1955, Fig. 1-2) noted that carbonaceous inclusions
are often zonally arranged parallel to crystal faces in authigenic albites, and Fiichtbauer
(1948) sketched several crystals with inclusions located along twin boundaries. Several
hourglass-type structures in feldspars are recorded in the literature. Iddings (1888) and
others have described granophyric intergrowths of quartz distributed in an hourglass
pattern in alkali feldspar megacrysts from volcanic rocks. Chaisson (1950, p. 542) reported
an hourglass zone characterized by triclinic optics in an adularia crystal in which no sig-
nificant differences in chemical composition were detected between the outer (monoclinic)
and triclinic zones. Dickson and Sabine (1967) recently described an hourglass pattern of

cuhedral plagioclase inclusions in large euhedral barium-rich K-feldspars from quartz
monzonites in southern California. The barium is distributed in alternating (oscillatory)
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Fic. 5. Distribution of inclusions.

zones that parallel existing crystal faces, but this chemical zoning is apparently unrelated
to the hourglass structure. To our knowledge, however, hourglass structure of carbonate
and carbonaceous inclusions has not been described previously in feldspars or other au-
thigenic minerals.

Optical parameters. Refractive indices of the albites were determined with
an uncertainty of +0.001 by the immersion method at 22°C in sodium
light. The refractive indices of the immersion oils were determined with
an Abbé refractometer before and after each measurement. The accuracy
of the data was determined by using the same methods to measure the
refractive indices of a standard quartz specimen from Arkansas
(Frondel and Hurlbut, 1955) kindly supplied by Professor C. Frondel.

The refractive indices o and 8’ were measured on (010), and v’ was measured on (001).
The same values were also obtained for these orientations on a spindle stage. Fiichtbauer
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(1948) found that the difference between measurements by the immersion method and
values determined by the universal stage is less than 0.0005, which is within the precision
of the present measurements. Hence, the results in Table 1 may be regarded as the principal
refractive indices of the albites within the stated uncertainty.

The mean value of the refractive indices of the Rhodian albite is 1.5323
which compares with 1.5330 for Amelia low-albite (Doman, et al., 1965),
1.5327 for Ramona albite (Emmons, 1953) and 1.5334 for metamorphic
albite from the Tiburon peninsula, California (Crawford, 1966) each of
which analyzed for less than 0.1 percent CaO and 0.25 percent K;O.
Assuming these Ca- and K-contents do not represent analyses of in-
clusions in the samples, the albites contain less than 0.5 percent CaAl,-
Si;Os and 1.5 percent KAlSi;Oj in solution. Comparing the data with the
determinative curves summarized by Doman, e/ al. (1965, p. 734), Van
der Plas (1966, p. 81) and Marfunin (1962, pp. 194 and 200), it is also con-
cluded that the Rhodian albite contains less than 0.5 percent CaAl,Si,Op
in solution. This composition also agrees with the mean refractive index
(1.5323) for pure Na-feldspar calculated from Chayes’ (1952) equations.
The X-ray data discussed below and electron-probe microanalyses also
confirm that the albites are nearly pure NaAlSi;Os.

The sign and magnitude of the optic axial angle (2V) were derived
from the refractive indices and measured directly on a Universal Stage

TaBLE 1a. OPTICAL PARAMETERS OF AUTHIGENIC ALBITES

Locality
1.528 1.532 1.537  1.5323
+.001 + 001 +.001
Ravdoukha, 1.529 1 5323 81.9
Crete +.001
Zweisimmen, 1.529 1.534 850 84.9
Switzerland +.001 +.001 + 8
St. Maurice, @) 1.520  1.534  1.539 88.5
Switzerland +.001 +.001 +.001 + 4
Bellefonte, (3) 1.529 1.532 1.539 70.0  66.6
Pennsylvania + 003 +.003 + 003 +5.0
Gottingen, 1.528 1.532 1.536 90 0 90.0

Germany +5.0
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TaBLE 1b. OpTIcAL PARAMETERS OF LOW-ALBITES FROM PEGMATITES

AND Low-GrRADE METAMORPHIC Rocks

Locality Reference

Amelia, Virginia (4, no. 3) 1
Amelia, Virginia (4, no. 5) 1.
Amelia, Virginia (12) 1
Amelia, Virginia (4,n0.7) 1
Amelia, Virginia (5) 1
+
Amelia, Virginia @) 1
+
Ramona, (8) 1
California
Ramona, 9) 1
California +
Kitani, Japan (10) 1.
Tiburon, (11) 1
California
Kodarma, India (12) 1
Preferred values (13) 1
for NaAlSizOs

(1) This study

(2) Fiichtbauer (1948)

(3) Honess and Jeffries (1940)
(4) Deer, e al. (1963 p. 110)
(5) Doman, ef al. (1965)

(6) Baskin (1956)

(7) Viola (1907), refractometer

.5286

530

.5292

.529

.5284
.0005

.5292
.0003

.528

.5286

.0003

530

.5290

.5285

.5274

.5325

.534

.5328

.533

.5320
.0005

.5331
.0003

.532

.534

.5335

.5326

.5314

Wy

1.5385

1.540

1.5392

1.539

1.5386
.0005

+

.5393
.0003

T =

1.538

1.5388

1.5395

1.5389

1.5379

2V, | 2V,
meas. | calc.

1.5332 78.1 77.9
1.5347 — 78.6
1.5337 81.8 73.9
1.5337 79.0 78.6

1.5330 — 3.1

—_ 76.5

1.5327 75.0 178.55

1.5333 79.0 77.9

1.5322 — T76.4

(8) Emmons (1953)
(9) Smith (1960)

(10) Miyakawa (1964)
(11) Crawford (1966)
(12) Spencer (1937)
(13) Chayes (1952)

(orthoscopic determination). These are compared with previously mea-
sured and calculated values in Table 1 and with curves showing the
variation of optic angle with composition (Smith, 1958, 1960; Marfunin,
1962; Rankin, 1967) in Figure 6. Fiichtbauer (1948, 1956) and Schéner
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(1960) have noted that the optic angles of authigenic albites are signifi-
cantly higher than for low albites from other geological environments.
The present results are in agreement with their observations. Given that
these albites are virtually pure NaAlSiyOs, the values of the optic angle
shown in Figure 6 suggest that the Al/Si-distribution in these albites is
not as ordered as in albites from pegmatites and metamorphic rocks.
Honess and Jeffries’ (1940) data for authigenic albite from Pennsylvania
do not support this conclusion, but their results have a higher uncertainty
than the other data in Table 1, and both their measured and calculated
values of optic angles appear to be anomalously low.

The scatter in the values of refractive indices and the measured and
calculated optic angle values for Amelia and Ramona albites is rather
unsettling in view of the stated precision of the measurements—some
measurements being made on the same specimen by two different in-
vestigators. Until optical standards such as “standard” low albite can
be established and circulated among various investigators, any conclu-

/
)

,,
“y
—_—

Or +~— Mole % Or Mole % An —— An

I'tc. 6. Optic axial angle of alkali and plagioclase feldspars as a function of composition.
Open rectangle denotes range of pegmatitic and metamorphic low-albites. Solid circles
denote present data, open circles denote data of Baskin and Fiichtbauer. Data for high-
temperature plagioclase from Smith (1958); see also recent compilation by Burri, et al.
(1967, Plate XIT and Part 4),



AUTHIGENIC ALBITE 1591

sions on composition or Al-Si distribution in authigenic feldspars derived
from optical data must be regarded as tentative.

X-Ray CRYSTALLOGRAPHY

Fxperimental method. Lattice parameters of the albite crystals and the limestone matrix
were determined by least-squares analysis of X-ray diffractometer data using the digital
computer program of Burnham (1962). Each sample for diffraction analysis was mixed
with the internal standard and deposited on a glass slide using collodion as a binder to give
a permanent powder mount. A Philips wide-range X-ray goniometer (model 42201) with
Ni-filtered copper radiation was used to obtain diffraction data. Three forward and two
reverse scans were made at 0.25° 20 min~! in the range 20° to 60° 20 with a chart speed of
one inch per minute.

The refined lattice parameters given in Tables 2 and 4 are referred to semiconductor
grade silicon (99.9999%, Si, <0.003 ppm B) as an internal standard. This silicon was pro-
vided by W. A. Atkinson, Department of Geological Sciences, Harvard University, and is
the same material used in Waldbaum’s (1966) study of alkali feldspars. Parrish’s (1960)
value for the lattice parameter (5.43054 +0.00017 A at 25°C) was assigned to this material,
and the X-ray wavelengths used in both the present calculations and the I1.U.Cr. project
K, 1 54051; Kgr, 1.54433; K, 1.39217 (Rieck, 1962).

Albites. The lattice parameters for the Rhodian albite in Table 2 do not
differ appreciably from previous determinations of low-albites from non-
sedimentary environments. These results, however, are not in agreement
with the data of Baskin (1956) which indicate anomalously low cell
dimensions for authigenic albites from other localities. We subsequently
analyzed two other authigenic albites—both of which occur in dolo-
stone—one from Ravdoukha, Crete (35.530°N, 23.865°E) collected by
Waldbaum, and another specimen from Crete kindly provided by Pro-
fessor J. N. Papastamatiou!, University of Athens. The data in Table 2
indicate that these albites have essentially the same lattice parameters as
the Rhodian albite. The K-contents of the Rhodian and Cretan albites
are 0+ 1.5 percent KAISi;Os as calculated from the microcline—low
albite determinative data of Waldbaum (1966) and Orville (1967).

The difference between Baskin’s lattice parameters and the present re-
sults are not outside the limits of precision of either set of data, but if
real, they may indicate as yet unknown differences between properties
and genetic histories of authigenic and other albites.

The lattice parameters plotted in Figures 7 and 8 indicate that the

1 Papastamatiou did not specify the exact locality of this material, but it is thought
that it is from the Liopetro locality noted in his 1955 paper. Albites from these two Cretan
localities differ considerably in morphology and other growth features. They occur in
medium-gray (N4 to N5) micritic dolostone, and as noted for the Rhodian albites, both
the albites and matrix are cut by later generations of calcite veins (see also Cayeux,
1903). Optical data are given in Table 1.
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F16.7. Cell dimensions of albites. The line between high albite and low albite represents
different states of Al-Si order in the b~ quadrilateral as determined in previous studies.

Rhodian and Cretan albites are “maximum’’ low albites with respect to &
and ¢, but the relatively low values of o* and v* (Table 2) and corre-
sponding high values of (diz-dis) suggest that more Al/Si-disorder may
exist among the four tetrahedral sites of the authigenic albites. These re-
sults are in agreement with values of the optic angle derived from optical
measurements, and are similar in this respect to the results of Reynolds
(1963) and to Baskin’s observations on authigenic K-feldspars and the
Gottingen albite (Tables 1 and 2).

It should not be inferred from these results, however, that the Cretan
and Rhodian albites crystallized at higher temperatures than albites
from other geological environments or that maximum Al/Si-order is not
the most stable configuration at low-temperatures. Factors other than
temperature are known to influence Al/Si-ordering, but the kinetics and
mechanism of ordering are as yet not well understood. MacKenzie (1957)
demonstrated that Al/Si-ordering in albite is extremely sluggish at low-
temperatures even when ordering is allowed to take place in the presence
of pure water which acts as an efficient catalyst when compared with
ordering in the dry state. In applying kinetic data to authigenic feld-
spars, one can assume that the original crystals grew as highly disordered
phases which progressively approached a more stable state with time.
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F1c. 8. Reciprocal lattice angles o* and v* of high and low albites in Table 2 and Fig.
7. The line between high albite and low albite represents different states of Al-Si order in
the o*-y* quadrilateral as determined in previous studies.

McConnell and McKie’s (1960) analysis of Mackenzie’s data indicate
that the time required to approach a completely ordered state in the
range 25° to 100°C is on the order of 10 to 10" years, however, Martin
(1967) has recently shown that highly ordered albite will crystallize at
200° within several weeks in the presence of excess alkali. These two con-
flicting sets of data alone suggest that more experimental data on the
kinetics and mechanism of feldspar growth and ordering are needed before
a meaningful genetic interpretation can be made from crystallographic
data.

Matriz. Lattice parameters of the limestone matrix of the Rhodian albite
given in Table 3 are somewhat lower than the preferred values for pure
CaCO; given by Graf (1961). This is probably due to small amounts of
Mg or other elements in the structure. Cathodo-luminescent properties of
this rock indicate the presence of manganese, but the work of Medlin
(1963) suggests that the Mn-content is on the order of 1000 ppm, which
is equivalent to a decrease of 0.0002 A in ¢. Assuming magnesium to be
the only element present in amounts sufficient to cause detectable changes
in @ or ¢, we calculate a MgCO;-content of 0.9 + 1.0 mole percent from the
following equations relating mole fraction MgCOs to @ and ¢ of synthetic
magnesian calcites:

N(MgCO;3) = 13.8170 — 2.7712a
N(MgCO;) = — 10,0298 + 1.7427¢ — 0.067688¢*
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TABLE 3. LATTICE PARAMETERS AND CELL VOLUMES OF CARBONATE MATRIX
FROM ROCKS CONTAINING AUTHIGENIC ALBITES AND OF OTHER
CALCITE AND DOLOMITE SPECIMENS

V(A%

Rhodian limestone matrix (1) 4.9840 17 0392 366 56
+.0003 +.0019 + .05

Calcite (preferred values) (3) 4.9899 17.064  367.90
Ravdoukha, Crete dolostone matrix (fresh) 4.8106 16.0122 320.91

+.0005 + 0020 +.06

Ravdoukha, Crete dolostone matrix 4.8101 16.0130 320.86
+.0007 4+ .0026 +.08

Liopetro, Crete dolostone (1) 4 8083 16.0056 320.47
acid-leached) +.0004 +.0017 +.05

Dolomite, Binnatal, Switzerland (1) 4 8085 16 0177 320.74
(H.U. 10974) +.0003 +.0014 £.04

Dolomite, Tharandt, Germany (1) 4 8073 15 9933 320 09
(H.U. 10971) +.0005 £+ .0021 +.06

Dolomite, Lee, Massachusetts 2) 4.8083 16 024  320.84
(cation-ordered)

Dolomite, Serra das Eguas, Brazil 2) 4.8098 .028  321.12
(cation-ordered)

Dolomite, Gabbs, Nevada (cation-ordered) (2) 4 8083 031 320.98

Dolomite, preferred values {cation-ordered) 3) 4.8079 16.010  320.50

Dolomite, synthetic (cation-disordered). (2) 16.061 321.14

(1) This study
(2) Goldsmith, ef al. (1961)
(3) Graf (1961)

derived from the crystallographic data of Goldsmith, Graf, and Heard
(1961) and Graf’s (1961) preferred value for pure CaCOs.

Lattice parameters of the Cretan dolomites also given in Table 3 indi-
cate that the dolomites are highly ordered, and in fact appear to be more
highly ordered than the preferred values given by Graf (1961). One pos-
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sible explanation for these high values of a and low values of ¢ is that
systematic errors were introduced by the assignment of an incorrect
absolute value to the cell edge of the silicon internal standard. However,
one usually finds that the cell volume and all cell dimensions are either
increased or decreased by this type of error, which is not the case with the
data in Table 3. As a further check for systematic errors we determined
the lattice parameters of two coarsely crystalline dolomites from Alpine
vein deposits (Binnatal and Tharandt), and obtained values of @ and ¢
which bracket Graf’s preferred values of 4.8079 and 16.010 A. The
(10.1), (10.4), and (00.3) ‘“‘order” reflections of the Cretan dolomites
are as sharp and intense as the same reflections of the Binnatal and
Tharandt dolomites; similarly no significant differences were observed in
the intensities and d-values of the (00.6) and (00.12) basal reflections.
These results are additional indications that the Cretan dolomites are
highly ordered, though it was not possible to determine any differences
between the amount of cation or mixed-layer disorder in the Cretan
dolomites and the most highly ordered dolomites studied by Graf and co-
workers.

SUMMARY AND DISCUSSION

General. The petrographic and crystallographic properties of albites from
the islands of Rhodes and Crete are summarized below:

1. The crystals are growth twins with tabular euhedral shapes, and
show no evidence of a detrital feldspar core. They are twinned as contact
twins according to the Albite law and penetration twins after the X-
Carlsbad law.

2. The albites were crystallized and developed twinning before the
development of fractures and the formation of stylolites in the rock.

3. Their lattice parameters do not differ significantly from previously
studied low albites from nonsedimentary environments, as is suggested
by the data of Baskin (1956). The lattice parameters and optic axial
angles indicate that their tetrahedral Al/Si-distribution is highly ordered,
but not as ordered as low albites from pegmatites.

4, The crystals contain numerous calcite, quartz, and opaque car-
bonaceous inclusions which are distributed in the center of the crystals in
the shape of an hourglass when viewed normal to (010). The hourglass is
ubiquitous in the Rhodian albites and was found in a small percentage of
the Cretan albites. Inclusions in the Cretan albites are usually found in
the outer portions of the crystals parallel to the growth faces. The carbon-
ate inclusions in the Rhodian crystals and the carbonate phase of the
matrix have the same bulk composition and trace element content as
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indicated by X-ray diffraction and cathodo-luminescence. The Cretan
albites which are surrounded by a highly-ordered dolomite matrix con-
tain dolomite inclusions.

The characteristic inclusions, morphology, twinning, and development of
inclusion-hourglass structure indicate a crystallization environment con-
siderably different from that of igneous and metamorphic feldspars. The
present results support the conclusions of previous studies that these
albites formed in situ during diagenesis of a carbonate sediment, and
were not introduced later by hydrothermal or metasomatic fluids. More-
over, the data provide additional factors to be taken into account in
developing a physico-chemical model for the nucleation and growth of
authigenic albites.

Carbonate malrix. Daly (1917), Baskin (1956), and Carrozi (1960) sug-
gested that the common association of authigenic albite with dolomite
may have genetic significance. The properties of the Rhodian albites
(limestone matrix) are sufficiently similar to albites occuring in dolo-
stones that the presence of magnesium in the matrix can no longer be
regarded as an essential indicator of the crystallization histories or
physical properties of authigenic feldspars.

Inclusion-hourglass structure. The presence of inclusion-hourglass struc-
ture in authigenic albites provides a much clearer picture of their growth
history. There is no petrographic evidence to suggest that the inclusions
formed after growth of the albite, hence, in the terminology of Zerfoss
and Slawson (1956) these are primary inclusions. The fact that similar
inclusion-hourglass patterns are found in andalusite and chloritoid sug-
gests that the nucleation and growth mechanisms for silicates during
diagenesis do not differ appreciably from the mechanisms operating dur-
ing higher grades of metamorphism. The close relationship of the hour-
glass to crystal morphology also tends to rule out the possibility that the
albite crystals originated by recrystallization of an earlier authigenic
mineral or amorphous aluminosilicate gel.

The interrelations between twinning and hourglass structures are not
well understood inasmuch as few minerals are known to contain more
than one of these features. The hourglass pattern in the Rhodian albites
does not appear to depend on the form taken by the twin law since the
hourglass exists in both contact and penetration twins (Fig. 3). In some
sections the hourglass can be seen to converge to a point in the center of
the crystal, suggesting that both the incorporation of included material
and the development of twinning occurred at the very early stages of
crystal growth.
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Some writers (Becke, 1892; Harker, 1932, p. 42-43) have interpreted
hourglass patterns of inclusions in minerals as evidence that on some
faces particles were incorporated into the crystal and on others they were
swept aside or pushed ahead as the crystal grew. Very little experimental
evidence at either the temperature conditions of metamorphism or dia-
genesis exists to confirm this view except for the studies of Buckley (1934)
and A. E. Corté.!

Corté (1963) studied the behavior of large (0.2 to 2.0 mm) particles of
glass, calcite, quartz, rutile, shale, and mica at a water-ice interface dur-
ing crystallization. He noted that at growth velocities less than 0.5
mm/hr all particles are pushed by the interface regardless of size, shape,
or composition, but at higher velocities some particles are incorporated
into the crystal, and at sufficiently high velocities (> 10 mm/hr) none of
the particles are pushed (see also Buckley, 1934, p. 250). Corté found
that large particles were trapped at lower velocities. The order of the
particle types trapped in the ice in order of increasing growth velocity
was: glass, calcite, rutile, quartz, shale, and mica—depending on the
(previously measured) relative surface energies of ice, particle, and water.
In the Rhodian albites the inclusions are located along the most rapidly
growing crystal faces (with the width of the hourglass zone delineating
the size of the faces at the time of growth), hence, the present petro-
graphic observations on the quartz and calcite inclusions are at least con-
sistent with Corté’s data and the mechanism proposed by Becke (1892).
The carbonaceous inclusions were probably not solid at the time of crys-
tal growth, and may have originated at the growth surface by adsorption
and coalescence of organic molecules (Buckley, 1934), although evidence
from other occurrences suggest that ultimate incorporation of carbona-
ceous material is a growth-rate controlled process.

The uniform shape of the hourglass, the uniform size of the inclusions,
and homogeneous distribution of inclusions suggests further that the
Rhodian albites grew at a relatively constant rate. This contrasts mark-
edly with the erratic growth history of the Cretan albites (Papastama-
tiou, 1955) and Raipura albites (Spencer, 1925) which are characterized
by oscillatory zones of carbonaceous inclusions.
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