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Abstract. Calcian dolomite from the Devonian Lost Burro
formation has been investigated with electron microscopy
techniques. Electron diffraction shows evidence for “c” and
“d” type reflections which may occur independently and
are indicative of ordered superstructures. High resolution
electron microscopy combined with selected area optical
diffraction is the basis for models to explain the superstruc-
tures in calcian dolomite. It is proposed that “c” reflections
are due to ordered substitution of Mg by Ca in basal cation
layers. ““d” reflections result when the rhombohedral stack-
ing of basal layers is interrupted by intercalation of addi-
tional Ca layers. During electron irradiation at 1 MeV the
Mg — Ca distribution becomes disordered and the crystal
structure attains calcite symmetry. The arrangement of CO,
groups remains ordered.

1. Introduction

Rhombohedral carbonates often occur as limited solid solu-
tions. Of particular importance is the series CaCO; (Calcite,
R3¢)—Cay sMg, sCO; (dolomite, R3) with intermediate
members of magnesian calcite and calcian dolomite. Such
non-stoichiometric carbonates are especially common in
sedimentary (low temperature) rocks and are characterized
by a modulated microstructure when observed with the
transmission electron microscope (Reeder and Wenk 1979;
Reeder 1981). The modulations have been associated with
submicroscopic compositional variations in these non-stoi-
chiometric compounds (Reeder 1981) and with distortions
due to defects in the anion distribution (Gunderson and
Wenk 1981) because they also occur in some pure calcites.
It is possible that anion defects and deviations from stoichi-
ometry are related (see discussion by Wenk et al. 1983).
Modulations parallel to {1074} =r seem to originate during
special conditions of replacement growth where a secondary
carbonate replaces a primary carbonate by a dissolution-
reprecipitation mechanism across a thin film of aqueous
solution. It has been very difficult to characterize the modu-
lated structure by contrast experiments because the struc-
ture is strictly coherent, the wavelength (~10 nm) is too
small to permit direct chemical analyses, and in samples
studied so far, it has not been sufficiently ordered to distin-
guish domains with different ordering patterns.

In this paper we report observations on an unusually
ordered calcian dolomite of an overall composition,

Cay 5,Mg; ,sCO;, from the Devonian Lost Burro Forma-
tion in Western California, where dolomite replaces micritic
limestone during late diagnetic-deep burial conditions
(Zenger 1983). A preliminary TEM study (Wenk and
Zenger 1983) described periodic basal faults in domains
extending parallel to {1074} which were interpreted as
layers of additional Ca intercalated in the dolomite struc-
ture.

2. Carbonate Structures and Unit Cells

The structure of rhombohedral carbonates can be viewed
as a rhombohedrally distorted NaCl structure with CO,
groups substituting for Cl and cations (such as Ca and
Mg) substituting for Na. This structure contains alternating
layers of hexagonally arranged cations and CO; groups
(Fig. 1a). In one layer all CO; groups point in the same
direction, but in the next adjacent layer they point in the
opposite direction (Fig. 1b). In calcite, CaCO; cations are
arranged in a three-layer periodicity with an ABC stacking;
but anion groups, due to their different orientation, have
a six-layer periodicity which determines the c lattice param-
eter (¢=1.706 nm) (Table 1). The space group of calcite
is R3c and can be described in a rhombohedral or a non-
primitive hexagonal unit cell. The hexagonal unit cell (a=
5nm, ¢c=17 nm) is used throughout this paper and all indi-
ces refer to it. We use three symbol Lave indices, Ak [, when-
ever diffraction is emphasized and four symbol Miller-Bra-
vais indices, hkil,i=—(h+k), whenever morphologic
planes and directions are discussed. In a hexagonally in-
dexed diffraction pattern, reflections of the type —h+k+
[#3n are extinct due to rhombohedral symmetry. Reflec-
tions that are present in calcite are termed ““a” reflections.
Tables 1 and 2 summarize the lattice geometry of rhombo-
hedral carbonates and related structures and define reflec-
tion types.

In NaNOj;, which is isostructural with calcite, NO,
groups are disordered above 273° C, pointing at random
in one direction or its opposite (Paul and Pryor 1971). This
increases the symmetry to R3m. All “a,” reflections are
extinct, and the unit cell is effectively shortened along z
by one hallf.

Ordering the cations in dolomite, Ca, sMg, sCO3, on
alternate layers reduces the symmetry to R3. Therefore “b”’
reflections which were extinct in calcite are present in dolo-
mite.
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Fig. 1a, b. Structure of dolomite

(Ca, Mg)CO;.

a Viewed along [0001];

b viewed along [1270]. Unit cells in both
projections are indicated. Large open
circles are oxygen atoms; small open
circles are carbon atoms. Large black

[21i0]a, dots represent Ca atoms, whereas small
black dots are Mg atoms
a
b
Table 1
_Structure Calcite with disordered Calcite Dolomite “c” dolomite  ““d” dolomite
CO; groups
Space group R3m R3c R3 P2jm Péom?2
Bravais Lattice rhombohedral rhombohedrai rhombohedral monoclinic hexagonal
Conditions Limiting hkl:—h+k+1=3n hkl:—h+k+1=3n hkl.—h+k+[=3n
Reflections I=2n (relative to calcite cell) hhil:l=2n -
Type of Reflections a, a=a,+a, a, b a, b, c a, b, d

Table 2. Types of reflections (with reference to the calcite unit cell)

Type of  Conditions for Structural reason
reflection  presence of
reflections
a, hkl, I=even, due to the basic structure
—h+k+1=3n
a, hkl, l=o0dd, due to anion orientation in
—h+k+1=3n calcite and anion orientation
plus alternating cations in
dolomite
b hhl:l=o0dd due to cation order in
dolomite
c midway between due to cation (or anion)
reflections along ordering within a basal layer
a; (e.g., h—1/, bl which has no 3-fold axis
d hkl:—h+k+1+3n  due to periodic stacking of

basal cation (or anion) layers
which is not rhombohedral

3. Conventional Electron Microscopy

TEM specimens were prepared by ion beam thinning (argon
ions, accelerated to 5kV with a beam current of 10 mA)
of selected areas of petrographic thin sections. They were
first studied with a JEM 100 C electron microsope. In Lost
Burro dolomite, additional reflections to those described
above appear in the diffraction patterns. Consider Fig-
ure 2a with strong reflections 110, 210 and 120 which are
equivalent because of rhombohedral symmetry. Between

one of those reflections (120) and the origin there is a weak
spot which destroys the hexagonal symmetry of the diffrac-
tion pattern and which cannot be indexed with the dolomite
unit cell. These reflections are repeated by translation in
the whole reciprocal lattice and have been termed “c” type
reflections by Reeder and Wenk (1979). They are frequently
observed in carbonates with a modulated microstructure.
As Reeder (1981) documented, they are sometimes sharp,
often diffuse and streaked parallel to a,. Other crystals dis-
play satellites about “a” and “b” reflections (Wenk and
Zenger 1983). These “d” reflections occur at one third the
spacing between “a” reflections along the ¢ * axis and there-
fore effectively violate the extinctions due to the rhombo-
hedral symmetry. They are generally fairly sharp, but often
there is accompanying diffuse streaking approximately par-
allel to c¢*. Typical diffraction patterns are shown in Fig-
ure 2, together with their schematic representations.

With conventional dark field techniques, it is possible
to identify regions in the crystal which display “c¢” and
“d” type superstructure reflections. Micrographs in Fig-
ure 3 illustrate that both occur in elongated domains, ex-
tending parallel to {1014} =v, i.e., parallel to the modulated
structure. These domains comprise about 25% of the total
volume. The elongation of the satellites along c¢* is not
so much related to the shape of the “c” or “d” domains
but is due to the internal structure in these domains.

The domains in Lost Burro dolomite are only a few
tens of nanometers wide. Even with a 5nm beam in a
STEM we could not document any significant changes in
chemical composition between regions that display super-
structure reflections and those that do not. This may indi-
cate that the composition is constant, but more likely it
is due to averaging effects at the high tilt angles required.
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EDX analyses of the Ca/Mg ratio agree closely with micro-
probe analyses of the bulk crystal (Cay 5,Mgg.46CO3).

High Resolution Observations

Conventional two-beam micrographs provide some infor-
mation about microstructures in these samples. However,
due to their complexities, it became desirable to use high
resolution techniques to investigate local structural varia-
tions. Microscopes employed were a JEM 200 CX with top-
entry stage and, for selected experiments, the JEOL JEM
ARM 1000. Micrographs in Figures 4 and 5 are viewed
along a;=[1120] (Fig. 2¢), which is a direction in the car-
bonate structure in which only equivalent atoms are lined
up parallel to the electron beam (Fig. 1), and the projection
contains therefore a maximum amount of information that
can be interpreted relatively easily. A typical high resolu-
tion, low magnification image is shown in Figure 4a, and
the corresponding diffraction pattern is shown as an inset.
The image reveals narrow strips (less than 10 nm wide) cor-
responding to the “d” domains. The changes in back-
ground contrast in the ““d”” domains as well as in the matrix
indicate a great deal of distortion and strain. The “d” do-
mains are approximately parallel to {1014} =r (the trace
indicated in Figure 4a belongs to a system which is not
viewed edge-on and therefore there is no corresponding spot
in the diffraction pattern) and within the domains faulting
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Fig. 2a—f. Diffraction patterns of Lost

f Burro dolomite (a, ¢, e) and schematic
representations of reflection types (b, d,
f). ®“a,”, e “a,”, 0 “c”, 0 “d”. Note
that no “c” reflections appear in (c, €)

000¢00000ee 00O

along (0001) can be discerned. Close to the edge of the
foil, bright speckles, 1 to 5 nm large, are visible (indicated
by arrows); they are most probably defects generated dur-
ing the preparation of the specimen (ion beam bombard-
ment). The amorphous edge (E) about 5 nm wide is also
due to this preparation technique and increases during ob-
servation because of contamination. It is remarkable that
close to the edge no “d” domains are observed; the reason
for this will be discussed in more detail in a later section.
However, the finding is related to the nature of these do-
mains as well as to the small thickness of the foil near
the edge (<10 nm).

It becomes obvious upon inspection of more highly en-
larged portions of these micrographs that “d”-domains
have a different structure from the host dolomite. Figure 4b
reveals a “d” domain in between two regions of perfect
dolomite. In the unfaulted regions (top right and lower
left sectors) a two-layer rhombohedral unit cell (black) can
be recognized. It consists of a layer of intense bright dots
alternating with less intense and more diffuse dots along
the c-axis. For comparable microscope conditions at
Scherzer focus, O’Keefe and Barber (1984) calculated the
expected images and interpreted the white dots to represent
columns of Ca (bright dots) and Mg (less intense dots)
in layers spaced 1.6 nm/6=2.7 nm apart. In the “d” do-
mains, however, we recognize a hexagonal unit cell (white)
consisting of a three layer repeat. The defects along ¢ in



336

Fig. 3a, b. Dark-field images illustrating the presence of elongated domains in light contrast. a ““c¢” domains; b “d” domains. Arrows

point to operating reflections

these domains — (0001)=¢ is horizontal in Figure 4b — are
due to narrow rhombohedral (dolomite-type) strips. Look-
ing at the image at a glancing angle along the directions
indicated R and H, we see that there are well defined bound-
aries between the rhombohedral dolomite (looking along
R) and the “d” domains (looking along H), although the
boundaries are not strictly along a low index crystallo-
graphic orientation. In thicker areas it is observed that most
boundaries are also inclined with respect to the electron
beam, and they are therefore not sharp.

The image contrast of the rhombohedral structure
changes quite drastically but continuously, even for the
same thickness and same focus. This is most probably due
to a change in the local crystallographic orientation pro-
duced by the strain observed in the conventional images
as well as in the low magnification HREM image (Fig. 4a).

More information about local structural heterogeneities
can be obtained from optical microdiffraction using the
HREM images as objects for the incident laser beam. The
advantage of this technique is that one is able to produce
diffraction patterns from areas as small as a few nanometers
(Sinclair et al. 1976; Tanji and Hashimoto 1978; Van Ten-
deloo and Van Landuyt 1983). The rhombohedral areas
produce a typical (£0/) dolomite diffraction pattern
(Fig. 4¢). It was found that changes in the areca selected
within a structural domain cause slight changes in intensity
of the reflections, presumably produced by local orientation
differences explaining the variation in the HREM image
contrast. Selecting in the aperture only the narrow “d”
domains produces a primitive hexagonal rather than a

rhombohedral diffraction pattern (Fig. 4d) with no extinc-
tions due to rhombohedral symmetry and all reflections
of comparable intensity. In this pattern no streaking is ob-
served, since a perfect hexagonal domain was selected to
produce this (£0]) diffraction pattern. The observed streak-
ing in the electron diffraction patterns is produced by a
convolution of the effects of nonperiodic defects along
(0001)=c, and the shape of “d” domains which are elon-
gated along {1074} =r. In some areas, due to frequent fault-
ing, the satellites can be hardly recognized, and an almost
continuous streak along ¢* is observed.

In some specimens ““c”’-type ordering reflections are ob-
served ; sometimes they occur together with ““d” reflections,
but quite commonly they are observed alone, again in do-
mains that show a distinctly different structure at low mag-
nification (Fig. 5a). Enlargement of portions of high resolu-
tion micrographs illustrate a doubling of the a unit cell
dimension (Fig. 5b). The optical diffraction from the “c”
domains (inset to Fig. 5b) confirms that no primitive hexag-
onal structure is involved within these regions (absence of
“d” type reflections). The doubling of the periodicity along
a is seen in the high resolution micrographs, but “c’-do-
mains appear to be less regular than “d” domains, and
their interfaces are not well defined.

5. Interpretation of Modulated Structures

Coherent superstructures with different symmetries are well
known in ordered non-stoichiometric alloys (e.g., Van Ten-
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deloo and Amelinckx 1981; Van Tendeloo etal. 1974;
Schryvers et al. 1983). In fact, many of the diffraction pat-
terns of f.c.c.-based alloys resemble closely those of Lost
Burro dolomite where cations are also arranged in a dis-
torted, pseudo-cubic, face-centered pattern. In our interpre-
tation we emphasize this analogy and are mainly concerned
about cation ordering, although anion defects may also be
present in these sedimentary carbonates (Gunderson and
Wenk 1981; Wenk et al. 1983).

We distinguish two types of superstructures. The first

Fig. 4. a Low magnification, high resolution
image along [1120] showing “d”” domains
aligned parallel to (1014) =r. Inside these
domains planar defects parallel to (0001) are
apparent. b High magnification image of “d”
domain (top left to bottom right) with
adjacent ideal dolomite. H and R are
directions along which it is most easy to
recognize the primitive hexagonal and
rhombohedral stacking, respectively. Unit cells
are indicated. Note that orientation of (a) and
(b) are different. ¢ and d Optical diffraction
patterns of ideal dolomite region (c) and “d”
domain (d) in same orientation as (b)

is presumably related to stacking of basal cation layers
along ¢ and gives rise to “d”’ type satellite reflections. Such
a structure was originally suggested for non-stoichiometric
calcian dolomite by Goldsmith and Graf (1958) and first
observed by Wenk and Zenger (1983). A second is thought
to be due to ordering of cations within the basal plane

[TP1)

and is expressed in “‘c” reflections.
The easiest way to interrupt the rhombohedral stacking

Ca'—Mg!—Ca?—Mg?—Ca*—Mg®>—Ca'...




Fig. 5. a Low magnification, high resolution image along [1120} with “c” domains weakly visible. b High magnification image of
a “c” domain (bottom) and adjacent ideal dolomite (top). Optical diffraction pattern of the “c” domain is inserted
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is to substitute a Ca layer for every second Mg layer, result-
ing in

Cal—Mg!—Ca?—Ca®—Ca*-Mg>—Ca’...

(Fig 6a). Such a cation arrangement is compatible with dif-
fraction patterns like those in Figure 4d and yield a primi-
tive hexagonal unit cell outlined in Figure 6a. The composi-
tion within this structure is Ca, ¢,Mg, 33CO5. Any disorder
in the stacking pattern produces diffuse streaks parallel to
¢*. A similar diffraction pattern would result if two out
of three Mg layers were substituted by Ca
(Cag g3Mg, 1,CO3). Note that the satellites are strongest
about weaker dolomite “b” reflections which are due to
the ordering of Mg and Ca. This supports the model that
the presence of these satellites could be correlated with or-
dering of cations.

The “c¢” type reflections can be explained by ordering
within the basal (0001) cation layers. If one (or more) of
the originally pure Mg layers contains Ca as well as Mg,
ordering can take place. For a Mg, ;Ca, 5 composition of
the basal layer, alternating rows of Mg and Ca can be
formed, thereby producing a doubling of one of the three
a unit cell parameters. This destroys the threefold symmetry
axis, and the structure becomes monoclinic (P2/m). The
unit cell is outlined in Figure 6b. The composition of this
superstructure (assuming that all Mg layers contain Mg
and Ca) is Cagq ,5Mg ,5CO;. If the alternation of Mg and
Ca in the basal plane is irregular or interrupted by non-
conservative APB’s, we expect streaking parallel to 110 in
the diffraction pattern, as is observed in many dolomites
with “c” reflections (Reeder 1981). Notice that such a
structure has some similarities to that of huntite
Mg, ;5sCaq ,5CO; (Graf and Bradley 1962), but the detailed
cation distribution is different. Huntite appears to be rhom-
bohedral, whereas ¢ dolomite is not.

In very thin areas, we have noticed the absence of any
“d” type domains on the high resolution images (Fig. 4a).
This supports an ordering model for these domains. It is
a common feature in ordered alloys that for very thin areas
(3-10 nm) only the matrix is revealed; the intensity scat-
tered into the superstructure reflections is too weak to com-
pete with the strong basic (dolomite) reflections (see e.g.,
Van Tendeloo and Amelinckx 1981).

These two independent ordering phenomena (within the
basal plane and between successive basal planes) can be
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Fig. 6a, b. Models for cation distribution in
superstructures of dolomite. Ca (o). Mg (0).

a “d” type periodic intercalation of Ca in the
dolomite type stacking disrupts the
rhombohedral symmetry.

b “c”-type basal plane with alternating rows of
Ca and Mg which double the periodicity along
ay

easily combined to explain all observed diffraction patterns.
Suppose that every third Mg layer is substituted by a mixed
Mg—Ca layer instead of a pure Ca layer; this will still
create a primitive hexagonal stacking along (0001) and in-
troduce “d” type reflections. If this mixed layer is not or-
dered, no extra reflections will result. However, if ordering
occurs within this layer (Fig. 6b), weak ““c” type ordering
reflections will be observed in the diffraction pattern. This
explains why “c” type reflections can occur with or without
“d” reflections being present.

Note that these models are based mainly on optical dif-
fraction patterns of high resolution micrographs and analo-
gy to superstructures observed in metal alloys. Whereas
cation ordering is an obvious explanation for the observed
structures, we are uncertain if and how the arrangement
of anion groups may also contribute to the complexities
in the diffraction patterns (Gunderson and Wenk 1981;
Wenk et al. 1983). Because of the small size of the ordered
domains this can probably only be determined by more
high resolution microscopy, through focus series and quan-
titative contrast calculations, which are in progress.

6. Disordering Experiments

Irradiation of carbonates by electrons can produce decom-
position into oxides, as documented by high resolution elec-
tron microscopy (Cater and Buseck 1985). In our experi-
ments, we observed cation disordering. Cation disorder in
dolomite has been the subject of several investigations, most
notably by Goldsmith and Heard (1961), Reeder and Naka-
jima (1982), and Reeder and Wenk (1983). These studies
document a second order transformation with a critical
temperature of 1,100-1,150° C. Reordering upon cooling
is very rapid, and it has never been possible to quench
dolomite with an ordering parameter of less than 0.8. Mi-
crostructural observations of Reeder and Nakajima (1982)
suggest that disorder at this temperature only involves ca-
tions and leaves anion groups largely ordered in contrast
to NaNOj.

When Lost Burro dolomite was studied in the ARM
at 100 kV under a condensed beam, we noted that “c”
type reflections disappeared after a few seconds (Fig. 7a),
indicating disorder within the layers. Further exposure to
the electron beam reduced the intensity of “b” reflections
(Fig. 7b), which vanished completely after about 8 min
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Fig. 7a—c. [1120] Diffraction patterns illustrating progressive disordering during in situ electron radiation in JEM ARM 1000. a 5s;

b 30 s; ¢ 8§ min
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(Fig. 7¢). This pattern could be due to disordering of Ca
and Mg or due to both anion and cation disorder. Only
“a,”, “a,” and “b” reflections remain, but tilting off the
zone axis [100] eliminated ““ 5 reflections (Fig. 8b), indicat-
ing that those present in Figure 8a were due to multiple
diffraction. The “a,” reflections remain strong and sharp,
suggesting that CO; groups are still fully ordered and, in
contrast to Cater and Buseck (1985), we did not observe
any decomposition. These experiments were, of course, far
from equilibrium conditions, but observations in alkali ha-
lides and metal alloys (Hobbs 1976; Banerjee et al. 1984)
nevertheless suggest that disorder produced by radiation
and thermal disorder can proceed by similar mechanisms.

Fig. 8a, b. Diffraction patterns after
electron irradiation. a Exactly along
[1010]; b after tilting 5° around [0001]

If this applies also to carbonates, then it would indicate
that in dolomite CO; groups are still ordered at 1,150° C
when cation disorder occurs, confirming observations by
Reeder and Nakajima (1982). Disorder occurs first within
basal layers and then includes diffusion between adjacent
layers, ultimately producing a calcite type structure.
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