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Complex sector zonation in ankerite" geochemical 
controls on crystal morphology and intersector 

element partitioning 

LATE-STAGE void-filling ankerite in dolomitized 
Dinantian limestones from Fife (Table 1, Fig. 1) 
displays well developed sector zonation (Fig. 2) 
which is sometimes combined with concentric 
zonation (Fig. 3). Sector boundaries are zigzag 
in 2D section (Figs 2, 3) reflecting a complex 3D 
topography created by the rapid expansion and 
contraction of competing sectors during growth. 
Crystals cut almost parallel to one of these com- 
plex sector boundaries display two patterns of 
zonation which are not immediately obvious as 
sector zonation: firstly, concentric zonation which 
appears to cross sector boundaries without change 
of orientation, and secondly, a comb pattern in 
which fingers of one composition are enclosed by 
a second composition (Fig. 4). The ankerite is 
consistently dominated by the {1014} sectors with 
the minor sectors developed under {1120) or very 
rarely {1011) (Fig. 5). There is no correlation 
between changes in crystal morphology, as 
recorded by the contraction or expansion of sec- 
tors, and concentric growth zonation. 

The ankerite is largely constrained to fractures 
and is believed to have precipitated from highly 
evolved diagenetic brines at temperatures of 
between 80 and 100~ (Searl and Fallick, 1990). 
It has a variable 13C which indicates the import- 
ance of organic maturation in the fluid source 
rocks and, given the organic-rich nature of the 
Dinantian succession in Fife, it is probable that 
the precipitating fluid had a relatively high pCO2. 
It is possible that precipitation was triggered by 
periodic reduction in formation fluid pressures 
through seismic activity (Searl and Fallick, 1990; 
Searl, in prep.). 

Chemistry of the sectors 

The {10]-4} sectors are consistently Fe- 
enriched, Mg-depleted, and usually slightly Ca 
and Mn-enriched, relative to the minor {1120} 

sectors (Table 2). This contrasts with previous 
work on sector-zoned dolomites in which {1120} 
sectors were found to be Mg and Fe-enriched rela- 
tive to {1014} sectors (Reeder and Prosky, 1986). 
Within individual growth sectors there is a tend- 
ency for Fe and Mn contents to show a positive 
co-variation and for Fe and Ca contents to show 
a negative co-variation. 

Controls on crystal morphology 

Sector zonation is a consequence of the non- 
equivalence of surface cation sites on growing 
crystal faces and is preserved where crystal growth 
was faster than the rate of cation diffusion in the 
lattice (Namkamura, 1973). Lattice diffusion in 
carbonates is negligible at diagenetic tempera- 
tures (Barber and Riaz Khan, 1987) which sug- 
gests that sector zonation will occur in most 
carbonate crystals composed of two or more 
forms. The comparatively recent documentation 
of sector ~onation in dolomites (Reeder and 
Prosky, 1986) and its apparent rarity is due to 
the tendency of dolomite to occur as simple rhom- 
bic crystals (only 2 of 20 recent articles in the 
Journal of Sedimentary Petrology, volumes 
56-58, describe dolomite crystals with additional 
non-rhombic faces). The development of non- 
rhombic faces appears to be limited to some evap- 
orative (Naiman et al.,  1983) and some poorly 
constrained burial (Banner et al.,  1988; Coniglio 
and James, 1988) settings. 

Crystal morphology is dominated by the slowest 
growing faces and crystal habit in non-carbonate 
minerals precipitated from solution has been 
shown to be sensitive both to temperature (e.g. 
Murowchick and Barnes, 1987) and to small 
amounts of dissolved foreign species in solution 
(e.g. Cody and Cody, 1988). The Hartman-Per- 
dok (1955) theory of crystal morphology predicts 
that trigonal carbonates should commonly crystal- 
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FIG. 1. Sample localities. 

lize with {10]-4} faces, but calcite develops a wide 
variety of other forms (Dickson, 1983). Calcite 
morphology has been related to fluid Ca/Mg ratios 
(Folk and Land, 1975), precipitation rates (Given 
and Wilkinson, 1985) and surface charge effects 
related to relative cation and CO 2- availabilities 
(Given and Wilkinson, 1985; Lahann, 1978). The 
development of polyhedral dolomite in some 
evaporative settings may be due either to adsorp- 
tion of foreign species on crystal faces or rapid 
growth rates. In most diagenetic environments, 
however, growth on the {1014} faces of dolomite 
is severely retarded relative to other forms. The 

Table i: Sample Localities: all samples are from 

veins in Dinaatian Limestones, Fife, Scotland. 

Sample Locality Grid Reference 
Number 

BH7 Boarhills N0581144 
88/8/5 2anderston Limestone II N0812117 
88/5/5 Randerston Limestone V N0808118 
88/6/3 Randerston Limestone VI N080SlI5 
88/13/3 Randerston Limestone VI N0818114 
88/20/2 Rander~ton Limestone IX N0818113 
KH42 ) Kinniny Limestones NT282890 
KHSO } ) Kinghorn NT281888 
KH30 2nd Abden Limestone ) NT278878 
LAI3 ) Lower Ardrozs Limestone, N0520012 
LA22 ) St. Monans N0516012 
H7 Hid Kinniny Limestone, N0580017 

St. Monans 
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Fit. 2. (left). The central zone of a carbonate vein (KH42) in a backscattered scanning electron microscope 
(BSEM) image: the black speckled material is dolomite, the pale to mid gray phase ankerite, and the clean 
black areas void. The ankerite is both concentrically and sector zoned with zig-zag sector boundaries (see arrow). 

F16. 3. (right). BSEM image showing zig-zag competitive sector boundaries (arrow) in ankerite (pale to mid 
grey). Dark grey material is dolomite and black is void. 

{10T4} faces differ from {1120} and{1011} faces 
in that lattice layers parallel to {1014} are com- 
posed of equal numbers of cations and CO~-, 
whereas lattice layers parallel to the other forms 
are alternately composed either entirely of cations 
or of CO z-. If there is an excess of cations over 
CO 2- in solution, or vice versa, {1120} and 
{ 1011)__faces will develop a surface charge where- 
as {1014} will remain electrostatically neutral. In 
most diagenetic fluids CO 2- ions are much less 
readily available than metal cations and the 
{1120} and {1011} faces are likely to present an 
entirely cationic lattice layer to the solution. The 
small number of CO~- ions available will migrate 
preferentially to these charged faces causing such 
enhanced growth on these faces (see Lahann's 
1978 model for calcite) that they are effectively 
not developed. In solutions with a relatively high 
availability of CO3 z- however, growth on these 
other faces will no longer be enhanced by electro- 
static effects. In addition, in moderately to 
strongly alkaline fluids O H -  is likely to become 
absorbed on exposed cationic lattice layers to a 
much greater extent than on mixed cation/anion 
layers. The presence of O H -  strongly bound to 
surface cations will inhibit the initiation of new 
lattice layers and hence growth on {1120} and 
{1011} will be retarded relative to that on {1014} 
in the presence of excess OH- .  In solutions with 
extremely high CO23 - and relatively high pH 
therefore, growth on the non-rhombic faces is suf- 
ficiently retarded to allow development of non- 
rhombic forms and sector-zoned crystals. Such 
fluids with initially high pCO 2 (to generate high 

ICOn-]) would be typical of deeply buried, 
organic-rich sediments, such as those believed to 
be the source of the fluids which precipitated the 
Fife ankerites. 

In the Fife ankerites, changes in crystal mor- 
phology were independent of the cationic compo- 
sition of the solution (Fig. 2) and the only other 
obvious parameter, which could vary rapidly and 
dramatically through time, is pore-fluid pressure 
and thus pCO2. The zig-zag sector boundaries 
may, therefore, reflect oscillating fluidpCO2 (Figs 
6, 7) in response to the periodic release of fluid 
overpressures by fold movements during post- 
Carboniferous regional extension. 

Reassessment of the Reeder and Prosky (1986) 
model of sector zonation 

Reeder and Prosky (1986) were able to partly 
explain inter-sector element partitioning by 
applying Dowty's (1976) model of crystal growth 
to dolomite. Their model, however, suggests all 
sector zoned dolomites should show similar pat- 
terns of inter-sector compositional variation 
which is inconsistent with the data presented here. 
The Reeder and Prosky model was largely con- 
ceived from the view-point of lattice geometry and 
with very little consideration of solution compo- 
sition. Consequently a significant omission in their 
reasoning is consideration of the crystal/ligand 
field stabilization energy differences for Mn and 
Fe ions in surface sites on difference faces. 
Cations on surface sites will be partly co-ordinated 
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FI6.4. Apparently anomalous patterns of compositional 
zonation which appear when a thin section is cut almost 
parallel to growth sector boundaries, intersecting the 
complex topography of these surfaces. Firstly, concen- 
tric growth zones show no change in orientation at the 
sector boundary, so that the crystal appears to have 
changed composition mid-face during growth (1). 
Secondly a comb pattern (2) appears to preserve a den- 
dritic growth front, or a phase of etching between suc- 
cessive growth zones: however the angular change in 
orientation of 'dendrites' indicates that this a section 

through a zig-zag sector boundary. (BSEM, H7) 

FIG. 5. Sector zoned ankerite (pale-mid grey)with minor 
development o_f Fe-enriched (pale grey) {1011} sectors 
(arrow in {1014) dominated crystals. There are also 
minor {1120} sectors which are a darker grey than the 

surrounding material. (BSEM, 88/8/5) 
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FIG. 6. Variation of fluid composition within a fracture 
which has periodic open communication with the surface 
(i.e. during fault movement): (1) gradual build-up of 
pCO 2 due to the maturation of organic matter in sur- 
rounding sediment, pH buffered by carbonate minerals; 
(2) fluid released along fault planes, reduction in pCO 2, 
pH adjusts to new equilibria with dissolved CO2, gen- 
eration of dolomite supersaturation; (3) precipitation 
of dolomite until equilibrium re-attained and the pCO 2 

starts to build up prior to the next seismic event. 

FIG. 7. Generation of competitive sector boundaries: 
(1) HighpCO2, high [H+], dolomite in equilibrium with 
surrounding fluid, simple rhombic morphology; (2) Sud- 
den reduction in pCO2, generation of high [CO 2 ] rapid 
growth on {1014} and consequent development of 
{1120); (3) continued dolomite precipitation, falling 
[CO 2-] which causes retardation of growth on {10_14) 
such that crystal morphology is dominated_by {1014}; 
(4) extreme retardation of growth on {1014) crystal 
reverts to rhombic morphology, growth baited as pCO 2 
begins to build up again; (5) as (2); (6) Continued oscil- 
lation in pCO 2 and therefore [CO~-] levels gives rise 

to highly competitive sector boundaries. 
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FIG. 8. Co-ordination of M 2§ in dolomite: comparison of lattice and surface sites. (1) octahedral co-ordination 
of M 2+ within the crystal; (2) M 2+ site on {1014} faces; (3) M 2+ site on {1120} faces; (4) M 2+ site on {10T1} 

faces; (5) M 2+ site on {0001} faces. 
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Fro. 9. d electron configurations for Fe 2+ (low spin): (a) Undistorted octahedron in which all ligands are of 
equal strength, dx2_.2 and dz2 are degenerate with elevated energies, and dxy , dxz and dzy are degenerate with 
lowered energies. T[ae single orbital containing paired electrons is one of d x, dxz or dzy with an overall CFSE 
of -2 /5  G. (b) Dis tomon  of the octahedron along one axis by introduction of a single 'foreign' hgand [see 
Fig. 8(2)]: (i) introduction of a stronger ligand increases energies along one axis (ii) introduction of a weaker 
ligand decreases energies along one axis; in both cases the paired elctrons occupy the lowest, or one of the 
lower energy orbitals with a consequent gain in CFSE over the undistorted state. This gain in CFSE is greater 
when the foreign ligand is stronger, than the lattice ligands, leading to a single lowest energy orbital. (c) Distortion 
along two axes, assuming both foreign ligands to be equal [Fig. 8(3)]: (i) introduction of two stronger ligands 
(ii) introduction of two weaker ligands; the greatest gain in CFSE is when solution ligands are weaker than 

lattice ligands. (d) Distortion of octahedron along 3 axes [Fig. 8 (4 and 5)] produces degeneracy as in (a). 
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to lattice CO 2- and partly to water molecules or 
other ligands in solution. The resultant distorted 
octahedral sites will show variable patterns of d 
orbital splitting (the Jahn-Teller effect), depend- 
ing on surface site geometry and particularly on 
the ratio of lattice to solution coordination bonds 
(Fig. 8). The relative 'strength' of solution ligands 
versus lattice CO 2- determines whether there is 
a greater CFSE/LFSE advantage associated with 
{1014} cation sites in which the coordination octa- 
hedron is distorted along a single axis or with 
{1150} sites in which the octahedron is distorted 
along two axes (Fig. 9). These CFSE/LFSE effects 
are not generally relevant to Mn z+ in which elec- 
trons are usually evenly distributed through all 
five d orbitals, unless ligands are of sufficient 
strength to stabilize spin-paired electronic con- 
figurations. If the fluid does contain high ligand 
field strength species such as carbonyl groups or 
cyanide, then Fe or Mn in a surface site with a 
high degree of co-ordination to fluid ligands might 
adapt spin-paired electronic configurations with 
a CFSE advantage over low spin configurations 
on other faces. Although CFSE/LFSE is unlikely 
to be the cause of sector zonation, some of the 
variability in patterns of element partitioning may 
be due to CFSE/LFSE effects associated with the 
availabilities of different ligands in solution. This 
suggests the future possibility of using patterns 
of intersector element variation to partly con- 
strain fluid compositions. 
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