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Abstract

Ankerite grains with dolomite cores occur in marls, pelites, and psammites from a Buchan terrain in Maine 
and a Barrovian terrain in Vermont (U.S.A.). Dolomite cores are typically ≤20 mm in diameter, have sharp 
but irregular contacts with ankerite, and have the same crystallographic orientation as ankerite rims. Ankerite 
grains with dolomite cores are common in the chlorite zone, less abundant in the biotite and garnet zones, and 
rare (Vermont) or absent (Maine) at higher grades. The texture and crystallographic orientation of dolomite and 
ankerite and the sharpness of the dolomite-ankerite contact are consistent with partial replacement of detrital 
dolomite by ankerite by solution-reprecipitation. Metamorphic biotite is in Fe-Mg exchange equilibrium with 
ankerite rims but not with dolomite cores, implying that ankerite did not form long after biotite (biotite has no 
phlogopite cores). Possible sources of iron for the formation of ankerite are reduction of ferric iron hydroxide 
or the smectite-to-illite reaction during diagenesis. 

The sharpness of the dolomite-ankerite contact is a diffusion chronometer that constrains timescales of 
metamorphic process. Relatively low spatial resolution analyses of Fe/Mg across the contact with a NanoSIMS 
instrument and a FEG TEM give upper bounds on the thickness of the transition from ankerite to dolomite of 
~2 and ~0.5 mm, respectively. Higher resolution analysis of BSE grayscale contrast with a FEG SEM gives a 
thickness ~100 nm. Fit of the grayscale profile to a model of one-dimensional diffusion across an infinite plane 
gives Dt = 10-15 m2 (± a factor of 5), where D is the effective Fe-Mg interdiffusion coefficient and t is the dura-
tion of diffusion. Using the published experimental determination of D, upper bounds on the residence time of 
ankerite grains with dolomite cores at peak T = 400–500 °C, on the duration of linear cooling from peak T to 
100 °C, and on the duration of linear heating from 100 °C to peak T followed by linear cooling to 100 °C are 
all <1 yr. For linear heating and cooling lasting 106 years, peak T could not have been >100 °C. 

The question is what explains the occurrence of ultrasteep composition gradients between dolomite and 
ankerite. Regional metamorphism on a timescale of a year or less is unrealistic. No barrier to diffusion at the 
dolomite-ankerite contact was observed in TEM images. Post-metamorphic formation of ankerite at very low 
temperature is ruled out by Fe-Mg exchange equilibrium between biotite and ankerite but not dolomite. It is 
unlikely that the steep composition gradients were preserved by intracrystalline pressure gradients. 

Alternatively, the steep composition gradients would be consistent with timescales of metamorphic process 
~106 years or longer if D values during metamorphism were approximately six orders of magnitude or more 
smaller than those measured in the laboratory. The error of measurement is much less, approximately ± a factor 
of 2. A correction to D for the difference in P between measurements (0.1 MPa) and metamorphism (350–800 
MPa) is likely an order of magnitude or less. Oxygen activity (aO2), however, was 17–20 orders of magnitude 
larger during the laboratory measurements than during metamorphism. A correction to measured D for the 
difference in aO2 between experiment and metamorphism appears to be the likeliest way to reconcile the steep 
composition gradients with realistic timescales of metamorphism. Before ankerite grains with dolomite cores 
are fully realized as a useful diffusion chronometer for low- and medium-grade metamorphic rocks, the rates 
of Fe-Mg interdiffusion in ankerite and dolomite need to be calibrated as a function of aO2.

Keywords: Regional metamorphism, chemical diffusion, timescales of metamorphism, diffusion chronom-
etry, transmission electron microscopy, NanoSIMS analysis

Introduction

Arguably the least understood variable in igneous and meta-
morphic petrology is the duration of rock-forming processes. 

Building on the pioneering work of Lasaga (1983), however, 
there has been an increasing recognition over the last decade 
of the potential for intracrystalline compositional profiles to set 
rigorous upper limits on the duration that zoned crystals resided 
at the elevated temperatures at which rock-forming processes 
occurred (e.g., review by Mueller et al. 2010). The potential 
has been realized by recent precise laboratory measurements of 
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the rates of intracrystalline cation diffusion in common miner-
als (e.g., review by Zhang and Cherniak 2010), including, for 
example, garnet (Carlson 2006; Borinski et al. 2012), olivine 
(Dohmen et al. 2007; Dohmen and Chakraborty 2007), quartz 
(Cherniak et al. 2007), and clinopyroxene (Müller et al. 2013). 
In the study of volcanic igneous rocks, the inversion of measured 
intracrystalline composition profiles with fundamental equations 
governing diffusion and measured diffusion coefficients—diffu-
sion chronometry—can set upper limits on the residence time of 
phenocrysts in a magma between the time when the phenocryst 
finished growth and the time of eruption (e.g., Costa and Dungan 
2005; Saunders et al. 2012; Chamberlain et al. 2014). In the study 
of metamorphic rocks, diffusion chronometry sets upper limits on 
the duration that a metamorphic rock could have resided at the 
peak temperature of metamorphism, on the duration of cooling 
from peak temperature, and on the duration of heating and cool-
ing (e.g., Ague and Baxter 2007; Spear et al. 2012; Viete et al. 
2011; Spear 2014; Müller et al. 2015). The studies cited above 
have suggested surprisingly short timescales of igneous and 
metamorphic processes: a period as short as years to decades for 
the residence of phenocrysts in a magma prior to eruption and a 
period as short as ~104–105 years for residence of porphyroblasts 
at the peak temperature of regional metamorphism.

Intracrystalline composition gradients in metamorphic rocks 
suitable for diffusion chronometry, however, have not proved 
to be widespread. Furthermore, they have been mostly limited 
to date to medium- and high-grade regional metamorphic rocks 
that contain garnet, pyroxene, and quartz inclusions in garnet. 
A notable exception is the use of intracrystalline compositional 
variations in carbonate minerals to monitor short-duration events 
during contact metamorphism (Müller et al. 2008). What has been 
missing is the identification of features in low-grade regional 
metamorphic rocks that may serve as diffusion chronometers to 
complement studies of garnet, pyroxene, and quartz in medium- 
and high-grade rocks. In addition, such features would be ideal 
if they were widely distributed in regional metamorphic terrains 
so that constraints on duration of process could be derived over 
a range of spatial scales, rock types, and metamorphic grade. 
We report such a feature: the occurrence of ankerite grains with 
dolomite cores from regionally metamorphosed carbonates, 
pelites, and psammites from the chlorite, biotite, and garnet 
zones in northern New England, U.S.A. (Fig. 1). Because the 
rate of Fe-Mg interdiffusion in dolomite-ankerite solid solutions 
has been recently measured (Müller et al. 2012), composition 
gradients between the dolomite cores and the ankerite rims can 
be quantitatively interpreted in terms of the duration of processes 
of regional metamorphism. Results, however, are unrealistic and 
point to a need for laboratory measurements of the rates of Fe-Mg 
interdiffusion in ankerite and dolomite over a greater range of 
oxygen activity with the goal of realizing the potential for this 
feature to serve as a useful diffusion chronometer for regionally 
metamorphosed rocks.

Geologic setting

A total of ~450 samples of ankerite-bearing rocks were exam-
ined in a Buchan terrain in south-central Maine and a Barrovian 
terrain in eastern Vermont. Lithologies represented include the 
metamorphosed equivalents of marls, pelites, psammites, and 

mafic and felsic igneous rocks. Grades of metamorphism (with 
reference to standard index minerals in pelitic schists) ranged 
from the chlorite zone to the staurolite-andalusite zone (Maine) 
or kyanite zone (Vermont).

Waterville-Vassalboro area, Maine
Approximately 100 samples of ankerite-bearing marl, pelite, 

and low-Al sulfide-rich schist were examined in the Waterville-
Vassalboro area, Maine (Fig. 2). The geology of the area was 
established and extensively reviewed by Osberg (1968, 1979, 
1988). Briefly, the Waterville and Vassalboro Formations are 
Silurian in depositional age. The Waterville Formation is largely 
composed of metamorphosed interbedded pelite, psammite, and 
minor marl. The Waterville limestone is a distinctive ~100 m 
thick member of the Waterville Formation that is almost all marl 
with rare schist interbeds (<1%). The Vassalboro Formation is 
mostly psammite with minor marl interbeds. Both formations 
were deformed and regionally metamorphosed during the De-
vonian Acadian Orogeny. The outcrop pattern of the Waterville 
limestone is defined by isoclinally refolded recumbent folds. 
Osberg (1968 and personal communication) and Ferry (1984) 
mapped isograds in pelitic schists based on the development of 
biotite, garnet, staurolite + andalusite, and sillimanite during 
Buchan regional metamorphism. Porphyroblasts of biotite and 
amphibole in the Waterville limestone crosscut foliation parallel 
to the axial planes of the isoclinal folds. Metamorphism therefore 
post-dates almost all deformation. At high metamorphic grades, 
south of the area of Figure 2, the Waterville and Vassalboro 
Formations were intruded by two granite plutons. Tucker et al. 
(2001) report a U-Pb zircon age of 378 ± 1 Ma for the Togus plu-
ton. The 364 ± 3.5 Ma Th-Pb age of metamorphic monazite from 
pelites of the Waterville Formation (Wing et al. 2003) suggests 
that metamorphism was slightly younger than the plutonism. 
Based on mineral equilibria, P during metamorphism was ~350 
MPa and T ranged from <400 °C in the chlorite zone to ~525 
°C in the staurolite-andalusite zone.

Eastern Vermont
Approximately 350 samples of ankerite-bearing marl, pelite, 

psammite, and metaigneous rock were examined from the Waits 
River, Gile Mountain, and Albee Formations and from the Am-
monoosuc Volcanics, mostly from the area in east-central Ver-
mont illustrated in Figure 3. The Waits River and Gile Mountain 
Formations are Siluro-Devonian in depositional age. The Waits 
River is composed of interbedded marl and pelite in variable 
proportions, and the Gile Mountain Formation is composed of 
psammite and pelite in variable proportions with minor marl 
interbeds (refer to Lyons 1955, Doll et al. 1961, Hatch 1988, and 
Hueber et al. 1990, and references therein for further details). 
The Albee Formation and Ammonoosuc Volcanics are Ordovi-
cian in depostional/extrusion age. Where sampled, the Albee 
Formation is composed of ~25% pelite, ~25% psammite, and 
~50% mafic dikes. The Ammonoosuc Volcanics are composed 
of interlayered mafic and felsic volcanic rocks with minor inter-
layers of graphite-sulfide-rich schist. All formations were folded 
and experienced Barrovian regional metamorphism during the 
Devonian Acadian orogeny (Thompson et al. 1968; Thompson 
and Norton 1968; Osberg et al. 1989). The areas sampled in 
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Figure 1. BSE images of ankerite grains with dolomite cores in representative samples from the study areas in Maine and Vermont. In all images 
the contact between the dolomite core and surrounding ankerite rim is sharp but irregular. Smaller more rounded dark areas in ankerite are quartz 
inclusions. Differences in grayscale brightness of ankerite correspond to differences in Fe/(Fe+Mg). Dol = dolomite, Ank = ankerite, Qz = quartz, Ms 
= muscovite, Pl = plagioclase, Ab = albite, Chl = chlorite. (a) Marl sample 5-62 from the garnet zone, location 5, Maine (Fig. 2). White square outlines 
the area of NanoSIMS analysis across the dolomite-ankerite contact in Figure 8c. (b) Pelite sample 417A from the chlorite zone, location 417, Maine 
(Fig. 2). (c) Marl sample 21-35I from the garnet zone, location 21-35, Vermont (Fig. 3). Narrow white rectangle identifies the area in which the profile 
in BSE grayscale in Figure 9d was measured across the dolomite-ankerite contact with a FEG-SEM. (d) Marl sample Q1j from the biotite zone, location 
Q1, Vermont (Fig. 3) White square outlines the area of NanoSIMS analysis across the dolomite-ankerite contact in Figure 8d. (e) Psammite sample 
NHd1I from the chlorite zone, location NHd1, Vermont (Fig. 3). (f) Pelite sample NHd1K from the chlorite zone, location NHd1, Vermont (Fig. 3).
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the Albee Formation and the Amonoosuc Volcanics are far 
removed from the effects of the Ordovician Taconic orogeny 
in western Vermont. Mineral equilibria record P = 700–800 
MPa during Devonian metamorphism and T increasing from 
~450 °C at the biotite isograd in pelitic rocks to ~550 °C in 
the kyanite zone (Ferry 1992, 1994; Menard and Spear 1993, 
1994). For clarity, only the biotite and kyanite isograds are 
illustrated in Figure 3.

Methods of investigation 
Almost all samples were collected as part of the first author’s research over the 

last 40 yr (Ferry 1976, 1979, 1981, 1984, 1987, 1988, 1992, 1994; Penniston-Dorland 
and Ferry 2006). An additional 21 samples of marl were collected specifically for this 
study from the Waits River Formation from five different roadcuts at location (j) in 
the inset to Figure 3. Because ankerite grains with dolomite cores are undetectable 
in optical microscopy, all samples were examined for their presence or absence in 
polished thin sections by backscattered electron (BSE) microscopy with the JEOL 
JXA-8600 electron microprobe at Johns Hopkins University (JHU). Compositions 
of dolomite cores and ankerite rims were measured with the same instrument us-
ing wavelength-dispersive X‑ray spectrometry with natural and synthetic mineral 
standards and a ZAF correction scheme (Armstrong 1995).

Dolomite cores and the surrounding ankerite rims differ in composition primarily 
in XFe = Fe/(Fe+Mg) (determined by electron microprobe, Table 1). Compositional 
profiles at the contact between dolomite cores and ankerite rims, however, are too nar-
row to be accurately measured with an electron microprobe. Accordingly, composition 
profiles across dolomite-ankerite contacts were measured by three other techniques 
capable of finer spatial resolution. Contacts in 11 grains from four marl samples (one 
from Maine and three from Vermont) were analyzed with the Cameca NanoSIMS 
50L in the Division of Geological and Planetary Sciences at the California Institute 
of Technology. Because major elements were analyzed with an oxygen beam, the 
instrument was operated in the scanning mode with a beam diameter of ~700 nm. 
Profiles in Fe/Mg and Mn/Mg were retrieved from a 128 × 128 pixelated image of 
a 10 mm square area across the contact by summing 56Fe/26Mg and 55Mn/26Mg ion 
intensity ratios of pixels in thin bands at right angles to a traverse perpendicular to 
the dolomite-ankerite contact in polished thin sections. The ion intensity ratios were 
converted to atomic Fe/Mg and Mn/Mg using an ankerite grain in the same section, 
previously analyzed by electron microprobe, as a standard. Analyses of ankerites 
with a range in XFe established a linear relationship with zero intercept between mass 
Fe/Mg and 56Fe/26Mg ion intensity ratios.

A foil for transmission electron microscope (TEM) analysis was extracted from 
one of the grains that had been analyzed by NanoSIMS, taken from one of the samples 
from Vermont. The grain was sub-sampled along a line perpendicular to the trace 
of the dolomite-ankerite contact using the FEI Nova 600 DualBeam SEM/focused 
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Figure 2. Sketch map of the geological setting of the Waterville-
Vassalboro area, Maine (after Osberg 1968, 1979, 1988, and Ferry 
1984). Arrowheads point to the high-grade side of isograds. Sample 
locations are the same as those of Ferry (1994) and Penniston-Dorland 
and Ferry (2006). Symbols represent locations from which at least one 
ankerite-bearing sample was examined. Shapes of symbols refer to rock 
type (circles are marls; squares are pelites; stars are low-Al sulfide-rich 
schists). Filled symbols indicate that at least one sample of a given rock 
type contains ankerite grains with a dolomite core; unfilled symbols 
indicate that no dolomite cores were observed in samples of a given rock 
type. Black symbols identify locations where no sample of a given rock 
type contains biotite; red symbols indicate at least one sample of a given 
rock type contains biotite. Denominators of fractions indicate how many 
ankerite-bearing samples of a given rock type at a given location were 
examined (if more than one); numerators indicate in how many of those 
samples contain ankerite grains with a dolomite core.

Table 1. 	 Compositions of ankerite and dolomite cores in selected samples of marl
Sample	 5-62	 5-62	 Q1D	 Q1D	 Q1j	 Q1j	 4-1A	 4-1A	 21-16A	 21-16A
Formationa	 Swls	 Swls	 SDgm	 SDgm	 SDgm	 SDgm	 SDwr	 SDwr	 SDwr	 SDwr
Mapb	 F2/L5	 F2/L5	 F3/Lb	 F3/Lb	 F3/Lb	 F3/Lb	 F3I/Lc	 F3I/Lc	 F3/Le	 F3/Le
Mineral	 ankerite	 dolomite	 ankerite	 dolomite	 ankerite	 dolomite	 ankerite	 dolomite	 ankerite	 dolomite
Cac	 1.024	 1.016	 1.017	 1.024	 1.028	 1.023	 1.017	 1.029	 1.025	 1.048
Mgc	 0.802	 0.978	 0.695	 0.942	 0.724	 0.962	 0.749	 0.959	 0.656	 0.934
Fec	 0.157	 0.006	 0.242	 0.026	 0.206	 0.011	 0.217	 0.011	 0.299	 0.016
Mnc	 0.017	 0.001	 0.045	 0.008	 0.042	 0.003	 0.018	 0.001	 0.020	 0.001
Avg. XFe

d	 0.163	 0.006	 0.258	 0.027	 0.222	 0.011	 0.225	 0.011	 0.313	 0.017
Range XFe

d	 0.16–0.17	 <0.01	 0.25–0.26	 0.02–0.03	 0.20–0.23	 0.01	 0.19–0.25	 0.00–0.02	 0.31–0.32	 0.01–0.02
oxide sume	 100.08	 100.40	 100.29	 100.32	 100.16	 99.94	 100.08	 100.24	 100.30	 99.69

Sample	 21-35D	 21-35D	 21-35I	 21-35I	 26-1C	 26-1C	 33-6B	 33-6B	 48-30-8	 48-30-8
Formationa	 SDwr	 SDwr	 SDwr	 SDwr	 SDwr	 SDwr	 SDwr	 SDwr	 SDwr	 SDwr
Mapb	 F3/Lf	 F3/Lf	 F3/Lf	 F3/Lf	 F3/Lg	 F3/Lg	 F3/Li	 F3/Li	 F3I/Lj	 F3I/Lj
Mineral	 ankerite	 dolomite	 ankerite	 dolomite	 ankerite	 dolomite	 ankerite	 dolomite	 ankerite	 dolomite
Cac	 1.028	 1.061	 1.029	 1.040	 1.008	 1.036	 1.002	 1.036	 1.020	 1.032
Mgc	 0.751	 0.933	 0.740	 0.943	 0.833	 0.956	 0.780	 0.953	 0.877	 0.963
Fec	 0.206	 0.006	 0.216	 0.014	 0.151	 0.008	 0.212	 0.010	 0.101	 0.004
Mnc	 0.015	 0.000	 0.014	 0.002	 0.007	 0.001	 0.007	 0.001	 0.002	 0.001
Avg. XFe

d	 0.216	 0.006	 0.226	 0.015	 0.153	 0.008	 0.213	 0.010	 0.104	 0.004
Range XFe

d	 0.21–0.22	 <0.01	 0.22–0.23	 0.01–0.03	 0.15–0.16	 0.00–0.02	 0.21–0.23	 0.01–0.02	 0.10–0.11	 <0.01
oxide sume	 100.32	 100.68	 100.09	 100.42	 99.88	 100.17	 100.31	 100.15	 100.10	 100.21
a Swls is the limestone member of Waterville Formation; SDgm is the Gile Mountain Formation; SDwr is the Waits River Formation. b Figure/Location number or 
letter. “F3I” refers to the inset map in Figure 3. c Cations per 2 total cations, excluding C. d XFe = Fe/(Fe+Mg). e Oxide sum assuming stoichiometric CO2.
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ion beam (SEM/FIB) instrument in the Materials Research Science and Engineering 
Center (MRSEC), JHU. Images, selected-area electron diffraction (SAED) patterns, 
and chemical analyses from the TEM foil were obtained using the Philips CM300 
FEG TEM with SuperTwin lens operated at 300 kV in the Department of Earth and 
Planetary Sciences, JHU. Bright-field images were obtained in conventional TEM 
mode. Dark-field images and energy-dispersive X‑ray (EDS) analyses were obtained 
in the scanning TEM mode. The electron beam was defocused to a diameter of ~120 
nm during EDS analysis to minimize beam damage. Measured Fe/Mg X‑ray intensity 
ratios were converted to atomic Fe/Mg using a foil extracted from another ankerite 
grain in the same thin section, previously analyzed by electron microprobe, which 
served as a standard. A simple proportionality between Fe/Mg and Fe/Mg X‑ray 
intensity ratio was assumed.

Dolomite-ankerite contacts were examined with BSE microscopy in a polished 
thin section of a fourth sample from Vermont with the FEI 1500 CrossBeam FEG 
SEM/FIB in the Materials Sciences Center, University of Wisconsin, Madison, to 
perform analyses at a still finer spatial scale. The diameter of the electron beam was 

~10 nm. Other studies have concluded that BSE grayscale level is a suitable proxy for 
XFe for the purposes of diffusion chronometry (e.g., Saunders et al. 2012; Chamberlain 
et al. 2014). Profiles in grayscale therefore were retrieved from pixilated images of 
the contact between a dolomite core and ankerite rim along traverses perpendicular 
to the contact at several positions along the contact.

Ankerite with dolomite cores: Occurrence 
and petrologic context 

Occurrence and composition
Representative BSE images of the petrographic occurrence of 

ankerite grains with dolomite cores are reproduced in Figure 1. 
These include samples from Maine (Figs. 1a and 1b) and Vermont 
(Figs. 1c–1f) and representative rocks types in which they are found: 
marl (Figs. 1a, 1c, and 1d), pelite (Figs. 1b and 1f), and psammite 
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Figure 3. Sketch map of the geological setting of the study area in east-central Vermont (after Lyons 1955; Doll et al. 1961; Ferry 1992, 1994). 
Arrowheads point to the high-grade side of isograds (B = biotite, K = kyanite). Western portion of the biotite isograd based on samples examined 
in this study rather than on Doll et al. (1961). Yellow pattern is the Albee Formation and Ammonoosuc Volcanics, undifferentiated. Symbols and 
fractions are the same as in Figure 2. Diamonds and hexagons refer to psammites and metaigenous rocks, respectively. Green symbols indicate at 
least one sample of marl contains calcic amphibole and biotite. Key to sample locations in text, tables, and other figures: a = NHd1, b = Q1, c (see 
inset) = 4-1, d = 21-18, e = 21-16, f = 21-35, g = 26-1, h = 26-8, i = 33-6, j (see inset) = 48-30. 

Table 2. 	 Occurrence of dolomite cores in ankerite organized by rock type and presence or absence of biotite
Rock type	 Biotite occurrence	 Waterville Formation, ME	 Vassalboro Formation, ME	 Waits River Formation, VT	 Gile Mountain Formation, VT	 Albee Formation, VT
Marl	 Absent	 17/21 = 81%	 1/8 = 13%	 121/144 = 84%	 3/9 = 33%	 none
Marl	 Present	 30/51 = 59%	 0/8 = 0%	 16/122 = 13%	 0/7 = 0%	 none
Pelite	 Absent	 4/7 = 57%	 not examined	 0/8 = 0%	 4/9 = 44%	 0/4 = 0%
Pelite	 Present	 no ankerite	 not examined	 1/6 = 17%	 3/14 = 21%	 no ankerite
Psammite	 Absent	 not examined	 not examined	 none	 2/3 = 67%	 0/2 = 0%
Psammite	 Present	 not examined	 not examined	 none	 5/20 = 25%	 no ankerite
Notes: Denominator of each fraction is the total number of samples examined with ankerite; numerator is the number of samples in which one or more ankerite 
grain has a dolomite core.
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(Fig. 1e). Dolomite cores are typically ≤~20 mm in diameter and 
are completely surrounded by ankerite rims. The contact between 
dolomite and ankerite is irregular but sharp at the scale of the im-
ages in Figure 1. Quartz commonly occurs as inclusions in ankerite 
rims but never in dolomite cores. Dolomite cores do not occur in all 
ankerite-bearing rocks. In samples with dolomite cores, not every 
ankerite grain contains a dolomite core. In part, this is because the 
plane of the thin section does not intersect the center of all ankerite 
grains. When dolomite cores do occur, their abundance can vary 
widely between several grains and several hundred grains in a 2.54 
cm diameter round thin section. The percentage of all ankerite grains 
in a sample that have dolomite cores also varies widely from one 
sample to another.

Dolomite and ankerite have compositions typical of those in 
metamorphic and sedimentary rocks with Ca ≥ (Mg+Fe+Mn) and 
Mg > Fe >> Mn (Table 1). The Ca content of dolomite is normally, 
but not always, slightly greater than in ankerite. Analyzed dolomite 
cores have very restricted compositions with XFe ≤ 0.03 and <0.01 
Mn atoms per formula unit (apfu). In contrast, analyzed ankerite 
rims have much more variable XFe ranging from 0.10 in marl sample 
48-30-8 [Table 1; location (j), inset to Fig. 3] to 0.46 in pelite sample 
411 (Fig. 2) and have Mn contents up to 0.05 apfu. Individual an-
kerite rims may either be uniform in composition or exhibit small 
spatial variations in XFe, as can be seen by examining enlargements 
of Figure 1 for variations in BSE grayscale brightness.

The dolomite core and surrounding ankerite rim go to extinc-
tion simultaneously under crossed polarizers in optical micros-
copy, implying that the crystal lattices of dolomite and ankerite 
have the same orientation. This was confirmed by selected-area 
electron diffraction (SAED) patterns obtained from dolomite 
and ankerite in the TEM foil that spans their mutual contact 
in one grain (see Appendix1). The SAED patterns demonstrate 
that orientations of the ankerite and dolomite crystal lattices are 
the same within error of measurement (± several degrees, given 
that the foil was slightly bent over its length). Bend contours 
were observed to ripple across the full length of the foil as the 
sample was tilted, indicating crystallographic continuity. Because 
carbonate minerals are highly susceptible to beam damage in the 
TEM, high-resolution transmission electron microscopy was not 
performed to determine whether the crystal lattices of dolomite 
and ankerite are continuous or not across their mutual contact.

Petrologic context
The petrologic context of ankerite grains with dolomite cores 

is summarized in Figures 2 and 3 and in Table 2. Symbols in 
both figures represent the locations where rocks with ankerite 
were examined. The different shapes of symbols denote differ-
ent rock types. Filled symbols correspond to locations where at 
least one sample of a given rock type contains ankerite grains 
with dolomite cores; open symbols represent locations where all 
samples of a given rock type contain ankerite grains, but none 
of the ankerite grains contain dolomite cores. Fractions identify 
locations where more than one sample of a given rock type 
was examined. The denominator indicates the total number of 

ankerite-bearing samples examined, and the numerator indicates 
how many of these contain ankerite grains with dolomite cores. 
Ankerite in all samples coexists with quartz and plagioclase; most 
samples additionally contain muscovite and calcite and many 
contain chlorite. The color of symbols refers to the presence or 
absence of biotite and calcic amphibole. Black symbols identify 
locations where all samples of a given rock type contain neither 
biotite nor calcic amphibole; red symbols refer to locations where 
at least one sample of a given rock type contains biotite but no 
calcic amphibole; green symbols (Fig. 3 only) identify locations 
where at least one sample of a given rock type contains calcic 
amphibole and biotite.

Ankerite grains with dolomite cores are more common in the 
chlorite zone than at higher grades in both Maine and Vermont. In 
Maine, ankerite grains with or without dolomite cores are absent 
from pelites in the biotite zone and at higher grades. Ankerite 
grains with dolomite cores persist in marls into the biotite and 
garnet zones. Ankerite grains with or without dolomite cores are 
absent from marls in the high-grade portion of the garnet zone 
and at higher grades. With a single exception, carbonate rock 
samples examined from the Vassalboro Formation, both with 
and without biotite, contain abundant ankerite but no dolomite 
cores. All three samples of ankerite-bearing graphitic sulfide-rich 
schist contain ankerite grains with a dolomite core.

In contrast to Maine, ankerite grains with dolomite cores in 
Vermont persist in all clastic sedimentary rock types (marl, pelite, 
psammite) into the garnet zone. Also in contrast to Maine, anker-
ite occurs in marls, pelites, and psammites at grades higher than 
the garnet zone (i.e., the kyanite zone), but with the exception 
of two marl samples, the ankerite is devoid of dolomite cores. 
Dolomite cores are not observed in any of the ankerite-bearing 
marls from the kyanite zone that contain calcic amphibole. An-
kerite grains in pelites and psammites from the kyanite zone do 
not contain dolomite cores. Metamorphosed igneous rocks from 
the Albee and Ammonoosucs Volcanics contain ankerite only in 
the chlorite zone, and the ankerite is devoid of dolomite cores.

Occurrences elsewhere
Although ankerite grains with dolomite cores are not commonly 

described in metamorphic rocks, they do occur elsewhere besides 
Maine and Vermont. Five samples of marl from the Wepawaug 
Schist, south-central Connecticut, U.S.A., kindly loaned by J.J. 
Ague, contain ankerite grains with dolomite cores. Ankerite grains 
with dolomite cores were noted in marls in the anchizone and epi-
zone from the Central Swiss Alps by Livi et al. (2002).

Formation of ankerite with dolomite cores

Mechanism of formation
Several potential explanations for the formation of ankerite 

grains with dolomite cores can be ruled out from textures (Fig. 
1), mineral compositions (Table 1), and results of published 
laboratory experiments. Coexisting dolomite and ankerite can-
not represent a solvus relationship for several reasons. First, 
laboratory experiments document continuous Ca(Mg,Fe)(CO3)2 
solid solutions over the range in XFe = 0.00–0.46 exhibited by 
analyzed ankerite and dolomite in samples from Maine and Ver-
mont (Goldsmith et al. 1962; Rosenberg 1967). Second, dolomite 

1 Deposit item AM-15-115209, Appendix. Deposit items are free to all readers and 
found on the MSA web site, via the specific issue’s Table of Contents (go to http://
www.minsocam.org/MSA/AmMin/TOC/).
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is always completely surrounded by ankerite that isolates the 
dolomite from the other matrix grains. Coexisting discrete 
grains of dolomite and ankerite are never observed. Third, on 
textural grounds, dolomite cores are unlikely to have formed by 
exsolution from ankerite. Dolomite exsolved from calcite forms 
lamellae and small irregular blebs (e.g., Ferry et al. 2014) unlike 
the equant dolomite cores, some of which exhibit regular crystal 
faces (e.g., Figs. 1c, 1e, and 1f). Fourth, while dolomite cores 
have almost the same composition, ankerite rims, even in samples 
from the same outcrop, have widely varying composition. For 
example, in 30 analyzed samples of marl from location 5 in the 
garnet zone of the Waterville Formation (Fig. 2), XFe of ankerite 
grains with dolomite cores varies between ~0.10 and ~0.20 (Fig. 
4). The range in XFe illustrated in Figure 4 is observed in ankerite 
in direct contact with dolomite cores. Considering that ankerite 
and dolomite from the outcrop are, for practical purposes, Fe-Mg 
solid solutions and assuming that temperature was uniform or 
nearly so during metamorphism over areas the size of the outcrop, 
a single XFe of ankerite in all samples is expected if ankerite and 
dolomite are related by a solvus.

Textural observations (Fig. 1) rule out the possibilities that 
ankerite is an overgrowth on unmodified detrital dolomite grains 
or that ankerite replaced dolomite by a process controlled by 
solid-state diffusion. Dolomite cores have angular, irregular 
shapes uncharacteristic of detrital grains. The transition between 
ankerite rim and dolomite core is much too narrow, in compari-
son with the diameter of the ankerite grains, to be explained by 
replacement of dolomite by ankerite by intracrystalline Fe-Mg 
interdiffusion (see Fig. 6.1 of Crank 1975).

The textures of the ankerite grains with dolomite cores in 
Figure 1, on the other hand, are remarkably similar to those pro-
duced experimentally when a mineral crystal of one composition 
is replaced by one with a different composition by exchange of 
elements between the crystal and a coexisting aqueous fluid. An 
example is the replacement of albite by K-feldspar by exchange 
of K and Na between initial albite and coexisting K-bearing, 

initially Na-free, aqueous fluid (Niedermeier et al. 2009). If the 
exchange process is arrested, K-feldspar forms a rim around an 
unreplaced albite core. The contact between albite core and K-
feldspar rim is sharp and irregular as are the contacts between 
dolomite and ankerite in Figure 1. The crystal lattices of the 
unreplaced cores and replacement rims have the same orientation 
in both the products of the laboratory experiments with feldspar 
and in ankerite grains with dolomite cores. As will be demon-
strated in a later section, in both experimental products and in 
ankerite rims, there can be a slight increase in the concentration 
of the introduced element (K in the experiments, Fe in ankerite) 
at the rim-core contact. The inferred mechanism of replacement 
in the experiments is solution-reprecipitation (Niedermeier et al. 
2009). Because of the similarities in texture, crystallography, and 
composition between the experimental products and the ankerite 
rims around dolomite cores, the latter are inferred to have formed 
by incomplete replacement of dolomite by ankerite by a solution-
reprecipitation mechanism as well. Replacement occurred by a 
Fe-Mg exchange reaction between original dolomite and fluid:

CaMg(CO3)2 + Fe2+ = CaFe(CO3)2 + Mg2+ 	 (1)

(the exact nature of the soluble Fe and Mg species is unimport-
ant). Dolomite cores are exclusively observed in the metamor-
phosed equivalents of clastic sedimentary rocks (turbidites, 
according to Hatch 1988). Prior to formation of ankerite rims, 
the original dolomite grains were likely detrital.

Timing of formation
The timing of the replacement of dolomite by ankerite is 

constrained by compositions of coexisting ankerite-biotite and 
ankerite-chlorite pairs (Fig. 5). Data in Figure 5 for the Waterville 
and Waits River Formations are all from samples that contain 
ankerite with dolomite cores. The linear relationship between 
Fe/Mg of ankerite and both biotite and chlorite is consistent 
with a close approach to Fe-Mg exchange equilibrium between 
ankerite-biotite and ankerite-chlorite pairs. The slopes of the 
data arrays are the same within error of measurement as values 
obtained from larger data sets involving ankerite-biotite and 
ankerite-chlorite pairs from the Waterville and Waits River For-
mations (Penniston-Dorland and Ferry 2006, their Table 3). No 
coexisting dolomite-phlogopite pairs are observed in the regional 
metamorphic rocks from Maine and Vermont. Fourteen dolomite-
phlogopite pairs from four different contact aureoles, however, 
are plotted on Figure 5a. Data for the contact metamorphic rocks 
prove that if biotite and chlorite equilibrated with dolomite rather 
than ankerite, their compositions would have been significantly 
Mg-richer than the intermediate Fe-Mg solid solutions observed 
in the regional metamorphic rocks.

Data in Figure 5 are empirical evidence that biotite, pro-
duced during prograde regional metamorphism, attained Fe-Mg 
exchange equilibrium (or nearly so) with ankerite rims but not 
dolomite cores. The simplest explanation is that either ankerite 
rims were present and completely armored the dolomite cores at 
the time that biotite formed or that replacement of dolomite by 
ankerite and formation of biotite were contemporaneous. There 
is no evidence that biotite initially crystallized as phlogopite and 
was later altered to a Fe-Mg solid solution (i.e., biotite does not 
contain phlogopite cores analogous to dolomite cores included 

0.05 0.10 0.15 0.20 0.25
Fe/(Fe+Mg) of ankerite

all 30 samples
  containing
 ankerite with
dolomite cores

       location 5
Waterville limestone

Ferry et al. -- Fig. 4

Figure 4. Measured range of Fe/(Fe+Mg) of ankerite in 30 samples 
from location 5, Maine (Fig. 2) that contain ankerite grains with a 
dolomite core. The range in Fe/(Fe+Mg) rules out a solvus relationship 
between the dolomite cores and surrounding ankerite rims.
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in ankerite). Ankerite, therefore, could not have formed long 
after biotite. A complete post-metamorphic alteration of mineral 
compositions over such a large area and affecting such a wide 
range of rock types has never been documented in a regional 
metamorphic terrain and, if true, would have alarming implica-
tions for studies of metamorphic rocks.

Additional empirical evidence argues against contempora-
neous formation of ankerite and biotite during metamorphism. 
First, the protoliths to biotite-bearing rocks in Maine and Ver-
mont (i.e., rocks in the chlorite zone) contain ankerite but not 
biotite (Figs. 2 and 3). Considering the concept of progressive 
metamorphism, ankerite formed first and biotite formed later 
at the expense of ankerite. Second, if replacement of dolomite 
by ankerite and formation of biotite occurred at the same time 
during metamorphism, either lower-grade protoliths contained a 
mineralogical reservoir of Fe2+ or the formation of ankerite and 
biotite involved spatially widespread iron metasomatism during 
metamorphism. Chlorite-zone marls that contain the required 
mineralogical reservoir of Fe2+ are not observed anywhere in 
northern New England, and regional-scale iron metasomatism 
during metamorphism has never been documented anywhere. On 
the other hand, the commonplace formation of ankerite during 
diagenesis of sediments has been recognized for decades (e.g., 
Boles and Franks 1979; Fisher and Land 1986; Taylor and Sibley 
1986; Hendry et al. 2000; Parry et al. 1986). Formation of an-
kerite during diagenesis in rocks from Maine and Vermont prior 
to metamorphism makes more sense than formation of ankerite 
during metamorphism either from a Fe2+-bearing reactant mineral 
that has never been observed or by metamorphic metasomatism 
that has never before been documented.

Source of iron
Replacement of dolomite by ankerite according to reaction 1 

requires a source of soluble Fe2+. Two sources are conceivable. 
The iron may have been introduced from an external source 

(i.e., iron metasomatism). Because ankerite likely formed 
during diagenesis, however, a more plausible source of iron is 
internal. In modern clastic sediments, much of the iron is depos-
ited as ferric iron hydroxides, either crystalline or amorphous. 
Bacterial iron reduction during diagenesis converts solid ferric 
iron to dissolved ferrous iron by the reaction

RM + 424 Fe(OH)3 + 848 H+ = 
106 CO2 + 16 NH3 + H3PO4 + 424 Fe2+ + 1166 H2O, 	 (2)

where “RM” is the Redfield molecule, (CH2O)106(NH3)16(H3PO4), 
a simplified representation of organic matter (Taylor and Mac-
quaker 2011). Alternatively, Fe2+ in solution could have been 
produced internally by abiotic reduction of Fe3+ in smectite in 
the conversion of smectite to illite during diagenesis. The reduc-
tion of Fe3+ to soluble Fe2+ during the smectite-to-illite reaction 
has been demonstrated in the laboratory and is greatly acceler-
ated by the presence of dissimilatory metal-reducing bacteria 
(Kim et al. 2004). Dissolved Fe2+ produced by reaction 2 or by 
the conversion of smectite to illite would then be available to 
drive reaction 1. Formation of ankerite during diagenesis can 
explain the occurrence of ankerite grains with dolomite cores 
in very low-grade metamorphic rocks from the anchizone (Livi 
et al. 2002). Different proportions of Fe(OH)3 (or smectite) 
and dolomite in marl, psammite, and pelite sediments would 
further explain why XFe of ankerite varies widely in the range 
0.10–0.46 in analyzed samples from this study.

Destruction of dolomite cores 
In Maine, ankerite, with or without dolomite cores, disap-

pears from pelites exactly at the biotite isograd (Fig. 6) because 
ankerite (and dolomite cores, if present) was consumed by the 
biotite-forming reaction in pelites (Ferry 1984). Ankerite, with 
or without dolomite cores, disappears from marls in the garnet 
zone (Fig. 6) because ankerite (and dolomite cores, if present) 
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Figure 5. Relationship between Fe/Mg in ankerite and Fe/Mg in coexisting biotite (a) and chlorite (b) for selected samples that contain ankerite 
grains with a dolomite core from both the Waterville Formation (Maine) and Waits River Formation (Vermont). Diamonds are dolomite-phlogopite 
pairs in 14 samples from four contact aureoles (Davis and Ferry 1993; Ferry 1996; Ferry and Rumble 1997; Ferry et al. 1998). Yellow band is the 
range in Fe/Mg for all analyzed dolomite cores in this study. Slopes of lines are identical within error of measurement to slopes determined from a 
larger data set of ankerite-biotite and ankerite-chlorite pairs from the Waterville and Waits River Formations (Penniston-Dorland and Ferry 2006). 
The near-linear data arrays indicate that biotite and chlorite were in Fe-Mg exchange equilibrium (or nearly so) during regional metamorphism 
with ankerite rims but not with the dolomite cores.
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was consumed by reactions that formed biotite and calcic am-
phibole in marls in the garnet zone (Ferry 1976, 1994). In Ver-
mont, ankerite grains with dolomite cores disappear from pelites 
and psammites, as well as (with two exceptions) from marls, 
in the garnet zone. Ankerite without dolomite cores, however, 
commonly persists into the kyanite zone in all three lithologies 
(Fig. 6). The grain sizes of ankerite, calcite, and quartz are sig-
nificantly larger in all rock types from the kyanite zone than in 
those from the chlorite zone where dolomite cores are common 
(Fig. 7). Dolomite cores were likely consumed in the kyanite 
zone by grain coarsening during prograde metamorphism. Grain 
coarsening probably occurred by a solution-reprecipitation 
mechanism that destroyed dolomite cores in the process and 
homogenized Fe and Mg in the original dolomite cores and 
ankerite rims.

Constraints on the duration of metamorphic 
process from diffusion chronometry 

Measurement of composition profiles across dolomite-
ankerite contacts

To apply diffusion chronometry, composition profiles across 
dolomite-ankerite contacts were measured using three different 
instruments.

NanoSIMS analysis. Fe/Mg and Mn/Mg profiles were 
measured with a Cameca NanoSIMS 50L ion microprobe across 
dolomite-ankerite contacts in 11 grains from four samples of 
marl, three from Vermont and one from Maine. Figure 8a il-
lustrates the location of analysis in one of the grains in sample 
21-35D from the garnet zone of the Waits River Formation (Fig. 
3, Table 1). The measured Fe/Mg profile for the grain in sample 
21-35D as well as for two of the other 10 analyzed grains are 
illustrated in Figures 8b to 8d. Profiles of grains in one sample 
were irregular. In all other cases, the profiles were smooth with 
the apparent transition from dolomite to ankerite over ~2 mm. 
The smooth profiles were fit to an equation that describes one-
dimensional diffusion perpendicular to a planar interface using a 
program provided by Daniel Vielzeuf (Vielzeuf et al. 2007). The 
fit assumes that the original composition profile was a perfect 
step function. Values of Dt retrieved from the Fe/Mg profiles are 
in the range (1.5–4.0)×10-13 m2 (Fig. 8), where D is the effective 
intracrystalline diffusion coefficient and t is the duration of diffu-
sion. Values of Dt were retrieved from both Mn/Mg and Fe/Mg 
profiles measured in the same grain from sample Q1j (not the 
same grain as in Fig. 1d), and they are 3.8×10-13 m2 and 2.5×10-13 
m2, respectively. Results are consistent with the experimental 
evidence that Mn-Mg interdiffusion is slightly faster than Fe-
Mg interdiffusion in ankerite and dolomite (Müller et al. (2012). 
Quantitatively the two measurements of Dt differ by a factor of 
1.52, almost the same as a factor of 1.62 predicted from equa-
tions in Müller et al. (2012) for 475 °C, the inferred peak T of 
metamorphism at location Q1, Figure 3 (Ferry 2007).

Retrieved values of Dt are upper bounds both because the initial 
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Figure 6. Distribution of samples containing ankerite grains with 
dolomite cores (solid lines) and samples containing only ankerite grains 
without dolomite cores (dashed lines) as a function rock type and 
metamorphic grade (defined by standard index minerals in pelitic schists). 
Colors distinguish the study areas in Maine (black) and Vermont (red). 
Both ankerite and dolomite cores disappear together with increasing 
grade in Maine. Samples containing only ankerite grains without 
dolomite cores persist to higher grades in Vermont than do ankerite 
grains with dolomite cores.
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Figure 7. BSE images illustrating the increase in grain size of ankerite, quartz, and calcite with increasing grade of metamorphism in the 
study area in Vermont (Fig. 3). Mineral abbreviations are the same as in Figure 1; DC = dolomite core. (a) Marl sample 26-8A, location 26-8 in the 
chlorite zone. (b) Marl sample 21-18A, location 21-18 in the kyanite zone. None of the ankerite grains in sample 21-18A contain a dolomite core.
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profile was assumed to have been a step function and because the 
profile may not have been exactly perpendicular to the dolomite-
ankerite contact in three dimensions. Because the model √(Dt) is 
slightly smaller than the ion beam diameter, the true value of Dt 
is likely smaller. Accordingly, the compositional profile across 
dolomite-ankerite contacts was measured with other instruments 
capable of higher spatial resolution.

EDS analysis by TEM. Fe/Mg profiles across the dolomite-
ankerite contact in the grain in Figure 8a were measured with 
a Philips CM300 FEG TEM. A TEM foil cut perpendicular to 
the surface of the sample along the traverse perpendicular to the 
dolomite-ankerite contact in Figure 8a is illustrated in Figure 9a. 
Analyses were made along six traverses in the foil. Analyses 
along traverses 1 and 2 identified dolomite on the right-hand side 
and ankerite on the left-hand side of the foil and that ankerite and 
dolomite were uniform in composition within error of measure-
ment away from their mutual contact. Analyses along traverses 
3 and 4 were conducted to roughly locate the contact within the 
foil. Higher spatial resolution analyses were then made along 
traverses 5 and 6 perpendicular to the contact. Because the foil 

was cut vertically from a profile perpendicular to the dolomite-
ankerite contact in thin section and because traverses 5 and 6 are 
perpendicular to the contact within the TEM foil, traverses 5 and 
6 were perpendicular to the dolomite-ankerite contact in three 
dimensions. Analysis spots were separated by ~200 nm along 
traverse 5 and by ~170 nm along traverse 6. Results for traverses 
5 and 6, illustrated in Figure 9b, are nearly identical and confirm 
that the transition from dolomite to ankerite is narrower (~0.5 
mm) than that indicated by NanoSIMS analysis. The profiles 
also reveal a slight enrichment of ankerite in Fe at the contact. 
By analogy with the experimental findings of Niedermeier et 
al. (2009), enrichment in Fe at the dolomite-ankerite contact is 
consistent with the conclusion that ankerite replaced dolomite 
by a solution-reprecipitation mechanism. Data for traverse 5 
were fit to the same diffusion model assumed in the analysis of 
the NanoSIMS data (Fig. 9c). The fit omitted Fe/Mg values for 
ankerite > ~1 mm from the contact. As expected, the best-fit Dt 
= 1.3 × 10-14 m2 is smaller than the values retrieved from the 
NanoSIMS data (Figs. 8b–8d). The Dt value is also an upper 
bound because the initial profile may not have been a perfect step 

56
Fe

/2
6 M

g 
io

n 
in

te
ns

ity
 =

 2
.3

3(
Fe

/M
g)

distance along traverse (μm)

sample 21-35D

0.2

0.0

0.4

0.6

0.8

0 1 32 4 5 6

0.7 μm

  beam
diameter

            data
        best fit curve
Dt = 3.1.10-13 m2

 (Dt)0.5 = 0.6 μm

b

Cal

sample 21-35D

Ank

NanoSIMS
  analysis

 TEM
profile

Ank

Dol

Qtz

Ms

Cal

Qtz

Ms

a

0.7 μm

  beam
diameter0.1

0.0

0.2

0.3

0.4

56
Fe

/2
6 M

g 
io

n 
in

te
ns

ity
 =

 2
.3

3(
Fe

/M
g)

0 2 4 6 8
distance along traverse (μm)

c sample 5-62

Dt = 4.0.10-13 m2

 (Dt)0.5 = 0.6 μm

Dt = 1.5.10-13 m2

 (Dt)0.5 = 0.4 μm

56
Fe

/2
6 M

g 
io

n 
in

te
ns

ity
 =

 2
.3

3(
Fe

/M
g)

0.2

0.0

0.4

0.6

distance along traverse (μm)
0 1 32 4 5

sample Q1j

0.7 μm

  beam
diameter

d

Ferry et al. -- Fig. 8

Figure 8. (a) BSE image illustrating the petrographic context of NanoSIMS and TEM analyses of Fe/Mg across the contact between a 
dolomite core and surrounding ankerite rim in marl sample 21-35D, location 21-35 in the garnet zone, Vermont (Fig. 3). White square identifies 
the area analyzed by NanoSIMS. Narrow white rectangle identifies the area from which a TEM foil was removed using a FIB instrument. Mineral 
abbreviations are the same as in Figure 1. (b) Measured NanoSIMS profile in Fe/Mg (black circles) perpendicular to the dolomite-ankerite contact 
in panel a. (c) Measured NanoSIMS profile in Fe/Mg perpendicular to the same dolomite-ankerite contact in Figure 1a of marl sample 5-62, location 
5 in the garnet zone, Maine (Fig. 2). (d) Measured NanoSIMS profile in Fe/Mg perpendicular to the same dolomite-ankerite contact in Figure 1d 
of marl sample Q1j, location Q1 in the biotite zone, Vermont (Fig. 3). In panels b–d, the red curve is a fit of the diffusion model described in the 
text to the profile; the best-fit values of Dt and √(Dt) are given in the inset. The ion beam diameter in each case is larger than the retrieved value 
of √(Dt). The profiles in samples Q1j and 5-62 yield the lowest and highest values of Dt from all 11 grains analyzed by NanoSIMS in this study.



FERRY ET AL.: ANKERITE GRAINS WITH DOLOMITE CORES IN METAMORPHIC ROCKS 2453

function. Because the model √(Dt) is slightly smaller than the 
electron beam diameter, the true value of Dt was likely smaller. 
Accordingly, the compositional profile across one dolomite-
ankerite contact was measured with other instrumentation that 
attains yet higher spatial resolution.

BSE grayscale analysis by SEM. BSE grayscale profiles were 
measured in three places perpendicular to the dolomite-ankerite 
contact within a single grain in sample 21-35I (Fig. 1c) with a FEI 
1500 CrossBeam FEG SEM/FIB. Sample 21-35I is from the same 
carbonate layer as sample 21-35D from which NanoSIMS and TEM 
profiles were obtained. Representative results (Fig. 9d) confirm 
expectations that the transition from dolomite to ankerite (~100 
nm) is narrower than indicated by EDS analysis using the TEM. A 
fit of the grayscale data to the diffusion model returns a yet smaller 
value of Dt = 1.2×10-15 m2. Because of the scatter in the grayscale 
values, the uncertainty in the Dt was estimated by computing upper 
and lower bounds that bracket most of the data over the transition 

from dolomite to ankerite. The brackets (dashed red curves, Fig. 9d) 
correspond to an uncertainty in Dt of approximately a factor of five. 
Because √(Dt) is greater than the electron beam diameter, the Dt 
value from the grayscale profile is preferred over values obtained by 
NanoSIMS and TEM analysis. Even Dt = 1.2 × 10-15 m2, however, 

Figure 9. (a) Bright-field TEM image of the foil extracted from the ankerite grain in Figure 8a. The length of the foil is 12.4 mm, and the 
thickness (perpendicular to the plane of the image) is ~100 nm. Faint gray spots are where EDS analyses of Fe/Mg were performed along six 
traverses. The ends of the traverses are indicated by the black, red, and white circles and rings. Traverse 1 is in dolomite, traverse 2 is in ankerite, 
and the dolomite-ankerite contact is located approximately halfway along traverses 3–6 and perpendicular to traverses 5 and 6. Black arrows point 
to the dolomite-ankerite contact interval along traverses 5 and 6. (b) Profiles in Fe/Mg measured by EDS using a FEG-TEM across the dolomite-
ankerite contact along traverses 5 and 6 in panel a. Beam diameter is approximately the same size as the circles. Note the slight increase in Fe/Mg in 
ankerite near the dolomite-ankerite contact. Black arrows point to measured compositions at the dolomite-ankerite contact at the locations identified 
by the black arrows in panel a. (c) Profile in Fe/Mg along traverse 5 in panels a and b. Beam diameter is approximately the same size as the circles. 
The red curve is a fit of the diffusion model described in the text to the profile; the best-fit values of Dt and √(Dt) are given in the inset. The ion 
beam diameter is slightly larger than the retrieved value of √(Dt). (d) Grayscale profile measured using a FEG-SEM perpendicular to the contact 
between dolomite core and ankerite rim in a grain in sample 21-35I, location 21-35 in the garnet zone, Vermont (Figs. 1c and 3). Beam diameter is 
approximately the same size as the circles. The solid red curve is a fit of the diffusion model described in the text to the profile; the best-fit values 
of Dt and √(Dt) are given in the inset. The dashed red lines are for values of Dt a factor of 5 greater than and less than the best-fit value. The ion 
beam diameter is smaller than the retrieved value of √(Dt).

Table 3. 	 Constraints on the duration (t) of metamorphic processes 
in years

	 Peak T (°C)	 NanoSIMS	 FEG-TEM	 FEG-SEM 
		  data	 data	 data
Measured Dt (m2)	 	 (1.5–4.0)×10–13	 1.3×10–14	 1.2×10–15

t residence at peak T	 500	 10–27	 0.9	 0.08
t residence at peak T	 400	 23–61	 2.0	 0.2
t, linear coolinga	 500	 37–101	 3.3	 0.3
t, linear coolinga	 400	 79–212	 6.9	 0.6
t, linear heating+coolingb	 500	 37–101	 3.3	 0.3
t, linear heating+coolingb	 400	 79–212	 6.9	 0.6
a Cooling from peak T to 100 °C.
b Heating from 100 °C to peak T immediately followed by cooling to 100 °C.
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is an upper bound because the profile is not likely to have been per-
pendicular to the dolomite-ankerite contact in three dimensions and 
because the initial profile may not have been a perfect step function.

Constraints on the duration of metamorphic processes
Using experimentally determined values of D (Dexp) from 

Müller et al. (2012), measured values of Dt [(Dt)meas] constrain 
the duration of various metamorphic processes. Peak metamor-
phic temperatures (Tpeak) used in the calculations, 400–500 °C, 
are those recorded by mineral equilibria and reported in earlier 
studies (Ferry 1992, 1994, 2007). Calculations using 400 °C as 
the value of Tpeak are conservative because 400 °C is 50–100 °C 
lower than estimated values of Tpeak for the samples in which 
Fe/Mg profiles were measured. It is unlikely that estimated 
values of Tpeak err by >50–100 °C. Results are listed in Table 3. 

Residence time at peak temperature. An upper bound on the 
time that analyzed ankerite grains with dolomite cores could have 
resided at peak temperature is (Dt)meas/(Dexp) with (Dexp) computed for 
400 and 500 °C from the relevant equation in Müller et al. (2012). 
Durations range from 0.1 yr derived from the grayscale data with 
Tpeak = 500 °C to 60 yr for the largest value of (Dt)meas measured by 
NanoSIMS with Tpeak = 400 °C. These are upper bounds because 
the calculations ignore the time required to heat the sample to peak 
temperature and to cool it back to ambient conditions and because 
the values of (Dt)meas are upper bounds.

Linear cooling time from peak temperature. An upper 
bound on the time that analyzed grains cooled linearly from peak 
temperature to 100 °C is (Dt)meas/(Deff) where Deff is the effective 
value of D during cooling, computed from

Deff = Dexp T( )dT
100

Tpeak∫⎡⎣⎢
⎤
⎦⎥
/ Tpeak −100( )  	 (3)

(the exact lower limit of integration is unimportant). Durations 
of cooling range from 0.3 yr derived from the grayscale data 
with Tpeak = 500 °C to 210 yr for the largest value of (Dt)meas 
measured by NanoSIMS with Tpeak = 400 °C. These are upper 
bounds because the calculations ignore the time required to heat 
the sample to peak temperature and because the values of (Dt)meas 
are upper bounds.

Linear heating and cooling time to and from peak temper-
ature. Estimates of the time that analyzed grains heated linearly 
from 100 °C to peak temperature and then immediately cooled 
linearly back to 100 °C are identical to durations of linear cooling 
because the effects of heating and cooling on mass transport by 
diffusion are identical. Estimates are also upper bounds because 
the values of (Dt)meas are upper bounds.

Peak temperature for linear cooling over 106 years. Using 
values of (Dt)meas and Equation 3, the value of Tpeak that returns 
a linear cooling time of 106 years can be computed. That value 
of Tpeak is <100 °C for values of (Dt)meas measured by each of 
the three methods.

Preservation of steep composition gradients 
at dolomite-ankerite contacts 

The question is what explains the occurrence of ultrasteep 
composition gradients between dolomite and ankerite in regional-
ly metamorphosed clastic sediments from northern New England. 
There are numerous possible answers, all but one of which seem 

implausible. Setting aside the values of (Dt)meas derived from the 
NanoSIMS data that are demonstrably too large (because of the 
relatively large beam size used), the steep compositional gradients 
could be preserved if the entire cycle of regional metamorphism 
including heating, residence time at Tpeak, and cooling lasted no 
more than a few years or if Tpeak < 100 °C. Neither possibility 
is remotely in the realm of current understanding of timescales 
and peak temperatures of regional metamorphism (England and 
Thompson 1984; Ague and Baxter 2007; Viete et al. 2011).

The steep compositional gradients between dolomite cores 
and ankerite rims may be preserved because there is some barrier 
to diffusion at their mutual contact, like a gap or a precipitate of 
another mineral. Examination of one contact with TEM (Fig. 
9a), however, failed to reveal any such unusual feature, although 
numerous defects were observed arranged in lines (likely planes 
in three dimensions) within dolomite parallel to the contact. 
Furthermore, the composition profiles measured by TEM show 
equally steep (albeit shorter) compositional gradients entirely 
within ankerite (Fig. 9b). Steep intracrystalline compositional pro-
files entirely within ankerite have the same implication for short 
durations of peak T, heating, and cooling during metamorphism 
as do the steep composition profiles across the dolomite-ankerite 
contacts but without the complication of a possible barrier to dif-
fusion across the contact.

Steep compositional gradients at dolomite-ankerite contacts 
could be preserved if iron metasomatism and replacement of 
dolomite by ankerite occurred at very low temperature following 
regional metamorphism. Alternatively, ankerite rims might some-
how be the result of late, low-temperature retrograde dynamic 
recrystallization with dolomite representing undeformed and 
unrecrystallized porphyroclastic cores (e.g., Ashley et al. 2014). 
In either case, the temperature of replacement or recrystallization, 
however, would have had to be <100 °C. Even for replacement of 
dolomite by ankerite and then residence at 100 °C, the measured 
Fe/Mg profiles across the dolomite-ankerite contact would not 
survive longer than 106 years. It is unclear how replacement or 
recrystallization at such low temperatures could also change the 
compositions of biotite and chlorite without at the same time alter-
ing those minerals to low-temperature sheet silicates. The possibil-
ity of a low-temperature replacement or recrystallization process 
that completely and pervasively changes the compositions that 
minerals in metamorphic rocks once had during metamorphism 
over areas of thousands of square kilometers is also far removed 
from the realm of current understanding of metamorphism.

Our understanding of the relationships among lithostatic 
pressure, stress, mineral assemblages, and mineral compositions 
during regional metamorphism is currently being questioned 
(Schmalholz and Podladchikov 2014; Tajcmanova et al. 2014; 
Wheeler 2014). It is possible that the steep compositional gradi-
ents at dolomite-ankerite contacts were preserved by local pres-
sure or stress gradients. Following the analysis of Tajcmanova 
et al. (2014), the differences in composition between dolomite 
cores and ankerite rims in the samples listed in Table 1 could be 
maintained at peak temperature by pressure differences of 1.1–1.6 
GPa [using molar volumes calculated from Holland and Powell 
1998, and activities of CaMg(CO3)2 and CaFe(CO3)2 calculated 
from the current version of their AX program]. The estimated 
pressure differences are questionable given that the pressure of 
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metamorphism in Maine and Vermont, estimated from mineral 
equilibria, is ~350 and 700–800 MPa, respectively. In addition, 
the mechanical model of Tajcmanova et al. (2014), that forms 
the basis for the calculations of pressure differences, considers a 
higher-density mineral included in a lower-density host. Dolomite, 
however, is less dense than ankerite, and the calculations predict 
the puzzling result that dolomite cores would have had to be at a 
pressure 1.1–1.6 GPa less than surrounding ankerite to preserve 
the measured composition gradients.

On the other hand, the steep composition gradients at 
dolomite-ankerite contacts require no special mechanism of pres-
ervation if the values of D used in the calculations of timescales 
of metamorphic process in Table 3 somehow are in error. To 
retrieve more reasonable heating and cooling times on the order 
of 106 years or more from the measured composition gradients 
at dolomite-ankerite contacts, values of D would have to be 
smaller than those measured by Müller et al. (2012) by at least 
six orders of magnitude. Their stated uncertainty in individual 
measurements of Dexp is much smaller, however, approximately 
± a factor of 2.

The laboratory experiments of Müller et al. (2012) did not 
investigate the possible dependence of the rate of Fe-Mg interdif-
fusion on crystal orientation. There is no measurable dependence 
of the rate of Ca diffusion in calcite on crystal orientation (Farver 
and Yund 1996), and diffusion of Fe and Mg in ankerite and 
dolomite may be similar. An absence of significant orientation-
dependent diffusion of Fe and Mg is independently supported by 
a steepness of the compositional gradient at dolomite-ankerite 
contacts that does not visibly vary within grains (Fig. 1) or be-
tween grains in the same thin section. It seems unlikely, therefore, 
that the unreasonably short timescales of metamorphism in Table 
3 are an artifact of D values that vary by six orders of magnitude 
in ankerite and dolomite as a function of crystal orientation.

Values of D used in the calculations of timescales of meta-
morphism may err because of the difference in P between the 
experiments of Müller et al. (2012) and metamorphism in Maine 
and Vermont was not accounted for. Pressure during the measure-
ments of Dexp was 0.1 MPa; P during metamorphism in Maine and 
Vermont was ~350 and ~700–800 MPa, respectively. Increasing 
P slows diffusion of Fe and Mg in olivine (Dohmen et al. 2007; 
Dohmen and Chakraborty 2007), in garnet (Carlson 2006), and 
presumably also in ankerite and dolomite. The P-dependence of 
the rate of diffusion of Fe and Mg in olivine and garnet, however, 
is small; in both cases, a change in P from 0.1 to 350–800 MPa 
is predicted to lower D by <1 log unit. Dolomite-ankerite solid 
solutions are not likely to behave significantly differently. The 
difference in P between experiment and metamorphism there-
fore seems inadequate to provide the correction in D needed to 
retrieve timescales on the order of 106 years or longer from the 
composition profiles across dolomite-ankerite contacts.

Finally, values of D used to calculate the short timescales 
of metamorphism in Table 3 may err because the difference in 
oxygen activity (aO2) between the experiments of Müller et al. 
(2012) and metamorphism in Maine and Vermont was not ac-
counted for. In the experiments, aO2 was set by the equilibrium 
associated with dissociation of CO2 by

2 CO2 = 2 CO + O2	  (4)

with aCO2 ≈ 1 in the nominally pure CO2 fluid and aCO = 2aO2 (Fig. 
10). Graphite is ubiquitous in the samples of metamorphosed 
marl, pelite, and psammite examined from Vermont and Maine. 
In contrast, therefore, aO2 during metamorphism in Maine and 
Vermont was set by the graphite-CO2 equilibrium,

C + O2 = CO2	  (5)

in the presence of CO2-H2O fluid. In the biotite and garnet zones 
in Maine and Vermont where peak T was in the range 400–500 
°C, aCO2 was 0.099–0.362, based on the equilibrium,

KAl3Si3O10(OH)2 + 3 CaMg(CO3)2 + 2 SiO2 = 
muscovite 	 ankerite 	 quartz

KMg3AlSi3O10(OH)2 + CaAl2Si2O8 + 2 CaCO3 + 4 CO2

biotite	 plagioclase	 calcite	 fluid 	  (6)

(Penniston-Dorland and Ferry 2006; Ferry 2007, 2016). Calcu-
lated aO2 during metamorphism, accordingly, was 17–20 orders 
of magnitude less than in the experiments (Fig. 10).
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Figure 10. Temperature-oxygen activity (aO2) conditions of the 
experiments by Müller et al. (2012) and during metamorphism in Maine 
and Vermont. For reference, HM is the hematite-magnetite buffer, and 
QFM is the quartz-fayalite-magnetite buffer. Curves calculated from 
thermodynamic data in Holland and Powell (1998) and from O2 fugacities 
derived from the CORK equation-of-state of Holland and Powell (1991). 
Oxygen activity referenced to pure O2 at P and T of interest. Black curves 
are for P = 0.1 MPa. In bar units of pressure, at P = 1, aO2 = fO2 = XO2, 
where f is fugacity and X is mole fraction. Black curves for CO2 = 2 CO 
+ O2 and CO2 = C + O2 assume aCO2 = 1 (the latter a fictive equilibrium). 
For the graphite-CO2 equilibrium, the red band includes corrections to 
the corresponding black curve for the range of P = 350–800 MPa and aO2 
= 0.099–0.362 during metamorphism in the biotite and garnet zones in 
Maine and Vermont (Figs. 2 and 3). The P correction for metamorphism 
(<0.2 log units) is barely discernable at the scale of the figure. Values 
of aCO2 during metamorphism were calculated from equilibrium 6 in the 
text. Oxygen activity differs by 17–20 orders of magnitude between the 
experiments and the conditions of metamorphism of samples from the 
biotite and garnet zones of Maine and Vermont at which ankerite grains 
with dolomite cores are preserved.
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One way to represent the dependence of D on redox state 
is in terms of the ratio of the fugacity of O2 (fO2) at P and T 
of interest to fO2 in a reference state at the same P and T (e.g., 
Carlson 2006). The difference in the logarithm of this fugacity 
ratio between two states of interest is identical to the difference 
in the logarithm of aO2 between the two states. Accordingly, 
Carlson’s (2006) model predicts that decreasing aO2 slows Fe-Mg 
interdiffusion in garnet with changes in logD scaling with (1/6) 
changes in logaO2. The relation between logD and logaO2 or logfO2 
for other Fe-Mg minerals, however, can be different and more 
complicated (e.g., Dohmen and Chakraborty 2007; Müller et al. 
2013; Vogt et al. 2015). The correction of D for aO2 in Fe-Mg 
dolomite and ankerite solid solutions is not known. Nevertheless, 
the tentative conclusion is that the unreasonably short timescales 
of metamorphism in Table 3 are likely an artifact of the failure 
to correct D values for the 17–20 orders of magnitude difference 
in aO2 between the experiments of Müller et al. (2012) and the 
conditions of regional metamorphism in Maine and Vermont. 
If correct, the preservation of sharp compositional gradients at 
dolomite-ankerite contacts then is explained by the relatively 
low aO2 of graphite-bearing rocks during metamorphism (Fig. 
10). This explanation, of course, begs for further laboratory 
experiments that will lead to a quantitative understanding of the 
dependence of D on aO2 for ankerite and dolomite solid solutions.

Implications

Ultrasteep composition gradients at contacts between dolo-
mite cores and surrounding ankerite rims in regional metamor-
phic rocks are spatially widespread and occur in a variety of 
common rock types and in different environments and grades of 
metamorphism. Ankerite grains with dolomite cores, therefore, 
potentially can serve as an extraordinarily useful diffusion chro-
nometer for metamorphic processes in low- and medium-grade 
rocks. The potential, however, will only be fully realized when 
new experiments calibrate the effect of aO2 (and additionally 
the lesser effect of P) on the rate of Fe-Mg interdiffusion in 
dolomite and ankerite.
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