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Abstract

The hydromagnesite–magnesite playas near Atlin, British Columba, Canada are unique Mg-carbonate depositional envi-
ronments that have formed at Earth’s surface since the end of the last deglaciation. This study elucidates the mechanisms,
pathways, and rates of magnesite (MgCO3) formation in these near-surface environments, which are challenging to study
in short-duration laboratory experiments because magnesite precipitation is extremely slow at low temperature. The Atlin
playas, having formed over millennia, contain abundant magnesite as well as a suite of other Mg- and Ca-carbonate minerals.
Mineralogical and textural evidence demonstrate that hydromagnesite [Mg5(CO3)4(OH)2�4H2O] forms at least in part through
transformation of more hydrated phases, e.g., lansfordite (MgCO3�5H2O). Deposition of these hydrated Mg-carbonate min-
erals is limited by the evaporative flux, and thus, is effectively transport-controlled at the scale of the playas. Magnesite is a
spatially distinct phase from hydromagnesite and its crystal morphology varies with depth indicating variable crystal growth
mechanisms and precipitation rates. Particle size distributions and mineral abundance data indicate that magnesite formation
is nucleation-limited. Furthermore, mineralogical data as well as stable and radiogenic isotope data support magnesite for-
mation starting after the majority of hydromagnesite had been deposited likely resulting from long induction times and slow
precipitation rates. Hydrated Mg-carbonate minerals precipitate relatively rapidly and control pore water chemistry while
magnesite remains highly supersaturated, and thus, is reaction-controlled. This difference in controlling regime allows for
magnesite abundance to increase over time without the loss of hydromagnesite such as through its transformation, which
the data also does not support. We estimate rates of magnesite formation (nucleation + crystal growth) in the range of
10�17 to 10�16 mol/cm2/s over approximately 8000 years. This study helps to elucidate the geochemical conditions needed
to form Mg-carbonate minerals in ancient and modern sedimentary environments and provides insights into facilitating
long-term storage of anthropogenic CO2 within Mg-carbonate minerals.
� 2019 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Magnesite (MgCO3) formation is kinetically controlled
at low temperature (i.e., <60 �C), which has greatly hin-
dered understanding of its formation pathways and the
determination of its formation rates at Earth’s surface con-
ditions (Christ and Hostetler, 1970; Königsberger et al.,
1999; Hänchen et al., 2008). The strong hydration of
Mg2+ ions in solution causes this kinetic inhibition
(Königsberger et al., 1999; Hänchen et al., 2008). Conse-
quently, numerous metastable hydrated Mg-carbonate
phases are more commonly formed at low temperature.
Recent studies have demonstrated that carboxylated com-
pounds can dehydrate Mg2+ ions and promote magnesite
formation (e.g., Power et al., 2017b; Miller et al., 2018).
Further complicating the understanding of magnesite for-
mation are the various phase transformations that may
occur between Mg-carbonate minerals. These transforma-
tions depend on a variety of environmental and geochemi-
cal factors including temperature, water availability, CO2

partial pressure, and Mg concentration (Königsberger
et al., 1999; Hänchen et al., 2008; Hopkinson et al., 2012;
Di Lorenzo et al., 2014; Montes-Hernandez and Renard,
2016). It remains unclear as to whether magnesite predom-
inantly forms via decomposition of a hydrated precursor
phase, e.g., hydromagnesite [Mg5(CO3)4(OH)2�4H2O] or is
a primary precipitate in Earth’s surface environments.
The formation pathway has implications for the rate of
magnesite formation.

The hydromagnesite–magnesite playas near Atlin, Bri-
tish Columbia, Canada host a complex assemblage of
Mg-carbonate minerals that have formed at Earth’s surface
over millennia (Power et al., 2009; Power et al., 2014).
These environments are ideal for studying the Mg-
carbonate system, and particularly the formation of magne-
site and hydromagnesite. This study advances the under-
standing and interpretation of modern (i.e., Holocene
epoch) sedimentary magnesite-forming environments (e.g.,
Renaut and Long, 1989; Renaut, 1993; Wright and
Wacey, 2005; Mees and Keppens, 2013) and ancient magne-
site deposits (e.g., Garber et al., 1990; Spotl and Burns,
1994; Melezhik et al., 2001; Alçiçek, 2009).

Magnesium carbonate formation and diagenesis are of
particular interest because of their relevance to ex situ car-
bon mineralization and subsurface geologic carbon storage
as strategies for reducing net greenhouse gas emissions
(Lackner et al., 1995; Power et al., 2009; Power et al.,
2013b). The Atlin playas are a natural analogue for storage
of CO2 in Mg-carbonate minerals, the end-product of sev-
eral engineered carbon mineralization strategies for CO2

storage, and provide insights into the geochemical condi-
tions that control Mg-carbonate formation and the mineral
phase transformations that may occur through diagenesis.
The study of the Atlin playas is particularly relevant to
the numerous proposed strategies for storing CO2 in Mg-
carbonate minerals at low temperature and pressure (e.g.,
Ferrini et al., 2009; Wilson et al., 2009a; Power et al.,
2010; Zhao et al., 2010; Power et al., 2011; Pronost et al.,
2011; Bea et al., 2012; Beinlich and Austrheim, 2012;
Harrison et al., 2013a; Power et al., 2013a; Wilson et al.,
2014; Zarandi et al., 2017). The persistence of the Atlin
playas since from the last deglaciation (�11 ka) to present
day suggests that Mg-carbonate minerals provide the level
of stability required of anthropogenic CO2 sinks to prevent
CO2 leakage. Magnesite is the most stable Mg-carbonate
(Königsberger et al., 1999), making it ideal for the long-
term storage of CO2 compared to the metastable hydrated
minerals.

The goal of this study is to elucidate the mechanisms and
rates of hydromagnesite and magnesite formation at low
temperature. Specifically, we aim to: (1) characterize mag-
nesite and hydromagnesite abundance, distribution, crystal
morphology, and isotopic composition; (2) elucidate the
modes of formation of magnesite and hydromagnesite
(i.e., transformation versus direct precipitation); (3) com-
pare the relative rates of magnesite and hydromagnesite
formation; and (4) quantify magnesite formation rates.
The findings from this study have implications for inter-
preting the geochemical conditions of magnesite-forming
environments in the present and geologic past, as well as
the development of low-temperature carbon sequestration
strategies for long-term storage of CO2 within Mg-
carbonate minerals.

2. GEOLOGIC SETTING AND PLAYA

DEPOSITIONAL MODEL

Hydromagnesite–magnesite playas are found near the
town of Atlin in northwestern British Columbia, Canada
(Fig. 1a; 59�340N, 133�420W). The Atlin area has been the
site of numerous geologic investigations relating to the
regional geology including the origin of ophiolitic ultra-
mafics (Aitken, 1959; Bloodgood et al., 1989; Ash and
Arksey, 1990a; Ash et al., 1991; Mihalynuk et al., 1992;
Ash, 1994), listwanite-lode gold deposits (Ash and
Arksey, 1990b; Ash, 2001), Upper Paleozoic rocks of the
Atlin Terrane (Monger, 1975; Monger, 1977a,b; Monger
et al., 1978), occurrence of lansfordite (Mg3CO3�5H2O)
(Poitevin, 1924), and the first documentation of the
hydromagnesite–magnesite playas (Young, 1916). More
recently, Hansen et al. (2005) described the geologic setting
of listwanite (carbonated serpentinite) and its implications
for high-temperature mineral carbonation as well as lode-
gold mineralization. We have previously proposed biogeo-
chemical (Power et al., 2009) and depositional (Power
et al., 2014) models for the playas; the latter is summarized
here to place the formation of hydromagnesite and magne-
site into the context of playa genesis.

The ultramafic complex near Atlin consists of a tecton-
ically emplaced upper mantle section of oceanic lithosphere,
which is mainly composed of serpentinite and listwanite
that predominantly transformed from harzburgite and
minor dunite (Ash and Arksey, 1990a; Hansen et al.,
2005). The weathering of ultramafic bedrock produces
Mg–HCO3 groundwater that discharges into topographic
lows where the playas lie (Power et al., 2009; Power et al.,
2014). There are two groups of playas (total area �
11 ha) that are immediately east of Atlin. The northern
playa is the largest and has several small satellite playas
nearby. The southern group consists of two playas, referred



Fig. 1. (a) Location of Atlin, British Columbia, Canada. (b) Aerial photograph of the southeastern playa showing the four surface
environments: wetland, grassland, localized mounds and amalgamated mounds. (c) Photograph of the amalgamated mound adjacent to the
main wetland showing the locations of the eight sediment profiles (see Fig. 2). Water samples were collected from the water table at profiles 4,
6 and 7.
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to as the southwestern and southeastern playas that are sep-
arated by a ridge (Fig. 1b and c shows the southeastern
playa). In addition to these playas, there are numerous
alkaline water bodies in the Atlin region including Como
Lake and Moose Lake (Power et al., 2009). The playas host
a wide range of magnesium and calcium carbonate minerals
that form in a variety of environments (Table 1).

The southeastern playa has four surface environments
(wetlands, grasslands, localized hydromagnesite–magnesite
mounds, and amalgamated hydromagnesite–magnesite
mounds) representing various stages of playa genesis
(Fig. 1b). Mineralogical analysis of sediments revealed
three consecutive sedimentary units: Mg-carbonate sedi-
ments, Ca-Mg-carbonate sediments, and glaciolacustrine
mud, from the surface to �4 m depth (Power et al.,
2014). Fig. 2 is reproduced and modified from Power
et al. (2014) with additional annotations and inclusion of
profile 8. Glaciolacustrine, siliceous mud was deposited first



Table 1
Relevant carbonate minerals in playas.

Mineral Formula Location in the playas

Lansfordite Mg3CO3�5H2O Hardpan at water table within mounds
Nesquehonite Mg3CO3�3H2O Surface crusts near waters and films on water surface; trace amounts in hardpan
Dypingite Mg5(CO3)4(OH)2�5H2O Benthic mats and surface sediments along wetland periphery
Hydromagnesite Mg5(CO3)4(OH)2�4H2O Grassland sediments (above water table), mounds (Mg-carbonate unit)
Magnesite MgCO3 Mounds (Mg-carbonate and Ca-Mg-carbonate units)
Dolomite (or high
Mg-calcite)

CaMg(CO3)2 Ca-Mg-carbonate sediments that underlie Mg-carbonate sediments in mounds

Huntite CaMg3(CO3)4 Possibly present in Ca-Mg-carbonate sediments
Ankerite Ca(Fe2+,Mg,Mn)

(CO3)2

Sediments below the water table in the grassland areas

Aragonite CaCO3 Anoxic sediments in wetland below benthic mats; consolidated aragonite along wetland
periphery; pisolites; Ca-Mg-carbonate unit
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in glacial lakes that occupied topographic lows carved out
during the last glaciation. Over time, carbonate deposition
overtook siliciclastic deposition as the supply of glacial
meltwater ceased and was replaced by alkaline Mg–HCO3

groundwater.
Modern groundwater (pH � 8.1) near the playas is

supersaturated with respect to anhydrous carbonate miner-
als: aragonite, calcite, dolomite, huntite, and magnesite.
Upon discharging into alkaline ponds, carbonate precipita-
tion is driven by chemical and physical processes (e.g., CO2

degassing and evaporation) as well as biological processes
(e.g., alkalinization by photosynthetic microbes; Power
et al., 2007), which fills these water bodies with carbonate
sediment over time. Small (metre-scale) and larger
(�0.2 ha) water bodies still occupy the modern southeast-
ern playa, which has no surface inflows or outflows, thereby
creating an endorheic basin that concentrates waters
through evaporation. The main wetland (pH � 8.6) is
supersaturated with respect to the aforementioned carbon-
ate minerals as well as hydromagnesite and lansfordite and
is near saturation with respect to nesquehonite. However,
anoxic sediments below microbial mats in the pond are
undersaturated with respect to these hydrated Mg-
carbonate minerals due to a lower pH value of �7.
Subaqueous carbonate deposition progressively fills these
ponds with mainly aragonite, and through diagenesis a
Ca-Mg-carbonate unit comprised of aragonite, ankerite,
dolomite (or high Mg-calcite), and magnesite forms overly-
ing the glaciolacustrine deposit. Buried grass near the top of
this Ca-Mg-carbonate unit indicates that there was a tran-
sition from subaqueous to subaerial sediment deposition.
Mg–HCO3 waters are drawn to the surface by capillary
action and evaporate in the unsaturated zone leading to
subaerial precipitation of hydrated Mg-carbonate minerals
and development of nearly pure hydromagnesite mounds.
Continued precipitation grows these mounds upward and
laterally, thereby amalgamating metre-scale mounds into
larger mounds that are 10 s of metres in diameter in the pre-
sent day (Fig. 1b and c).

With regards to timing, all carbonate sediments overlay
glaciolacustrine sediments that were deposited during the
last deglaciation in which the Cordilleran ice sheet reached
a maximum size at approximately 16.5 ka and had disap-
peared by �11 ka (Menounos et al., 2009 and references
therein). Radiocarbon dating of buried vegetation at the
top of the Ca-Mg-carbonate unit indicates that deposition
of the overlying Mg-carbonate unit began upwards of
�8000 cal yr BP and its deposition rate has been
�0.4 mm/yr (Power et al., 2014). The depositional model
constrains magnesite formation to the Holocene and an
Earth surface temperature.

3. METHODS

3.1. Field methods

3.1.1. Water sampling

Waters in the Atlin area were sampled for 14C analyses.
These included spring water collected at the base of Mon-
arch Mountain (�3.5 km to the southeast of the playas),
groundwater from a private well, and the playa water table.
The well (�35 m deep) was located approximately 50 m
from the southeastern playa and was flushed several times
to obtain representative groundwater. A 60 mL syringe
and TygonTM tubing were used to collect samples from the
water table beneath the amalgamated mound during sedi-
ment sampling using an auger at the locations of profiles
4, 6, and 7 (Fig. 1c). In addition, samples from the water
table were collected from a 20 cm deep hole dug near the
wetland periphery, and �1-metre-deep pit approximately
30 m from the south lobe of the main wetland. The pond
water from the main wetland in the southeastern playa
was also sampled. All water samples were filtered
(0.22 lm) into TraceCleanTM 40 mL amber borosilicate vials
with a fluoropolymer resin/silicone septum and no head-
space. Additional water samples for analyses of cations,
anions and dissolved inorganic carbon (DIC) were collected
from the water table at profiles 6 and 7. These samples were
filtered (0.22 lm) into 2 mL borosilicate glass vials with
cation samples being acidified to 2% v/v ultrapure nitric
acid. A Thermo Scientific� Orion 4-Star portable pH/ISE
meter was used to measure pH in the field and samples were
stored at 4 �C before analysis.

3.1.2. Sediment sampling

Sediment sampling was mainly conducted in the south-
eastern playa (Fig. 1b). These sediments were predomi-
nately hydromagnesite and magnesite (see Power et al.,



Fig. 2. Mineral abundance profiles of the playa along the sampling transect (Fig. 1c). Mineral abundances (wt.%) versus depth (cm). The
minerals plotted include hydromagnesite (hmg), magnesite (mgs), nesquehonite (nsq), aragonite (ara), dolomite, ankerite and huntite (grouped
as DAH), and silicate minerals grouped as siliciclastic muds. Data of sediment samples near the water table do not accurately represent the
mineralogical compositions of these sediments. Samples were stored at room temperature for approximately 1 yr prior to analysis, which
resulted in lansfordite dehydrating to nesquehonite and hydromagnesite. Subsequent analyses of fresh sediments near the water table that
form a hardpan showed they contained 36 wt.% lansfordite and trace nesquehonite (�3 wt.%). The calibrated ages based on radiocarbon
analyses of organics are labelled on profiles 3 through 7. The sediment profiles are positioned vertically based on their relative elevations
(modified from Power et al., 2014).
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2014 for details). Previous sampling along a 75 m north-
trending transect consisted of samples from profiles 1
(playa margin) through 7 (near wetland; Power et al.,
2014) with profile 8 being added to this study (Fig. 1c).
Samples at depth (up to 4 m) were collected using an auger.
At the time of sampling, a thermometer was inserted into
the sediments from profile 4 to measure temperature.

Selective sampling was conducted in the main wetland
and surrounding area for additional 14C analyses. Benthic
mats and underlying anoxic black sediments were collected
from the main wetland pond in addition to evaporative sur-
face crusts near the wetland periphery. Sediments from the
surface and below the water table at 40 cm depth in the
grassland environment were sampled as well as a pisolite
from consolidated aragonite rubble between localized
mounds of hydromagnesite. Consolidated Mg-carbonate
sediments that form a hardpan near the water table of the
amalgamated mound at the location of profile 7 were sam-
pled. Samples were collected in either plastic bags or 50 mL
centrifuge tubes. Fieldwork and sampling for this study
were conducted in July of 2011 and 2012.

3.2. Analytical methods

3.2.1. Water analyses

At The University of British Columbia, cations were
analyzed using inductively coupled plasma optical emission
spectrometry (ICP-OES) employing a Varian 725-ES Opti-
cal Emission Spectrometer. Reproducibility was better than
±5% relative error based on repeated analysis of standards
and duplicate samples. Anions were analyzed using ion
chromatography by ALS Environmental in Burnaby, Bri-
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tish Columbia with reproducibility being better than ±5%
relative error based on repeated analysis of duplicate sam-
ples. DIC concentrations were determined using a Lachat
IL550 TOC-TN analyzer (Hach Company, Loveland, CO,
USA). Aliquots (100 lL) of sample were added to a 10%
H3PO4 by volume solution to release CO2(g), which was
measured with an infrared detector. The detection limit
for this instrument is 0.5 mg/L. These water chemical data
from the water table at profiles 6 and 7 supplemented pre-
viously published data (Power et al., 2014; Table 2).

Mineral saturation indices were calculated using
PHREEQC V3 (Parkhurst and Appelo, 2013) and the
LLNL database, which was modified to include the car-
bonic acid dissociation constants of Patterson et al. (1982,
1984), the thermodynamic constant for Mg2+ hydrolysis
(Palmer and Wesolowski, 1997), and the magnesite and
hydromagnesite solubility products of Bénézeth et al.
(2011) and Gautier et al. (2014), respectively. The aqueous
MgHCO3

+ and MgCO3� complexes were added after
Stefánsson et al. (2014). Activity coefficients were calculated
using the PHREEQC LLNL database.

3.2.2. X-ray diffraction methods

Select sediment samples that were treated with dilute
acid were analyzed by X-ray diffraction (XRD) to confirm
the removal of hydromagnesite prior to isotopic analysis.
Finely ground aliquots were mounted as slurries onto glass
plates with anhydrous ethanol and allowed to dry at room
temperature. All XRD data were collected using a Bruker
D8 Focus Bragg-Brentano diffractometer with a step size
of 0.04� over a range of 3–80� 2h at 0.8 s/step and a sample
rotation of 50 rpm. A Fe monochromator foil, a 0.6 mm
divergence slit, incident and diffracted beam Soller slits,
and a Lynx Eye position sensitive detector were used to col-
lect patterns. A long, fine-focus Co X-ray tube was oper-
ated at 35 kV and 40 mA using a take-off angle of 6�.
Search-match software, DIFFRACplus EVA 14, and the
International Centre for Diffraction Database PDF-4+
2010 were used for phase identification (Bruker, 2008).
Mineral abundances in profile 8 samples were determined
using the same methods as for the other profile samples
(refer to Power et al., 2014 and references therein). Rietveld
refinements for profile 8 samples were completed using
Topas Version 3 software (Bruker, 2004).

At The University of British Columbia, our Rietveld
refinement analyses can accurately quantify carbonate
abundance to a lower limit of �0.5 wt.%, and the quantifi-
cation for crystalline carbonate abundance (e.g., nesque-
honite) of <10 wt.% is approximately 15% relative error
(Wilson et al., 2006, 2009b). Additionally, the results of
Wilson et al. (2006) indicate that an effective lower limit
for quantification of amorphous content may be �5 wt.%.

3.2.3. Microscopy

Petrographic thin sections of the hardpan, collected at
profile 7, were imaged using a Nikon petrographic micro-
scope equipped with a Canon EOS Rebel T2i camera. Scan-
ning electron microscopy (SEM) of sediment samples was
performed at the Centre for High-Throughput Phenoge-
nomics at The University of British Columbia, Vancouver,
Canada. Samples were mounted onto aluminum stubs using
12 mm carbon adhesive tabs and coated with iridium
(8 nm) using a Leica EM MED020 coating system. Imaging
was performed using an FEI Helios NanoLab 650 emission
SEM, with an operating voltage of 1.0 kV.

3.2.4. Sediment physical properties and water contents

The porosity of the near-surface Mg-carbonate unit was
estimated by gravimetric measurements of known volumes
(n = 8) of sediment that were weighed before and after dry-
ing at room temperature. This sediment density was com-
pared to that of stoichiometric hydromagnesite to
calculate the porosity. Sediments from profile 4 were dried
first at room temperature and then at 105 �C to determine
sediment and crystallographic water contents, respectively.
Any lansfordite, nesquehonite, or dypingite present in the
samples was converted to hydromagnesite when the sedi-
ments were heated to 105 �C until masses stabilized after
approximately 4 days.

Surface areas of samples containing 100 wt.% hydro-
magnesite (profile 2, �80 cm depth) and 96 wt.% magnesite
(collected from the North playa at a depth of �95 cm) were
determined by multipoint Brunauer–Emmett–Teller (BET;
Brunauer et al., 1938) with N2 adsorption using a Quan-
tachrome� Autosorb-1 surface area analyzer. Prior to the
BET measurement, trace amounts of organics were
removed from the magnesite sample by reacting it with
30% hydrogen peroxide solution for one day as per the
methodology of Feller et al. (1992). Reproducibility was
better than 0.1 m2/g based on repeated analysis of duplicate
samples. To estimate the particle size distribution of magne-
site in sediments containing both magnesite and hydromag-
nesite, 10% HCl was used to dissolve the hydromagnesite
until vigorous fizzing had ceased. The sediments were rinsed
with deionized water to prevent further reaction. The
absence of hydromagnesite was confirmed using XRD. Par-
ticle size analyses were then performed using a Malvern�

Mastersizer 2000 Laser Diffraction Particle Size Analyzer.
The standard deviations ranged from 0.006 to 0.34 lm
based on triplicate analyses. It was expected that smaller
magnesite grains may have dissolved, and larger grains
may have been reduced in size. All of these analyses were
conducted at The University of British Columbia.

3.2.5. Stable isotope analyses

Stable carbon and oxygen isotopes were measured at
The University of British Columbia. Hydromagnesite dis-
solves much more rapidly than magnesite, allowing for sep-
arate analysis of the stable carbon and oxygen isotopic
compositions in mixtures containing both minerals (refer
to methods in Wilson et al., 2014). Aliquots (10–100 s mg)
of sediment were placed in Labco Exetainer� vials and
acidified using 85% phosphoric acid (H3PO4). For hydro-
magnesite analyses, samples were reacted at room tempera-
ture (�25 �C) for 1 h immediately prior to analysis. For
magnesite analyses, evolved CO2 from the rapid reaction
of hydromagnesite was allowed to escape for 30 min. Qual-
itative X-ray powder diffraction data were collected on a
subset of samples to confirm the removal of hydromagne-
site using similar methods as previously described. Sample



Table 2
Water chemistry of the southeastern playa near Atlin, British Columbia. Detection limits are given in parentheses and analytes not detected are listed as ‘‘n.d.” PHREEQC (Parkhurst and Appelo,
2013) was used to calculate saturation indices for lansfordite (lns), nesquehonite (nsq), hydromagnesite (hmg), and magnesite (mgs).

Sample location pH Alkalinity (mg HCO3
�/L) Cation concentrations (mg/L) Anion concentrations (mg/L)

Mg (0.1) Ca (0.2) Si (0.3) Na (0.2) K (1.0) Fe (0.1) Al (0.7) SO4 (0.1) Cl (0.1) NO3 (0.1)

Groundwater wella 8.14 2610 474 7.3 11.5 16.1 6.8 n.d. 0.16 39.8 1.9 0.1

Mound waters
Profile 4 locationa 7.98 8480 1547 2.1 16.7 87.4 14.3 0.22 0.25 77.4 7.4 4.1
Profile 6 location 8.14 6698 1885 1.3 6.7 79.4 13.0 n.d. n.d. 26.3 8.7 2.7
Profile 7 location 8.17 5995 1675 0.4 n.d. 109 16.5 n.d. n.d. 36.9 18.4 5.4

Wetland (north lobe)a 8.61 4780 887 9.9 31.1 57.5 11.0 0.15 0.26 97 16.6 n.d.
Wetland (south lobe)a 8.56 4720 865 9.2 33.8 76.1 12.4 n.d. 0.26 80.5 6.4 n.d.

Sample location Saturation indices

Lns Nsq Hmg Mgs

Groundwater well �0.31 �1.49 �3.38 1.45

Mound waters
Profile 4 location 0.29 �0.67 �0.11 2.19
Profile 6 location 0.43 �0.75 0.05 2.19
Profile 7 location 0.42 �0.76 0.01 2.18

Wetland (north lobe) 0.47 �0.48 1.72 2.38
Wetland (south lobe) 0.42 �0.53 1.42 2.33

a Data from Power et al. (2014).
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vials were then sealed, and the magnesite was reacted at
72 �C overnight to ensure complete reaction. The CO2 gen-
erated from the acidification of all carbonate samples was
passed through an ethanol–dry ice cold trap, and subse-
quently mixed with �100 mL of laboratory air, before
being drawn into a Los Gatos Research (LGR�) off-axis
integrated cavity output laser spectrometer (detailed meth-
ods provided by Barker et al., 2011). The LGR instrument
measures the absorption spectra of 12C16O16O, 13C16O16O,
and 12C16O18O in the near-infrared wavelength spectrum.
The stable carbon and oxygen isotope values are reported
in the conventional d notation in per mil (‰) relative to
Vienna Pee Dee Belemnite (VPDB) and Vienna Standard
Mean Ocean Water (VSMOW), respectively. An in-house
calcite standard with a well-known d13CVPDB value of 1.8
± 0.2‰ and d18OVSMOW value of 13.7 ± 0.3‰ was
measured at least every five samples. The d18O values of
Mg-carbonate sediments were corrected for reaction with
phosphoric acid using the fractionation factors from Das
Sharma et al. (2002). The fractionation factor for
magnesite was used as a proxy for the fractionation of
hydrated Mg-carbonate minerals. These factors were
103lnaCO2-mgs = 11.920‰ at 25 �C (hydromagnesite) and
9.966‰ at 72 �C (magnesite). Stable carbon and oxygen
isotope data for hydromagnesite and magnesite in the sed-
iment mixtures were compared to isotope data previously
reported for the same bulk sediment samples (Power
et al., 2014). In this comparison, predicted d13C and d18O
values of the bulk sediment mixtures were calculated based
on the molar carbon and oxygen ratios and relative abun-
dances of hydromagnesite and magnesite as determined
by Rietveld refinement of XRD data. These calculated iso-
tope values were in good agreement (<10% relative error)
with the previously measured values for the bulk sediments
(Power et al., 2014).

3.2.6. 14C analysis

Sediment samples that contained organics from sedi-
ment profiles 3, 4 and 5 were analyzed at the Radiocarbon
Dating Centre at the Australian National University, Can-
berra. Organic matter in the sediments was isolated using
an acid/base/acid wash treatment that alternated between
1M HCl and 1M NaOH in 30 min batches until wash solu-
tions were clear. A final 1 h acid wash was performed. Sam-
ples were rinsed with Milli-QTM water until the supernatant
was neutral and then dried overnight. A standard proce-
dure for sample combustion and CO2 purification was con-
ducted and followed by graphitization using the method of
Santos et al. (2004). 14C analyses were performed using a
single-stage accelerator mass spectrometer (Fallon et al.,
2010; Beavan et al., 2012). Sample preparation back-
grounds were subtracted based on measurements of sam-
ples of 14C-free CO2. Standard deviations of calibrated
ages ranged from 52 to 114 years before present. In addi-
tion, radiocarbon analysis of water samples by Accelerator
Mass Spectrometry was performed at the NSF Accelerator
Mass Spectrometry Laboratory, University of Arizona,
Tucson, USA. Percent modern carbon data were reported
with errors of ±0.1.
4. RESULTS

4.1. Mound pore waters

Mg–HCO3 groundwater that discharges into the playas
was undersaturated with respect to hydrated Mg-carbonate
minerals, yet supersaturated with respect to magnesite
(Table 2; Power et al., 2009; Power et al., 2014). In contrast,
playa surface waters were also supersaturated with respect
to hydromagnesite, lansfordite and nearly saturated with
respect to nesquehonite (nesquehonite films occasionally
form on water surfaces; Power et al., 2009). Waters col-
lected from the water table of the amalgamated mound
(Fig. 1c) were at equilibrium with hydromagnesite [avg. sat-
uration index (SI) = 0.0] and supersaturated with respect to
lansfordite (avg. SI = 0.4) and magnesite (avg. SI = 2.2;
Table 2).

During the summer, the sediment temperature at the
water table was approximately 6 �C with temperatures
ranging from 14 �C at the surface to 3 �C at a depth of
180 cm in profile 4 (Fig. 3), the deepest measurement taken.
Water contents of sediments in profile 4 ranged from 35%
to 50% as a percentage of total sediment mass (Fig. 3). Fur-
thermore, water saturation was relatively consistent
throughout the unsaturated zone.

4.2. Mineralogical and textural data

The most striking features of the playas are the localized
and amalgamated mounds of hydromagnesite and magne-
site that give rise to a hummocky surface topography
(Fig. 1b). Importantly, the few localized mounds that have
been sampled were entirely composed of hydromagnesite
(Power et al., 2009), whereas the amalgamated mounds
were predominately hydromagnesite with variable amounts
of magnesite (Power et al., 2014). The upper surface of the
large amalgamated mound where most of the sampling was
conducted was 1–2 m above the wetland water surface
(Fig. 1c). At the location of the sampling transect, hydro-
magnesite abundance at the surface ranged from 59 to 92
wt.% with the remainder being magnesite (8–41 wt.%; see
Power et al., 2014). The sampling transect intersected two
magnesite-rich zones, one centered on profile 4 and another
at profile 8 (Fig. 1c; Power et al., 2014). High magnesite
abundance at the surface of a profile correlated with rela-
tively high magnesite abundance at depth (Fig. 2).

Profiles 3 through 8 extended below the water table
(�1 m), which was located within the Mg-carbonate unit
(Fig. 2). The sediments near the water table had a distinct
mineralogical composition and formed a hardpan (20–
30 cm thick). Data presented in Fig. 2 does not accurately
represent sediments near the water table as samples were
stored at room temperature for >1 year before analysis,
which resulted in lansfordite dehydrating to nesquehonite
and hydromagnesite prior to analysis (Power et al., 2014).
Analyses of fresh samples (n = 3) demonstrated that the
hardpan contained an average of 36 wt.% lansfordite and
trace amounts of nesquehonite (�3 wt.%; Power et al.,
2014). Lansfordite formed mm-scale, prismatic crystals that



Fig. 3. Temperature profile for profile 4 in July. Sediment and
crystallographic water contents were determined gravimetrically by
drying sediments at room temperature and then 105 �C. At 105 �C,
crystallographic water is only removed from lansfordite, nesque-
honite, and dypingite; thus, delineating a zone of hydromagnesite
precursors.
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cemented sediments also containing nesquehonite and
hydromagnesite (Fig. 4a and b). Heating (105 �C) of dry,
fresh sediments near the water table resulted in substantial
crystallographic water loss near and above the water table
(Fig. 3).

As observed using SEM, sediments near the water table
exhibited a greater variety of mineral species and crystal
morphologies relative to sediments from above or below
the water table. Lansfordite crystals appeared dehydrated
with desiccation cracks, and long, prismatic crystals of
nesquehonite were observed (Fig. 4c). Although dypingite
was not detected by XRD, its presence was suggested from
the observation of flakey rosettes of Mg-carbonate, a mor-
phology common of dypingite (Fig. 4d; Raade, 1970;
Canterford et al., 1984; Power et al., 2007; Power et al.,
2009). Rosettes of hydromagnesite plates, a unique crystal
morphology, were also observed (Fig. 4e). For comparison,
hydromagnesite in most of the Mg-carbonate unit is in the
form of micrometre-scale plates (�100 nm thick; Fig. 4f).

Magnesite exhibited two distinct crystal morphologies
above and below the water table. Magnesite crystals above
the water table (Fig. 5) had some rough surfaces and occa-
sionally formed cone-like terraced morphologies (see
Fig. 5b–e). Magnesite crystals were submicrometre to
�5 lm in width with the rhombohedral crystal morphology
being more apparent in smaller crystals (arrows in Fig. 5a).
Crystals were notably smaller in sediments containing lower
magnesite abundance (Fig. 5b; profile 6: 7 wt.%) than in
sediments with higher magnesite abundance (Fig. 5c–e; pro-
file 4:�40 wt.%). In sediment aggregates, magnesite crystals
were often observed wedged between hydromagnesite plates
(Fig. 5c, e, and f). Magnesite crystals below the water table
(Fig. 6) had smoother crystal faces, were blockier in appear-
ance, and lacked the cone-like morphologies seen above the
water table. For comparison, see magnesite in Fig. 6a
(below water table) versus magnesite in Fig. 5c. Again,
magnesite crystal sizes were noticeably larger in sediments
with high magnesite abundance (Fig. 6a from profile 4, 33
wt.%) relative to those with low magnesite abundance
(Fig. 6b from profile 6, 6 wt.%). Magnesite crystals were
found wedged between hydromagnesite plates in sediment
aggregates. Below the water table, some hydromagnesite
crystals were observed with rough edges suggesting dissolu-
tion (Fig. 6c and d); however, this texture was not observed
across the playa and was not consistent between samples.

Median magnesite particle size increased exponentially
with increasing magnesite abundance in sediments at the
surface and those below the water table (Fig. 7a). In con-
trast, there was no correlation between particle size and
magnesite abundance in sediments near the water table.
BET surface areas of a nearly pure sample of magnesite
(96 wt.%) collected from the North playa and pure hydro-
magnesite from profile 2 (�80 cm depth) were 5.9 and
9.7 m2/g, respectively.

4.3. Isotopic data

Stable carbon and oxygen isotope data of the bulk Mg-
carbonate sediments in the amalgamated mound (Fig. 1c)
have previously been reported (Power et al., 2014). In the
present study, the stable carbon and oxygen isotopic com-
positions of hydromagnesite and magnesite were analyzed
separately to provide information regarding differences in
environmental conditions or reaction pathways during the
formation of these minerals. A key observation was that
magnesite was consistently depleted in 13C and 18O relative
to hydromagnesite (Fig. 8). Hydromagnesite d13C and d18O
values showed clear decreasing trends from the surface to
depths below the water table. The decreases in d13C and
d18O values were approximately 2–4‰ and 3–6‰ from
the surface to depth, respectively (Fig. 9a). Magnesite stable
isotopic data do not exhibit clear trends with depth, partic-
ularly for d18O values (Fig. 9a).

Previous stable isotopic analyses of the playa and Atlin
area waters showed prominent trends indicating CO2 degas-
sing, photosynthesis and evaporation, which causes isotopic
enrichment of 13C and 18O in carbonate minerals precipi-
tated from these waters (Fig. 9; Power et al., 2007; Power
et al., 2009; Power et al., 2014). Stable carbon and oxygen
isotope values for hydromagnesite and magnesite were con-
verted to equivalent d13C values of DIC and d18O values of
water based on equilibrium fractionation between each
mineral and the fluid to facilitate comparison with the Atlin



Fig. 4. (a) and (b) Photomicrographs of a hardpan located near the water table at the location of profile 7 (36 wt.% lns). Micrographs show
mm-scale lansfordite (lns) crystals cementing sediments that also contain nesquehonite (nsq) and hydromagnesite (hmg) based on XRD
analysis. (c through e) Representative scanning electron micrographs of hydrated Mg-carbonate minerals. (c) Elongated crystals of
nesquehonite (centre). (d) Flakey, rosette crystal morphology that is most common of dypingite. (e) Rosette crystal arrangement with platelet
(�100 nm) crystal morphology indicative of hydromagnesite. Micrographs c, d, and e are of sediments at 91–95 cm depth at profile 4. (f)
Typical platy hydromagnesite found throughout the Mg-carbonate sediments (sample from profile 4: 0–5 cm depth).
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waters (Fig. 9b). The stable oxygen equilibrium fractiona-
tion factor for hydromagnesite (O’Neil and Barnes, 1971),
and the stable carbon and oxygen fractionation factors
for magnesite (Romanek et al., 1992; Deines, 2004) were
used assuming a temperature of 10 �C. The stable carbon
equilibrium fractionation factor between DIC and hydro-
magnesite is not known, and therefore the fractionation
factor for dypingite was used, 103lnadypingite–HCO3– = 3.8
± 1.2‰ between 20 �C and 25 �C (Wilson et al., 2010). This
fractionation factor was adjusted for 10 �C assuming the
same temperature dependence as magnesite. Based on this
analysis, magnesite precipitated from waters with isotopic
compositions ranging from that of groundwater to near-
water table isotopic compositions, whereas hydromagnesite
precipitated from waters having isotopic compositions
ranging from those of the water table in the mound to sur-
face waters (Fig. 9b). There remains uncertainty regarding
the stable carbon and oxygen fractionation factors of
hydromagnesite and magnesite.

The determination of exact dates of magnesite forma-
tion using radiocarbon analyses is hampered by the numer-
ous potential sources that contribute carbon to
groundwater feeding the playa, including soil CO2, and
bedrock carbonate that is radiocarbon dead (e.g.,
Oskierski et al., 2013). Radiocarbon analyses of magnesite
and hydromagnesite from profile 6 (Figs. 8d and 10)
showed that near-surface sediments were ‘‘younger” (i.e.,
they contained more 14C) than deeper sediments. Ground-



Fig. 5. Representative scanning electron micrographs of magnesite from above water table. (a) A submicron magnesite crystal with a
hydromagnesite plate (arrow) attached to the one side (profile 4: 0–5 cm depth, 41 wt.% mgs). Note the presence of three other flat segments or
‘‘ledges” on the magnesite that may have held other hydromagnesite plates. Magnesite rhombohedral crystal habits most easily recognized in
submicron crystals (arrows). (b) A submicron crystal of magnesite from profile 6 (0–17 cm, 7 wt.% mgs), a low-magnesite profile. (c) A
magnesite crystal with a cone-like terraced morphology between a stack of hydromagnesite plates (profile 4: 6–23 cm, 41 wt.% mgs). Note how
well the crystal appears to fit (arrow) amongst the hydromagnesite plates. (d) A large (several microns width) aggregate of magnesite crystals
showing a rough surface (profile 4: 0–5 cm, 41 wt.% mgs). (e) Sediment aggregate showing magnesite crystals wedged between hydromagnesite
plates (profile 4: 24–31 cm, 42 wt.% mgs). (f) Hydromagnesite plates fanned out with magnesite crystals wedged in-between (profile 4: 91–
95 cm, 27 wt.% mgs).
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water from the nearby well had d13CDIC and pMC values
that indicated mixing between soil DIC, which dominates
local spring water, and bedrock carbonate, likely from list-
wanite (Hansen et al., 2005; Power et al., 2014). Surface and
ground waters in the playa had pMC values in the range of
0–12%. For example, water from the main wetland had
�12% modern carbon. Various carbonate sediments associ-
ated with playa waters [e.g., pisolite (ara), anoxic wetland
sediments (ara), and carbonated benthic mat (ara + dyp)]
had radiocarbon ages that indicated formation long before
the end of the last glaciation (�11 ka). These ages conflict
with the depositional model that demonstrates that the
playas formed post-deglaciation. In contrast, surface sam-
ples of nesquehonite and hydromagnesite had pMC values
of approximately 70–80%, which may reflect more recent
precipitation or exchange of DIC with modern atmospheric
CO2 (Wilson et al., 2009a; Wilson et al., 2014).

5. DISCUSSION

There are two possible pathways for the formation of
hydromagnesite and magnesite in the playas: (1) direct pre-



Fig. 6. Representative scanning electron micrographs of magnesite below the water table. (a) The typical rhombohedral crystal morphology
of magnesite is more pronounced (profile 4: 117–125 cm depth, 33 wt.% mgs); compare magnesite crystals above the water table (Fig. 5). (b)
Magnesite crystals have smoother faces and have a ‘‘blockier” appearance in comparison to magnesite above the water table (profile 6: 210–
220 cm, 6 wt.% mgs). (c) Magnesite crystals wedge between pates of hydromagnesite that show signs of dissolution (profile 4: 117–125 cm, 33
wt.% mgs). (d) Some hydromagnesite plates with rough plate edges (arrows) indicating dissolution (profile 4: 237–248 cm, 33 wt.% mgs).
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cipitation from pore waters, or (2) mineral transformation.
The playas are an open system with a continuous supply of
Mg–HCO3 groundwater that is supersaturated with respect
to magnesite at depth, and upon reaching the near-surface
becomes saturated with respect to hydromagnesite and
other hydrated Mg-carbonate minerals such as lansfordite
(Table 2; Power et al., 2014). Therefore, both magnesite
and hydromagnesite could precipitate from pore waters
within the playa (Eqs. (1) and (2); Shock and Helgeson,
1988; Königsberger et al., 1999; Bénézeth et al., 2011;
Gautier et al., 2014).

5Mg2þþ4CO2�
3 þ2OH�þ4H2O

!Mg5 CO3ð Þ4 OHð Þ2 �4H2O DG
�

r298:15¼�210:68kJ=mol

hydromagnesite Log10Ksp�hmg¼�37:08�0:5

ð1Þ
Mg2þ þ CO2�

3 ! MgCO3 DG
�

r298:15 ¼ �44:5 kJ=mol

magnesite Log10Ksp�mgs ¼ �7:80� 0:3

ð2Þ
Although lansfordite and nesquehonite precipitate

rapidly from aqueous solution (Davies and Bubela, 1973;
Hänchen et al., 2008; Hopkinson et al., 2008; Hopkinson
et al., 2012), formation of magnesite and hydromagnesite
are, to varying degrees, kinetically controlled at Earth’s sur-
face conditions (Königsberger et al., 1999). Specifically,
hydromagnesite precipitation is typically kinetically
controlled at temperatures <40 �C; whereas magnesite pre-
cipitation is kinetically controlled at <60 �C (Königsberger
et al., 1999; Hänchen et al., 2008; Gautier et al., 2014).

Ostwald’s rule of phases states that the pathway to the
thermodynamically stable mineral (magnesite in the Mg-
carbonate system) passes consecutively through each less
stable phase in order of increasing stability (De Yoreo
and Vekilov, 2003). Thus, the following transformations
would be expected to occur in the Atlin playas: lans-
fordite ? nesquehonite ? dypingite ? hydromagnesite ?
magnesite (Königsberger et al., 1999). Some of these trans-
formations have been documented in low-temperature lab-
oratory experiments. For example, nesquehonite
transforming to dypingite and then to hydromagnesite at
room temperature (e.g., Eq. (3); Hopkinson et al., 2008;
Hopkinson et al., 2012; Harrison et al., 2015, 2016; Power
et al., 2016; Harrison et al., 2019).

Mg5 CO3ð Þ4 OHð Þ2 �5H2O ! Mg5 CO3ð Þ4 OHð Þ2 �4H2OþH2O

dypingite hydromagnesite

ð3Þ
Ruiz-Agudo et al. (2014) state that there are two main

mechanisms of mineral transformation. One mechanism is
interface-coupled dissolution-precipitation whereby an aque-
ous fluid induces dissolution of one phase to produce an



Fig. 7. Magnesite particle size data. (a) Magnesite abundance
(wt.%) versus median particle diameter (lm) for magnesite from
surface (triangles), near water table (squares), and below water
table (circles) sediments. Points represent triplicate analyses with 1
r standard deviation error bars. Lines of an equal number of
particles per gram of sediment are displayed for comparison. (b)
Magnesite abundance (wt.%) versus geometric surface area (m2/g).
(c) Magnesite abundance (wt.%) versus total surface areas of
hydromagnesite (hmg) and magnesite (mgs) in 1 g of Mg-carbonate
sediment.
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interfacial layer that is supersaturated with respect to other
phases. This reacting fluid is undersaturated with respect to
the parent solid to initiate its dissolution and the product
mineral may take on the crystal morphology of the parent,
i.e., a pseudomorphic replacement (e.g., Pedrosa et al.,
2017). A second mechanism is when a parent solid-
exchanges atoms through diffusion to form another phase
in a solid-state transformation that may also preserve mor-
phologies. This transformation might involve hydromagne-
site dehydrating to form magnesite through a solid-state
transformation (Eq. (4); Wagman et al., 1982; Zhang
et al., 2000; Di Lorenzo et al., 2014; Gautier et al., 2014).

Mg5 CO3ð Þ4 OHð Þ2 �4H2OþCO2�
3

!5MgCO3þ4H2Oþ2OH� DG
�

r298:15¼�11:82kJ=mol

hydromagnesite magnesite

ð4Þ
The transformation of hydromagnesite to magnesite can

be achieved within hours in high-temperature (e.g., 110–
200 �C) batch experiments, but is estimated to require 10–
100 s of years at near-surface conditions (Zhang et al.,
2000). In batch experiments (120, 150 and 180 �C) con-
ducted by Di Lorenzo et al. (2014), the conversion of
hydromagnesite to magnesite occurred via a dissolution-
precipitation process with other transformation mecha-
nisms being excluded based on the experimental data. These
high-temperature batch experiments were closed systems
and are not necessarily good representations of the playas.
The playas form under Earth surface temperatures and are
an open system with a continuous supply of Mg–HCO3

groundwater that, upon evaporation and degassing, is sat-
urated with respect to hydromagnesite. There remain many
questions regarding the formation pathways and rates of
hydromagnesite and magnesite at Earth’s surface given
their slow precipitation rates, the complexity of the Mg-
carbonate system, and the challenges of studying mineral
transformation processes. In particular, it is unclear if min-
eral transformation processes play an important role in
magnesite formation in low-temperature environments such
as the Atlin playas, or if magnesite precipitates directly
from solution without requiring a hydromagnesite precur-
sor. In the following sections, we assess the precipitation
pathways, controls, and rates of hydromagnesite and mag-
nesite formation in the Atlin playas.

5.1. Hydromagnesite formation

5.1.1. Hydromagnesite precipitation pathways

To date, there is no experimental study demonstrating
direct nucleation and precipitation of hydromagnesite at
Earth surface temperatures from an aqueous solution that
is free of any solids, but rather numerous studies showing
that it forms from precursor minerals (e.g., Davies and
Bubela, 1973; Hopkinson et al., 2012).

The presence of nearly pure hydromagnesite sediments
in localized mounds and highly variable abundances of
magnesite (below detection to 86 wt.% by XRD) in the
amalgamated mound strongly indicates that most of the
hydromagnesite is deposited before magnesite formation



Fig. 8. Plots of depth (cm) versus d13C and d18O values (‰) of hydromagnesite (red line) and magnesite (blue line) from Mg-carbonate
sediments from profiles 3 (a), 4 (b), 5 (c), 6 (d) and 8 (e). Also plotted are the positions of the water table (dashed line) and magnesite
abundance on the secondary x-axis. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 9. A plot of estimated d13CDIC and d18O values of waters from which hydromagnesite and magnesite may have formed from based on
equilibrium fractionation. Carbon and oxygen isotopic compositions of the waters collected from the Atlin site are plotted for comparison
(Power et al., 2014; Power et al., 2009).
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(Fig. 2; Power et al., 2009). Two crystal morphologies of
hydromagnesite exist in the playa: (1) a flakey/rosette crys-
tal morphology that is more closely associated with the
water table (Fig. 4d and e) and (2) a platy crystal morphol-
ogy that the vast majority of the hydromagnesite is present
as in the playas (Fig. 4f). These two morphologies may
represent two stages along a single formation pathway
(e.g., a mineral transformation from more hydrated phases;
Eq. (3)) or separate pathways (e.g., mineral transformation
versus direct precipitation from aqueous solution; Eq. (1)).

The abundance of lansfordite within the hardpan near
the water table in the amalgamated mounds is explained
by the water chemistry. Here, waters are slightly supersatu-
rated (avg. SI = 0.4) with respect to lansfordite, which is the
most hydrated and least stable Mg-carbonate mineral.
Lansfordite will readily precipitate from Mg–HCO3 waters
at temperatures <10 �C (Ming and Franklin, 1985). Fur-
thermore, hydromagnesite is at equilibrium in these waters.
These findings indicate that hydrated Mg-carbonate precip-
itation is controlling water chemistry within the mounds.

The mineralogical and textural evidence from sediments
collected near the water table (particularly the hardpan)
suggests that numerous mineral transformations are occur-
ring at this location. These transformations are consistent
with previous studies showing that lansfordite will dehy-
drate to less hydrated Mg-carbonate phases such as nesque-
honite (Ming and Franklin, 1985; Königsberger et al., 1999;
Montes-Hernandez and Renard, 2016), which will in turn
readily transform to hydromagnesite (Davies and Bubela,
1973; Hopkinson et al., 2008). Gravimetric analyses of sam-
ples collected near the water table further emphasize the
unique mineralogical composition of this zone within the
Mg-carbonate unit. Heating of fresh sediments from profile
4 to 105 �C delineated a zone containing the more hydrated
hydromagnesite precursor minerals, lansfordite, nesque-
honite, and dypingite as well as amorphous phases, which
were not all captured with XRD (Fig. 3).

Dypingite and unnamed dypingite-like phases are inter-
mediates in the conversion of nesquehonite to hydromagne-
site (Hopkinson et al., 2008; Hopkinson et al., 2012). The
formation of flakey dypingite on surfaces of nesquehonite
has been previously observed, with this morphology matur-
ing into more plate-like forms over time as dypingite trans-
forms to hydromagnesite (Harrison et al., 2013; Power
et al., 2016). These textures observed in controlled experi-
ments are similar to those seen in sediments near the water
table (Fig. 4) where these transformations are likely occur-
ring through coupled dissolution-precipitation within inter-
facial waters at mineral surfaces (Power et al., 2016; Power
et al., 2017a). The more common platy hydromagnesite
(Fig. 4f) likely develops through continued precipitation
over time as these crystals tend to be larger and more crys-
talline than the flakey form. These mineral transformations
and morphological changes are consistent with Ostwald
step rule and ripening, whereby the latter results in ‘‘grain
coarsening” or larger well-formed crystals (Morse and
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Casey, 1988). Consequently, there is textural evidence indi-
cating that hydromagnesite forms through transformation
of more hydrated phases and continues to precipitate from
pore waters. However, direct nucleation and precipitation
from pore waters versus continued precipitation after a
mineral transformation cannot be distinguish from these
textures. Furthermore, the kinetics of Mg-carbonate trans-
formations in natural environments remains unclear. In the
case of the playas, the transformation of more hydrated
phases to hydromagnesite may enable it to by-pass nucle-
ation and hasten its formation.

5.1.2. Hydromagnesite sediment deposition

Mg-carbonate, mainly hydromagnesite, has been depos-
ited in the playa at a rate of between 0.3 and 0.4 mm/yr for
approximately 8000 years based on the thickness of this
unit and radiocarbon dating of organics at the top of the
Ca-Mg-carbonate unit (Fig. 2). This equates to approxi-
mately 200–300 g of hydromagnesite deposited per year
per square metre with a porosity of 66% as was determined
for the playa sediments. Hydromagnesite precipitation rates
measured in the laboratory (Gautier et al., 2014) are too
fast to account for the age and thickness of the hydromag-
nesite mounds. For example, the deposition of a metre-scale
thickness of hydromagnesite sediments would require only
decades based on the measured BET surface area (9.7 m2/
g) and laboratory-measured hydromagnesite growth rates
(Gautier et al., 2014).

The groundwater that discharges into the playas is
undersaturated with respect to hydromagnesite and then
becomes saturated upon evaporating and degassing. Waters
at the water table undergo an evaporative loss of �13% of
annual precipitation (Power et al., 2014) and are at near
equilibrium with respect to hydromagnesite (Table 2).
Hydromagnesite precipitation must match that of evapoc-
oncentration to maintain this condition, and is thus effec-
tively transport-controlled. Simply stated, increasing or
decreasing evapoconcentration from the playa would lead
to proportional changes in hydrated Mg-carbonate deposi-
tion rates. This control on formation rate differs from
reaction-controlled, which is commonly the regime under
which laboratory experiments are conducted to determine
mineral dissolution and precipitation rates (Saldi et al.,
2009; Saldi et al., 2012; Thom et al., 2013; Gautier et al.,
2014).

The precipitation of various hydrated Mg-carbonate
minerals and their transformations result in mounds (m-
scale) containing mainly hydromagnesite with a platy crys-
tal morphology. The formation of these minerals is mainly
driven by CO2 degassing and evaporation, the latter con-
trolling the precipitation and deposition rates.

5.2. Magnesite formation

5.2.1. Magnesite precipitation pathways

While hydromagnesite exhibits textures that may indi-
cate both mineral transformation (flakey) and precipitation
from aqueous solution (platy), magnesite textures suggest
only direct precipitation. Magnesite appears spatially sepa-
rate from hydromagnesite and tends to wedge between
hydromagnesite plates suggesting it does not form at the
expense of hydromagnesite, i.e., a mineral transformation.
For comparison, magnesite that formed from the transfor-
mation of hydromagnesite in high-temperature experiments
appeared to have grown from aggregates of hydromagne-
site crystals (Di Lorenzo et al., 2014). In the playa sedi-
ments, there was no indication of the intergrowth of
magnesite and hydromagnesite that would support a min-
eral transformation process being a dominant pathway
for magnesite formation; however, this observation does
not preclude the possibility that the initial formation of
magnesite occurred via hydromagnesite dehydration at a
scale that is not observable by SEM. Mineral transforma-
tion reactions can result in a pseudomorphic replacement
(Ruiz-Agudo et al., 2014; Pedrosa et al., 2016, 2017), but
this is not the case with magnesite and hydromagnesite that
have very distinct crystal structures and morphologies
(Figs. 4–6). Furthermore, magnesite crystals exhibit growth
textures (e.g., spiral crystal growth) demonstrating that
these are growing from pore waters.

Equilibrium isotopic fractionation during precipitation
of hydromagnesite and magnesite from the same water
would produce magnesite that is isotopically enriched in
13C and 18O relative to hydromagnesite, whereas isotopic
data shows a depletion (Fig. 8). Clumped isotope geother-
mometry of magnesite collected from near the surface of
profile 4 gave a formation temperature in the range of 1–
11 �C (Falk and Kelemen, 2015 and references therein),
which is consistent with the measured temperature range
for the modern playa from the surface to 2 m depth
(Fig. 3). Thus, magnesite precipitating from a much higher
temperature cannot account for its 13C and 18O depletions
relative to hydromagnesite.

Although magnesite is intermixed amongst hydromag-
nesite, its isotopic depletion relative to hydromagnesite
may be due to these minerals having formed in spatially dis-
tinct environments: near-surface in the case of hydromagne-
site and shallow subsurface in the case of magnesite.
Hydromagnesite d13C and d18O values increased towards
the surface (Fig. 8) indicating its formation was likely dri-
ven by evaporation and CO2 degassing nearer to the surface
(Fig. 9). In contrast, magnesite does not exhibit clear trends
in d13C and d18O values with depth and has an isotopic sig-
nature suggesting precipitation from groundwater assuming
equilibrium fractionation (Fig. 9). This spatial separation is
achieved as the mound grows larger, i.e., more sediment is
deposited, and the Mg-carbonate unit becomes thicker,
which occurs over 1000 s of years. Thus, the isotopic signa-
tures imply that magnesite formation must have started
later after the majority of hydromagnesite had been depos-
ited to form the mound. This hypothesis is consistent with
the mineralogical data that show there being mounds of
nearly pure hydromagnesite sediment. This does not mean
that hydromagnesite is not continuing to precipitate from
deeper waters, but its precipitation is insufficient to com-
pletely overprint the isotopic signal that was developed as
the mounds were deposited. It is expected that magnesite
is forming in isotopic equilibrium from pore waters as the
rate of formation is very slow; whereas kinetic isotope
effects during CO2 degassing and evaporation could lead
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to enrichment in 13C and 18O compositions of hydromagne-
site (Hendy, 1971; Clark and Fritz, 1997). These hypotheses
are consistent with the isotope data (Fig. 8). Kinetic frac-
tionation during carbonate precipitation from highly alka-
line waters can lead to lighter isotope values (Wilson
et al., 2010; Sade and Halevy, 2017); however, it is unclear
if this is occurring in the playas.

Radiocarbon dating of organics at the top of the
Ca-Mg-carbonate unit showed that the Mg-carbonate
unit is almost 8000 years old, whereas radiocarbon anal-
yses of playa carbonates and modern waters showed
these being considerably older (Fig. 10). Because the
playa cannot be older than �11 ka, the pMC values
for the carbonate sediments must reflect the incorpora-
tion of older carbon sourced from listwanite. Some
sediments in association with the main wetland (e.g.,
nesquehonite surface crust) had greater pMC values
Fig. 10. Stable carbon (d13C) and percent modern carbon (pMC) data f
(hmg), and magnesite (mgs)] from the playas and waters from the Atli
composed of aragonite, the benthic mat contained aragonite and dypin
aragonite and ankerite/disordered dolomite. Measurement errors are typ
(Hansen et al., 2005) and DIC in equilibrium with CO2 (Mook et al., 19
than modern source waters from which they may have
precipitated from, suggesting pMC values are dictated
by the degree of CO2 exchange with the atmosphere
rather than actual age. Furthermore, surface waters
had greater pMC values (e.g., 11.7%) than groundwater
(e.g., 10.7%; Fig. 10). As with the stable isotopic com-
positions, magnesite usually had lower pMC values in
comparison to hydromagnesite (Fig. 8d), further indicat-
ing its formation at depth as opposed to a more near-
surface deposition for hydromagnesite.

There is no evidence of extensive hydromagnesite disso-
lution and pore waters in the unsaturated zone are satu-
rated with respect to hydromagnesite. The textural and
isotopic data indicate that magnesite precipitation from
solution occurs from a fluid of a different isotopic composi-
tion than hydromagnesite, thus indicating that they mainly
formed at different times.
or secondary carbonates [e.g., nesquehonite (nsq), hydromagnesite
n area. The anoxic wetland sediments and pisolite were primarily
gite, and the grassland sediments below the water table contained
ically smaller than the symbols used. Fields for bedrock carbonate
74) are also shown.
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5.2.2. Trends in magnesite abundance

The relative abundance of magnesite depends on the rel-
ative changes in hydrated Mg-carbonate mineral abun-
dances, magnesite formation rate, and the age of the
sediments, all of which are difficult to determine with abso-
lute certainty. In the Mg-carbonate unit, magnesite abun-
dance ranges substantially both laterally and with depth
(Fig. 2). Noteworthy are the lower magnesite abundances
near the water table that are likely due to pervasive precip-
itation of hydrated Mg-carbonate minerals, such as lans-
fordite, that ‘‘dilute” magnesite (see in profiles 3, 4, 6,
and 7 in Fig. 2). This explanation is supported by the par-
ticle size data that showed no correlation between magne-
site abundance and median particle diameter, which
would occur if magnesite abundance was diluted by exten-
sive precipitation of hydrated Mg-carbonate (Fig. 7a).

A variable precipitation rate with depth could explain
why most profiles have magnesite abundances in near-
surface sediments that are similar to those in sediments that
are much deeper and older (Fig. 2). Profiles 4 and 8 are the
only ones that show a modest positive correlation between
magnesite abundance and depth. At and above the water
table, evaporation and CO2 degassing increase the satura-
tion of Mg-carbonate minerals. The Mg-carbonate sedi-
ments had a pH of 9 at the surface versus �8 at the
water table. Thus, it is expected that the rate of magnesite
precipitation is faster above the water table than below
because its formation rate is faster at higher pH values
(Saldi et al., 2009; Saldi et al., 2012). The differences
between magnesite crystal morphologies above and below
the water table (Figs. 5 and 6) may reflect different precip-
itation mechanisms and rates (Schott et al., 2012; Berninger
et al., 2016). The formation of cone-like terraced morpholo-
gies (spiral crystal growth; Fig. 5b–e) above the water table
indicates that new layers are generated in a shorter time
than that required for a layer to extend to the crystal edge;
thus, each new layer is smaller than the previous one. As
with precipitation rate, layer generation frequency increases
with increasing saturation with respect to magnesite (Schott
et al., 2012), which further suggests that pore waters in the
unsaturated zone are more supersaturated with respect to
magnesite than those below the water table where crystals
are comparatively smooth (2D crystal growth; Fig. 6a
and b). Consequently, the mineralogical and textural evi-
dence suggests that there is likely a range of magnesite for-
mation rates given the lack of a consistent positive
correlation between magnesite abundance and depth.

5.3. Quantifying magnesite formation rates

Rates of magnesite precipitation at Earth’s surface con-
ditions have only been estimated from high-temperature
experiments (e.g., Saldi et al., 2009; Saldi et al., 2012). Here,
we use mineralogical, particle size, and surface area data to
determine magnesite formation rates that can account for
the magnesite abundances measured in the Atlin playa sed-
iments that have formed since the last deglaciation
(�11 ka).

Mineral surface area is needed to calculate precipitation
rates (e.g., Saldi et al., 2009; Saldi et al., 2012; Gautier et al.,
2014). A direct BET measurement of magnesite surface area
is not possible because hydromagnesite is present. In addi-
tion, magnesite surface area will evolve as it forms over
time. As a starting point, the relationship between geomet-
ric surface area (mgsgSA) and magnesite abundance (mgsab)
was determined using magnesite particle size distributions
assuming cubic particles (Fig. 7b). For example, a nearly
pure magnesite sample (96 wt.%) collected from the North
playa would have a geometric surface area of 0.97 m2/g
based on its particle size distribution; however, its BET sur-
face area was 5.9 m2/g. This sample was used to calculate a
surface roughness factor of 6.1, which is defined as the ratio
of the BET surface area divided by the geometric surface
area (Brantley and Lebedeva, 2011). The assumption is that
all magnesite in the playas has the same surface roughness.
In Equation (5), the geometric surface area (Fig. 7b) is mul-
tiplied by this surface roughness factor to give a calculated
specific surface (mgsSA; m

2/g) based on magnesite abun-
dance (mgsab; wt.%) for samples for which BET surface
area was not measured directly.

mgsSA ¼ 6:1 � mgsab
83

� ��1=5

ð5Þ

To calculate the magnesite formation rate, its specific
surface area (mgsSA) was updated based on its abundance
(wt.%). Moles of magnesite (molmgs) were calculated using
Equation (6):

molmgs ¼ k � mgsSA � mmgs � t ð6Þ
where k is the rate constant (mol/cm2/s), mgsSA is the calcu-
lated magnesite specific surface area (converted to cm2/g;
Eq. (5)), mmgs is the cumulative magnesite mass (g), and t

is the time interval (s). The initial mass of magnesite used
in the calculation was equal to a single 100 nm crystal of
magnesite, which is likely to be equal or larger than the crit-
ical nucleus size (De Yoreo and Vekilov, 2003). The maxi-
mum calculated specific surface area was limited to 20 m2/g,
which is equivalent to all magnesite being present as 100 nm
cubes. Magnesite abundances were cumulated each year for
8000 years, the oldest radiocarbon date of organics from
profile 6 (Eq. (7)):

mmgs ¼ Mmgs

Xn

i¼0

molmgsðiÞ ð7Þ

where Mmgs is the molar mass of magnesite used to calcu-
late the cumulative mass of magnesite based on the cumu-
lative moles of magnesite for a given year (i). Specific
surface area (Eq. (5)) was updated based on the magnesite
abundance (Eq. (8)). A hydromagnesite deposition rate of
270 g per year per square meter was used. This deposition
rate was calculated based on the thickness of the Mg-
carbonate unit and radiocarbon dating of buried vegeta-
tion. The magnesite abundance (mgsab) was calculated
using Equation (8).

mgsab ¼
mmgs

mmgs þ mhmg

� � � 100% ð8Þ

where mmgs and mhmg are the masses of magnesite and
hydromagnesite, respectively. A rate constant of between
10�17 and 10�16 mol/cm2/s is needed to obtain the range
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of magnesite abundances in the Atlin playas given the esti-
mated ages of the Mg-carbonate sediments (Fig. 12).
Increasing the initial number of nuclei or mass of magnesite
shifts the curves to younger ages. Adjusting the surface
roughness factor changes the slope of the exponential
increase (e.g., a shallower slope with a lower surface rough-
ness factor). Depending on the rate of magnesite formation,
the hydromagnesite deposition rate allowed for a buildup
of between 30 and 300 cm of hydromagnesite sediments
before a detectable amount (�1% by XRD) of magnesite
would have formed in 100–1000 s of years. This deposition
of hydromagnesite prior to magnesite formation fits the
depositional model (Power et al., 2014) and isotopic
evidence.

It is also worth noting the changes in the total surface
area between hydromagnesite and magnesite in a fixed mass
of sediment. As the relative abundance of hydromagnesite
decreases and magnesite increases, the total magnesite sur-
face area increases despite a decreasing specific surface area
due to an increase in median crystal size (Fig. 7c). Conse-
quently, there is positive feedback between increasing mag-
nesite abundance and its total surface area, which is the
reason for the exponential increase in magnesite abundance
and may explain the lateral variation in magnesite abun-
dance in the amalgamated mound (Fig. 2). Because of the
exponential rise in magnesite abundance (Fig. 12a) little
time is needed to shift from comparatively low magnesite
abundances (e.g., profiles 1, 2, 6 and 7) to relatively high
magnesite abundances (e.g., profiles 3, 4, 5 and 8). This is
an important finding as the lateral variation in magnesite
abundance (Fig. 2) cannot be explained by variable precip-
itation rates as the water chemistry at the water table is con-
sistent across the mound even though the magnesite
abundances widely vary, e.g., 27 wt.% at profile 4, and 1
wt.% at profiles 6 and 7. Thus, variable sediment ages
may account for the lateral differences in magnesite abun-
dances. For instance, aerial photographs (Fig. 1b and c)
of the playas show numerous metre-scale localized mounds
demonstrating irregular, non-uniform rates of sediment
deposition that suggests there could be some lateral varia-
tion in sediment age. Continued deposition of these local-
ized mounds causes them to amalgamate into larger
mounds, including the one sampled in this study (Fig. 1c).
As such, these smaller mounds are no longer distinguish-
able, and any record of lateral variation in sediment age
is lost.

5.4. Relative rates of hydromagnesite and magnesite

formation

The relative rates of hydromagnesite and magnesite for-
mation are an interesting conundrum. The mineralogical,
textural and stable isotopic data demonstrate that hydro-
magnesite is mostly deposited first with magnesite forming
later, thereby necessitating that hydromagnesite initially
forms faster than magnesite. In order for magnesite abun-
dance to increase, its rate must later become faster than that
of hydromagnesite. The exception would be if hydromagne-
site were dissolving or transforming to magnesite, which the
data do not support, particularly when considering that
pore waters at the water table are saturated with respect
to both minerals. The following discusses induction times,
precipitation rates, and transport as factors that would
allow the relative abundance of magnesite to increase over
time.

Induction time is the time required for nucleation and
formation of a detectable amount of the crystalline phase
from the initial moment a solution becomes supersaturated
and is strongly dependent on the saturation state (De Yoreo
and Vekilov, 2003; Kashchiev and van Rosmalen, 2003; De
Yoreo et al., 2013). For example, nesquehonite has an
induction time of <1 and 600 min with saturation ratios
of 1.15 and 1.07, respectively (Hänchen et al., 2008). In
batch reactors that converted hydromagnesite to magnesite
at elevated temperatures (110, 150 and 200 �C), Zhang et al.
(2000) estimated an induction time of 18–200 years at 25 �C
followed by ‘‘half-lives” of hydromagnesite of 4.7 or
73 years depending on solution chemistry. Particle size data
support magnesite formation being nucleation-limited as
magnesite abundance mainly increases through crystal
growth rather than nucleation of more crystals (Fig. 7a;
Giammar et al., 2005; Swanson et al., 2014). For example,
an increase in magnesite abundance from 5 to 90 wt.%
requires an increase in median particle diameter from
approximately 1.2–1.3 lm to 2.0–2.2 lm, yet only a 3-fold
increase in the number of particles (Fig. 7a). These findings
are supported by previous studies indicating that magnesite
formation may be nucleation-limited (Giammar et al.,
2005) and that seeding experiments with magnesite particles
accelerates its formation (Swanson et al., 2014; Felmy et al.,
2015). A long induction time may be a contributing factor
in delaying magnesite formation, thereby allowing the
buildup of hydromagnesite sediments.

Rates of hydromagnesite and magnesite precipitation at
25 �C have been estimated from higher temperature exper-
iments by Gautier et al. (2014) and Saldi et al. (2009, 2012),
respectively (Fig. 11). These data show that magnesite
growth rates may be faster than hydromagnesite rates at
saturation indices above 1.5–2.0 with respect to each min-
eral. At Atlin, water collected from the water table had
average saturation indices for hydromagnesite and magne-
site of 0.0 and 2.2, respectively (Fig. 11; Table 2 – profile
4). Although the extrapolation of precipitation rates from
high-temperature experiments to low-temperature condi-
tions is fraught with uncertainty, this comparison suggests
that the rate of surface-area normalized magnesite growth
could be faster than that of hydromagnesite at the observed
fluid composition. However, the transformation of more
hydrated phases may offer a faster pathway for hydromag-
nesite formation given that lansfordite and nesquehonite
readily precipitate from saturated solutions (Ming and
Franklin, 1985; Hänchen et al., 2008). Consequently, a long
induction time (i.e., nucleation-limited) for magnesite may
be delaying its formation in comparison to hydromagnesite,
which may also have the added advantage of forming
through mineral transformation processes; however, pre-
cipitation rates alone cannot explain the increase in magne-
site abundance in the playa.

Transport- versus reaction-controlled regimes are impor-
tant for interpreting the rates of hydromagnesite and mag-



Fig. 11. Hydromagnesite (Gautier et al., 2014) and magnesite
growth rates (Saldi et al., 2009; Saldi et al., 2012) as a function of
saturation. The vertical dashed lines denote the hydromagnesite
and magnesite saturation at the profile 4 water table (Table 2).

Fig. 12. (a) Calculated magnesite abundances (wt.%) versus time
(years) using rate constants from 10�17 to 10�16 mol/cm2/s.
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nesite formation in the Atlin playas. Waters at the water
table are in near-equilibrium with respect hydromagnesite,
as such hydromagnesite must be precipitating at a rate that
matches evapoconcentration and groundwater replenish-
ment of solutes. Thus, hydromagnesite deposition is effec-
tively transport-controlled; whereas magnesite remains
supersaturated and its precipitation rate is reaction-
controlled and potentially faster than that of hydromagne-
site. As a result, the abundance of magnesite could increase
over time without the loss of hydromagnesite.

As the abundance and total surface area of magnesite
increase (Fig. 7c), its formation may shift from reaction-
to transport-controlled. In this scenario, magnesite would
precipitate in equilibrium with pore waters and cause pore
waters to become undersaturated with respect to hydro-
magnesite, thereby causing it to dissolve. This scenario
can be considered a mineral transformation process that
is occurring at the pore scale, whereby water (i.e., reacting
fluid) is undersaturated with one phase, causing dissolution,
and saturated with another phase, causing precipitation. In
the case of ancient Mg-carbonate deposits, this shift in con-
trolling regime may have led to the loss of hydromagnesite
leaving a nearly pure deposit of magnesite (e.g., Melezhik
et al., 2001; Alçiçek, 2009).

6. CONCLUSIONS AND IMPLICATIONS

The hydromagnesite–magnesite playas near Atlin, British
Columbia are a dynamic environment that affords a unique
opportunity to study low-temperature Mg-carbonate
mineral formation that has occurred over millennia.
Groundwaters are supersaturated with respect to magnesite
and become saturated with respect to lansfordite and hydro-
magnesite through evaporation and CO2 degassing in the
playas. Hydromagnesite likely forms through the transfor-
mation of more hydrated phases (e.g., lansfordite) and con-
tinued precipitation from pore waters, whereas magnesite
does not appear to form at the expense of hydromagnesite,
but rather as a separate precipitate from pore waters. The
isotopic composition of magnesite is distinct from hydro-
magnesite and supports that magnesite has largely formed
after hydromagnesite at depth from waters that are isotopi-
cally light in comparison to those that formed most of the
hydromagnesite. Thus, magnesite formation and the
increase in its abundance over time cannot be explained by
the transformation of hydromagnesite to magnesite.

The formation of hydromagnesite precursors such as
lansfordite and nesquehonite that readily precipitate from
saturated solutions is dictated by evapoconcentration and
replenishment of groundwater. Thus, transport is rate-
limiting rather than precipitation rates of these precursors
and possibly even the transformation to hydromagnesite.
These mineral transformations have led to substantial
deposition of hydromagnesite despite its formation being
kinetic controlled at low temperature. With hydrated Mg-
carbonate minerals controlling pore water chemistry, mag-
nesite is kept highly supersaturated and is thus reaction-
controlled, allowing the abundance of magnesite to increase
over time. Magnesite formation rates in the range of 10�17

to 10�16 mol/cm2/s account for the measured magnesite
abundances in the playas over the estimated sediment ages.
Our study provides the first magnesite formation rate deter-
mined using field data and is applicable to understanding
magnesite formation along with hydromagnesite in modern
and ancient sedimentary environments that have been stud-
ied globally (Garber et al., 1990; Fallick et al., 1991;
Renaut, 1993; Braithwaite and Zedef, 1994; Spotl and
Burns, 1994; Coshell et al., 1998; Zedef et al., 2000;
Léveillé et al., 2007; Alçiçek, 2009; Kaźmierczak et al.,
2011; Mees et al., 2011; Last and Last, 2012; Sanz-
Montero and Rodrı́guez-Aranda, 2012; Chagas et al.,
2016; del Real et al., 2016; Lin et al., 2017).

The Atlin playas, as a natural analogue for CO2 seques-
tration, provide numerous lessons for the long-term storage
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of anthropogenic CO2 within Mg-carbonate minerals at
Earth’s surface. Hydrated Mg-carbonate minerals such as
lansfordite and nesquehonite have fast precipitation rates
but require much higher dissolved inorganic carbon and
Mg concentrations for their formation in comparison to
magnesite. While transformations from less stable to more
stable hydrated Mg-carbonates over time produces miner-
als with better long-term stability, the transformation of
hydromagnesite to magnesite appears limited. Instead,
magnesite seeding would offer faster formation rates by
eliminating induction times. An important consideration
is that the playas are an open system with a continuous sup-
ply of Mg–HCO3 groundwater. In a carbon storage scenar-
io, a closed system should be maintained unless waters in an
open system are saturated with respect to the minerals
being used to store the carbon; otherwise, these will eventu-
ally dissolve and possibly release CO2.

ACKNOWLEDGEMENTS

We acknowledge the support of the Natural Sciences and
Engineering Research Council of Canada (NSERC) through a
Discovery Grant to G.M. Dipple. Thanks to Kate Carroll for
assistance with stable isotope analyses. Great thanks to Jenine
McCutcheon and Rick White for their help in the field. We thank
Eric Unger and Maria Heissig of Lake Atlin Waterfront Place and
Norm Graham and Fionnuala Devine of Discovery Helicopters
Ltd. for access to the playas. We appreciate the comments by the
reviewers and editor that led to the improvement of our
manuscript.

APPENDIX A. SUPPLEMENTARY MATERIAL

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gca.2019.04.008.

REFERENCES

Aitken J. D. (1959) Atlin Map Area, British Columbia. Geological
Survey of Canada, Memoir 307, 389 pages and accompanying
map at 301:253 440 scale.
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