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Introduction:  The origin of life in the inner solar 

system is intrinsically linked to asteroid belt meteor-
ites, which are estimated to have delivered sufficient 
energy to fuel organic synthesis [1] or indeed deliver 
the building blocks of life themselves [2]. This im-
portance is reflected in the origin of water, with the 
Moon’s inventory being sourced largely from asteroi-
dal, rather than cometary, sources [3]. As a result, it is 
important to understand the nature (e.g. chemistry and 
acidity) of the earliest asteroidal fluids to better con-
strain the potential for life and water delivery to the 
inner solar system. While alteration products are nu-
merous within the asteroidal meteorite record, particu-
larly in CM chondrites [4], direct isotopic and miner-
alogical evidence of these early liquids is largely ab-
sent [5].  

The Tagish Lake meteorite is a unique piece of the 
asteroid belt, an ungrouped C2 chondrite with affinity 
to the CI and CM groups, and minimal terrestrial alter-
ation following the rapid retrieval of the main mass 
[6,7]. Micrometer-scale polyhedral particles of mag-
netite have been observed in the sample [8], with mag-
netic work on these grains revealing that they likely 
formed within isolated droplets of water on the parent 
body, creating three dimensional assemblages of inter-
locking 110-680 nm wide magnetite crystals with a 
vortex magnetic structure [8]. Identical magnetite fea-
tures have been reported in the CI meteorites Orgueil, 
Alais and Ivuna [9], for which an aqueous origin has 
also been ascribed. It has previously been proposed 
that the boundaries of these nanocrystalline assem-
blages contain remnant residue of their parent solution 
[8]; an observation that has been supported by trans-
mission electron microscopy (TEM) work which re-
veals that 0-3 nm thick amorphous layer exists be-
tween the grains [8]. However, the chemistry of these 
nanometer-scale domains is near impossible to resolve 
with typical micrometer-scale analytical techniques. In 
this study we use the emerging technique of atom 
probe tomography (APT) to isolate and measure the 
chemistry of these amorphous inter-grain domains to 
yield new insights into the acidity and composition of 
the first water in the early solar system, while also im-
proving our understanding of the potential for amino 
acid racemization on early planetesimals.  
 

Characterisation of magnetite framboids: A 
large framboidal magnetite (Fe3O4) cluster, measuring 

approximately 50 µm in total diameter (Figure 1a), 
was located within a thin section of the Tagish Lake 
meteorite (accession number M52292 in the ROM 
collection). The larger feature is comprised of multiple 
<10 µm diameter clusters separated by regions of 
amorphous carbonaceous material. While these fea-
tures are largely spherical, some domains appear sub-
hedral as a result of overprinting by a neighboring 
spherule. Each cluster is in turn defined by a network 
of hundreds of rounded, interlocking <680 nm magnet-
ite spheres which appear tightly packed in rounded 
clusters, and loosely packed (with elevated abundances 
of interstitial carbonaceous material) in deformed and 
sub-spherical features (Figure 1b).   

Figure 1; Secondary electron (SE) images of magnet-
ite framboids in Tagish Lake. The larger spherical 
structure within the thin section (A) is constructed of 
numerous framboidal aggregates, as imaged during 
focused ion beam (FIB) analysis of the sample (B).   
 

APT of framboids and subgrain boundaries: Six 
APT microtip specimen were prepared using a Zeiss 
NVision 40 FIB-SEM system at the Canadian Centre 
of Electron Microscopy, McMaster University. Five 
tips were prepared at ambient conditions, while the 
final stages of polishing for a single microtip was con-
ducted under cryogenic conditions to minimise volatile 
loss. APT samples were analysed using a Cameca 
4000X HR, operating in laser-pulsed mode. Of the six 
tips, four failed during analysis, likely as a result of 
inconsistent evaporation between carbonaceous and 
magnetite regions leading to tip failure. However, da-
tasets R47_02212 and R47_02314, the latter of which 
was collected from the cryogenically-prepared mi-
crotip, yielded datasets in excess of 10 million total 
measured ions. Dataset R47_02212, which captures a 
boundary between interstitial carbonaceous material 
and a magnetite framboid, reveals a ~45 nm wide Mg+ 
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and Ca+ enriched boundary between the domains (Fig-
ure 2).  

Cryogenically-prepared microtip R47_02314 cap-
tured a curved boundary between magnetite framboids. 
Magnetite domains are chemically homogenous, with 
Fe and O evenly distributed throughout the subdo-
mains. The ~30 nm wide subgrain boundary contains 
elevated abundances of homogenously distributed Mg 
and Mn, along with Na+ segregated into ~10 nm clus-
ters (Figure 3). Na+ clusters contain ~30 at% Na, three 
orders of magnitude more enriched than the surround-
ing magnetite grains (0.014 wt% Na). A comparable 
drop in Fe+ acts to balance this localized enrichment. 
Additionally, Mg, Mn and Na also define a dislocation 
loop along the boundary (Figure 3). 

Figure 2; Compositional cross-section across a 
boundary between carbonaceous infill and crystalline 
magnetite in tip R47_02212. Of note, the ~45nm 
boundary between the domains is enriched in Mg and 
Ca.  

Figure 3: APT data for magnetite framboids in tip 
R47_02314. Mg-enriched boundaries are decorated by 
Na clusters, while dislocation loops and other na-
noscale features can be observed in association with 
the boundaries.  
 

Discussion: The acidity of the fluids responsible 
for alteration on the Tagish Lake parent body has been 
constrained to pH 7-10 based on computer simulations 
assuming a starting CM material [10], though this is 
hard to reconcile with the observed magnetite framboid 
structures, which require a more acidic solution (pH 

5.4-6.8) to ensure a surface charge state of zero and 
prevent amalgamation of grains into a single magnetite 
mass [8]. However, the absorption of Ca2+ and Mg2+ 

onto the surface of the framboids, as observed in mi-
crotip R47_02212, would facilitate a surface charge 
state of zero within the more basic fluids previously 
predicted [10], preventing coagulation into a single 
grain and producing the uniform, well-ordered colloi-
dal structures observed here. As a result, these new 
APT observations act to constrain the pH of the forma-
tive fluid on the Tagish Lake parent body to more alka-
line in nature. Furthermore, the abundance of clustered 
Na+ on subgrain boundaries trapped within the magnet-
ite framboids strongly supports an excess of sodium in 
the parental fluid, which would have been segregated 
to the boundaries during growth of the magnetite 
framboids.   

Due to the pristine nature and recovery of the 
Tagish lake meteorite, insoluble and soluble organic 
constituents such as amino acids, amines, and hydro-
carbons have been thoroughly studied to better under-
stand the evolution of prebiotic life in our solar system 
[e.g. 11]. It has been postulated that racemization, or 
the natural process of changing chirality from one 
handed to the other of amino acids, can occur quite 
quickly (on the order of days to 104 years) depending 
on several factors including temperature and the pH of 
the aqueous solution  [11,12]. When modelling race-
mization timelines, a neutral pH is often assumed in 
calculations. However, with the discovery of Ca+ and 
Mg+ enriched boundary layers and segregated Na clus-
ters between magnetite framboids formed in aqueous 
solution, we show that this solution would be of a 
higher pH than originally suspected [8]. This more 
basic solution would provide interconversion rates that 
are much quicker than that of a neutral pH [12], sup-
porting rapid racemization of amino acids on the 
Tagish Lake parent body. 
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