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Introduction: The recently discovered, 31-km wide 

Hiawatha impact crater in NW Greenland is covered by 
the Greenland Ice Sheet. Indirect evidence such as dis-
turbance of the lower part of its ice-radar stratigraphy, 
excessive current meltwater discharge suggesting rem-
anent impact heat and identification of impact-affected 
conifer charcoal [1, 2], suggests the crater may be very 
young, but important questions remain. What is the pre-
cise age of the crater, and can the impact be correlated 
with known climatic events? Was an ice sheet aged 2.6 
Ma or less [3] present when the impact occurred? Here 
we present new evidence about the cooling history and 
hydration of the crater, based on study of impact melt 
grains hand-picked from glaciofluvial sand draining it. 

Analytical methods: Optical microscopy. Scanning  
electron microscopy with ultrahigh-resolution auto-
mated quantitative mineralogy (AQM) applying Zeiss 
Mineralogic software [4] and backscattered-electron 
(BSE) imaging. Electron microprobe (EMP-WDS) ele-
ment mapping. Raman spectrography. 

Observations: The impactite grains studied here are 
clast-free to clast-rich, hypo- to almost holocrystalline 
melt particles; see [1, 2, 5] for other types of impactite 
grains. Their microstructures indicate rapid crystallisa-
tion in strongly undercooled melts and glasses, high-
temperature hydration of felsic glasses and low-temper-
ature hydrothermal alteration. Many grains contain frag-
ments of plagioclase with checkerboard structure and 
quartz with shock lamellae, proving their impact origin. 

Most melt grains are glassy or contain euhedral mi-
crolites in a glassy matrix. The grain shown in Fig. 1A 
has moderate contents of euhedral microlites ~25–75 
μm long. The grain in Fig. 1B contains much more 
abundant, very tiny acicular microlites. The microlites 
in both grains are interpreted as having crystallised from 
melts well above the solidus, but at different degrees of 

undercooling (see discussion). Other melt grains have a 
hemicrystalline matrix of ternary feldspar with imper-
fect stoichiometric composition. Still other melt grains 
consist of highly unusual, closely packed, zoned feld-
spar spherulites ≤ 50 μm in size (Fig. 2). These grains 
are also interpreted as having crystallised from melts at 
strong disequilibrium conditions (see discussion). 

A distinct population of felsic melt grains without 
microlites records a specific event of hot, near-isochem-
ical hydration. These grains contain abundant perlitic 
fractures with a spacing of ~100–200 μm (Fig. 3), with 
interior ‘beads’ between the curved fractures consisting 
of closely packed mordenite spherulites just 1–3 μm in 
size, identified by Raman spectrography (Fig. 3C). An 
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absence of spherulites in chilled fracture walls shows 
that the perlitic fracturing and mordenite microspheru-
lites were contemporaneous. The high-temperature iso-
chemical hydration event was succeeded by a second 
event of localised, low-temperature, fracture-bound hy-
drothermal alteration with introduction of K and Fe and 
removal of Ca and Si along the fractures (Fig. 4).   

 
Discussion: The microlite-bearing Hiawatha melt 

grains all contain evidence of high nucleation rates but 
inhibited diffusion and crystal growth, indicating strong 
undercooling [6]. This is most obvious in grain 21D-r06 
(Fig. 1B) with its abundant, minute microlites. Non-
stoichiometric feldspar compositions in grains with 
hemicrystalline matrix also indicate undercooling and 
full quenching without maturing recrystallisation. 

Melt grains with small, closely packed, zoned feld-
spar spherulites only tens of micrometres in size (Fig. 2) 
are extremely unusual both in terrestrial and impact melt 
rocks. By analogy with a rare occurrence of feldspar-
spherulitic, contact-melted arkosic rocks adjacent to 
Tertiary intrusions on the Isle of Rum, U.K. [7] they 
most likely crystallised from strongly undercooled 
melts close to the solidus, in a setting where element 
diffusion and spherulite growth in the melt may have 
been enhanced by uptake of H2O. 

The perlitic melt grains packed with mordenite 
might be still more significant. The perlitic fracturing 
and mordenite growth were simultaneous and occurred 
within the stability field of mordenite, in a setting with 
access to clean hydrous fluid/vapour. The subsequent 
low-temperature, fracture-bound hydrothermal altera-
tion recorded in the same grains resembles meteoric al-
teration systems found in many impact craters. Perlitic 
fracturing as such is a common phenomenon in rhyolites 

and normally occurs at low temperatures < 200°C [8], 
whereas mordenite belongs to the high-temperature end 
of the zeolite group, with an estimated stability field of 
~ 250–400°C and typically found in cavities of altered 
mafic volcanic rocks or as secondary replacement in 
low-grade metamorphic pyroclastic rocks [9, 10]. How-
ever, an exceptional occurrence of syneruptive mor-
denite and heulandite associated with intense perlitic 
fracturing has been described from recent, subglacial 
rhyolites in southern Iceland [11], where it was con-
cluded that the fracturing and zeolite growth were 
driven by ingress of glacial water vapour from the adja-
cent and overlying glacier [11]. 

The Hiawatha mordenite microspherulite crystalli-
sation must have occurred during post-impact cooling 
of the crater but prior to the fracture-bound alteration 
with meteoric H2O. This suggests rapid crater infilling 
by a clean hydrous source before the meteoric hydro-
thermal stage. Meltwater from an ice sheet surrounding 
the hot crater would constitute a perfect source for this.  

Conclusions: The many different Hiawatha melt 
grains reflect incomplete crystallization at different 
temperatures and degrees of undercooling. The highly 
unusual perlitic grains most closely resemble subglaci-
ally erupted mordenite- and heulandite-bearing perlitic 
rhyolites in South Iceland and document a very specific 
hydration event during post-impact cooling, presumably 
at 250–400°C [9, 11]. An influx of water was required 
– not immediately after the initial cratering as in a sub-
marine impact, but a little later in the cooling history and 
prior to low-temperature hydrothermal circulation of 
meteoric water. An adequate source of H2O must have 
become available at this point, which suggests that the 
target area was glaciated when the impact occurred – in 
agreement with previously reported indirect evidence 
that the Hiawatha crater may be very young. 
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