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Microporphyritic and microspherulitic melt grains, Hiawatha 
crater, Northwest Greenland: Implications for post-impact 

cooling rates, hydration, and the cratering environment

Adam A. Garde1,†, Nynke Keulen1, and Tod Waight2

1 Geological Survey of Denmark and Greenland, Øster Voldgade 10, 1350 Copenhagen K, Denmark
2 Department of Geosciences and Natural Resource Management (Geology Section), University of Copenhagen, Øster Voldgade 10, 
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ABSTRACT

Sand-sized impactite melt grains hand-
picked from a glaciofluvial sample proximal 
to the Hiawatha impact crater in Northwest 
Greenland contain new information about 
the crystallization and cooling history of this 
impact structure, which is concealed by the 
Greenland Ice Sheet. Of course, the original 
locations of the individual sand grains are 
unknown, but this is offset by the substantial 
number and wide variety of impactite grains 
available for study. A detailed investigation 
of 16 melt grains shows that post-cratering 
crystallization took place under very variable 
conditions of strong undercooling with 
temperatures that dropped rapidly from high 
above their solidus to far below. A distinct 
event of near-isochemical hydration at above 
or ∼250 °C is recorded by intense perlitic 
fracturing and the growth of closely packed 
mordenite spherulites only 1–3 μm across 
in felsic melt grains, which was followed by 
lower temperature hydrothermal alteration 
along the pre-existing perlitic fractures. 
The formation of abundant mordenite 
microspherulites appears to be very rare 
or not previously recorded in impactite 
melts and suggests the rapid infilling of the 
Hiawatha crater by a hydrous source. The 
infilling did not occur immediately after the 
impact as in submarine impacts, but soon 
thereafter, and before the establishment of 
a low-temperature hydrothermal alteration 
system common to the waning stage of 
cooling in many impact structures. These 
observations and previous documentation of 
terrestrial organic matter in the impactites 
are consistent with an impact into a water-

rich terrestrial environment, such as through 
the Greenland Ice Sheet or into a forested, 
lacustrine–fluvial region.

INTRODUCTION

Terrestrial impact cratering is characterized 
by a transition from initial shock metamor-
phism to more normal geological processes. 
Extreme temperatures dominate at first and are 
most commonly succeeded by very rapid cool-
ing depending on the size and geological setting 
of the crater as well as the location and depth 
within the crater. There is only a limited num-
ber of large and well-preserved craters where 
these processes can be studied. Although 70% 
of the Earth’s surface is covered by water and 
ice, only a few of its known craters were formed 
in submarine or potentially subglacial hydrous 
environments. The recently discovered 31-km-
diameter Hiawatha meteorite crater in Northwest 
Greenland (Fig. 1) is one of the 25 largest on 
Earth (Kjær et al., 2018; Garde et al., 2020). It is 
the only known impact crater located under ice, 
and its apparent young age makes it conceivable 
that the impact bolide might have penetrated 
the Greenland Ice Sheet. To address this ques-
tion and constrain the post-cratering environ-
ment during the cooling stage, we studied the 
microstructures, compositions, and mineralogy 
of sand-sized glaciofluvial impactite melt grains 
collected at the margin of the ice sheet just out-
side the crater (Fig. 1).

The circular, bowl-shaped subglacial struc-
ture of the Hiawatha crater with a muted central 
uplift was identified in 2015 by airborne radar 
imaging of the bedrock topography under the 
ice sheet. The presence of an impact crater was 
subsequently confirmed by the identification of 
shocked quartz and impactite melt grains in gla-
ciofluvial sand that drains the crater (see fig. 3 in 
Kjær et al., 2018). Indirect evidence suggested to 
these authors that the impact is most likely very 

young. For instance, airborne radar imaging of 
the subglacial topography shows that the south 
crater rim overlies an older subglacial river chan-
nel. Furthermore, radar imaging of the ice stratig-
raphy itself shows that the lowest 100–150 m of 
the Greenland Ice Sheet, below 700 m of undis-
turbed Holocene ice with flat internal stratifica-
tion, is strongly disturbed. This implies that a 
state of dynamic disequilibrium might prevail 
in the lower, pre-Holocene part of the ice sheet. 
Current satellite images show that the river drain-
ing the hidden crater discharges an exceptionally 
large amount of meltwater into the adjacent 
Nares Strait (Fig. 1). These features collectively 
suggested to Kjær et al. (2018) that remanent heat 
from the impact might still be present.

The origin and transformation of locally 
derived, impact-affected organic carbon from the 
crater was investigated by Garde et al. (2020), 
who showed that it was derived from coniferous 
trees such as Pinus or Picea. Forests of conifer-
ous trees cannot grow anywhere in Greenland 
today, but they existed up to ∼80°N in warm 
periods between 3.0 Ma and 2.4 Ma (Fyles et al., 
1991; Funder et al., 2001).

Despite these lines of evidence, the crater 
could be much older than presumed by Kjær 
et al. (2018) and Garde et al. (2020). The rem-
nants of coniferous trees may date back to the 
Paleocene, where extensive forests existed 
in a milder climate, e.g., in adjacent Elles-
mere Island, Canada (Francis, 1988). Also, the 
absence of distant ejecta in cores from the ice 
sheet south of the crater discussed by Kjær et al. 
(2018) is potentially problematic in terms of a 
very young age. However, recent modeling of 
Hiawatha ejecta in different settings with and 
without an ice sheet by Silber et al. (2021) does 
not preclude a glacial impact.

Access to in situ impactite samples would 
require a difficult and expensive drilling opera-
tion through ∼800 m of ice. We show here that 
transported impactite grains contain important 
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information about the cratering processes. The 
limitations imposed by the allochthonous nature 
and small size of each grain are countered by the 
large number and great variety of grains available 
for study, a few of which were briefly described 
in Kjær et al. (2018). Here we describe a subset of 
impactite melt grains from the glaciofluvial sand 
with different individual crystallization histories.

TARGET ROCKS AND SAMPLE 
MATERIAL

The exposed bedrock in eastern Inglefield 
Land adjacent to the Hiawatha crater is underlain 
by Paleoproterozoic migmatitic paragneisses of 
the Etah Group with mineral assemblages domi-
nated by garnet, sillimanite, orthopyroxene, horn-
blende, and biotite, as well as quartz, plagioclase, 
and mesoperthite feldspar (Dawes, 2004; see Nut-
man et al., 2008, for a wider regional overview). 
There is no evidence of any geological event in 
this part of Greenland after the Paleozoic Innui-
tian orogeny other than the Hiawatha impact that 
could have caused crustal heating or volcanism 
in or near the impacted area. The two samples of 
glaciofluvial sand (each ∼1 kg) from the tip of the 
Hiawatha Glacier investigated here are relatively 
well-sorted and have grain sizes of 0.2–1 mm 
(Figs.  1–2; HW21: 78.8331°N, 67.1365°W; 
AB3: 78°.8467°N, 67.2100°W, WGS84). They 
mainly consist of unweathered but commonly 
intensely fractured detrital grains of quartz, pla-
gioclase, K-feldspar, albite, mesoperthite, garnet, 
sillimanite, orthopyroxene, hornblende, and bio-
tite, besides rutile, ilmenite, magnetite, apatite, 
zircon, and other accessory minerals. Occasional 
grains of unmetamorphosed material without 
counterparts in the exposed foreland also occur, 

which comprise mainly aggregates of finely crys-
talline chert, millimeter-sized pieces of organic 
carbon, very fine-grained mixtures of organic 
carbon and clay minerals, and agglutinated par-
ticles of glacial rock flour. Centimeter-sized par-
ticles of charcoal derived from coniferous wood 
have also been found (Fig. 2) (Garde et al., 2020). 
The mineralogical association of samples HW21-
2016 and AB3-2019 (Fig. 1) and the bulk chemi-
cal composition of the former sample (in data file 
S2 of Kjær et al., 2018) suggest that the impacted 
area largely consists of high-grade, migmatized 
paragneisses similar to those exposed in the fore-
land. The HW21 sample site directly in front of 
the Hiawatha Glacier (Fig. 1) was not exposed 
until after 2010 (Kjær et al., 2018), but the other 
sample farther from the tip of the glacier has 
probably been exposed for at least a few decades.

A small proportion (on the order of 1%) of 
the grains in the glaciofluvial sand are highly 
unusual and have no equivalents in the exposed 
foreland. Such grains were hand-picked for a 

closer study. They comprise a large variety 
of carbonaceous grains, microbreccias, and 
glassy microporphyritic to microcrystalline 
melt grains that are interpreted as impactites, 
as well as rare fragments of single quartz 
grains with shock lamellae (planar deforma-
tion features). Organic carbon is a conspicu-
ous component in the matrix of microbreccias 
and is dispersed in melt grains (Garde et al., 
2020). Many of these grains are very fragile 
and unlikely to have been transported over long 
distances.

ANALYTICAL METHODS

Sample Preparation

The two sand samples were inspected under 
a binocular microscope, and unusual grains 
that were obviously not ordinary detrital 
minerals were hand-picked for closer inves-
tigation. They comprised very fine-grained 
or aphanitic grains (commonly dark brown 
to black), grains with fragmental microstruc-
tures, and grains with a raspberry-like surface 
appearance caused by intense perlitic frac-
turing. The selected grains were mounted on 
sticky tape, cast in epoxy, polished on one side, 
mounted on glass plates, and polished from the 
opposite side like normal thin sections. Min-
eral identifications in this study are based on 
diagnostic optical properties where applicable 
and on automated quantitative mineralogy 
(AQM) analyses, quantitative electron micro-
probe (EMP) wavelength-dispersive X-ray 
spectroscopy analyses, and Raman spectrog-
raphy. Organic carbon was certified by Raman 
spectrography on polished thin sections with-
out coating.

Analysis

Scanning electron microscope–backscattered 
electron (SEM-BSE) imaging and AQM at sub-

A B

Figure 1. (A) The location of the Hiawatha crater (red circle) at the southeast margin of 
Inglefield Land at ∼78°45′N, 66°20′W. the crater itself is concealed by the margin of Green-
land Ice Sheet. (B) Sample locations AB3 and HW21 are shown. Modified from Kjær et al. 
(2018) and Garde et al. (2020).

Figure 2. A researcher is shown 
sampling glaciofluvial sediment 
that includes impactite grains 
at the front of the Hiawatha 
glacier. Black particles on top 
of the sand are mainly carbona-
ceous and derived from woody 
material of presumed late Plio-
cene to Pleistocene age (Garde 
et  al., 2020). Photo: Svend 
Funder.

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/134/7-8/2145/5636810/b36058.1.pdf
by University of Copenhagen Library user
on 07 July 2022



Microspherulitic melt grains, Hiawatha crater

 Geological Society of America Bulletin, v. 134, no. 7/8 2147

micrometer resolution were performed at the 
Geological Survey of Denmark and Greenland, 
Denmark, as described by Graham and Keulen 
(2019) and Keulen et al. (2020). The polished 
epoxy mounts with melt grains were coated 
with 10 nm of carbon and studied with a ZEISS 
SIGMA 300VP SEM equipped with two Bruker 
XFlash 6-30 energy-dispersive spectroscopy 
(EDS) detectors with 129 eV energy resolution. 
The EDS analyses are semiquantitative (stan-
dardless), include analyses for oxygen, and are 
normalized to 100%.

AQM is an EDS-based SEM analysis that 
applies the ZEISS Mineralogic software. The 
entire melt grain in question, or a major part of it, 
is imaged to provide a BSE contrast mosaic image 
of high resolution. In addition, the entire sample is 
analyzed with EDS spots in a raster pattern with 
a user-defined step size. The resulting spectrum 
from each spot is deconvoluted in the same way 
as regular EDS analyses by matrix, corrections 
for coating are applied, and spectral artifacts (e.g., 
sum peaks, fluorescence) are removed. For each 
spectrum, the chemical composition of all ele-
ments is then calculated and indexed according to 
minerals and melt glasses with user-defined com-
positional ranges. A specific color is assigned to 
each indexed mineral and glass phase. In this way, 
every single EDS spectrum forms one pixel in the 
resulting false-colored mineral map (see Keulen 
et al., 2020, for a full description). With the ZEISS 
Mineralogic AQM analyses the chemical compo-
sition of every analyzed spot is available to the 
user and can also be used to create quantitative 
element maps.

As the microstructures in the melt grains 
are very small, the step size for the analyses 
was set to 500 nm. For silicates it is commonly 
assumed that the interaction volume of the pri-
mary beam is several micrometers large, and 
thus that a 500 nm step size will induce overs-
ampling and mixed analyses in very fine-grained 
materials. However, Graham and Keulen (2019) 
showed that fault gouge with grain sizes as 
small as 200 nm can be analyzed reliably and 
that individual minerals of this small diameter 
can still be distinguished in an AQM mineral 
map. In the present study, this analytical method 
was adopted for the fine-scale structures and 

tiny minerals in the Hiawatha melt grains. We 
reduced the acceleration voltage of the primary 
electron beam to 12 kV to reduce the interac-
tion volume (Hombourger and Outrequin, 2013; 
McSwiggen, 2014; Fournelle et. al., 2016) and 
thus minimize the amount of mixed pixel data, 
and we used a 60 µm aperture with a low beam 
current. Despite this reduction of the primary 
electron energy to 12 kV, the interaction volume 
still has a diameter slightly larger than 1 µm for 
minerals with the lowest average atomic num-
ber (Z) and down to 500 nm for a high-Z phase 
on top of a low-Z phase (compare Graham and 
Keulen, 2019). Despite the size of the interaction 
volume, a 500 nm EDS pixel size is feasible for 
analysis. Monte Carlo simulations show that at 
the chosen analytical conditions, the major part 
of the EDS signal comes from the 500 nm large 
central sample area, even for minerals with the 
lowest average Z. The mineral classification and 
indexing system can therefore be used on fea-
tures down to 500 nm without significant mixed-
signal problems.

Some of the components in the Hiawatha 
grains that were classified using the ZEISS Min-
eralogic software platform are not common min-
eral phases but rather various quenched shock 
melts. The tabulated compositional limits of the 
latter phases are listed in Table 1.

EMP wavelength–dispersive analysis and ele-
ment mapping was conducted at the University of 
Copenhagen, Denmark, on a JEOL 8200 super-
probe. The instrument was operated at an accel-
erating voltage of 15 kV and with a beam current 
of 5 nA. The measurements were standardized 
using in-house silicate, oxide, and elemental 
standards (see Supplemental Table S11). Count 

times were 20 s on peak and on backgrounds. 
Matrix corrections were made using the phi-rho-
z methods. An electron beam size of 1–5 µm was 
used for analyses of robust minerals, whereas a 
spot size of 10–15 µm was used for glassy and 
hemicrystalline grains to minimize volatiliza-
tion and sample damage. Replicate analyses of 
MPI-DING glass standards (Jochum et al., 2006) 
were in good agreement with recommended val-
ues in Jochum et al. (2006). The Hiawatha glassy 
grains generally yielded relatively low totals of 
80–95 wt%, which is considered in part to be 
the result of imperfect polishing of soft mate-
rial including glass coupled with the presence 
of organic carbon and/or hydrous components 
in many grains. We note in this context that Bel-
kin and Horton (2009) calculated up to 10 wt% 
water in shock melt glasses from the Chesapeake 
Bay impact simply by calculating the deficit 
from 100% totals in EMP analyses.

The Raman spectra of grains with pre-
fix 19A were acquired with a confocal Raman 
microscope (WITec300, WITec GmbH, Ulm, 
Germany) equipped with a UHTS 300 spec-
trometer and a 50× air objective (NA = 0.8). 
A linear, polarized 532 nm Nd:YAG laser was 
focused with a diffraction-limited spot size of 
0.61 × λ/NA, which resulted in a spatial resolu-
tion of 0.4 µm. The intensity was 20 mW prior 
to the objective. Ten scans were averaged per 
spectrum, each with an acquisition time of 1 s. 
Raman light was detected with an air-cooled, 
back-illuminated, charge- coupled device detec-
tor. The software WITec Control 5.06 was used 
for spectral acquisition. The Raman spectra 
of grain 21G-d05 were obtained at the Alfred 
Wegener Institute, Bremerhaven, Germany, with 
a similar WITec alpha300 R system and a 488 nm 
laser, a UHTS300 spectrometer (grating: 600 
grooves/mm), a Peltier-cooled electron multiply-
ing charge coupled device detector, and a long 
working-distance 50× air objective (NA = 0.35) 
with a spatial resolution of less than 1 µm, which 
was calibrated using the Raman spectrum of a 
monocrystalline silicon wafer. The laser power 
was adjusted individually for each spot to prevent 
heat-induced damage. Acquisition times were 
5–30 s per spectrum, with five to 10 spectra com-
bined for each spot depending on signal intensity.

1Supplemental Material. Table S1: EMP analyses 
of Hiawatha melt grains, detrital minerals and EMP 
standards, and compositions of reference points 
shown in Figure  15; Figure S1: Felsic melt grain 
21J-t03 with mordenite microspherulites and perlitic 
fractures; Figure S2: Felsic melt grain 21J-z40 with 
microspherulitic mordenite, fragments of quartz 
and plagioclase as well as perlitic fractures with 
hydrothermal alteration. Mordenite microspherulites 
mixed with Al-Si glass predominate. Please visit 
https://doi .org/10.1130/GSAB.S.16934575 to access 
the supplemental material, and contact editing@
geosociety.org with any questions.

TABLE 1. TABULATED COMPOSITIONAL LIMITS OF GLASSY (NON-MINERAL) PHASES FOR AUTOMATED QUANTITATIVE  
MINERALOGY (AQM) ANALYSIS

Fe-rich glass Alteration product 1 Garnet alteration Glass 1 Glass 2 Glass 3 Glass 4 Si-Al glass

Min Max Min Max Min Max Min Max Min Max Min Max Min Max Min Max
Si 10.0 24.0 20.0 45.0 9.0 26.0 20.0 45.0 20.0 45.0 20.0 45.0 20.0 45.0 36.0 49.0
Al 4.0 14.0 5.0 14.0 6.0 20.0 7.0 14.0 14.0 25.0 6.0 16.0 6.0 16.0 6.0 15.0
Fe 19.0 80.0 0.0 7.0 5.0 39.0 0.0 7.0 0.0 7.0 7.0 20.0 7.0 20.0
Mg 0.0 10.0 0.0 5.0 0.1 10.0 0.0 5.0 0.0 5.0 0.0 2.0 0.0 2.0
Ca 0.1 6.0 0.0 4.0 4.0
Na 0.5 6.0 0.0 6.0 0.0 6.0 0.0 3.0 0.5 10.0
K 0.0 6.0 0.5 6.0 0.0 6.0 0.0 7.0 0.0 7.0
O 25.0 60.0 25.0 60.0 15.0 54.0 25.0 60.0 25.0 60.0 25.0 60.0 25.0 60.0 40.0 60.0

Note: All values are in element wt%.
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THE IMPACTITE GRAINS

We outline the main types of impactite grains 
found in the glaciofluvial sand and then focus 
on a selection of the felsic and mafic melt 
grains. A full description of all types of melt, 
microbreccias, and carbonaceous impactite 
grains is outside the scope of this study. The 
impactite grains are small fragments of poly-
mict, lithic impact microbreccias, and a large 
variety of clast-free to clast-rich, hypocrystal-
line to holocrystalline melt rocks following the 
classification of Stöffler et al. (2018), includ-
ing unique carbon-rich varieties not specified in 
this or other impactite classification schemes. 
The small sizes of the grains make clast-
bearing melt rocks and suevitic impact brec-
cias with melt inclusions sensu Stöffler et al. 
(2013) indistinguishable from each other, but 
we only observed occasional features typical 
of suevites such as voids or melt inclusions in 
lithic microbreccias.

The fragmented melt grains described in this 
study do not preserve original external margins 
when observed by binocular microscope, in 
whole-grain SEM imaging, or in thin section. But 
a rare grain interpreted as a genuine integer melt 
droplet, grain 21C-z08, was described by Kjær 
et al. (2018). Inclusions of target rock mineral 
fragments, mainly quartz and feldspar, are wide-
spread, and dispersed organic carbon (verified by 
Garde et al., 2020) is very common. Feldspars 
also form partly assimilated, schlieric masses 
with gradational margins into the adjacent melt. 
Fragments of other typical target-rock miner-
als (e.g., garnet, orthopyroxene, Fe-Ti oxides, 
and rutile) also occur, but remnants of biotite 
are rare, and hornblende has not been identi-
fied. EMP analyses of melts (see below) allow 
discrimination of melt grains into several melt 
groups. Many felsic melts have compositions 
approaching alkali feldspar, but the melt parts 
of many other grains have silica contents that 
are too low to match bulk melting of any likely 
whole-rock precursor. Such melt grains typically 
have compositions approaching biotite or garnet 
(see below).

Mafic Melt Grains with Euhedral 
Microlites

Many melt grains with melt components of 
intermediate to ultramafic composition contain 
elongate to slender prismatic, commonly zoned 
microlites up to tens of micrometers across, 
which are set in a glassy mesostasis or in a 
microcrystalline aggregate of poorly crystallized 
ternary feldspar. New microlites of orthopyrox-
ene, clinopyroxene, ilmenite, plagioclase, and 
cordierite are most common. The microlite 

compositions are characterized by imperfect 
stoichiometry and appreciable contents of ele-
ments that are normally present only in trace 
amounts in those minerals. The microstructures 
of these Hiawatha melt grains suggest crys-
tallization between their liquidus and solidus 
with a relatively small degree of undercooling 
(discussed below). The Hiawatha melt grains 
with intermediate to mafic melt compositions 
determined by EMP also display evidence of 
localized hydration and devitrification with the 
growth of secondary phyllosilicates, typically in 
former vesicles and along healed fractures, but 
coatings of low-temperature clay minerals such 
as those described, e.g., from the Ries crater, 
Germany, (Stöffler et al., 2013) are rare. Here 
we present two examples of melt grains with 
different degrees of microlite nucleation and 
growth prior to chilling. Both grains include 
shocked fragments of target minerals. Grain 
21K-w39 (Fig.  3) contains relatively widely 
spaced, euhedral, commonly slender prismatic 
microlites ∼40–100 µm long of calcic plagio-
clase, cordierite, and orthopyroxene. This is an 
assemblage that would be expected to crystal-
lize from a peraluminous terrestrial igneous 
melt (discussed below). The matrix is indexed 
as Si-Al glass with minor K-feldspar melt and 
quartz using SEM-EDS mineralogical/phase 
mapping (Fig. 3). Zones that are 50–70 µm wide 
around partially dissolved quartz fragments are 
enriched in silica and contain clinopyroxene 
microlites and patches of K-feldspar glass. Pla-
gioclase and cordierite microlites are absent 
from these zones. A plagioclase clast 150 µm 
long has a characteristic shock-metamorphic 
“checkerboard” microstructure (Grieve, 1975) 
with exsolved interstitial silica; see Figure 3A 
with an enlarged inset of the checkerboard feld-
spar grain.

Another melt grain, 21D-r06 (Fig. 4), approx-
imates feldspar in bulk composition (Table 2). 
It contains numerous minute, acicular orthopy-
roxene grains only ∼5–20 µm long. Two narrow 
zones contain slightly larger, slender prismatic 
crystals. They have a weak, preferred alignment 
that is suggestive of melt flow, which might also 
have enhanced diffusion and thus growth of 
larger microlites in these zones. A quartz frag-
ment at the tip of the grain has ballen structure 
(Fig. 4). This well-known shock-metamorphic 
feature is only rarely observed in the Hiawatha 
impactite grains.

Immiscible Melt Grains with Iron-Rich 
Bulk Compositions

The melt grain 21D-w08 (Fig. 5; and a few 
other grains not described here) contains tex-
tures that indicate the presence of two coex-

isting melts. Coexisting melt droplets and 
matrix with characteristic menisci, cusps, and 
budding occur in several parts of the grain 
and may either represent liquid phase separa-
tion or localized mingling of two immiscible 
melts (discussed below). Inside the droplets 
new minute, equant Si-Al-Ca–bearing crystals 
∼5 µm across (presumably plagioclase) can be 
observed (Fig.  5F). Composition maps of Si 
and Fe (Figs. 5H and 5J) show that a Fe-rich 
melt forms the matrix to droplets of a Si-rich 
melt (see also Table 2). This chemical relation 
between droplets and matrix is unusual in both 
terrestrial and impact melts, but experimen-
tal work by Hamann et al. (2018) has shown 
that emulsions of Si-rich droplets in a Fe-rich 
matrix can occur depending on the precise 
compositions of the two melt components.

Melt Grains with Zoned Feldspar 
Spherulites

The two melt grains 21G-d05 (Fig.  6) and 
21J-t14 (Fig. 7) contain compositionally zoned 
spherulites typically ∼50 µm across, which 
consist of radial feldspar aggregates. Perlitic 
fractures are absent. In grain 21G-d05 (made 
black by a high content of dispersed organic 
carbon, see below), most or all of the spherulites 
nucleated on pre-existing fragments of quartz 
(BSE-black, Fig.  6). Radiating aggregates of 
plagioclase (BSE-gray) form the central parts 
of the spherulites with exterior rims of likewise 
radiating K-feldspar (BSE-brighter, Fig. 6). The 
glassy mesostasis is siliceous (BSE-dark gray, 
Fig. 6) with relatively high Fe and Mg contents 
and specks of BSE-bright Fe-oxide, besides dis-
persed organic carbon identified by Raman spec-
trography. The volumetric proportion of mesos-
tasis is relatively high and is visually estimated 
to be ∼30–50% (Fig. 6).

Grain 21J-t14 (Fig. 7) has a more complex and 
heterogeneous structure. It contains fragments of 
shocked quartz; patches of impure garnet (and/
or biotite) melt; schlieric zones of calcic to inter-
mediate, partially melted plagioclase; as well as 
numerous spherulites up to almost 100 µm large. 
The spherulites are zoned and consist of weakly 
reverse-zoned plagioclase set in a matrix that 
approaches K-feldspar in composition. In some 
areas the spherulites are surrounded by mantles 
a few micrometers thick of undetermined, pre-
sumably glassy material enriched in Si, Fe, and 
carbonaceous material (BSE-black), which is 
concentrated in certain areas (Fig. 7A). As in 
other Hiawatha grains described by Garde et al. 
(2020), originally the carbon was presumably 
finely dispersed in parts of the melt but was 
expelled by the advancing crystalline fronts and 
concentrated at their margins.
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Felsic to Intermediate Melt Grains with 
Mordenite Microspherulites

A prominent subset of felsic Hiawatha melt 
grains with bulk compositions close to feldspar 

(Table  1) is characterized by abundant, very 
closely spaced perlitic fractures that enclose 
ovoid bodies (“beads”) ∼100 µm across, with 
pervasive and highly unusual microspheru-
lites only 1–3 µm in diameter, combined with 

an absence of euhedral microlite grain assem-
blages like those described in the previous sec-
tion. Prominent chemical hydrothermal altera-
tion zones along the perlitic fractures postdate 
the microspherulite growth. These zones are 
complexly layered and typically consist of phyl-
losilicates and K-feldspar and Fe-rich centers. 
Spherical to ellipsoid or lens-shaped bodies up to 
∼50 µm across, which are filled with concentric 
layers of similar secondary minerals or chlorite, 
are interpreted as relict vesicles.

Raman spectra from several grains (Fig. 8, 
grains 19A-r23, 19A-u02, and 19A-y06) show 
that all of the microspherulites consist of 
mordenite, a fibrous, silica-rich zeolite min-
eral, ((Ca,Na2,K2)Al2Si10O24• 7H2O, that cor-
responds to a H2O content of ∼14 wt%). No 
peaks from quartz, feldspar, or other zeolite 
minerals are present. High and variable back-
ground levels (Fig. 8) suggest that melt glass is 
also prominently present. The Raman spectra 
were obtained from uncoated and otherwise 
unanalyzed grains (Fig. 8), which very closely 
resemble the grains from which SEM-BSE 
maps and SEM-EDS data were acquired: grain 
21G-i09 (Fig. 9) and grains 21J-t03 and 21J-
z40 (Figs. S1–S2; see footnote 1). The BSE 
images of these grains show that the micro-
spherulites are closely packed and have confo-
cal radial structures that impinge on but do not 
penetrate each other. The interstices between 
the microspherulites are occupied by glassy 
material (see below). By comparing the BSE 
images and indexed compositional maps of 
the microspherulites in these grains, it is evi-
dent that only relatively few pixels are actually 
indexed as mordenite and the remainder as 
Si-Al glass (see discussion).

The microspherulites are absent from the 
walls adjacent to the perlitic fractures. The pri-
mary relation between the microspherulites and 
the perlitic fractures is probably best observed in 
grains 19A-r23, 19A-u02 and 19A-y06 (Fig. 8), 
and 21J-z40 (Fig. S2). These grains preserve nar-
row glassy walls up to ∼50 µm wide bordering 
the fractures. The hydrothermal alteration zones 
in these particular grains are only ∼10–20 µm 
wide and narrower than the glassy walls. There-
fore, the important observation can be made that 
there are no spherulites in the glassy walls up 
to ∼50 µm from the perlitic fractures. Detailed 
BSE images and element distribution maps of 
grains 21G-i09 with much wider hydrothermal 
alteration zones show that microspherulites adja-
cent to the glassy walls were partially or com-
pletely annihilated by the superimposed altera-
tion (Fig. 9).

The melt grain 21C-y12 (Fig.  10) is more 
Fe-rich than other grains with microspherulites 
(Table 2) and does not contain perlitic  fracturing. 

A

B C

Figure 3. (A) Image shows melt grain 21K-w39 with moderate numbers of prismatic 
microlites of pyroxene, cordierite, and plagioclase in a glassy matrix. Plagioclase at red 
box has shock-metamorphic “checkerboard” structure with exsolution of silica-rich melt 
(enlarged inset). Indexed scanning electron microscope–energy-dispersive spectroscopy 
(SEM-EDS) composition map. Black spots are holes after cordierite removed by polish-
ing. (B, C) SEM-EDS Si and Ca composition maps are in element wt%; the positions of 
plagioclase crystals are clearly visible in the Ca composition map (C). Note (within dotted 
lines) the enrichment of silica and the absence of plagioclase microlites around partially 
dissolved quartz grains.
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Its microspherulites are slightly larger than in 
the felsic grains, ∼5 µm across, and they do not 
index as mordenite; their mineralogical compo-
sition is currently unknown. A radiating spheru-
lite microstructure and a weak chemical zoning 
can be gleaned from the detailed BSE and ele-
ment maps of Figure 10.

A few perlitic grains have undergone further 
modifications that postdate both microspherulite 
growth and later hydrothermal alteration along 
the perlitic fractures. In grain 21D-s04 (Fig. 11), 
a thorough and apparently more or less isochem-
ical recrystallization at micrometer scale has 
coarsened and sharpened the pattern of micro-

spherulites, perlitic fractures, and hydrothermal 
alteration known from other grains. In this grain, 
pixels indexed as mordenite occur both in the 
interior areas bordered by the perlitic fractures 
and (even more commonly) in the alteration 
zones along the fractures.

Another microspherulitic grain 21C-t36, like-
wise with perlitic fractures, has been affected by 
pervasive replacement with abundant growth of 
secondary phyllosilicates (Fig. 12, and see melt 
grain compositions below). Perlitic fractures, as 
well as remnants of a microspherulitic pattern, 
and alteration along the perlitic fractures predat-
ing the phyllosilicate growth can still be seen.

Melt Grains with Chloritic Spherulites of 
Presumed Hydrothermal Origin

Some grains such as grain 21C-w22 contain 
homogeneous spherulites consisting of confocal, 
radiating aggregates of chlorite up to ∼50 µm 
across that were identified optically and with 
AQM and EMP analysis (Fig. 13; Table 2) in a 
very fine-grained, structureless matrix of mus-
covite. The spherulites are concentrated in small 
groups, and there is additional random chlorite 
growth in parts of the matrix. The most well-
defined spherulites are surrounded by sheaths of 
organic carbon, which are interpreted as having 

A B

Figure 4. (A) Melt grain 21D-r06 has abundant minute, acicular orthopyroxene microlites, diffuse patches of K-feldspar melt, fragments of 
quartz with ballen structure (arrow), garnet, plagioclase, and K-feldspar. Areas between dotted lines contain slightly larger orthopyroxene 
microlites up to 10 μm in length. A photomicrograph of this grain was shown in figure 3 K of Kjær et al. (2018). (A) Indexed scanning elec-
tron microscope–energy-dispersive spectroscopy (SEM-EDS) composition map. (B) Zone of coarser orthopyroxene microlites with weak 
flow alignment within red box in panel A (only orthopyroxene is shown, on a black background).

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/134/7-8/2145/5636810/b36058.1.pdf
by University of Copenhagen Library user
on 07 July 2022



Microspherulitic melt grains, Hiawatha crater

 Geological Society of America Bulletin, v. 134, no. 7/8 2151

been swept out along the margins of the grow-
ing spherulites. Other melt grains not shown here 
contain axiolitic and/or random phyllosilicate 
growth such as along healed fractures.

Melt Grains with Cryptic Fracture Systems 
Hosting Weak Hydrothermal Alteration

Grain 21D-u28 (Table 2, Fig. 14) and other 
grains of intermediate composition not described 
here consist of a non-spherulitic, hemicrystalline 
Mg-Fe–rich (orthopyroxene- and chlorite-like) 
matrix with cryptic, healed fractures that form 
box-like patterns and are associated with weak 
hydrothermal alteration. The alteration is clearly 
visible in Figure 14A; it includes Al-enrichment 
along the cryptic fractures (which presumably 
reflects the leaching of other elements). These 
healed fractures are superimposed by younger and 
narrower but much more prominent fractures with 
low-temperature hydrothermal iron enrichment.

CHEMICAL COMPOSITIONS OF 
MELTS AND SPHERULITES

EMP analyses of most of the Hiawatha melt 
grains discussed in this paper are presented in 
Table 2 and plotted in Greig ternary diagrams 
(Fig. 15) (Roedder, 1978). The melt grains have 
a large range of compositions. Proxies for poten-
tial melt sources (upper continental crust, haplo-
granite, bulk Hiawatha sediment HW13 (Kjær 
et al., 2018), and the detrital target minerals ana-
lyzed) are also shown. A large EMP beam size 
of 5–15 µm was used to minimize sample dam-
age, which limits the analyses of microspheru-
lites and immiscible melt structures to represent 
minimum compositional ranges. The grains 
analyzed are mostly angular fragments without 
signs of mechanical abrasion and are unaffected 
by weathering. Some grains were affected by 
hydrothermal alteration along healed fractures 
as described later.

Grains rich in Fe, Mg, and Ca have com-
positions that are very different from those of 
the likely target rock, which is proxied by the 
bulk sediment HW13-2016 without melt grains 
(Fig. 15). This suggests that shock melting of 
garnet and/or biotite, both of which have direct 
melting temperatures on the order of 1400–1500 
°C, contributed significantly to these shock melts 
in addition to feldspar. Iron also could have been 
supplied from Thule Supergroup iron formation 
rocks (Dawes, 2004), a few erratics of which 
have been found at the ice margin just outside 
the crater, but the relative positions in Figure 15 
of these grains and the estimated range of iron 
formation compositions make this unlikely. The 
melt grain 21D-u28, with optically invisible, 
welded microfractures, plots close to biotite 
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and garnet compositions in Figure 15. Its low 
K content suggests that garnet was the main 
melt source.

The EMP analyses of grain 21D-w08 with 
melt emulsions (Fig.  15B) indicate a well-
defined separation between Fe-Ca– and Si-rich 

melts, which may be immiscible according 
to experimental work by e.g., Roedder (1978) 
and Hou et al. (2018). Both melt compositions 
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plot outside the low-temperature miscibility gap 
determined by Roedder (1978), but see the dis-
cussion below.

The two grains with zoned feldspar spheru-
lites shown in Figures 6 and 7 (21G-d05 and 21J-
t14) plot close to alkali feldspar compositions 
but also contain appreciable ferromagnesian 
elements and Ca, which suggests contributions 
from biotite and garnet melts.

The felsic melt grains with closely packed 
mordenite microspherulites and perlitic 

A B

C

D

E

F

Figure 6. Black, feldspathic melt grain 21G-d05 has zoned feldspar spherulites, quartz fragments, and glassy mesostasis with organic car-
bon. (A, B) Scanning electron microscope–backscattered electron (SEM-BSE) images of zoned feldspar spherulites nucleated on quartz 
fragments (BSE-black). The spherulite interiors grade from calcic to sodic plagioclase (BSE-dark gray) and are surrounded by rims of 
impure K-feldspar (BSE-light gray). Crosses 1–4: Positions of Raman spectra (beam diameter ∼1 μm). (C–E) Electron microprobe (EMP) 
element maps (arbitrary scales). (C) Al map. Enrichment of Al in spherulites relative to glassy mesostasis. (D) K map reflecting K-feldspar 
in spherulite rims. (E) Mg map. Mg (and Fe, not shown) are concentrated in the glassy mesostasis, where tiny grains of iron oxide occur 
(BSE-bright specks in panel B). (F) Raman spectra along traverse 1–4 in panel B, which document quartz (Q), feldspar (F), glassy mesos-
tasis (Glass), and poorly ordered organic carbon (C), respectively, in different parts of the traverse.

Figure 5. Melt grain 21D-w08 has a micro-emulsion structure. (A) Scanning electron mi-
croscope–energy-dispersive spectroscopy (SEM-EDS) map of Si distribution with immis-
cible, low-Si and high-Fe melt phase in blue. Inset is at same scale with indexed phases. 
A zone of partially dissolved quartz across the lower part of the grain is surrounded 
by Si-enriched melt (bright green). (B) Backscattered electron (BSE) map (part of the 
BSE-dark, Fe-rich melt phase was removed by polishing, which accidentally enhanced 
the microstructure). (C) Photomicrograph. (D–L) Enlarged maps show partly coalesced, 
Si-rich melt droplets and interstitial, cusped Fe-rich melt. Dotted lines separate the two 
melt phases. (E–F) SEM-EDS maps. Note incipient crystallization in the Si-rich compo-
nent (arrow). (G) Photomicrograph shows separation of the two melt phases by thin, dark 
carbonaceous films expelled from the melts. (H–L) Element maps (in element wt%).
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 fracturing plot close to the bulk sediment HW13 
composition and are less ferromagnesian than 
average continental crust (Fig. 15A). They are 
more siliceous than feldspar, which suggests 
that their sources may include a significant pro-
portion of quartz shock melt or silica derived 
from melt assimilation of quartz fragments. 
The ratio between ferromagnesian elements and 
Si + Al + Na + K in the melt part is almost 
constant (Fig.  15A). Multiple analyses of the 
somewhat more ferromagnesian grain 21C-y12 
show limited compositional spread at the resolu-
tion of the EMP beam, which indicates a rather 
homogeneous composition.

The EMP analyses of grain 21C-w22, with 
large, chloritic microspherulites and variable 
chlorite-muscovite alteration of its matrix, 

display a trend in the Greig diagram of Fig-
ure 15B of a felsic composition toward iron-
rich chlorite (variety chamosite). This sup-
ports optical observations that this grain was 
affected by significant hydrothermal alteration. 
The thoroughly altered and recrystallized grain 
21C-t36 also has very variable Fe, Mg, and Si 
contents and shows a trend in Figure 15B from 
a presumed original felsic composition toward 
chamosite. This trend is very similar to that of 
grain 21C-w22.

SUMMARY OF OBSERVATIONS AND 
MELT COMPOSITIONS

Direct evidence of bolide impact is found 
as fragments of shocked quartz and checker-

board feldspar. Both are common in melt grains 
(Figs. 3 and 7), while ballen quartz is rare. We 
did not encounter diaplectic glass (lechatelier-
ite and/or maskelynite) and did not search for 
coesite or stishovite.

Incomplete melt homogenization is com-
mon on the micrometer scale. For instance, 
K-feldspar clasts and diffuse K-feldspar melt 
patches may occur in different parts of the 
same grain (e.g., grain 21D-r06, Fig.  4), and 
the K-feldspar–like matrix in grain 21J-t14 is 
heterogeneous (Fig. 7). Quartz may be partially 
dissolved in shock melts but not homogenized 
(Figs. 3 and 5, grains 21K-w39 and 21D-w08). 
Partially melted fragments of feldspar are com-
mon; fragments of garnet occasionally occur. 
Remnants of unmelted biotite are rare and not 

A

B

C

D

E

F

Figure 7. Feldspar-spherulitic melt grain 21J-t14 is shown. (A) Backscatter electron (BSE) image. High organic carbon content is seen as 
BSE-dark patches in several areas, which are accentuated by concentration of this impurity on the outsides of the spherulites. (B) Enlarge-
ment of quartz with shock-induced planar deformation features (PDFs) in two directions (viewed in plane-polarized light). (C) Scanning 
electron microscope–energy-dispersive spectroscopy (SEM-EDS) composition map with indexed melt, feldspar spherulites, K-feldspar 
melt, mineral fragments, and alteration components. Quartz in the lower central grain is surrounded by unindexed, Si-rich melt. (D–F) In 
area of box in panel C are detailed Ca, Na, and K maps of plagioclase spherulites with weak reverse zonation surrounded by heterogeneous 
melt of K-feldspar-like composition. All element maps are in element wt%.
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observed in the grains described here. The  felsic 
melts  typically have compositions that are more 
siliceous than feldspar, which suggests a contri-
bution from melted quartz (Fig. 15 and Table 2). 
Other melt  compositions suggest they are mix-
tures of K-feldspar, plagioclase, biotite, and/
or almandine-like garnet. They are commonly 
dominated by feldspar or garnet melt. Melt 
emulsion microstructures in grain 21D-w08 
(Fig. 5) suggest incomplete mixing of two melt 
components.

The melt grains display a wide range of 
crystallization patterns that include grains with 
assemblages of relatively few euhedral micro-

lites, grains with numerous tiny acicular micro-
lites of orthopyroxene, and grains with closely 
packed mordenite microspherulites.

Perlitic fracturing in felsic melt grains was 
accompanied by the crystallization of mordenite 
microspherulites, which constitutes evidence 
of H2O infiltration during post-impact cooling. 
The perlitic fracturing and growth of mordenite 
microspherulites was succeeded by localized 
hydrothermal alteration along the fractures. 
Melt grains of intermediate composition contain 
box-patterned, cryptic fractures with evidence of 
minor hydrothermal alteration but without devel-
opment of microspherulites.

DISCUSSION

Magmatic Crystallization, Devitrification, 
Spherulite Growth, and Perlitic Fracturing

In crystallizing magmas of terrestrial igne-
ous systems, crystal nucleation and growth are 
primarily governed by the cooling rate and the 
degree of undercooling at any given point along 
the cooling curve (e.g., Best, 2003, p. 137). 
Near the liquidus and with a small degree of 
undercooling, the nucleation rate is low, and the 
rates of diffusion and crystal growth are high. 
This results in the crystallization of few, widely 

A B C
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G H
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J

Figure 8. Microphotographs and Raman spectra are shown of uncoated and otherwise unanalyzed felsic melt grains with mordenite mi-
crospherulites between healed perlitic fractures (grains 19A-r23, 19A-u02, and 19A-y06). (C, F, I) Raman spectra. Labeled peak positions 
were generated automatically by WiTec Project FOUR 4.1 software. (J) Reference mordenite spectrum is from the RRUFF project database 
(https://rruff.info/) with labeled peak positions transferred from grain 19A-r23 for comparison.
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separated crystals. At lower temperatures both 
the nucleation and growth rates are high, which 
results in more abundant but smaller crystals. At 

higher degrees of undercooling, the nucleation 
rate remains high, but the growth rate is greatly 
decreased, which results in abundant but very 

small crystals. At still lower temperatures and 
high degrees of undercooling, both the nucle-
ation and growth rates are low, which results in 
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Figure 10. Microspherulitic melt grain 21C-y12 of intermediate, relatively Fe-rich composition. The melt has a microspherulitic structure 
throughout, except in a schlieric zone that is interpreted as only partially melted material (between dotted lines). (A, B) Optical and scanning 
electron microscope–backscattered electron (SEM-BSE) images display microspherulitic structure on both sides of the schlieric zone. (C) Scan-
ning electron microscope–energy-dispersive spectroscopy (SEM-EDS) composition map with indexed melt, mineral fragments, and alteration 
products. (D–K) Enlarged area. BSE-bright microspherulites and BSE-dark mesostasis are visible in the melt parts but not within the schlieric 
zone. The Al content is lower and the K content is higher in the microspherulites than in the mesostasis. All element maps are in element wt%.

Figure 9. Felsic melt grain 21G-i09 has mordenite microspherulites and perlitic fractures. (A, B) Optical images display microspherulitic 
structure and complex healed fractures and perlitic fractures with hydrothermal alteration. (C) Scanning electron microscope–energy-
dispersive spectroscopy (SEM-EDS) composition map shows indexed melt, mineral, and alteration components. Mordenite microspheru-
lites with interstitial Si-Al glass predominate. Healed perlitic fractures are lined with complex alteration zones. White arrows: rounded 
bodies with chlorite and/or concentric layers of several alteration products, which are interpreted as deformed vesicles. (D–M) Detailed 
backscattered electron (BSE) image, indexed composition map, and element maps. (I) Mordenite microspherulites are almost absent within 
hydrothermally altered zones (arrows). Alteration zones are up to ∼50 mm wide and chemically zoned, enriched in Al and K, depleted in Si, 
Ca, and Na, and have Fe-rich centers. The microspherulites contain 5–10% Al (J, K). All element maps are in element wt%.
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a few small crystals in a glassy matrix or pure 
glass. At very low temperatures near and below 
the solidus with very high degrees of undercool-
ing, spherulitic growth (typically of plagioclase) 
may occur; see below.

There are many factors that complicate 
these generalizations. For instance, the cool-

ing rate may not be smooth, which leads to 
discontinuous nucleation and growth con-
ditions. Also, addition of H2O affects the 
nucleation rate and the degree of undercool-
ing necessary for crystallization and strongly 
enhances diffusion (e.g., Fenn, 1977; Baker, 
1991; Best, 2003).

In impact melts, the cooling typically begins 
from temperatures high above the liquidus and 
may be extremely rapid, at least at first, and the 
juxtaposition of compositionally variable and 
poorly equilibrated melts from different rock and 
mineral sources may result in emulsion struc-
tures (Hamann et  al., 2018). The cooling rate 
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Figure 11. Recrystallized but generally unaltered melt grain 21D-s04 contains mordenite microspherulites, fragments of quartz, plagio-
clase, and a schlieric zone of K-feldspar melt. This grain has a distinct, spotted microstructure that resulted from thorough micrometer-
scale recrystallization of microspherulites and mesostasis. The recrystallized alteration zones along perlitic fractures are enriched in Na and 
depleted in K, Al, and Si and notably also contain many pixels that are indexed as mordenite. Hairline-thin seams of Fe enrichment occur 
in the centers. (A–C) Optical and scanning electron microscope–backscattered electron (SEM-BSE) images. (D) SEM–energy-dispersive 
spectroscopy composition map with indexed melt, mineral fragments, and alteration products. (E–K) BSE and element maps of enlarged 
area within white frame in panel D. All element maps are in element wt%.
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is likely to be discontinuous and vary greatly in 
different parts of the impact structure, but pres-
sure changes after the initial compression and 
rarefaction waves are likely to be small and 
insignificant for the crystallization process. As 
always, crystallization in a hydrated melt may 
greatly affect the crystal nucleation, diffusion, 
and growth rates as well as the mineralogy of 
the crystallization products.

Devitrification and Spherulite Formation
Toward the lower end of the path of cooling 

and crystallization below the glass transition, 
the rates of nucleation, diffusion, and crystal 

growth are reduced and eventually fall to zero. 
Solid-state crystallization within this tempera-
ture range results in the replacement of glass 
by small, fibrous crystals, i.e., devitrification, 
in which there is a change from the glassy to 
crystalline state. The crystal growth normally 
results in millimeter- to centimeter-sized feld-
spar spherulites, in which many crystal fibers 
share the same nucleation point and form 
numerous branches with small deviations of the 
crystallographic orientation as they grow (Keith 
and Padden, 1963; Lofgren, 1971a, 1971b). 
Spherulites have very a high surface to volume 
ratio and are non-equilibrium crystal forms that 
crystallize under a specialized set of conditions 
(Lofgren, 1971b).

Spherulite growth may take place during 
initial cooling and begin at around the glass 
transition (e.g., Holness, 2002; Befus, 2016). 
According to Debenedetti and Stillinger (2001) 
and Fokin et al. (2006), a rapid increase in the 
cooling rate at or below the glass transition 
results in a uniform increase in the short-range 
order throughout the glass and may initiate 
homogeneous crystal nucleation, typically of 
plagioclase in felsic glasses (Lofgren, 1971a). 
Devitrification may also take place during 
subsequent hydrothermal alteration or during 
later reheating. Slow devitrification is typically 
incomplete, and nucleation sites are controlled 
by impurities, compositional differences, or 
fractures. The reheating experiments of vol-
canic glass by Lofgren (1971a) showed that 
spherulite growth is greatly enhanced by the 
presence of water; this is especially true if it 
is strongly alkaline. Spherulite growth is also 
influenced by the ease of nucleation of individ-
ual mineral species. For instance, plagioclase 
nucleates more readily than alkali feldspar, 
which can result in zoned feldspar spherulites 
(Holness, 2002).

Recent studies of feldspar crystallization 
kinetics in rhyolitic glasses, aided by measure-
ments of oxygen isotope ratios in different parts 
of spherulites, suggest that subsolidus growth 
of feldspathic spherulites begins at around 700 
°C with initial crystallization rates estimated 
at ∼1 mm h–1 and becomes prohibitively slow 
below ∼400 °C (Watkins et al., 2009; Gardner 
et al., 2012; Befus et al., 2015; Befus, 2016). 
Castro et  al. (2008) studied the spatial and 
genetic relation between the growth of plagio-
clase spherulites and volatile enrichment in a 
glassy rhyolite from Krafla volcano, Iceland. 
Their diffusion modeling indicated initial spher-
ulite growth rates of a few tenths to hundredths 
of a millimeter per day, which is close to the 
growth rates reported by the former authors, and 
the accumulation of H2O in front of the advanc-
ing spherulite fronts.

Perlitic Fracturing and Zeolite Growth in 
Late- to Postmagmatic Hydrous Environments

Perlitic fracturing is relatively common in 
felsic volcanic glasses (but not in impact melts; 
see below) and is generally interpreted to result 
from low-temperature hydration and expansion-
induced stress in the glass. Here we briefly 
describe two different volcanic settings, both 
with rhyolitic perlites but with different cooling 
histories, which are relevant for interpretating 
the perlitic Hiawatha grains.

Bindeman and Lowenstern (2016) described 
an example of rhyolitic perlites from Yellow-
stone, USA, where eruption and subsequent 
hydration occurred under interglacial/glacial 
conditions. The glasses contain widely spaced, 
euhedral microlites of orthopyroxene, which 
indicates that the initial post-eruption cooling 
was not very rapid and that undercooling at this 
stage was limited. The hydration rinds border-
ing the perlitic fractures have low-δD composi-
tions and do not contain zeolites or clay min-
erals; zeolites were only found as weathering 
products on the outermost surfaces and along 
fractures of the perlites. From their observations 
and isotopic measurements, Bindeman and 
Lowenstern (2016) concluded that the perlitic 
fracturing took place at 100–200 °C during post-
eruption cooling in contact with glacial water.

Denton et al. (2009) studied variably hydrated 
and hydrothermally altered perlitic and vol-
caniclastic rhyolites in Iceland, including sub-
glacially erupted rhyolites from Bláhnúkur in 
the Torfajökull central volcano in South Ice-
land. Some of the most volatile-rich samples, 
erupted subglacially at Bláhnúkur, display per-
litic fracturing (although not as intense as in the 
Hiawatha grains) and contain both mordenite 
and heulandite in addition to rare magmatic 
phenocrysts. The zeolite minerals are dispersed 
within the hydrated volcanic glasses rather than 
on perlite surfaces and fractures as at Yellow-
stone; the zeolite microstructures themselves 
were not described. Denton et  al. (2009) also 
studied subaerial rhyolites from the Krafla vol-
cano and found that these rhyolites were signifi-
cantly less hydrated than the subglacial ones and 
do not contain mordenite or heulandite. Denton 
et al. (2009) concluded that the perlitic fracturing 
and associated crystallization of mordenite and 
heulandite in the Bláhnúkur rhyolites was driven 
by the ingress of copious hydrous vapor and/or 
fluid derived from the glacier rather than by H2O 
dissolved in the magma itself.

Crystallization of the Hiawatha Melt 
Grains

In the following section we discuss crys-
tallization, quenching, and spherulite growth 

A

B

C

Figure 12. (A) Photomicrograph and (B–C) 
backscattered electron (BSE) images of melt 
grain 21C-t36, which was hydrothermally 
altered and recrystallized. Morphological 
remnants of microspherulites and perlitic 
fractures have survived through phyllosili-
cate replacement.
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 processes in the different types of Hiawatha melt 
grains addressed in this study.

Grains with Euhedral Microlites
Grains 21K-w39 and 21D-r06 contain micro-

lites in a felsic matrix (Figs. 3–4). Grain 21K-
w39 contains a limited number of relatively 
large, euhedral grains of coexisting orthopyrox-
ene, cordierite, and feldspar, which are typical 
crystallizates from peraluminous melts (Clem-
ens and Wall, 1988) and likely to be products 
of shock melting of a paragneiss. This grain 
probably crystallized on a T-t path with limited 
undercooling toward the solidus, which was 
followed by quenching prior to full crystalliza-

tion. In similar grains, the swallowtail habits of 
feldspar suggest crystallization and quenching 
at high temperature without contemporaneous 
re-equilibration or subsequent maturing recrys-
tallization.

Grain 21D-r06 contains numerous minute 
orthopyroxene microlites, which probably like-
wise crystallized from a melt but at a much 
higher degree of undercooling, which enhanced 
nucleation but suppressed crystal growth. 
Hiawatha grains like this resemble impactite 
melt rocks described from other well-preserved, 
upper-crustal impact craters characterized by 
widely to closely spaced microlites in a glassy 
to hemicrystalline matrix, as observed in the 

Popigai crater, Siberia (Masaitis, 2019). Välja 
et al. (2019) proposed a similar interpretation of 
a comparable melt rock from the Bosumtwi cra-
ter, Ghana (see below). They labeled this type of 
microlite crystallization as incipient devitrifica-
tion, but in this study we follow Best (2003) and 
restrict this term to spherulitic or axiolitic growth 
below the solidus.

Emulsion Microstructures
The emulsion microstructures in grain 21D-

w08 may have originated by unmixing of an 
original melt that was poorly mixed at the 
micrometer level, but in view of the localized 
development of the emulsion structures shown 

A B C

D E

Figure 13. Hydrothermally altered melt grain 21C-w22 contains scattered chloritic spherulites and backscattered electron (BSE)-dark 
muscovite matrix with muscovite-chlorite aggregates. (A) Scanning electron microscope (SEM)–BSE image. (B) Microphotograph. Note 
distinct chlorite spherulites up to 50 μm across with black rinds of organic carbon. (C–E) SEM–energy-dispersive spectroscopy (SEM-EDS) 
element maps (in element wt%). Well-defined chlorite spherulites display Mg zonation and the absence of K. The very fine-grained musco-
vite matrix contains irregular patches of mixed chlorite and muscovite.
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in Figure 5, it is more likely that the emulsions 
resulted from incomplete mixing along the mar-
gins of different local shock melts. The grain was 
quenched before any crystallization had taken 
place except for the tiny microlites in the felsic 
melt component shown in Figure 5F. If the melts 
resulted from unmixing, their compositions out-
side the low-temperature compositional misci-
bility gap of Roedder (1978) would suggest that 
the exsolution took place under disequilibrium 
conditions; see also, e.g., Hou et al. (2018).

Belkin and Horton (2009) described silicate 
immiscibility structures from the submarine 
Chesapeake Bay impact structure, USA, with 
microstructures and compositions similar to 
those in the Hiawatha grain 21D-w08, and simi-
larly interpreted them as resulting from melt 
metastability or incomplete mixing perhaps due 
to rapid quenching.

Zoned Feldspar Spherulites
The feldspar spherulites in grains 21G-d05 

(Fig. 6) and 21J-t14 (Fig. 7), with plagioclase–
albite–K-feldspar zonation and reverse plagio-
clase zonation, respectively, are both unusual 
and intriguing. The spherulites are fewer and 
much larger than in the felsic grains described 
in the preceding sections, and in grain 21G-d05 
(Fig. 6) most or all of them have nucleated on 
fragments of quartz. Raman spectrography 
identified a well-defined Si- and Fe-rich glassy 
mesostasis in this grain (Fig. 6), which suggests 
spherulite growth from a supercooled melt close 
to the glass transition; this process was possi-
bly aided by heterogeneous nucleation on the 
quartz clasts.

Grain 21J-t14 (Fig.  7) has a more abun-
dant and more heterogeneous mesostasis than 
the former grain, and the mesostasis has a 

K-feldspar-like composition (Table 2, Fig. 7). 
Accordingly, the absence of K-feldspar rims 
on the plagioclase spherulites suggests that the 
spherulite growth in this grain was arrested at a 
higher temperature than in grain 21G-d05. Hol-
ness (2002) discussed the kinetics of spheru-
litic feldspar growth in arkosic sandstone melt 
aureoles on the island of Rum, UK, and showed 
that plagioclase nucleation in the cores of the 
Rum spherulites took place in preference to 
a more stable, but harder to nucleate, alkali 
feldspar in undercooled felsic melts, which led 
to the formation of zoned feldspar spherulites 
and replacement between different feldspar 
species. We consider that similar spherulite 
growth mechanisms under comparable condi-
tions above the solidus are likely for the two 
Hiawatha grains with feldspar spherulites dis-
cussed here.

A B

C

D

Figure 14. Melt grain 21D-u28 of mafic composition shows numerous healed, cryptic fractures and younger fractures. (A) Indexed scanning 
electron microscope–energy-dispersive spectroscopy (SEM-EDS) composition map shows hemicrystalline, orthopyroxene-like and chloritic 
matrix with compositional variations related to a cryptic fracture system (dashed lines), which is invisible optically. Visible younger frac-
tures are lined with silica and iron compounds (dotted lines). (B) Scanning electron microscope–backscattered electron (SEM-BSE) image. 
(C–D) Optical images show hemicrystalline matrix and dark clusters of incipient coarse-scale devitrification.
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Formation of Mordenite Microspherulites and 
Perlitic Fractures

The Hiawatha grains 19A-r23, 19A-u02 and 
19A-y06 (Fig. 8), 21G-i09 (Fig. 9), 21J-t03 (Fig. 
S1), and 21J-z40 (Fig. S2) are all characterized 
by very small and closely packed microspheru-
lites inside ovoid bodies bounded by perlitic 
fractures. It was also shown that the microspher-
ulites consist of mordenite in addition to a glassy 
mesostasis (Raman spectrography, Fig. 8). None 
of the microspherulitic grains possess any indi-
vidual euhedral microlites or pseudomorphs 
derived from such microlites, which indicates 
that these grains were initially quenched very 
rapidly from above the liquidus to below the sol-
idus. Large parts of the microspherulites visible 
in BSE imaging are indexed not as mordenite 
but as Si-Al glass. In accordance with the high 
background levels of the Raman spectra (Fig. 8), 
this probably indicates that glassy mesostasis is 
quite abundant not only between the individual 
microspherulites but also within them.

Our observations of the glassy walls along 
the perlitic fractures least affected by subse-
quent chemical hydrothermal alteration (Figs. 8 
and S2) suggest that the perlitic fractures were 
associated with chilling along their walls and 
that the microspherulite growth was confined 
to the interiors of the fracture-bound “beads.” 
Assuming that the microspherulite-free walls of 
the fractures are indeed chilled margins, it fol-
lows that the perlitic fracturing and the growth of 
microspherulites were essentially simultaneous 
results of the same process. The microspherulites 
were thus formed before the chemical alteration 
observed along the perlitic fractures of almost 
all of the microspherulitic grains (Figs. 8, 9, S1, 
and S2), although they may have overlapped the 
hydrothermal alteration phase in the recrystal-
lized grain 21D-s04 (Fig. 11).

Mordenite contains ∼15 wt% crystalline 
water, which shows that these grains must have 
been in contact with copious, clean hydrous 
vapor or fluid prior to the fracture-bound hydro-
thermal alteration. Mordenite typically occurs 
in hydrothermally altered volcanic rocks (Deer 
et al., 2004). At the mordenite type locality of 
hydrothermally altered basalt at Morden, Nova 
Scotia, Canada, mordenite occurs at the high-
temperature end of zoned amygdale and vein zeo-
lites in basaltic rocks at an estimated formation 
temperature of at least 250 °C (Pe-Piper, 2000). 
Experimental work cited therein and, e.g., Shaikh 
et al. (1993), indicate that mordenite is stable up 
to around 400 °C. In a study of hydrothermal 
alteration of pyroclastic rocks on the island of 
Polyegos, Greece, Kitsopoulos (1997) likewise 
suggested that hydrothermal mordenite might 
be stable at up to ∼400 °C depending on the 

A

B

Figure 15. Electron microprobe (EMP) melt and altered melt compositions in individual 
Hiawatha grains are plotted in Greig diagrams. (A) Different types of melt grains, mostly 
with spherulites, and compositions of likely melt sources. Bulk reference sediment HW13 
(Kjær et al., 2018) and an estimated compositional range of Thule Supergroup iron for-
mation are shown (thick black line) as well as average compositions of detrital target 
minerals with direct melting temperatures of ca. 1300–1500 °C with a hypothetical mix-
ing line to perlitic melt grains (see supplementary data for mineral compositions). Upper 
continental crust is from Rudnick and Gao (2014), and haplogranite is from Devineau 
et al. (2020). (B) Melt grain with emulsion microstructure and two hydrothermally altered 
grains. The Greig diagram separates three groups of elements with different types and 
degrees of bonding in silicate melts. High- and low-temperature immiscibility fields are 
from Roedder (1978). Chamosite is from the Chamoson type locality, Switzerland (web-
mineral.com).
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composition and pH of the hydrothermal fluids. 
These observations place an upper temperature 
limit on mordenite growth. Although mordenite 
is a high-temperature zeolite mineral, it cannot 
be inferred from these studies that the Hiawatha 
mordenite actually crystallized at 400 °C rather 
than at somewhat lower temperatures.

In summary, the felsic melt precursors to 
the microspherulitic material were most likely 
cooled very rapidly following the initial shock 
melting, as there was no microlite growth in the 
melts and no subsolidus feldspathic devitrifica-
tion. When a temperature below 400 °C was 
reached, the felsic glasses came into sufficiently 
close contact with vaporized water to result in 
thorough perlitic fracturing and simultaneous 
nucleation and growth of mordenite microspher-
ulites. At this stage no other chemical changes 
than introduction of H2O seem to have taken 
place. This qualitatively well-defined event was 
followed by hydrothermal alteration along the 
perlitic fractures during continued post-impact 
cooling. We note here again that there is no 
regional evidence whatsoever of a later heating 
event independent of the cratering that could 
have resulted in the observed perlitic fracturing, 
mordenite growth, and subsequent hydrothermal 
alteration.

Cryptic Fractures with Hydrothermal 
Alteration

The cryptic fractures in grain 21D-u28 
(Fig. 14) suggest that such grains were subjected 
to pervasive micro-fracturing in the presence of 
hydrous fluids or vapor at an (undetermined) 
temperature that was high enough to allow com-
plete welding of these cryptic fractures. Such 
fracturing and subsequent welding of melt par-
ticles has also been observed, e.g., in volcanic 
tuffisites (Schipper et al., 2021).

Comparison of Felsic Microspherulitic 
Hiawatha Grains with Felsic Melt Rocks 
from Other Terrestrial and Submarine 
Impact Craters

Impact melt rocks with compositions 
broadly similar to those of the felsic Hiawatha 
melt grains have been described from, e.g., 
the New Quebec crater, Canada (Grieve et al., 
1991); the Popigai crater, Siberia (Whitehead 
et  al., 2002); the Ries crater (Osinski, 2003, 
2005); the El’gygytgyn impact structure, Rus-
sia (Gurov and Koeberl, 2004); the Chesapeake 
Bay impact structure, USA (Belkin and Horton, 
2009); and the Bosumtwi crater, Ghana (Välja 
et  al., 2019). Unaltered impact glasses are 
generally very dry, with H2O contents below 
0.1 wt% (Beran and Koeberl, 1997), and the 
melt rocks from most craters consist of pure 

glass or glass with scattered prismatic micro-
lites like in Hiawatha grain 21K-w39. Spher-
ulites occur in melt rocks from some of the 
above-mentioned craters (e.g., El’gygytgyn; 
Gurov and Koeberl, 2004), but they are gen-
erally uncommon, scattered, and much larger 
than in the felsic Hiawatha grains and mostly in 
the millimeter- to centimeter-size range. Perlitic 
fracturing has been mentioned sporadically in 
descriptions of impact melt rocks from several 
craters, e.g., in Chicxulub, Mexico (Kettrup 
et al., 2000); Popigai (Vishnevsky et al., 2004); 
and Ries (Osinski, 2005). But these exam-
ples are not associated with contemporane-
ous spherulite growth such as described here 
from Hiawatha. For instance, Osinski (2005) 
described patches of late, spherulite-like devit-
rification aggregates overgrowing older perlitic 
fractures in the Ries crater. He related them to 
impact-related, low-temperature hydrothermal 
alteration caused by interaction with meteoric 
water, which is a widespread phenomenon in 
impact structures (Pirajno, 2009). No impact 
glasses have been preserved in drill core from 
the submarine Mjølnir impact structure in the 
Barents Sea (Dypvik et al., 2004).

Osinski et  al. (2020) interpreted fragmen-
tal Chicxulub drill core samples consisting 
of mixed impactite grains and sediment from 
Site M0077 as evidence of explosive interac-
tion between impact melt and seawater during 
a submarine impact, which resulted in quench 
fragmentation of impact melts. They high-
lighted several characteristics of the Chicxu-
lub particles from the upper part of the drill 
core below the post-impact sedimentary cover. 
These include small size (hundreds of microm-
eters) of the original particles, a near-absence 
of vesicles, an absence of schlieren, a very low 
abundance of lithic clasts, a low abundance of 
shock effects in such clasts, and no quench crys-
tallites. Most of these characteristics are mark-
edly different from those of the Hiawatha melt 
grains, where, for instance, the recovered detri-
tal grains all appear to be fragments of larger 
bodies, remnants of vesicles are ubiquitous in 
the felsic perlitic grains, schlieren are common, 
and lithic fragments are very common. Zeo-
lites have been reported from Chicxulub in the 
groundmass between sedimentary and impactite 
grains (Osinski et al., 2020), but no melt grains 
were reported that even remotely resemble the 
perlitic Hiawatha grains with mordenite micro-
spherulites.

Incipient high-temperature devitrification 
has recently been described from impact melt 
fragments of suevites in the continental Bosum-
twi crater, Ghana (Välja et al., 2019). Numer-
ous tiny orthopyroxene and/or Mg-hercynite 
spinel microlites only a few micrometers 

long and morphologically similar to those in 
Hiawatha grain 21C-r06 or feldspar spherulites 
∼20–50 µm wide occur in different melt com-
ponents. Välja et al. (2019) argued that the high 
density of microlites suggests rapid crystalliza-
tion under strong undercooling in the presence 
of abundant volatiles. They supposed that the 
incipient microlite growth was aided by a high 
fluid content in the target rocks, which might 
have been liberated from shale and/or hydrous 
minerals in the deeply weathered target rocks 
or derived from the infiltration of groundwa-
ter. However, the latter proposal seems to be 
incompatible with the high-temperature melt 
crystallizates.

Devitrification in the submarine, ca. 35 Ma, 
d = 85 km Chesapeake Bay impact structure in 
Virginia, USA, (Belkin and Horton, 2009) may 
constitute a closer analogy to the mordenite 
microspherulite formation at Hiawatha. A drill 
core through the Chesapeake Bay impact struc-
ture contains felsic impact melts with numerous 
highly fibrous but mineralogically unspecified 
microspherulites as small as 10–20 µm in diam-
eter, including some that are relatively closely 
packed in small patches. Belkin and Horton 
(2009) conducted EMP analyses of the melt 
glasses and obtained low totals, which they inter-
preted as indicating hydrous volatile contents of 
up to 10 wt%. They interpreted the 10–20 µm 
large spherulites as consistent with growth at 
high temperatures during cooling after solidifi-
cation of a hot, supercooled liquid rather than by 
later devitrification at lower temperature. With-
out knowing if these specific spherulites consist 
of feldspar or a zeolite mineral and if their com-
position was influenced by seawater rather than 
freshwater, it is difficult to draw a direct analogy 
to the Hiawatha microspherulites.

Comparison with Rhyolite Erupted under 
Glacial Ice in Iceland

The occurrence of ordenite in perlitic rhyolitic 
glasses, which erupted subglacially in the Torfa-
jökull volcano, Iceland (Denton et al., 2009), is 
the closest analogy to the microspherulitic mor-
denite in the Hiawatha perlite grains of which 
we know. As mentioned, mordenite is dispersed 
with heulandite inside the hydrated volcanic 
glasses. Denton et al. (2009) concluded that the 
perlite formation and zeolite growth were driven 
directly by the ingress of glacial water vapor 
without chemical alteration.

Cooling Rates and the Timing of 
Hydrothermal Alteration

A recent study of the Chicxulub drill core 
at Site M0077 (Gulick et  al., 2019) has the 
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thought-provoking title “The First Day of 
the Cenozoic.” The title reflects that most of 
the impact melt was thoroughly fragmented, 
quenched, cooled to below 100 °C, and mixed 
with sea water within hours. In smaller subma-
rine impact craters, we envisage that the post-
impact influx of seawater into the crater would 
be even more rapid, causing very rapid cool-
ing and thorough alteration of melt products 
as in the Mjølnir crater (Dypvik et al., 2004). 
In contrast, it takes terrestrial volcanic flows 
∼10 m thick up to a few years to completely 
cool down to the ambient temperature (Best, 
2003, p. 197). It takes large terrestrial impact 
structures up to thousands of years to cool 
down to below 90 °C at 1 km depth (Kirsimäe 
and Osinski, 2013). The microstructures in the 
Hiawatha grains and their hydrothermal altera-
tion described here imply that they cannot have 
been part of a marine impact. We suggest that 
they must have resulted from cratering into a 
wet, non-marine environment, where the melts 
in the most surficial part of the structure were 
first subjected to hydration and fragmentation 
by limited amounts of vaporized water in the 
temperature range 250–400 °C. The melt grains 
were later subjected to alteration in a likewise 
impact-induced subsurface hydrothermal sys-
tem at much lower temperatures.

Several lines of evidence, including the pres-
ence of burnt carbonaceous and woody materials 
as well as ice-radar structural evidence for dis-
equilibrium conditions in the glacial ice above 
the crater, led Kjær et al. (2018) and Garde et al. 
(2020) to suggest the Hiawatha impact was very 
young and therefore a potential first example of 
impact into and through a continental ice sheet. 
Our results are consistent with this, where flash 
melting and vaporization of glacial ice would 
create the hydrous, vapor-rich conditions that 
are implied by the alteration and mineralogical 
observations in the Hiawatha melt grains. An 
alternative scenario of an older impact during a 
warmer period into a forested target area is also 
possible, where lakes, swamps, and deltaic or 
large-scale fluvial systems would supply suit-
able sources for the observed hydrous, vapor-
rich conditions.

CONCLUSIONS

Sand-sized impactite melt grains up to 1 mm 
across sampled from recently deposited gla-
ciofluvial outwash in front of the ice-covered 
Hiawatha impact crater classify as clast-free 
to clast-rich hypocrystalline to holocrystalline 
melt rocks. The grains contain a wide range 
of microstructures that indicate variable con-
ditions of rapid crystallization and growth in 
strongly undercooled melts and glasses. Grains 

with scattered euhedral microlites of several 
coexisting mineral species and other grains 
with abundant, tiny acicular orthopyroxene 
microlites were crystallized from melts above 
the solidus under different degrees of under-
cooling. Such grains are well known from other 
impact structures.

Two other grains contain abundant, more 
intriguing, zoned feldspar spherulites up to 
∼50 µm across. These are also interpreted as 
results of suprasolidus growth under disequi-
librium conditions at a large degree of under-
cooling. The spherulite growth was arrested at 
different stages of cooling in the two respec-
tive grains.

A melt grain contains emulsion microstruc-
tures with siliceous melt droplets in an iron-
rich melt phase. The emulsions are interpreted 
as results of incomplete mixing between two 
shock melts with different compositions. The 
melts were quenched at a cooling stage when 
only few equant, micrometer-sized microlites 
(presumably of feldspar) had crystallized in the 
felsic melt component.

A characteristic group of distinctive, com-
mon, and easily recognizable felsic melt grains 
contains abundant, closely packed microspheru-
lites of mordenite, only 1–3 µm across, which 
fill the insides of ovoid bodies around 100 µm 
wide surrounded by healed perlitic fractures. 
The microstructures and microchemical maps 
of the Hiawatha grains suggest that the morde-
nite growth and perlitic fracturing took place 
simultaneously at isochemical, hydrous condi-
tions in the temperature interval of 400–250 °C. 
The perlitic fracturing and mordenite growth 
therefore mark a unique point in the cooling 
history of the Hiawatha structure at this tem-
perature interval. The perlitic-microspherulitic 
grains also document a second, low-temperature 
hydrothermal alteration along the perlitic frac-
tures. This represents the latest event in the cool-
ing history of the Hiawatha crater and is simi-
lar to low-temperature hydrothermal alteration 
related to the influx of meteoric water observed 
in many other terrestrial impact structures (e.g., 
Pirajno, 2009).

The perlitic Hiawatha grains, with their 
closely packed mordenite microspherulites, do 
not appear to have counterparts in other impact 
craters. However, they quite closely resemble 
mordenite- and heulandite-bearing perlitic 
rhyolites that erupted subglacially in the Tor-
fajökull volcano in South Iceland, which were 
investigated by Denton et al. (2009). The lat-
ter authors concluded that the perlite formation 
and zeolite growth were driven directly by the 
ingress of glacial water vapor from the adja-
cent and overlying glacier without chemical 
alteration.

The perlitic fracturing and mordenite growth 
in the felsic melt grains from the Hiawatha cra-
ter document a very specific hydration event 
without additional chemical alteration between 
400 °C and 250 °C during its post-impact cool-
ing. Abundant influx of water was required—
not immediately after cratering, as in a sub-
marine impact, but a little later in the cooling 
history and prior to low-temperature hydrother-
mal circulation of meteoric water. This would 
be compatible with a transglacial setting of the 
Hiawatha impact. Impacting through the Green-
land Ice Sheet would agree with the previously 
reported indirect evidence that the Hiawatha 
crater is very young. Alternatively, the cool-
ing and hydrothermal history of the Hiawatha 
grains, and their high organic matter content, 
would also be compatible with a non-marine 
impact into an area with abundant vegetation 
of coniferous trees (or remnants of such veg-
etation) in a wet, temperate climate with lakes, 
swamps, and rivers well before the Pliocene–
Pleistocene glaciation.
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