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Abstract
U–Pb geochronology of shocked monazite can be used to date hypervelocity impact events. Impact-induced recrystallisation 
and formation of mechanical twins in monazite have been shown to result in radiogenic Pb loss and thus constrain impact 
ages. However, little is known about the effect of porosity on the U–Pb system in shocked monazite. Here we investigate 
monazite in two impact melt rocks from the Hiawatha impact structure, Greenland by means of nano- and micrometre-scale 
techniques. Microstructural characterisation by scanning electron and transmission electron microscopy imaging and elec-
tron backscatter diffraction reveals shock recrystallisation, microtwins and the development of widespread micrometre- to 
nanometre-scale porosity. For the first time in shocked monazite, nanophases identified as cubic Pb,  Pb3O4, and cerussite 
 (PbCO3) were observed. We also find evidence for interaction with impact melt and fluids, with the formation of micrometre-
scale melt-bearing channels, and the precipitation of the Pb-rich nanophases by dissolution–precipitation reactions involving 
pre-existing Pb-rich high-density clusters. To shed light on the response of monazite to shock metamorphism, high-spatial-
resolution U–Pb dating by secondary ion mass spectrometry was completed. Recrystallised grains show the most advanced 
Pb loss, and together with porous grains yield concordia intercept ages within uncertainty of the previously established zircon 
U–Pb impact age attributed to the Hiawatha impact structure. Although porous grains alone yielded a less precise age, they 
are demonstrably useful in constraining impact ages. Observed relatively old apparent ages can be explained by significant 
retention of radiogenic lead in the form of widespread Pb nanophases. Lastly, we demonstrate that porous monazite is a 
valuable microtexture to search for when attempting to date poorly constrained impact structures, especially when shocked 
zircon or recrystallised monazite grains are not present.
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Introduction

Constraining ages of impact events on Earth is key for our 
understanding of its evolution and the role of impact cra-
tering. A reliable approach for precise radiometric dating 
of hypervelocity impact structures is U–Pb age determina-
tion of shocked uranium-bearing accessory minerals found 
in impact-related material (French and Koeberl 2010; 
Jourdan et al. 2012). U-bearing minerals newly crystallised 
as primary phases in impact melt can provide the most 
precise impact ages (melt crystallisation ages; e.g., Davis 
2008; Kenny et al. 2021). However, such occurrences are 
rare, and the majority of studies rely on inherited mineral 
grains. The extreme pressure–temperature conditions gen-
erated during shock metamorphism can result in the partial 
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to complete resetting of the U-Th-Pb system in U-bearing 
minerals (e.g., Krogh et al. 1984; Moser et al. 2011; Cavo-
sie et al. 2015). Commonly used phases include zircon 
(e.g., Moser et al. 2011), monazite (e.g., Erickson et al. 
2017b, 2020) and apatite (e.g., McGregor et al. 2018). 
More rarely, other accessory minerals are utilised, such 
as xenotime (Cavosie et al. 2021) and titanite (Papapav-
lou et al. 2018; McGregor et al. 2021). Zircon has been 
used as a geochronometer for radiometric dating of impact 
structures for decades (e.g., Krogh et al. 1984; Bohor et al. 
1993), yielding many of the most precise impact ages in 
the current impact record of Earth (Schmieder and Kring 
2020; Osinski et al. 2022). Consequently, microstructures 
in shocked zircon have been investigated in the greatest 
detail and constrained in terms of P–T-t (pressure–temper-
ature-time) conditions in which they form, as well as their 
effect on Pb mobility (e.g., Cavosie et al. 2016; Erick-
son et al. 2017a; Timms et al. 2017; Plan et al. 2021). In 
comparison, U–Pb systematics and shock microtextures in 
monazite are relatively poorly understood in comparison.

Monazite, (La,Ce,Th)PO4, grains exhibit a range of 
shock deformation microstructures in response to shock 
metamorphism and shocked monazite has been confirmed 
at several impact structures: e.g., Araguainha, Brazil 
(Tohver et al. 2012; Silva et al. 2016; Fougerouse et al. 
2021), Vredefort, South Africa (Moser 1997; Hart et al. 
1999; Flowers et al. 2003; Erickson et al. 2017b; Kova-
leva and Dixon 2020; Fougerouse et al. 2021), Yarrabubba 
(Erickson et al. 2020) and Woodleigh (Fougerouse et al. 
2021), Australia, and two Canadian impact structures, 
Carswell (Alwmark et al. 2017) and Haughton (Schärer 
and Deutsch 1990; Erickson et al. 2021). Microstructures 
in shocked monazite include mechanical twinning form-
ing by a simple shear of the crystal lattice, intracrystalline 
plastic deformation (crystal-plastic) and recrystallisation 
textures (neoblastic) in response to more extreme impact 
conditions, all of which have been shown to variably per-
turb the U-Th-Pb systemics of monazite grains (Erickson 
et al. 2016). Advances in high-spatial resolution imaging 
techniques (e.g., electron backscatter diffraction [EBSD] 
analysis) and their integration with high-spatial resolution 
U–Pb age determination methods (e.g., secondary ion mass 
spectrometry, [SIMS]) has led to a better understanding of 
shock deformation and associated Pb loss in monazite and 
its use as reliable geochronometer for precise impact dat-
ing (Erickson et al. 2017b), in particular grains display-
ing polycrystallinity (Tohver et al. 2012; Erickson et al. 
2017b, 2021) and microtwins (Moser et al. 2011; Erickson 
et al. 2017b; Fougerouse et al. 2020, 2021). Other recent 
discoveries in shocked monazite include nanoscale sig-
natures of shock deformation (Seydoux-Guillaume et al. 
2022) and a high-pressure shock-produced monazite poly-
morph with tetragonal symmetry (Erickson et al. 2019).

Little attention has been directed towards shocked mona-
zite grains with numerous, sub-micrometre pores. We use 
the term ‘pores’ as it is non-specific to a formation process, 
following the reasoning of Martell et al. (2021). Here, we 
investigate monazite from two glaciofluvial (detrital) impact 
melt rock samples collected downstream from the Hiawatha 
impact structure, northwestern Greenland (Fig. 1A; Kjær 
et al. 2018; Hyde et al. 2023), and further explore the util-
ity of monazite as an accurate and precise geochronome-
ter for dating hypervelocity impact events. By integrating 
microstructural characterisation via EBSD and transmission 
electron microscopy (TEM) alongside state-of-the-art SIMS 
U–Pb geochronology, we highlight the previously unrec-
ognised utility of porous shocked monazite. Additionally, 
nanoscale investigation of the grains offers further insights 
into the microstructural evolution of monazite in response to 
impact metamorphism, with a focus on the loss and/or reten-
tion of radiogenic Pb (Pb*). Through studying shocked mon-
azite grains from samples that were previously dated using 
shocked zircon U–Pb geochronology (Kenny et al. 2022), we 
can directly compare and contrast how the two minerals, and 
particularly their U–Pb systems, respond to impact cratering. 
Zircon grains provided the first precise radiometric age of 
the crater (57.99 ± 0.54 Ma), as well as target rock ages that 
correlate with known lithologies in the immediate foreland 
of the structure (1915 ± 8 Ma), indicating a local origin of 
the samples (Fig. 1B; Kenny et al. 2022).

Methodology

Sample selection and description

Two pebble-sized, glaciofluvial impact melt rock samples, 
HW19-01 and HW19-05, were collected in 2018 from the 
glaciofluvial flood plain in front of the 31-km-wide, ice-cov-
ered Hiawatha impact structure (78.84° N 67.29° W), ~ 4 km 
downstream from the terminus of the main subglacial drain-
age channel originating from the protruding Hiawatha Gla-
cier (Figs. 1A, 2; Kjær et al. 2018). Both HW19-01 and 
HW19-05 are clast-rich, hypocrystalline melt rocks and were 
selected for this study based on the previous confirmation 
of inherited monazite grains situated within the melt matrix 
(Figs. 2E, S1; Hyde et al. 2023). No monazite grains were 
observed within polycrystalline lithic clasts (e.g., orthog-
neiss) in either sample.

Analytical procedures and sample preparation

Samples HW19-01 and HW19-05 (Fig. 2) were disaggre-
gated to fine sand using a jaw crusher and a puck-and-ring-
style mill. Heavy minerals were concentrated by Franz 
magnetic and heavy liquid density separation (methylene 
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iodide ~ 3.3 g/cm3). Grains were picked under a binocu-
lar microscope, selecting all observed monazite grains. 
A total of 30 grains were collected: 27 from HW19-01 
and three from HW19-05. The selected monazite grains 
were mounted and cast in a 2.5 cm-diameter epoxy mount 
(lab name for mount: mt2130) and then polished using 
a Struers Rotopol at a frequency of 150 rpm and apply-
ing multiple grades of diamond suspensions (6 μm and 
1 μm) to expose grain interiors. To prepare the grains for 
microstructural analysis (EBSD), the mounts were also 
polished with colloidal silica. The exposed interiors of all 
grains were imaged using backscattered electron (BSE) 
atomic contrast imaging on a FEI Quanta FEG 650 SEM 
at the Swedish Museum of Natural History, Stockholm, 
Sweden. Energy dispersive X-ray spectroscopy (EDS) ele-
ment maps were completed on the same SEM, as were 
EBSD analyses on ten deformed grains of interest. After 
EBSD imaging, the epoxy mount was cleaned and gold-
coated in preparation for U–Pb geochronology by SIMS.

Electron backscattered diffraction

EBSD analysis was performed using an Oxford Instru-
ments Nordlys detector and an Oxford Instruments Sym-
metry S3 detector (the system was upgraded during the 
course of the project). Grains were indexed for monazite 
using match units based on crystallographic data from 
Ni et al. (1995). Analytical conditions and parameters 
utilised were a working distance of ~ 18 mm, accelerat-
ing voltage of 20 kV, stage tilt of 70°, electron backscat-
ter pattern binning of 4 × 4, EBSP gain set to “High”, 
background defined with a collection of 128 frames, 
Hough resolution set to 60, and band detection mini-
mum/maximum of 6/8 following procedures detailed in 
Kenny et al. (2022). Maps were collected with step sizes 
between 0.09 and 0.2 μm. The collection of all data was 
done in Oxford Instruments Aztec software and processed 
in Oxford Instruments Channel 5 software v.5.12 (Nor-
dlys detector) and Oxford Instruments Crystal software 
(Symmetry detector). All pole figures were plotted to 
include all shown points in IPF orientation maps and are 
the lower hemisphere. A wildspike correction was applied 

Fig. 1  A Bedrock topography map of the Hiawatha impact structure 
modified after Kjær et  al. (2018). Inset map shows the location in 
northwest Greenland. White line represents the current ice margin of 
the Greenland Ice Sheet. Sample locations of HW19-01 and HW19-
05 are marked by a star icon. Blue line marks the main subglacial 
drainage channel (solid) and its continuation in the foreland (dotted 
line), indicating the likely transportation pathway of the samples. B 
Geological map of Inglefield Land, northwest Greenland. Previously 

published zircon U–Pb ages for bedrock samples from Nutman et al. 
(2008) and best-estimate impact and target rock crystallisation ages 
(lower and upper intercept) from Kenny et al. (2022) are shown. The 
dominant U–Pb target rock age in the same impact melt rock samples 
(1915 ± 8  Ma) is indistinguishable from the ages (zircon U–Pb) of 
proximal felsic igneous intrusions in the adjacent foreland. Map was 
modified after Kenny et al. (2022) and Nutman et al. (2008)
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Fig. 2  Imaging of detrital impact melt rock samples HW19-01 and 
HW19-05. A, B Cut surface of aphanitic, clast-rich impact melt rock 
samples. Images presented by Kenny et  al. (2022). C Matrix and 
clasts within sample HW19-05, including abundant shocked quartz 
which is commonly toasted. D Shocked quartz clast with two or more 
sets of decorated planar deformation features  (PDF). E Monazite 

grain displaying porosity situated within the melt matrix, which con-
tains plagioclase (pl), orthopyroxene (opx) and pinnitised cordierite 
(crd) microlites. Note the arrangement of pores in a sublinear array. 
See Hyde et al. (2023) for more details on the nature of the samples. 
PPL plane polarised light, XPL cross polarised light, BSE backscat-
tered electron
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to all grains to remove isolated misindexed points and a 
nearest-neighbour zero solutions extrapolation based on 
between 1 and 3 nearest neighbours was also applied.

Transmission electron microscopy

Thirteen electron-transparent foils of monazite were pre-
pared from eight monazite grains by focused ion beam (FIB) 
milling at the German research centre for Geosciences, Pots-
dam (GeoForschungsZentrum [GFZ]), using a Helios G4 
UC FIB-SEM system. The TEM foils are 15–20 μm wide, 
10–15 μm deep and ~ 100 nm thick and include a 1.5 μm 
thick protective Pt layer. For a detailed description of the 
sample preparation process see Wirth (2004, 2009). The 
TEM procedures applied follow those used in recent TEM 
investigations conducted at GFZ Potsdam, e.g., Kusiak 
et al. (2015, 2022) and Budzyń et al. (2021, 2022). TEM 
observations were performed using an FEI Tecnai™ G2 
F20 X-Twin system at GFZ Potsdam, operated at 200 kV 
utilising a Schottky field emitter as an electron source and a 
post-column Gatan imaging filter (GIF Tridiem). The TEM 
is equipped with a Fishione high-angle annular dark field 
detector (HAADF) and EDAX X-Ray analyser enabling 
analytical and energy-filtered high-resolution transmis-
sion electron microscopy (ATEM, HRTEM). The HRTEM 
images were energy-filtered using a 10 eV window on the 
zero-loss peak. Scanning transmission mode (STEM) was 
used to measure X-ray intensities. Structural data such as 
 dhkl spacing and the angles between adjacent lattice planes 
of minerals were determined from selected area electron dif-
fraction (SAED) patterns or diffraction patterns calculated 
by fast Fourier transform (FFT). The chemical composition 
of crystal matrix and nanoscale features was achieved using 
EDS analysis (STEM-mode) thus avoiding mass loss and 
acquisition times of ~ 60 s. Element maps and HR-STEM 
images were collected using a Thermo Fischer Scientific 
Themis Z electron microscope at GFZ Potsdam, operated at 
300 kV and equipped with a CEOS corrector of spherical 
aberration installed at the probe-size, and a SuperX detec-
tor. The mapping was performed in the multi-frame mode 
with the probe current of about 50 pA to minimize possible 
radiation damages and to achieve good statistics.

Secondary ion mass spectrometry U–Pb

The monazite grains were analysed for U–Pb isotopic com-
position and date by SIMS in one analytical session on a 
CAMECA IMS1280 ion microprobe at the NordSIMS lab-
oratory, Swedish Museum of Natural History. Analytical 
methods closely followed those described by Kirkland et al. 
(2009), with the exception that an Oregon Physics Hyperion 
H201 RF plasma high brightness oxygen source was used to 
produce  O2

− ions and the primary column tuned in critical 

focusing mode with a small (5 × 5 μm) raster applied to pro-
duce an analysis pit ~ 15 μm across. To increase the spatial 
resolution of the area that was effectively analysed in these 
complex monazite grains, the field of view on the sample 
was further restricted by closing the field aperture. This lim-
ited analysed ions to those from a central, approximately 
6 μm by 6 μm square area (shown as a square inside the 
round to elliptical analysis pits in Figs. 3, 4 and 5). Stand-
ard monazite USGS 44069 was used as the primary refer-
ence standard, assuming a crystallization age of 424.9 Ma 
(Aleinikoff et al. 2006). The decay constant values of Steiger 
and Jäger (1997) were used. We applied a standard common 
Pb (Pbc) correction for all analysis, where Pbc was assumed 
to be largely introduced into crevices in the grains during 
the polishing stage of grain mount preparation and that 
Pbc is modern (i.e., 0 Ma in age) and has a modern-day Pb 
composition (Stacey and Kramers 1975). All U–Pb ages are 
calculated using the discordia (model-1) and isoplot online 
(Ludwig 1998; Vermeesch 2018). Only one data point in the 
entire dataset is excluded from the age calculations due to 
common Pbc overcorrection. All uncertainties in the text and 
figures are presented at the 2σ level unless otherwise stated, 
and the uncertainties in the data tables are presented at the 
1σ level (Table S1).

Results

SEM and EBSD

All 30 monazite grains separated from HW19-01 and 
HW19-05 are < 150  μm in diameter (Fig.  S2). In BSE 
images, grains display various microtextures and three mor-
phological groups can be discerned: (i) mostly homogene-
ous grains with numerous sub-micrometre pores (Figs. 2E, 
3), (ii) grains with similar porosity coexisting with partially 
filled, non-linear features (Fig. 4) and (iii) grains displaying 
polycrystallinity (Fig. 5).

Monazite grains containing abundant, densely packed 
pores is the most common grain texture (26 of 30 grains). 
Pores are generally submicrometre-scale and round. How-
ever, some grains contain larger micrometre-scale pores 
(Ø < 5 μm) which can be elongate (e.g., Fig. S2X). Pores 
appear both empty and variably filled (Figs. 3, S2). Pore 
arrangement varies between grains; some pores show align-
ment, being arranged in linear to sublinear arrays (Figs. 3A, 
S2), whereas many other grains contain pores that are 
apparently unaligned (Fig. 3B). Xenotime displaying simi-
lar porosity is also observed (Fig. S1). The monazite grains 
commonly exhibit greyscale zoning in BSE images, with 
rims or internal domains of contrasting atomic brightness. 
A correlation between zoning and the density and scale of 
pores is observed (grain 01-M03; Fig. 3B), where darker, 
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relatively atomically light areas contain fewer, but larger 
pores, when compared to brighter pore-rich areas (Fig. 3B). 
Porous monazite grains generally show a single crystallo-
graphic orientation in IPF images and relative misorientation 
maps reveal little or no crystal-plastic lattice strain across 
the grains (Figs. 3, S3). No other microstructure indicative 
of structural deformation is observed (i.e., microtwins or 
recrystallised domains).

Two monazite grains, 01-M27 and 05-M02, contain non-
linear, partially open features, referred to here as ‘channels’, 
as well as widespread porosity (Fig. 4), and are therefore 
also considered porous monazite. Internal channels vary in 
width and continuity, regularly terminating at grain exteri-
ors, and do not resemble typical mechanical planar fractures 
(PF) or curvilinear fractures, nor do they uniformly follow 
cleavage. More grains with internal open areas are seen, 
although they show poor continuity and resemble isolated 
elongate pores or inclusions (Fig. S2). Small subdomains 
showing strong atomic contrast variation coincide with 
open channels and the same relationship between zoning 
and pore density described above is seen in these grains 
(Fig. 4). Crystal-plastic deformation (≤ 10° relative misori-
entation) is preserved across both monazite grains, includ-
ing low angle (< 15°) subgrain boundaries that resemble 
polygonal misorientated domains (Fig. 4A). Changes in 
crystallographic orientation coincide with channels in grain 
05-M02, with ~ 3–5° misorientation observed between sepa-
rated domains (Fig. 4B). This grain also contains a single 
microtwin set with a twin-host disorientation relationship of 
180°/ <100> , corresponding to a compositional  (K1) plane 
of (001) and a shear direction (η1) of [100] following Erick-
son et al. (2016).

Polycrystalline textures are observed in two microstruc-
turally complex monazite grains, 01-M23 and 05-M01 

(Fig. 5). Kernel average misorientation maps reveal areas 
or subgrains with contrasting high and low levels of local 
misorientation, corresponding to high-strain (host) areas 
and low-strain (neoblasts) domains, respectively. Crystal-
lographic orientation maps (all Euler) and IPF projections 
of both partially recrystallised grains display the orientation 
of all subdomains (Fig. 5). Grain 01-M23 contains isolated 
neoblasts within non-recrystallised areas, as well as a neo-
blastic area dominating the bottom of the grain, with large 
neoblasts up to ~ 18 μm across easily observed (Fig. 5B). 
Here, 120° triple junctions between impinging neoblasts 
are common. Neoblasts and host crystal domains are orien-
tated ~ 90° from each other. Additionally, a microtwin set is 
observed oriented about 180°/ <101> (corresponding to a 
compositional  (K1) plane of ( 101) and a shear direction (η1) 
of [101]; Erickson et al. 2016). This twin set exists within 
non-recrystallised areas and is cross-cut by neoblasts. Grain 
05-M01 shows local misorientation more diffusively spread 
across the grain (Fig. 5A). Two groups of crystallographic 
orientations are again observed at ~ 90° relative misorienta-
tion. Both grains contain pores, although they are generally 
isolated and exhibit morphologies unlike those seen in the 
previously described porous grains (e.g., Figs. 3, 4). How-
ever, polygonal pore space situated between subdomains and 
neoblasts is abundant where the degree of impingement is 
low.

Chemical mapping

SEM–EDS chemical mapping of the monazite grains reveals 
that the observed greyscale zoning (Fig. 3B) corresponds 
to spatial variations in Th and rare earth elements ([REE]; 
Fig. 6). Brighter, relatively pore-rich areas are Th-rich and 
show an inverse relationship with Ce (REE). Most pores 
within the non-recrystallised monazite grains have composi-
tions consistent with the host crystal, whereas larger pores 
contain notable concentrations (> 2 wt%) of various ele-
ments, e.g., Si, Fe, Al, K and Na (Fig. 6A). Similar concen-
trations of these elements are observed in non-linear chan-
nels, particularly when they terminate at the grain’s exterior 
surface, and in larger polygonal pore spaces separating neo-
blasts (Fig. 6A–C).

Transmission electron microscopy

Thirteen FIB foils from six monazite grains were inves-
tigated using TEM/STEM techniques. Two grains were 
selected from each morphological group, corresponding to 
all grains presented above (Figs. 3, 4 and 5). The locations 
at which the FIB foils were cut are displayed there, and were 
chosen to cross-cut specific microstructures identified in the 
grains, for example, neoblasts, twins or Th/REE zonation.

Fig. 3  Microstructural characterisation of two porous monazite 
grains, HW19-01-M02 (A) and HW19-01-M03 (B). Backscattered 
electron (BSE) images show variable porosity. Red boxes show the 
locations of small-scale BSE image below. Note (arrows) sublinear 
arrays of nanoporosity and rare sub-micron bright inclusions within 
pores (A), and a relationship between greyscale zoning and poros-
ity (B). Electron backscattered diffraction (EBSD) inverse pole fig-
ure (IPF) orientation maps show one common orientation across the 
exposed interior grain surface. SIMS spot locations for U–Pb analy-
sis (dashed circle: U–Pb analysis pit (~ 15 µm across), solid squares: 
6 µm × 6 µm area of sampled material), calculated 206Pb/238U appar-
ent ages and locations of FIB cuts are shown (e.g., FIB #7181). FIB 
section #7180 is labelled with x and y for orientation (Fig. 6E). All 
uncertainties in the figures are presented at the 2σ level. Relative 
orientation maps are 10° degrees misorientation from an arbitrary 
point (cross). No crystal-plastic lattice strain is observed. The mot-
tled effect seen is presumably due to porosity leading to areas of poor 
crystal indexing. Pole figures  (010) show a single common orienta-
tion of the grains. Pole figures are coloured according to IPF orienta-
tion maps. Other recorded orientations (B) are from interaction with 
larger pores and are interpreted to be not true crystal orientations

◂
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Porous monazite

Grain 01-M02 (FIB foil #7181 and #7182) shows a high 
density of larger pores (Ø < 1 μm) that appear to be empty 
and randomly arranged (Fig. 7). Additionally, nanometre-
scale pores (nanoporosity) are observed, which show align-
ment in linear arrays of increased concentration and contain 
bright inclusions (Fig. 7C). We find few defects in the crystal 
structure, observing only minor diffraction contrast varia-
tion preserved across the grain. Furthermore, the diffraction 
pattern FFT analysis (Fig. 7B) of HRTEM imaging of the 
crystal shows an undisturbed monazite diffraction pattern, 
indicating a single monazite crystal. FIB foil #7180 in grain 
01-M03 cross-cuts a Th/REE zonation boundary observed 
from SEM-based observations (Figs. 3B, 6A; x–y coordi-
nates) and exhibits a heterogenous distribution of nanostruc-
tures (Fig. 7E). A higher density of nanopores and lower 
dislocation density is observed in the relatively Th-rich 
region (Fig. 7F). Whereas in the relatively Th-poor region a 
greater abundance of non-linear dislocations are observed, 
which are pinned by, and link more abundant larger pores 
(Fig. 7G).

Curvilinear channels and non-spherical isolated inclu-
sions within plastically deformed porous monazite grains 
are variably filled, either containing amorphous  SiO2 or a 
mixture of major elements (e.g., Si, Mg, Al, Fe; Fig. 8). 
The latter requires that it has been introduced from the sur-
rounding matrix, likely in the form of impact-generated melt 
(Fig. 6B). These isolated inclusions and melt-filled chan-
nels are linked by large dislocations, visible in both HAADF 
(STEM) and BF (TEM) images (Fig. 8). Multiple, succes-
sive FIB cuts progressing through the grain and imaged 
consecutively show that the channels form a complex inter-
connected structure, extending throughout the monazite 
grain (Fig. S4). Both grains 01-M27 and 05-M02 show an 
increased density of nanoscale defects, relative to grains that 
show no crystal-plastic deformation (Figs. 3, 7). Disloca-
tions are abundant and regularly form cell structures with 
low-angle grain boundaries, acting as barriers for dislocation 
motion, and together comprise extensive regions displaying 

blocky diffraction contrast (Fig. 8F). Steeply inclined curved 
dislocations with regular spacing are common, as well as 
nanoporosity (Fig. 8H).

Nanopores and Pb‑rich nanophases

In addition to the larger submicrometre-scale pores that are 
observable in BSE images (e.g., Fig. 3), we find ubiqui-
tous variably scaled nanopores in non-recrystallised grains 
(Figs. 7, 8). These structures range in size from ~ 20–300 nm, 
with two discernible groups: nanopores 100–300 nm in 
diameter and smaller features ~ 20–50  nm in diameter 
(Figs. 9A). TEM/STEM images reveal that bright, near-
spherical inclusions (nanophases) are commonly situated 
within nanopores, located at the host crystal–pore bound-
ary (Fig. 9). These nanophases are not seen within larger 
apparently empty pores (Fig. 7A). TEM-EDS scans and 
spot analyses show that these nanophases are consistently 
Pb-rich and that these phases are closely associated with 
variable amounts of amorphous Ca- and Si-rich material 
concentrated along larger nanopore walls (Fig. 9). Chemi-
cal comparison between the nanophases and surrounding 
pore space shows that no other external elements are present 
(Fig. S5D). Bright Pb-rich nanophases range in diameter 
from ~ 20–60 nm, depending on the scale of the pore they 
are situated in (Fig. 9C).

Diffraction patterns of individual Pb-rich nanophases 
located in 100-nm-scale nanopores were calculated by FFT 
from HRTEM images and SAED patterns. The diffraction 
patterns enable the measurement of observed d(hkl) spac-
ings (Å), as well as of the angles between planes, which are 
compared with calculated values (Table 1). Diffraction pat-
terns are randomly orientated, indicating that these features 
are individual crystallised phases, rather than Pb concentra-
tions within the host monazite. Measured d(hkl) spacings 
from one nanophase (phase 1; Ø 25.8 nm; Fig. 9D) are 3.02, 
2.56, 2.26 and 1.78 Å, which agree with d-spacings of  Pb3O4 
along the (220), ( 2 12), (032) and (412) planes (3.115, 2.522, 
2.189 and 1.791 Å, respectively; Gavarri and Weigel 1975) 
in the [ 2 2 3 ] zone axis. This is confirmed by the agreement 
of observed and calculated angles between adjacent planes 
(Table 1). Measured d(hkl) spacings from another nanophase 
(phase 2; Ø 26.9 nm; Fig. 9F) are 3.80, 2.99 and 2.58 Å. 
These values align with d-spacings of  Pb2O3 (3.871, 2.952 
and 2.575 Å; Bouvaist and Weigel 1970), but also to a lesser 
extent cerussite  (PbCO3) along the ( 11 1), (1 2 1) and (0 
3 2) planes (3.587, 2.895 and 2.08 Å, respectively; Minch 
et al. 2010) in the [123] zone axis. However, when angles 
are calculated between adjacent planes, phase 2 shows good 
agreement with cerussite, consistently within 1.5–2° error 
of calculated values (Table 1), which is not true when cal-
culated for  Pb2O3. Furthermore, selected-area EDS analysis 
of phase 2 indexed as cerussite shows a clear increase in C, 

Fig. 4  Microstructural characterisation of two porous monazite 
grains with open channels, HW19-01-M27 (A) and HW19-05-M02 
(B). BSE images of monazite grains showing micron-scale porosity 
and open, non-linear channels. Note (arrows) zoning and the forma-
tion of small, subdomains with variable BSE brightness (A), and a 
relationship between zoning and open channels (B). IPF orientation 
maps show one single orientation, apart from a 180°/ <100> micro-
twin set (B; non-impact specific; Erickson et al. 2016). Crystal plastic 
lattice strain is observed across the grains exposed interior surface. 
Note small (2–5  µm) subdomains showing increased misorientation 
relative to the grain average orientation (A), and the interaction with 
channels and lattice strain (B). Pole figures (010) show a single com-
mon orientation of the grains. Linear unindexed feature is a scratch 
from grain polishing

◂
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relative to the  Pb3O4-indexed nanophase (Fig. 9), despite 
C having a low fluorescence yield. Analysis of four more 
nanophases reveals two indexed as  Pb3O4 (phase 3 and 4), 
one as cerussite (phase 5), as well as the identification of a 
cubic Pb nanophase (phase 6) following the same procedure 
(Fig. S5E; Table S2).

Additionally, smaller near-spherical features which also 
show bright contrast reflecting high-density material are 
observed (Ø < 15 nm; Fig. 9E, G) and correspond to the 
widespread nanoscale features observed (Fig. 9A). EDS 
analysis of these features reveals a mixture of a monazite-
like spectra with increases in Pb and Th, as well as Si and 
Ca, similar to the combined chemistry of larger nanopore-
nanophase assemblages described above. Indexed FFT 
analysis of these nanoscale features reveals a monazite dif-
fraction pattern (Fig. 9E). Furthermore, HR-STEM imaging 
reveals that lattice fringes are undisturbed (Fig. 9G) and, 
therefore, that there is no structural change from the host 
monazite.

Recrystallised monazite

TEM/STEM imaging of partially recrystallised grains shows 
that subgrains are common (Fig. 10). FIB foil #7167 (grain 
01-M23) contains large homogenous regions of defect-free 
monazite with low diffraction contrast (orientation depend-
ant; Fig. 10A, B). Additionally, small (Ø = 100–300 μm) 
subgrains containing dislocations, nanoporosity (including 
bright Pb-rich nanophases) and low-angle grain boundaries 
are situated within a central, sublinear domain (Fig. 10A, C). 
No nanopores or associated bright Pb-rich nanophases are 
observed within low-strain domains (neoblasts). Curvilinear, 
high-angle grain boundaries separate the two domains, with 
cell structures immediately adjacent to the darker, defect-
free monazite (Fig. 10B). Areas of neoblasts with 120° triple 
junctions are observed in defect-free monazite (Fig. 10D).

FIB foil #7169 from the same grain shows similar micro-
structures. However, a microcrystalline domain contains 

aligned, elongate subgrains with strong diffraction contrast, 
each containing induvial cell structures and low-angle grain 
boundaries (Fig. 10E). Open, variably filled pore spaces 
separate these subgrains from the defect-free monazite 
with non-linear contacts (Fig. 10F, G). Isolated neoblasts 
are located within microcrystalline domains, frequently 
in association with external material occupying open pore 
space (Fig. 10H). FIB foil #7174 (grain 05-M01) contains 
similar elongate subgrains separated by open pore space 
filled with siliceous material, including individual microlites 
corresponding to silicate melt phases (Fig. 10J, K). Sharp, 
linear structures separate elongate subgrains and cut grain 
boundaries and cell structures (Fig. 10L).

SIMS U–Pb geochronology

A total of 39 U–Pb analyses were performed on 30 shocked 
monazite grains: thirty-five analyses on 27 grains separated 
from HW19-01 and four analyses on three grains separated 
from HW19-05 (Table  S1). Considering both samples 
together, 34 analyses were obtained from grains with densely 
packed pores, including two analyses from grains with open, 
melt-bearing channels (Figs. 3, 4), and five analyses from 
two polycrystalline grains, targeted at either recrystallised 
or non-recrystallised domains, or a mixture of both textures 
(Fig. 5). The selection of analysis sites was based on prior 
BSE imaging of all grains and EBSD imaging of ten of the 
grains. No apparently undeformed grains were analysed, as 
none were found (Fig. S2). All grains show variable degrees 
of Pb loss, preserving a broad range of apparent ages, and 
no data points are concordant. It is worth mentioning here 
all Pb is radiogenic (Pb*), excluding measured Pbc. Cal-
culated 206Pb/238U ages from both samples populate the 
same discordant distribution, defining a linear discordia 
trend between the Paleoproterozoic and the Late Paleocene 
(Fig. 11A).

Thirty-four analyses on monazite grains with perva-
sive porosity populate the centre of the field and preserve 
the oldest apparent ages, ranging from 477 ± 45 Ma up to 
1549 ± 50 Ma (Fig. 11). Analyses from two grains displaying 
open melt-filled channels alongside porosity yield vastly dif-
ferent ages: grain 05-M02 records a relatively old apparent 
age of 1248 ± 53 Ma, while grain 01-M27 gives the young-
est apparent age from all porous grains of 477 ± 44.6 Ma 
(Fig. 4). In two grains that show clear Th/REE zoning, anal-
yses in Th-rich domains yield older apparent ages (Figs. 3, 
S2A), and retain higher Th/U ratios and Pb concentration 
(Fig. 6A; Table S1).

Analyses (n = 4) of two partially recrystallised grains 
reveal the youngest apparent ages and form the lower end 
of the discordant distribution, plotting closest to the lower 
intercept (Fig. 11B). One analysis (HW01-M23c) on the 
largest neoblast (~ 18 μm across) in the grain 01-M23 gave 

Fig. 5  Microstructural characterisation of two partially recrystallised 
monazite grains, HW19-05-M01 (A) and HW19-01-M23 (B). BSE 
images show polycrystallinity. Open pores spaces are seen between 
neoblasts. Band contrast images of two grains containing SIMS spot 
locations for U–Pb analysis, calculated 206Pb/238U apparent ages and 
locations of FIB foil locations. Kernel average misorientation maps of 
recrystallised monazite grains show areas of low and high local mis-
orientation, where neoblasts exhibit low strain domains (~ 0°). The 
orientation of subgrains is shown in orientation maps (All euler) and 
IPF images. Yellow cross (pole figures) represents the average orien-
tation of the grouping. Grain 01-M23 (B) displays ~ 90° misorienta-
tion between two orientation groups in pole figures, one containing 
a shock microtwin set (10 1 ) and host-crystal orientations, and the 
other neoblastic areas. The microtwin set revealed by white board-
ers is observed in two different orientations (green and purple; B). It 
is unclear what is recrystallised in grain 05-M01, however, a similar 
~ 90° misorientation is observed between the two orientation groups

◂
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Fig. 6  SEM–EDS maps of monazite grains exhibiting various micro-
textures. A Porous grain (Fig.  3B), B porous grain with melt-filled 
channels (Fig. 4A) and C recrystallised grain (Fig. 5B). BSE images 
show SIMS analysis pits (~ 15 µm across), 206Pb/238U apparent ages 
and microstructures. Th and Ce (REE) EDS maps reveal chemi-

cal zoning and Si and Fe maps show siliceous melt injected into the 
grains or within open channels. Pb concentration (ppm) and Th/U 
ratios are higher in the Th-rich domain in grain HW19-01-M03 (A) 
from SIMS analysis (Table  S1) and FIB section #7180 (x–y) cuts a 
Th-zonation boundary (Fig. 7E)
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the youngest 206Pb/238U apparent age of 52.6 ± 3.1  Ma 
(Fig. 5B); however, this analysis was not plotted in concor-
dia space as the apparent 207Pb/235U ages could not be cal-
culated, due to a slight overcorrection for Pbc  (f206% = 8.15) 
and is not used in the age calculations (Table S1). Analysis 
HW01-M23a targeted a mixed domain, containing recrystal-
lised monazite and an area (~ 5 μm-wide) of a ( 1 01) micro-
twin, and preserved an older apparent age of 154 ± 10 Ma 
(Fig. 11D). The third analysis (HW01-M23b) was targeted 
at a predominately non-recrystallised domain, giving a yet 
older apparent age (363 ± 16 Ma). Two analyses from par-
tially recrystallised grain 05-M01 both give apparent ages 
of ~ 500 Ma. The high  f206% recorded in all analyses of neo-
blastic grains is likely due to both the interstitial siliceous 
material located within pore spaces (Figs. 6C, 10), as well as 
the accumulation of detritus in these relatively topography-
rich grains during polishing.

Apart from the one overcorrected age (HW01-M23c), 
no analyses have been filtered from the dataset (Table S1). 
When all monazite data are considered, the full discordant 

array yields a lower concordia intercept age of 56 ± 27 Ma 
(MSWD = 15) (Fig. 11B). Upon filtering the data based on 
grain microtextures, targeted analyses on neoblastic grains 
alone give a more precise lower concordia intercept age of 
73 ± 15 Ma (MSWD = 0.76), whereas analyses on porous 
monazite grains alone give a less precise, lower intercept 
age of 46 ± 40 Ma (MSWD = 17) (Fig. 11C, D). The upper 
intercept for all data is 1911 ± 20 Ma, and upper intercepts 
for both the recrystallised (1937 ± 39 Ma) and porous mona-
zite (1906 ± 25 Ma) data selections are within error of this 
age (Fig. 11).

Discussion

Combined SEM imaging, EBSD and TEM/STEM analy-
ses, and SIMS age determination of shocked monazite from 
two detrital impact melt rocks collected near the Hiawatha 
impact structure, northwest Greenland, provides, among 
other insights, new constraints on how monazite responds 

Fig. 7  TEM/STEM images of porous monazite showing variably 
scaled porosity. A Widespread sub-micrometre-scale pores appar-
ently unaligned. Inset image (B) shows FFT of HRTEM analysis 
(not shown) of the monazite grain matrix, showing an undisturbed 
monazite diffraction pattern. C Arrangement of some nanopores into 
sublinear arrays (arrow) and bright nanoinclusions in pores. D Minor 
crystal defects in grain matrix and larger nanopores. E FIB section 
#7181 which cuts a Th zonation boundary (see x–y, Figs. 3, 6), show-
ing heterogenous distribution of microstructures across the grain. 
Long dislocations link larger micrometre-scale pores on the left (Th-

rich side), whereas lower dislocation density and an increased con-
centration of nanopores is observed on the right (Th-rich side). F) 
Ubiquitous nanoporosity in a defect-poor matrix. G Larger empty 
pore pinning a dislocation with low-angle grain boundaries. FIB 
foil and image type is shown in images and FIB foil locations within 
grains are given in Fig. 3. Red boxes show the location of small-scale 
images. HAADF High Angle Annular Dark Field (STEM mode), BF 
Bright Field (TEM mode). Black shadows in HAADF images are due 
to FIB cutting
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to shock texturally and isotopically. Specifically, this work 
offers (i) new understanding of the formation of textures 
and microstructures previously documented in shocked 
monazite, i.e., nanoscale observations of recrystallised and 
microtwin domains in monazite, (ii) insights into how the 
previously understudied texture of porous monazite forms 
as well as its utility in dating impacts, and (iii) additional 
support for a Late Paleocene age for the Hiawatha impact 
structure, northwest Greenland.

Monazite microstructures

Recrystallisation

Recrystallisation textures and shock microtwins in mona-
zite have been documented at other impact structures, as 
well as in tectonically deformed monazite (e.g., Tohver et al. 
2012; Erickson et al. 2017b, 2021). It has been shown that 

neoblasts grow by grain boundary migration, resulting in 
largely strain-free subgrains and that recrystallisation occurs 
in high-strain domains in the pre-impact crystal structure 
(Erickson et al. 2015, 2016). Our observations of neoblasts 
at the nanoscale also show defect-free material, indicating 
new growth of monazite post-impact, as well as display-
ing the direction of neoblasts grain boundary migration into 
high-strain domains (Fig. 10B). Neoblasts are commonly 
spatially associated with pockets of melt (Figs. 6C, 10H) 
that were probably injected into the monazite during fracture 
formation, similar to injected ellipsoidal inclusions of shock-
induced partial melt observed in shocked zircon (Moser 
et al. 2011). This indicates that recrystallisation can be con-
trolled by both strain and exposure to melt (both external and 
injected), and therefore also the location of the grains within 
the thermally heterogenous clast-rich melt.

Fig. 8  TEM/STEM images of porous monazite with open melt-filled 
channels. Images A and C display long dislocations linking larger 
pore spaces (white arrows), which trend with curvilinear melt-filled 
channels. FFT analysis B reveals an undisturbed monazite diffraction 
pattern. E) EDS spectra (STEM mode) of a pore showing elevations 
in Si, Al, Mg and Fe, likely corresponding to a siliceous impact melt. 
Cu is from TEM grids and not present in the monazite. D Non-spheri-
cal pore space filled with amorphous  SiO2, with dislocations originat-

ing from pore corners (arrows). F–H Cell structures with low-angle 
grain boundaries, dislocations and dislocation pinning, and elon-
gate, high-angle curvilinear dislocations. Nanoporosity is seen in all 
images. FIB foil and image type are shown in images and FIB foil 
locations within grains is given in Fig. 4. HAADF (STEM mode), BF 
(TEM mode). See Fig. S4 for a video of successive FIB cuts in grain 
HW19-05-M02 (A), revealing an interconnected structure of open 
melt-filled channels
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Microtwins

Two different microtwin sets formed by simple shear 
of the crystal lattice are seen within the grains. The 
twin–host disorientation relationship of 180°/ <100> dis-
played by a set of microtwins within a plastically 
deformed grain (Fig. 4B) has been produced in labora-
tory-based experiments (Hay and Marshall 2003; Sey-
doux-Guillaume et  al. 2022) and observed in tectoni-
cally deformed monazite (Erickson et al. 2015), and is 
therefore not unique to hypervelocity impacts (Erick-
son et al. 2016). The twin-host disorientation relation-
ship of 180°/ <101> , observed here for a microtwin set 
within a partially recrystallised grain (Fig. 5B), has been 

reported as specific to hypervelocity impacting (Erickson 
et al. 2016). The pressure constraint has been estimated 
as 20 GPa, based on the discovery of well-constrained 
shock twins in zircon inclusions within shocked mona-
zite grains containing a (10 1 ) twin set (Erickson et al. 
2016). Our TEM observations of the shock-specific (10 
1 ) microtwin set (FIB #7169) reveals aligned, elongate, 
defect-rich subgrains arranged in a narrow (~ 5 μm wide) 
domain that are bounded by sharp planar structures which 
truncate the subgrain defects (Fig. 10). These structures 
resemble planar deformation features in quartz and zir-
con (Goltrant et al. 1992; Leroux et al. 1999). The lack 
of defect-free material and 120° triple junctions inside 
the twin domain indicate that the twin did not undergo 

Fig. 9  TEM/STEM/HR-STEM images of nanoscale features in 
porous monazite. A Multiple nanopores containing relatively large 
nanophases, as well as numerous smaller features with bright nanoin-
clusions (high-density clusters). B EDS scans of A. Pb is located 
within nanophases, whereas Ca- and Si-rich material is amorphous 
within pores situated next to Pb-rich nanophases. Coloured arrows 
in A show locations of element concentrations. C Pores showing 
variably scaled nanophases and element clusters (dark). D, F Phase 
identification of two Pb-rich nanophases through calculation of dif-
fraction patterns from FFT of HRTEM images, revealing  Pb3O4 and 
cerussite respectively. Note the large increase in carbon in nanophase 
indexed as cerussite (F), relative to nanophase indexed as  Pb3O4 (D) 
from EDS spectra (STEM mode). E, G High-density element clus-

ters (Ø < 15 nm). EDS analysis (STEM mode) reveals a monazite-like 
spectra (E), with significant Si, Ca, Pb and Th, however, FFT analysis 
shows that it retains a monazite diffraction pattern. HR-STEM image 
of element cluster (G) shows no structural difference between cluster 
and surrounding monazite crystal. Darker shadow-like contrast on the 
left is likely less dense material (Ca and Si) following Turuani et al. 
(2023; their Fig.  7). FFT analysis of cluster (G) gives a mixed dif-
fraction pattern, indicating the combination monazite and impurities 
(e.g., Pb; brighter spots). FIB foil and image type is shown in images, 
and FIB foil locations within grains are given in Fig. 3. HAADF and 
EDS spectra (STEM mode), BF (TEM mode). HR-STEM: High-res-
olution STEM (Thermo Fischer Titan Themis). See Fig. S5 for more 
images of Pb-rich nanophases
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instantaneous recrystallisation, which agrees with simi-
lar observations and conclusions from Fougerouse et al. 
(2020). The growth of discrete neoblasts proximal to 
interstitial siliceous melt in the twin domains (Fig. 10H) 
suggests melt injections led to later recrystallisation of 
high-strain areas, after twin formation.

Melt‑bearing channels and crystal‑plastic deformation

We also present new observations of melt-bearing channels 
and associated crystal-plastic deformation at the nanoscale. 
The melt-filled channels are linked with isolated melt-filled 
inclusions via large curvilinear dislocations (Figs. 4, 8). The 
resulting complex interconnected structure (Fig. S4), where 
the melt preferentially exploited curvilinear dislocations 
in the monazite crystal structure (Fig. 8A), are analogous 

to melt injections along curvilinear fractures previously 
described from shocked zircon (Moser et al. 2011). The 
accommodation of so much impact melt inside the mona-
zite grains (Figs. 8, 6B) implies localised removal of the 
host, probably through in situ melting, or that the injection 
of melt into fractures led to fractures being forced open. In 
shocked zircon, the above mentioned melt film injections are 
locally associated with small, misorientated polygonal sub-
domains described as showing a ‘incipient granular texture’ 
(Moser et al. 2011, p 128). We observe similar subdomains 
in shocked monazite with elevated misorientation in close 
proximity to injected melt (Fig. 4D).

Lattice strain is recorded across the polished interior 
surfaces (Fig. 4) and expressed as an increased density of 
crystal defects at the nanoscale, including distinct nanoscale 
cell structures, low-angle subgrain boundaries and large 

Fig. 10  TEM/STEM images of recrystallised monazite grains. A 
Central microcrystalline domain bounded by recrystallised domains. 
Image B shows defect-free monazite subgrain (neoblast) with curved 
subgrain boundaries indicating the direction of growth into the 
defect-rich microcrystalline domain (arrows). C Nanopores within 
poorly formed cell structure within a microcrystalline domain. D 
120° triple junctions in neoblastic monazite. E Microtwin (10 1 ) 
domain (centre), containing elongate and aligned subgrains that 
contain a high density of crystal defects exhibit high degrees of dif-
fraction contrast (orientation). F, G Contact between the defect-rich 

(101 ) microtwin and a large homogeneous subgrain, revealing a dis-
solution front preferentially exploiting elongate subgrain boundaries 
leading to curved edges. H Neoblasts surrounded by microcrystal-
line material, associated with proximal siliceous material. I Multi-
ple, elongate subgrains with siliceous melt located in pore spaces (J), 
revealed from EDS analyses (K). M Linear features (PDF?) that sep-
arate elongate subgrains and truncate lattice-defects in image I Red 
boxes in images show locations of small-scale images. FIB foil and 
image type are shown in images and FIB foil locations within grains 
are given in Fig. 5. HAADF (STEM mode), BF (TEM mode)
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Fig. 11  Calculated monazite 206Pb/238U apparent ages from SIMS 
analyses projected on conventional concordia diagrams. A, B All 
SIMS U–Pb monazite data (n = 38) from samples HW19-01 and 
HW19-05. Data from porous (purple ellipses) and recrystallised 
(orange ellipses) grains yield a linear discordia. Calculated 206Pb/238U 
apparent ages < 800 Ma (B). Recrystallised monazite grain data show 
increased Pb loss relative to non-recrystallised grains. Upper and 
lower concordia intercept age of 1911 ± 20  Ma (MSWD = 15) (A) 
and 56 ± 27 Ma (B), respectively, are within analytical error of zircon 
U–Pb target rock and best estimate impact ages (white ellipses) from 
the same samples from Kenny et al. (2022). C Discordant array from 
porous grain data only (n = 34). Upper and lower concordia intercept 

age of 1906 ± 25 Ma and 46 ± 40 Ma (MSWD = 17) are both within 
analytical error of monazite and zircon U–Pb intercept ages (A and 
B). D Analysis-labelled data from recrystallised grains only (n = 4). 
No analysis displays complete Pb loss, due to analyses incorporating 
variably reset material (Fig.  5) and the retention of Pb* in Pb-rich 
nanophases (Figs. 9, 10). Upper and lower concordia intercept age of 
1937 ± 39 Ma and 73 ± 15 Ma (MSWD = 0.76) are both within ana-
lytical error of monazite and zircon U–Pb intercept ages (A and B). 
One data point (HW01-M23c) is excluded due to a Pbc overcorrec-
tion (Fig. 5B). For probability (of concordance and equivalence) see 
all Data in Table S1



Contributions to Mineralogy and Petrology          (2024) 179:28  Page 19 of 26    28 

curvilinear dislocations (Fig. 8). Nanoscale features indicat-
ing crystal-plastic deformation are common in other shock-
deformed minerals, including apatite, where dislocations 
and subgrains are also observed in response to shock (Cox 
et al. 2020). Similarities in mineral chemistry and structure 
between monazite and apatite is likely reflected in similar 
shock microstructures.

Sub‑ to micrometre‑scale porosity

Pores ranging in scale from ~ 1 μm to 20 nm are observed 
within all monazite grains studied here. Larger pores 
(Ø > 500  nm) visible in BSE imaging are frequently 
arranged in sublinear to linear arrays (Figs. 3, S2). Mona-
zite grains displaying porosity aligned in arrays have been 
reported from other impact structures (e.g., Flowers et al. 
2003; Alwmark et al. 2017; Erickson et al. 2021), but rarely 
have pores observed as densely packed as those presented 
here (e.g., Fig. 3A). In the above-mentioned cases, pores 
are spatially associated with pre-existing structures (e.g., 
host fractures (PFs) or twin boundaries) and likely formed 
during post-shock decompression. We present grains that 
have apparently similar arrays of pores but lack any such 
structures and exhibit no clear crystallographic evidence of 
former planar structures (Fig. 3). We suggest that this is 
due to the annealing of host structures (e.g., PFs) during 
the post-impact high-temperature excursion when impact 
melt and the grains were interacting. Similar arrays of pores 
are observed in shocked apatite from various impact struc-
tures, although termed micro-vesiculation (McGregor et al. 
2019, 2020), and a similar thermally dependant annealing 
mechanism has been proposed for shock-related relict pore 
arrays in apatite (McGregor et al. 2021). Long dislocations 
in the monazite grains that link larger sub-micrometre pores 
(Fig. 7E), and linear nanopore arrays (Fig. 7C), might repre-
sent partially annealed shock-induced fractures.

In contrast, the unaligned larger pores in many other 
monazite grains cannot have been controlled by preexisting 
planar or non-planar fractures. Erickson et al. (2021) pre-
sented vesiculated monazite grains with pores in an apparent 
random arrangement from the Haughton impact structure, 
Canada. However, unlike grains here, these monazite grains 
contain other features associated with shock metamorphism 
(e.g., microtwins, neoblasts) or deformation (e.g., low-angle 
grain boundaries). The striking observation of Th/REE zon-
ing correlating with pore density (Figs. 3, 7E) can shed light 
on pore formation. Monazite grains with high degrees of 
porosity have been described elsewhere in non-impact sam-
ples, where a relationship between zonation and pore density 
is also seen (Turuani et al. 2022, 2023). In zircon, locally 
increased pore density is controlled by the weakening of the 
crystal structure in metamict zones (Geisler et al. 2007; Hay 
and Dempster 2009). However, the monazite grains studied 

here are not metamict (Fig. 7B), as self-healing of radiation 
damage occurs to a higher degree in monazite relative to 
zircon (Seydoux-Guillaume et al. 2004, 2018b). Neverthe-
less, lattice defects at the nanoscale influenced by charge 
imbalances or radiation damage associated with high Th/
REE (Seydoux-Guillaume et al. 2018a) are present. During 
heating or post-shock decompression, these lattice defects 
possibly influenced pore formation. This algins with inter-
pretations of pores in monazite, visible from BSE imaging, 
forming through vesiculation (Erickson et al. 2021), as well 
as similar mechanisms in other minerals, i.e., zircon (Witt-
mann et al. 2006; Zhang et al. 2011) and apatite (Barralet 
et al. 2002; Wittmann et al. 2013).

In summary, regarding the larger pores, we suggest that 
linear arrays of pores in monazite grains in our samples 
formed in association with now annealed structures such as 
fractures, whereas non-aligned pores formed preferentially 
in areas of increased crystal lattice instability, in response to 
post-shock decompression and/or heating. It is worth men-
tioning that our observations are specific to monazite grains 
from clast-rich impact melt rocks (Fig. 2); shocked mona-
zite in impactites containing little or no melt will certainly 
behave differently.

Nanometre‑scale porosity and Pb‑rich nanophases

Additionally, a high density of nanometre-scale pores was 
found in non-recrystallised parts of monazite grains (Figs. 7, 
8, 9 and 10). For the first time we also present spectacular 
radiogenic Pb-rich nanophases in shock-metamorphosed 
monazite (Fig. 9). Several different pure Pb- or Pb-rich 
phases, namely cubic Pb,  Pb3O4 and cerussite, were identi-
fied from FTT analysis of HRTEM images and supported by 
EDS spectra (Figs. 9, S5D; Table 1). Previous work using 
TEM and/or atom probe tomography (APT) has documented 
Pb-rich nanophases in monazite grains from ultra-high-tem-
perature (UHT) metamorphic rocks (Seydoux-Guillaume 
et al. 2003, 2018a, 2019; Turuani et al. 2022). Additionally, 
recent work has identified  Pb2O3 and PbS as crystallising 
phases, as well as demonstrating an association with Si and 
Ca inside nanopores in monazite (Turuani et al. 2023). From 
high-resolution FIB-TEM/STEM diffraction patterns we fur-
ther demonstrate that the near-spherical, bright Pb-rich nan-
ophases in monazite are individual crystals (Figs. 9, S5), and 
that amorphous Ca- and Si-rich material is situated in the 
pores and not in a crystalised phase, as observed by Turuani 
et al. (2023). Additionally, we observe ubiquitous nanofea-
tures (Ø < 10 nm) of high-density material with monazite 
diffraction patterns and increases in anomalous element 
concentrations (e.g., Pb) mixed with monazite-like spectra 
from EDS analysis (Fig. 9E–G). These features are therefore 
not individual crystalline Pb-rich phases from undisturbed 
lattice fringes, but anomalous element concentrations within 
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the monazite structure itself, termed here and elsewhere as 
‘clusters’ (e.g., Turuani et al. 2023). Brighter intensity spots 
in the corresponding FFT analysis correspond to STEM scat-
tering (impurities in the monazite crystal, e.g., Pb; Fig. 9G).

Establishing whether nanometre-scale porosity and asso-
ciated Pb-rich nanophases in shocked monazite from the 
Hiawatha impact structure formed in response to the impact 
or may be, for example, pre-impact features of the grains, 
is critical to understanding their effects on impact-specific 
U–Pb systematics. In Antarctic UHT samples, Pb-rich nano-
phases in monazite are interpreted to from as a result of 
initial radiation damage-facilitated element mobility and 
accommodation of elements locally into element clusters 
over extended time periods (e.g., Fig. 9G). Subsequent pre-
cipitation of nanophases (e.g., Fig. 9D) occurs during inter-
action with fluids through dissolution–precipitation reac-
tions during later retrograde metamorphism (Turuani et al. 
2023; their Fig. 12). The first of the two stages proposed for 
Pb-rich nanophase formation (i.e. clustering of Pb* ± Ca ± Si 
through Th and U decay and resulting radiation damage; 
Turuani et al. 2023) must have occurred prior to the impact 
event. Significant Th and U decay requires extended geo-
logical time (billions of years), i.e. in monazite in Inglefield 
Land, northwest Greenland, between monazite crystalliza-
tion at ~ 1.9 Ga, and the impact event at ~ 58 Ma (U–Pb zir-
con impact age; Kenny et al. 2022). The observation that 
neoblasts in shocked monazite lack Pb-rich nanophases and 
element clusters (Fig. 10) supports this, as recrystallisation 
would be expected to have expelled element clusters which 
are suggested to be pre-requisite to form Pb-rich nanophases 
via dissolution and precipitation (Turuani et al. 2023).

In this scenario, the question becomes whether the sub-
sequent precipitation of Pb-rich nanophases in monazite 
also occurred pre-impact, or whether it may have occurred 
in response to the impact event. We see evidence here for 
greater interaction with siliceous melt, and associated fluids, 
than would be expected for monazite in an endogenic meta-
morphic setting (e.g., melt film injections; Figs. 6, 10). This 
interaction was sustained long enough for dissolution–pre-
cipitation reactions to occur, as cooling of an impact struc-
ture to ambient conditions can take up to hundreds of thou-
sands of years, or even million-year timescales in the largest 
terrestrial craters (Abramov and Kring 2007; Schmieder and 
Jourdan 2013; Kenny et al. 2019). Furthermore, accounting 
for element cluster formation (1–2 Gyr), there is no record 
of another relatively recent high-temperature metamorphic 
event in Inglefield Land (Nutman et al. 2008) that could be 
assigned to the subsequent initiation of Pb-rich nanophase. 
Therefore, here we propose the hypervelocity impact event 
as the external high-T process.

The present study also expands the variety of crystalline 
Pb-rich phases observed in porous monazite (Figs. 9, S5D). 
The formation of cerussite nanocrystals (Ø ~ 25 nm; Fig. 9F; 

Table 1) demands the availability of carbon (either as C, 
CO and/or  CO2). Previous work has shown that carbonate-
rich lithologies were present within the target sequence at 
the Hiawatha impact structure, and that macro-scale organic 
fragments are commonly located within the impact melt 
(Garde et al. 2022; Hyde et al. 2023). Furthermore, C has 
been demonstrated to be preserved in impact melt from other 
structures, for example, the Gardnos impact structure, Nor-
way (Lindgren et al. 2019). This suggests that C was read-
ily available and supports an impact-induced origin for the 
Pb-rich nanophases, as the immediate availability of appro-
priate elements is suggested to dictate the mineralogy of 
Pb-bearing nanophases in monazite (Turuani et al. 2023).

More work is required, however, to determine both the 
exact timing nanophase precipitation, for example during 
impact-related heating and/or impact melt-facilitated fluid-
ingress into the monazite crystals, or possibly during pro-
longed cooling and hydrothermal alteration of the impact 
structure, as well as the controls on Pb-rich nanophase for-
mation. Physico-chemical parameters controlling the initial 
state of the monazites lattice (i.e., Th/REE zoning, stress) 
have been shown to influence the accumulation of elements 
in monazite (Seydoux-Guillaume et al. 2002; Grand’Homme 
et al. 2016, 2018). The observation that we see higher con-
centrations of variably scaled porosity and Pb* nanophases, 
as well as Pb concentrations from SIMS analysis, in Th-
rich domains of zoned grains supports this (Figs. 6, 7F). 
This suggests both that element clusters form from charge 
imbalance-induced element mobility (Th decay), and that 
the Th zonation indirectly has led to higher retention of Pb* 
by facilitating increased Pb-rich nanophase precipitation. 
Additionally, temperature (i.e., the location of the grains 
within the heterogenous impact melt; Fig. 2E) was presum-
ably a major control on dissolution–precipitation reactions 
(e.g., Putnis 2009; Budzyń et al. 2021), and therefore also 
the extent of Pb-rich nanophase formation and retention of 
Pb*.

U–Pb systematics and monazite shock 
microstructures

Support for a Late Paleocene zircon U–Pb impact age 
for the Hiawatha impact structure

The monazite U–Pb data populate a discordant array, inter-
cepting the concordia in the Paleoproterozoic (upper inter-
cept) and the Late Paleocene (lower intercept; Fig. 11). Con-
sidering all monazite data from this study, despite having a 
high error, the lower intercept of 56 ± 27 Ma (MSWD = 15) 
is within an uncertainty of the 57.99 ± 0.54 Ma zircon U–Pb 
age for Hiawatha impact event that was obtained from the 
same samples (Figs. 1B, 11B; Kenny et al. 2022). Addition-
ally, our data supports the Late Paleocene resetting of Ar–Ar 
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dates of individual glassy sand-sized grains eroded from the 
crater (Kenny et al. 2022).

Although no concordant monazite ages (crystallisation) 
were recorded, as no undeformed grains were found, the 
upper intercept of 1911 ± 20 Ma from all monazite data like-
wise coincides with published U–Pb zircon ages from the 
Etah meta-igneous group and Etah meta-sedimentary suc-
cessions which comprise the exposed foreland of the impact 
structure (Fig. 1B; Nutman et al. 2008; Dawes 2009) and 
dominate the target sequence of the impact structure (Garde 
et al. 2022; Hyde et al. 2023). Furthermore, this intercept 
age aligns with target rock ages form apparently unshocked 
zircon grains in the same samples (1905 ± 8 Ma; Kenny 
et al. 2022). Interestingly, no monazite analysis is located in 
an impact-induced Pb-loss discordia trending from the two 
other target rock ages that were identified from U–Pb zircon 
geochronology, ~ 1485 Ma and ~ 2300 Ma (Fig. 11A). These 
zircon age populations were interpreted to originate from the 
incorporation of other target rock lithologies or xenocrystic 
zircons within felsic intrusions. This indicates that all ana-
lysed monazite grains have a petrogenesis from the meta-
morphic event which formed the high-grade 1.95–1.75 Ga 
bedrock that dominates the exposed foreland in Inglefield 
Land (Fig. 1B; Nutman et al. 2008).

Shock and impact microstructures

The high spatial resolution of this SIMS study has made it 
possible to compare the shock microstructures and U–Pb 
apparent ages within individual parts of complex grains. 
Partially shock-recrystallised domains of two monazite 
grains show the most advanced U–Pb resetting (Fig. 11B; 
Table S1). The same microstructure–age resetting relation-
ship, where recrystallised grains show the most advanced 
Pb loss, is observed in variably shocked monazites from 
other impact structures (e.g., Erickson et al. 2020) and in 
other U-bearing minerals, for example zircon (Kenny et al. 
2019, 2022) and apatite (McGregor et al. 2018). Accord-
ingly, analysis HW01-M23c which exclusively targeted a 
large neoblast, although removed from age determinations 
due to a Pb overcorrection, yielded an apparent age of 
52.6 ± 3.1 Ma, younger than the adjacent analysis (HW01-
M23b; 363 ± 16 Ma) situated in a largely non-neoblastic 
domain in the same grain (Figs. 5B, 11D; Table S1).

Analysis HW01-23a (154 ± 10 Ma) is located in an area 
containing both recrystallised and non-recrystallised mona-
zite, as well as a set of impact-diagnostic (10 1 ) microtwins 
(Fig. 5B). This analysis gave an older apparent age than 
analysis c, but the second youngest age within the data-
set (Table S1). Mechanical twinning in monazite, forming 
through simple shear of the crystal lattice in both tectonic- 
and impact-deformed monazite, has been shown to facilitate 
the expulsion of Pb* from the monazite lattice, leading to the 

partial to complete resetting of the U–Pb system (Erickson 
et al. 2017b; Fougerouse et al. 2020, 2021). Pb loss asso-
ciated with twin formation in monazite was also demon-
strated to be thermally dependant, requiring high tempera-
tures (e.g., > 900 °C; Fougerouse et al. 2021). Indeed, grain 
01-M23 was subjected to temperatures in excess of 900 °C 
from impact-generated melt injections seen here (Fig. 10). 
However, as the analysis (HW01-M23a) incorporated vari-
ably age reset material and the twin did not undergo recrys-
tallisation (Fig. 10E), the preserved apparent age is not con-
cordant (Fig. 11).

Grains with coexisting melt-bearing channels and crys-
tal-plastic deformation show contrasting degrees of Pb loss 
and yielded vastly different apparent ages (Fig. 4; Table S1). 
This indicates variable U–Pb resetting between the grains 
and/or within each grain. Lattice strain in shock-deformed 
zircon and monazite has been shown to facilitate Pb loss 
(Moser et al. 2011; Cavosie et al. 2015; Erickson et al. 
2017b). High dislocation densities in plastically deformed 
grains observed here (Fig. 8) may have provided fast dif-
fusion pathways for Pb loss during shock, perhaps though 
pipe diffusion, as dislocations are suggested to have more 
significant diffusion characteristics in plastically deformed 
minerals (e.g., Verberne et al. 2022). Another consideration 
is the variable temperatures these grains experienced in the 
heterogeneous impact melt (Figs. 2, S1), which probably 
controlled the ability of melt-film injections or in situ melt-
ing in curvilinear fractures to occur.

Pore and Pb‑rich nanophase formation and U–Pb 
systematics

The monazite grains displaying only porosity on various 
scales (Figs. 3, 7) analysed here all show some degree of 
Pb loss, albeit to a lower degree than recrystallised mona-
zite grains (Fig. 11). The U–Pb data from porous monazite 
alone defines a discordant array between target rock ages and 
the zircon U–Pb impact age, yielding accurate, albeit rela-
tively imprecise, intercept ages (Fig. 11; Kenny et al. 2022). 
Porous monazite can therefore be considered a viable mate-
rial for impact geochronology. The absence of any shock 
effects (e.g., lattice strain, mechanical twins) in most grains 
suggests that the porosity is not pressure-dependant and that 
Pb* loss was not facilitated by fast diffusion pathways asso-
ciated with such features, except, perhaps migration of Pb 
along former diffusion pathways or dislocations (Figs. 7, 8).

The Pb-rich nanophases and high-density element clus-
ters in all non-recrystallised monazite domains (Fig. 9) 
indicates a high accumulation of Pb*, acting as Pb sinks 
(Seydoux-Guillaume et al. 2019; Turuani et al. 2023), which 
has resulted in incomplete age resetting and relatively old 
U–Pb apparent ages (Fig. 11C). As all data here plot con-
formably on a linear discordia that trends between monazite 
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crystallisation and the robust ~ 58 Ma zircon U–Pb impact 
age from the same samples (Fig. 11; Kenny et al. 2022), 
the overriding cause for opening the U–Pb system in the 
monazite grains is impact-induced. This further suggests that 
Pb-rich nanophase formation occurred via impact-related 
heating and associated fluid interaction. Furthermore, the 
preservation of these nanoscale structures, alongside the 
partial Pb loss and discordance observed, precludes the 
notion that these grains are neoformed or crystallised as a 
result of the unmixing of coexisting  SiO2 and P-rich melts, 
as recently suggested for similar porous monazite in Libyan 
Desert Glass (Kovaleva et al. 2023). If true, grains here 
would have crystallised exclusive of pre-impact Pb* and 
should now yield concordant impact ages, which we do not 
observe (Fig. 11).

Previous work on Pb-rich nanophases in monazite showed 
that they can disturb U–Pb geochronology due to hetero-
geneous Pb* retention across grains, commonly leading to 
ambiguous, discordant geological apparent ages (Seydoux-
Guillaume et al. 2003; Turuani et al. 2022). Interestingly, 
element clusters have been shown to have no impact on geo-
chronology (Laurent et al. 2016; Seydoux-Guillaume et al. 
2019; Turuani et al. 2022, 2023), whereas Turuani et al. 
(2022) shows that increased retention of radiogenic Pb-rich 
nanophases results in decreases in discordance. Due to the 
prevalence of both nanoscale features (Fig. 9), it is unlikely 
we will be able to isolate their independent effects on the 
geochronological data presented here, nor evaluate the role 
that temperature (e.g., Budzyń et al. 2021) or the physico-
chemical characteristics of the monazite grains themselves 
(e.g., Grand’Homme et al. 2016) influenced coupled dissolu-
tion–precipitation reactions and the mobility of elements in 
monazite. However, we observe that domains of relatively 
high Th zonation have i) more nanopores and Pb-rich nano-
phases (Fig. 7E) and ii) contain higher Pb* concentrations 
and yield older apparent ages from U–Pb analyses (Figs. 6, 
S2; Table S1).

Interestingly, we find no relationship between the perva-
siveness of porosity observed in BSE images (Fig. S2) and 
U–Pb apparent ages, with grains at either end of the discord-
ant array looking largely microtexturally similar (Figs. 11C, 
S2). Further imaging and/or nanoscale chemical mapping 
(e.g., APT) of grains where no zoning is observed might be 
more appropriate to reveal a trend in porosity and apparent 
age here, where we suspect the abundance of Pb-rich nano-
phases will be a major control on any calculated age.

Conclusions

• We show that monazite from impact melt rocks from the 
Hiawatha impact structure exhibit various known fea-
tures of shock metamorphism, including shock-specific 

microtwins and recrystallisation textures. Additionally, 
nanoscale characterisation of shock microstructures 
using TEM procedures reveals the non-recrystallised 
nature of shock-specific microtwins as well as the forma-
tion of individual cell structures and dislocations within 
plastically deformed grains.

• We find variably scaled porosity in all grains. Larger 
pores arranged in linear arrays likely formed along pre-
existing, now annealed planer features (PFs), where Pb 
loss was initially facilitated via migration along diffu-
sion pathways. However, pore formation in a random 
arrangement is more dependent on Th/REE-zoning and 
the length of exposure to high temperatures.

• Nanopores and spectacular radiogenic Pb-rich nano-
phases formed via dissolution–precipitation reactions 
during the impact-induced high-temperature excursion 
with the interaction of fluids. However, prerequisite ele-
ment clusters (Ø < 15 nm) formed prior to the impact 
over extended time periods (since monazite crystallisa-
tion ca. ~ 1.9 Ga) through Th and U decay and associated 
lattice instabilities. The abundance of Pb-rich nanophases 
is due to both the initial physico-chemical characteristics 
(e.g., zoning) of the grains, as well as their exposure to 
high temperatures and fluids.

• Moreover, with the identification of cerussite and  Pb3O4, 
we increase the number of known Pb-rich phases crystal-
lising in monazite nanopores and support previous work 
suggesting the immediate availably of elements within 
the fluid determines the nucleating Pb-rich phase chem-
istry, e.g., CO or  CO2 contained within impact melt for 
cerussite crystallisation.

• Altogether, the monazite data yield a linear discord-
ant population which has provided an accurate impact 
age for the Hiawatha impact structure of 56 ± 27 Ma 
(MSWD = 15), within error of the more precise 
57.99 ± 0.54 Ma zircon U–Pb age from the same melt 
rock samples (Kenny et al. 2022).

• We further demonstrate that the integration of high-
spatial microstructural characterisation and in situ high-
resolution U–Pb analysis of shocked monazite allows for 
more effective dating of impact events, whereby U–Pb 
analyses targeted at recrystallised domains in monazite 
show the most advanced age resetting. However, no 
analysis was concordant, due to the analysis of mixed 
domains and the widespread retention of Pb* in the form 
of Pb-rich nanophases.

• While previous work has primarily targeted recrystal-
lised monazite, we demonstrate by conducting a coupled 
EBSD, TEM and SIMS study employing state-of-the-art 
methods that porous monazite alone is a valuable impact 
microtexture, which has a good potential for U–Pb dating 
of impact events if recrystallised zircon is not available.
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