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Abstract— mpact-metamorphosed CaCOs-bearing sandstones at the Haughton structure have been
divided into 6 classes, based to alarge extent on a previous classification devel oped for sandstones at
Meteor Crater. Class 1a sandstones (<3 GPa) display crude shatter cones, but no other petrographic
indications of shock. At pressures of 3to 5.5 GPa(class 1b), porosity isdestroyed and well-devel oped
shatter cones occur. Class 2 rocks display planar deformation features (PDFs) and are characterized
by a “jigsaw” texture produced by rotation and shear at quartz grain boundaries. Calcite shows an
increase in the density of mechanica twins and undergoes micro-brecciation in class 1 and 2
sandstones. Class 3 samples display multiple sets of PDFs and widespread devel opment of diaplectic
glass, toasted quartz, and symplectic intergrowths of quartz, diaplectic glass, and coesite. Textura
evidence, such as the intermingling of silicate glasses and calcite and the presence of flow textures,
indicatesthat calcitein class 3 sandstones has undergone melting. This constrains the onset of melting
of calcitein the Haughton sandstonesto >10 < 20 GPa. At higher pressures, the original texture of the
sandstoneislost, which isassociated with major devel opment of vesicular SiO, glass or lechatelierite.
Class 5 rocks (>30 GPa) consist ailmost entirely of lechatelierite. A new class of shocked sandstones
(class 6) consists of SiO,-rich melt that recrystallized to microcrystalline quartz. Calcite within
class 4 to 6 sandstones al so underwent melting and is preserved as globules and euhedral crystals
within SiO, phases, demonstrating the importance of impact melting, and not decomposition, in these

CaCOg3-bearing sandstones.

INTRODUCTION

Hypervelocity impact events are catastrophic, near-
instantaneous geologica events. They generate pressures and
temperatures that can vaporize, melt, metamorphose, and/or
deform a substantial region of the target sequence. This results
in the formation of shock metamorphic indicators, either
megascopic (e.g., shatter cones) or microscopic (e.g., planar
deformation features ([PDFs]), and high-pressure polymorphs
(eg., coeste and dishovite from quartz). Impact
metamorphism is essentially the same as shock metamorphism
except that it also encompasses the melting and vaporization of
target rocks and post-impact processes, such as post-shock
cooling and contact metamorphism (Stoffler and Grieve 1994).
The recognition of shock metamorphism in the 1960s was a
critical advancement in the field of impact geology as it
provided an important tool for the recognition of meteorite
impact structures (see papersin French and Short 1968).
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Current classifications of shock metamorphic stages are
based amost entirdly on features developed in dense,
nonporous crystalline rocks (Stoffler 1971; Kieffer et al. 19764,
Grieve et al. 1996). Sedimentary rocks are present in the target
sequence of ~70% of the world’'s known impact structures
(Earth Impact Database 2007); however, the only available
shock classification for such lithologies is one for sandstones
based on the pioneering studies of S. Kieffer and co-workers at
Meteor Crater, Arizona (Kieffer 1971; Kieffer et a. 1976b).
These studies demonstrated the dramatic effects of porosity,
grain characteristics, volatiles, and layering, on the response of
quartz to impact in sedimentary targets. For example, Kieffer
et al. (1976b) showed that in Coconino Sandstone from Meteor
Crater, diaplectic glass forms in rocks at pressures as low as
~55 GPa, with the generation of vesicular SIO, glass a
~20 GPa and whole rock melting occurring above ~30 to
35GPa (Fig. 1). For quartz in non-porous crystalline rocks,
diaplectic glass is observed in the pressure range from 32.5 to

© The Meteoritical Society, 2007. Printed in USA.


mailto:gosinski@uwo.ca

1946

G. R. Osinski

Pressure (GPa)

0 10 20 30 40 50 60
L 1 1 | 1 1 | 1 | 1 1 1 1 >
Shatter cones = = Non-porous lithologies
PF — ——— Porous lithologies
PDF T —
Diaplectic glass . _—---
Coesite I —
Stishovite e —
Lechatelierite - ) I —
Whole rock melt [ T—

Fig. 1. Summary and comparison of theimportant shock metamorphic effects developed in quartz in porous and non-porous targets. Compiled

with data from Kieffer et al. (1976) and Grieve et al. (1996).

50 GPa, with whole rock melting commencing over the range
~50to 60 GPa (Grieve et a. 1996) (Fig. 1).

The recognition and classification of shock metamorphic
stages in carbonates, on the other hand, is a difficult and
unresolved problem. Early workers recognized the common
occurrence of shatter conesin limestone (Robertson and Mason
1975) and the intense twinning of calcite (Robertson and
Grieve 1978) a the Haughton impact structure, which they
ascribed to the impact event. Subsequently, lattice defects
(fractures and planar defects) that “could be interpreted as
direct shock effects’ were recognized in carbonates, also at
Haughton (Martinez et a. 1994a). Shock experiments and
thermodynamic  calculations can  provide important
information regarding shock processes, however, for
carbonates, such techniques currently provide contrasting and
ambiguous results regarding the response of carbonates to
hypervelocity impact (Tablel). For example, early
experimental studies suggested that calcite undergoes
significant decomposition (>10-50%) at pressuresaslow as 10
to 20 GPa (e.g., Lange and Ahrens 1986). More recently, Skda
et a. (2002) presented results, which suggest that
decomposition of calcite only occurs at pressures>65 GPa. The
complete shock melting of CaCOs at pressures of ~25 GPaand
temperatures of ~2700 K was also recently demonstrated in
shock experiments (Langenhorst et a. 2000).

Attempts have a so been made to quantify shock effectsin
carbonates using X-ray diffraction (XRD) and electron spin
resonance (ESR) (Polanskey and Ahrens 1994; Skdlaand Jakes
1999; Skdla et al. 1999; Skéla et a. 2002; Burt et al. 2005);
however, calibration of the observed effects with respect to
shock pressure remains ambiguous so that these methods
remain qualitative at present. Recently, the first detailed
application of twin analysisin calcite has been used to quantify
shock pressures in carbonates from Serpent Mound, USA
(Schedl 2006). Given that low shear stresses of ~10 MPa are
required for twinning in calcite (Schedl 2006), this technique
may prove a useful shock indicator for carbonates at relatively
low shock levels. At higher pressures (i.e., within the realm of

impact metamorphism), studies of naturally shocked rocks (see
Osinski et a. 2008 for areview) combined with the reapprai sed
phase relations of CaCO; (Ivanov and Deutsch 2002), suggest
that the dominant response of carbonates to hypervelocity
impact is melting.

In this contribution, a series of variably shocked calcite-
bearing sandstones from the Haughton impact structure have
been studied. This represents the first detailed study of such
lithologies at Haughton and builds upon preliminary work
presented by (Osinski 2005), and earlier work on shocked
sandstones from this site (Metzler et a. 1988; Redeker and
Stoffler 1988; Osinski et al. 2005a). By comparing the shock
effects in calcite with known, calibrated effects in quartz, a
better understanding of the response of calcite to hypervelocity
impact has been made possible.

GEOLOGICAL SETTING OF THE HAUGHTON
IMPACT STRUCTURE

The Haughton impact structureisawell preserved ~39 Ma
complex impact structure situated on Devon Idand in the
Canadian High Arctic (75°22'N, 89°41'W) (Figs. 2a, 2b) (Grieve
1988; Osinski et a. 2005b). Detailed structura mapping
indicates that Haughton has an apparent crater diameter of
23kmand arim (final crater) diameter of ~16 km (Osinski and
Spray 2005). The target rocks comprise an amost flat-lying
unmetamorphosed ~1880 m thick sequence of Lower Pdeozoic
sedimentary rocks of the Arctic Platform, overlying Precambrian
metamorphic basement of the Canadian Shield (Figs. 1b, 1c)
(Thorsteinsson and Mayr 1987). The sedimentary sequence is
dominated by carbonates, with minor evaporates, shaes, and
sandstones (Fig. 2c). Sandstones are most common in the
lowermost Ordovician and Cambrian successions (Fig. 2c).

Haughton possesses a complex central uplift comprising
three contrasting structural zones (Osinski and Spray 2005). A
centra ~2 km diameter core of differentialy uplifted megablocks,
is surrounded by azone of kilometer-size fault-bounded blocks
displaying more moderate dips (~10-40°) (Fig. 2b). The
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Table 1. Compilation of experimental and modeling data on the shock behavior of carbonates. Table modified and updated
from Agrinier et al. (2001) and Osinski et al. (2008).1

Pressure
(GPa) Material Experimental method(s) Observed effect(s) Reference
1042 Cc, single crystal Shock reverberation, 10 to 67% devolatilization, Lange and Ahrens (1986)
sample recovery non-homogeneous
10 Chalk, 49% porosity Impedance matching; 90% devolatilization Tyburczy and Ahrens (1986)
particle velocity measurements
17 Aragonite, single Impedance matching; Onset of devolatilization Vizgirdaand Ahrens (1982)
crystal, 1.7% porosity particle velocity measurements
18 Cc, single crystal Impedance matching; Onset (~0.3 mol %) Boslough et al. (1982)
trapping of gas
20 Cc, single crystal Shock reverberation; ~50% devolatilization Lange and Ahrens (1986)
sample recovery
25 Lst., polycrystalline Impedance matching; 20-30% devolatilization Tyburczy and Ahrens (1986)
particle velocity measurements
25 Cc, single crystal Multi-anvil; fast Mechanical twins and Langenhorst et al.
decompression dislocations (2000, 2002)
25 Cc, compacted powder Multi-anvil; fast Mélting; formation of Langenhorst et al.
decompression fine-grained foamy Cc aggregate (2000, 2002)
30 Lst., polycrystalline Impedance matching; 13% devolatilization Kotraet al. (1983)
single shocks, sample recovery
>30 Dol. rock, Impedance matching; Possible formation of periclase Skélaet al. (1999)
polycrystalline sample recovery
33 Cc, non-porous Calculation of post-shock Onset of devolatilization Vizgirdaand Ahrens (1982)
entropy; isentropic release
3545 Cc Shock reverberation; Onset to complete Martinez et al. (1995)
sample recovery devolatilization
40 Cc, single crystal Impedance matching High T shear band regions Kondo and Ahrens (1983)
color T measurements with T 52200 K
40-50 Cc, Arag., non-porous Calculations Onset of devolatilization Pasternak et al. (1976)2
45 Cc Calculation of post-shock energy ~ Onset of devolatilization Kieffer and Simonds (1980)
Hugoniot
55 Arag., non-porous Calculation of post-shock Onset of devolatilization Vizgirdaand Ahrens (1982)
entropy; isentropic release
55-65 Dal. Shock reverberation; Onset to complete Martinez et al. (1995)
sample recovery devoldtilization
<60 Lst., dol, solid disks Shock reverberation; Stable Bell et al. (1998b)
sample recovery
<60 Cc, single crystal Impedance matching; Minor, if any devolatilization Kotraet al. (1983)
sample recovery
<60 Dal. rock, polycryst. Shock reverberation; Decreasein grain size Martinez et al. (1995)
4-6% porosity sample recovery
60 Cc, single crystal Shock reverberation; thermal 7% CO, loss Bell (2001)
gravimetric analysis
60 Doal. rock, polycryst. Shock reverberation; pre- nm-sized periclase crystals Martinez et al. (1994b)
4-6% porosity heating; sample recovery
>60<68  Dol. rock, polycryst. Impedance matching; Relatively stable; <1 um size Skalaet al. (2002)
sample recovery periclase crystals
61 Cc Shock reverberation; Recrystallized Cc; probably Badjukov et a. (1995)
samplerecovery from amelt
64 <85 Cc, single crystal Shock reverberation; Mechanical twins lvanov et al. (2002)
samplerecovery and dislocations
64 <85 Cc, compacted powder  Shock reverberation; Melting; formation of fine-grained lvanov et al. (2002)
sample recovery foamy Cc aggregate
70 Cc Hydrocode modeling of No decomposition Ivanov et al. (2002)
shock experiments
85 Cc, single crystal Shock reverberation; Mechanical twins and Langenhorst et a. (2002)
sample recovery dislocations
85 Cc, compacted powder  Shock reverberation; Mélting; formation of fine-grained Langenhorst et a. (2002)
sample recovery foamy Cc aggregate
>70 Dol. rock, polycryst. Impedance matching; Disintegration of sample containers ~ Skéaet al. (2002)
samplerecovery apparently due to extensive vapor
production
224 Cc Laser irrediation Relatively stable; crack development ~ Langenhorst et al. (2002)

Thewidevariationin resultsislikely dueto several factorsincluding differences between experimental techniques (single shock versus reverberation), and/
or properties of the sample material (e.g., porosity), and/or the duration of the shock state (see Langenhorst et al. 2002 and Osinski et al. 2008 for reviews
and discussion). Abbreviations: Cc = calcite; Lst. = limestone; Dol. = dolomite; Arag. = aragonite; polycryst = polycrystalline.

2Unpublished work cited in Boslough et al. (1983).
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Fig. 2. 8) Location of the Haughton impact structure in the Canadian High Arctic. b) Simplified geological map of the Haughton structure. c)
Stratigraphic column showing the target sequence at the Haughton structure at the time of impact. Compiled with datafrom Thorsteinsson and
Mayr (1987) and modified from Osinski et a. (2005b). Abbreviations: Fm. = Formation; RP = Rabbit Point; BP = Bear Point.

outermost zone of the central uplift extends out to a radia
distance of ~5.0 to 6.5 km and consists of a structural ring of
intensely faulted (sub-) vertical and/or overturned strata. The
central uplift is surrounded and overlain by a series of
parautochthonous and alochthonous impact breccias (Redeker
and Stoffler 1988; Osinski et al. 2005a). Carbonate-rich
impact melt breccias are volumetrically the most important
impactite lithology, forming a virtually continuous ~54 km?
layer covering the central area of the Haughton structure (Fig.
2b), with a maximum current thickness of ~125 m, and a
present volume of ~7 km3. These pale gray weathering
impactites contain variably shocked clasts from depths of
~700-2000 m in the pre-impact target sequence, enclosed in a
melt groundmass of calcite, silicate impact melt glass, and
anhydrite (Osinski and Spray 2001, 2003; Osinski et a. 20053).

SAMPLESAND ANALYTICAL TECHNIQUES

Approximately 110 individua centimeter- to decimeter-
size clasts of impact-metamorphosed sandstones were
collected from throughout the crater-fill impact melt breccias
over the course of 8 field expeditionsto the Haughton structure.
Eight samples of sandstone from two megablocks from the
inner part of the centra uplift were also collected. Polished thin
sections were prepared from 60 samples. Following
petrographic observations, 17 samples, primarily shock-melted
lithologies in which the protolith was uncertain (e.g., apossible
chert or quartz-bearing carbonate origin could not be ruled out),
were excluded from further study (see Appendix for sampling
locations of the 43 samplesinvestigated in detail as part of this
work). A JEOL JXA-8900 L electron microprobe equipped
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with a wavelength dispersive X-ray (WDS) spectrometer was
used to obtain quantitative chemical analyses and element
maps using beam operating conditions of 15 kV and 20 nA.
Back-scattered el ectron (BSE) imagery was used to investigate
the micro-textures of the various samples. X-ray diffraction
(XRD) was performed on bulk pressed powdered samples
using a Phillips PW 1050 diffractometer equipped with a Cu
X-ray source and operated a 40 kV and 30 mA. X-ray
microdiffraction was carried out on select samples to further
investigate the distribution and characteristics of various SO,
and CaCO; phases. Thiswas carried out with a50 x 50 um spot
size on polished thin sections using a Bruker DISCOVER X-
ray diffractometer at the University of Western Ontario,
Canada.

This study aso incorporated unpublished observations of
millimeter-size clasts of shock-metamorphosed sandstones
from a previous study of 90 polished thin sections of impact
melt breccias, together with published data on shock-melted
sandstones (Osinski et al. 2005a).

RESULTS

Impact-metamorphosed sandstones from Haughton have
been divided into six classes, following the shock classification
scheme developed by Kieffer (1971) and Kieffer et al. (1976b)
(Table 1). The quoted pressure estimatesfor each classare from
Kieffer (1971) and Kieffer et a. (1976b). It should be noted that
class 6 hasbeen added hereto the original classification scheme
of Kieffer (1971) and two classes have been subdivided.

Class 0 (<<1 GPa)

Unshocked sandstones sensu stricto are not exposed in the
environs of the Haughton structure; however, severa sandstones
collected from up to ~80 km outside the crater are typicaly
mature, fine-grained (longest dimensions <0.5-1.0 mm) quartz
arenites, comprising well-rounded quartz grains. Thesamplesare
well sorted, grain-supported and comprise a cement of quartz
and/or calcite (sparite). Rare grains of cacite (<5 vol%) and
variable amounts of K-feldspar (up to ~10 vol%) are aso
present. Typical porosity vaues range from ~5 to 25 vol%.

Sandstones with no recognizable signs of shock are found
within parautochthonous and allochthonous impact brecciasin
the crater interior. These lithologies have been affected by the
passage of the shock wave and are, therefore, not considered to
be completely unshocked, but they can provide information
regarding the properties of sandstone target rocks. Importantly,
the petrography of these low shock level sandstones is
consistent with the unshocked sandstones collected from
outside the Haughton structure.

Class 1 (<5.5 GPa)

Class 1arocks show no recognizable signs of shock using
optical and BSE imaging techniques (Table 2). Crude shatter
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cones are present at the outcrop and hand specimen scale. Class
la lithologies preserve a petrographically observable remnant
porosity (cf. shocked sandstones from Meteor Crater; Kieffer
1971). The presence of well-developed shatter conesin class 1b
samples coincides with a gradual reduction and eventud
destruction of origina porosity (Table 2) (Figs. 3a—<). (It
should be noted that although class 1b sampleslack observable
remnant porosity using optical microscopy, in BSE images,
micrometer-size pore spaces are present (Table 2), athough
these cavities may represent defects from the thin section
preparation process.) Kieffer (1971) suggests that pressures of
>3 and <5.5 GPa are required to eliminate porosity during
shock compression. Minor planar fractures but no planar
deformation features were observed in quartz in class 1b
samples (Table 2). Calcitein class 1 rocks shows a progressive
decrease in grain size and an incresse in the density of
mechanical twins (Table 2).

Class2 (~5.5t0 10 GPa)

Figure 4 showsaseries of imagesof class2 sandstonesthat
display the classic “jigsaw” texture, first described by Kieffer
(1971) in shocked sandstones from Meteor Crater. This texture
is produced by rotation and shear at quartz grain boundaries,
leaving the interiors of grains relatively undamaged (Kieffer
et a. 1976b). In contrast to quartz, calcite in class 2 sandstones
has been reduced to fine-grained polycrystaline “micro-
breccias’ (Fig. 4c), most likely through abrasion of misfitting
grain surfaces (cf. shocked limestones from the Ries impact
structure, Germany; Barber and Wenk 1973). Class 2 sand-
stones are a so characterized by the presence of PDFsin quartz
and minor development of so-called toasted quartz (Table 2)
(see Whitehead et al. 2002, for a discussion of toasted quartz).
X-ray microdiffraction demonstrates the presence of trace
amounts of coesite in class 2 sandstones.

Class 3 (~10to 20 GPa)

Class 3 sandstones at Meteor Crater are characterized by
the preservation of origina sedimentary textures (e.g., layering,
sorting, etc.) associated with the presence of coesite and the
development of diaplectic glass (Kieffer 1971). Class 3 sand-
stones from Haughton have been subdivided in this study into
two subtypes based on the very high abundance of diaplectic
glass in several samples (Table 2), while still preserving the
original sedimentary fabric (Fig. 58). This distinguishes class 3
from class 4 sandstones (Kieffer 1971).

Class 3a and 3b rocks show the widespread devel opment
of “symplectic regions’ (Table 2) (Figs. 5b—€), which are
distinguished in transmitted light by their very high relief and
the presence of opague regions (Fig. 5b). X-ray micro-
diffraction demonstrates that these symplectic regions
represent microscopic intergrowths of quartz, coesite and
diaplectic glass (Fig. 6) (cf. Kieffer 1971). This study also
shows that these symplectic regions are observable in BSE



Table 2. Classification of impact metamorphic effects displayed by CaCOs-bearing sandstones from the Haughton impact structure.

Proportion of various SiO, phases and effects

(vol%)° Microscopic observations
Pressure  Temp.
range range  Hand specimen  Porosity
Class (GPa)? (°C)2  observations (%) Qtz Dg Lech  Coesite Toast SiO, phases Calcited
la <3 <350 Crude shatter 7-23 100 None None  None None Recognizable porosity; no No indications of shock
cones, pae (100) (none) (none)  (none) (N/A) indications of shock
yellow—brown
1b 355 <350 Well developed 2-5 100 None None None None No recognizable porosity Reduction in grain size;
shatter cones, (100) (none)  (none)  (none) (N/A) using optical microscopy; increase in number of twins
pale yellow- fracturing of quartz grains;
brown minor development of PFs
2 5.5-10 350- Well developed 47 85-95 0-10 None Trace 5-15 Presence of “jigsaw” texture;  Calcite reduced to
950 shatter cones, (8090) (3-10) (none) (2-5) (N/A) fracturing of individual grains ~ microbreccia
pale yellow- and generation of micro-
white breccias, symplectic regions
aong some (<15%) grain
boundaries; PFs; PDFs
3a° 1020 >1000  Difficultto 6-18 50-85 5-30 Trace (0-10) >30 Reduced grain size; multiple  Calcite reduced to
discern (45-80) (0-20) (none) (18-32) (N/A) sets of PDFs; symplectic microbreccig; calcite
individual grains regions surrounding majority  intermingled with SiO, glass
(>75%) of quartz grains, between quartz grains
3be 1520 >1000  Difficultto 9-21 <30 3090 510 (0-10) >30 Widespread development of Calcite melt intermingled
discern (N/A) (N/A) (N/A) (N/A) (N/A) diaplectic glass; vesicular with SiO, glass between
individual grains SiO, glassin original pore quartz grains; infiltration of
spaces calcite into quartz grains;
occurs as globules and
euhedral crystals
4 20-30 >1000  Fewrecognizable 18-30 <30 2060 1030 0-10 10-20 Original texture of sandstone  Infiltration of calcite meltinto
grains, faint 1545 ? (10-30)  (N/A) lost; major development of quartz grains, calcite globules
layering white vesicular SO, glass, and euhedral crystalsin SiO,
symplectic regions surround glass
al remaining quartz grains
5a° >30 >1000  Highly vesicular;  30-36 <10 10-30 >70 Trace Trace | solated remnant quartz Infiltration of calcitemeltinto
white (0-15) (? (?) (0-5) (N/A) grains, almost complete guartz grains; calcite globules
transformation to diaplectic and euhedral crystalsin SiO,
or vesicular SO, glass glass
(lechatelierite)
5be >30 >1000  Highly vesicular; ~ 44-58 None <10 >90 Trace None Complete transformation to Calcite melt globules and
white. (none) (none)  (?) (0-5) (N/A) vesicular SIO; glass euhedral crystalsin SiO, glass
6f >30 >1000  Densg; gray; 49 100 None None None None Recrystallized SIO, glass Calcite melt globules and
translucent (N/A) (N/A) (N/A) (N/A) (N/A) euhedra crystalsin

recrystallized quartz

3Pressures and post-shock temperatures from Kieffer et al. (1976).
bAverage porositiesfor 5-10 samples per classwere measured on representative digital BSE images using animage analysis program (Scion Image). The data presented representsthe range of the measured average

porosities.

Valuesfor Coconino Sandstone from Meteor Crater in parentheses for comparison (from Kieffer 1971). Abbreviations: Qtz = quartz; Dg = diaplectic quartz glass; Lech = lechatelierite or vesicular SO, glass,
Toast = toasted quartz; N/A = not applicable.
dX RD techniques indicate that calcite is the only CaCO; phase in the samples studied.
€Class subdivided in this study.

fNew classin this study.
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Fig. 3. Class 1 sandstones from the Haughton impact structure. a) Field photograph showing well-devel oped shatter conesin amegablock from
the central part of the central uplift. The sandstones in this block are shocked to class 1b. 10 cm penknife for scale. b) Hand specimen image
of aclass 1b sandstone. ¢) Plane-polarized light photomicrograph of a class 1b sandstone. Note the presence of calcite (Cc) cement in places
and the lack of porosity between quartz (Qtz) grains due to shock compression.

Fig. 4. Class 2 sandstones from the Haughton impact structure. @) Hand specimen image of aclass 2 sandstone. b) and c) Plane-polarized light
photomicrographs of a class 2 sandstones showing the well-developed “jigsaw” texture, first recognized in sandstones at Meteor Crater by
Kieffer (1971). Shock metamorphic effectsin quartz (Qtz) include the devel opment of planar deformation features (PDFs) and diaplectic glass

(Dg). Calcite (Cc) is reduced to a micro-breccia.

imagery, being characterized by their irregular mottled
appearance (Figs. 5d, 5€). As with Coconino Sandstone from
Meteor Crater (Kieffer et a. 1976b), nearly every quartz grain
in class 3 samples at Haughton is rimmed by athin symplectic
region or opaque material (Figs. 5d, 5€). These symplectic
regions aso extend aong fractures within quartz grains
(Fig. 5d). Cryptocrystalline “cores’ of coesite are present
within many of these opaque regions (Fig. 5b); however, the
opague regions and the associated cores do not appear to be as
abundant as the class 3 samples of Coconino Sandstone
investigated by Kieffer et a. (1976b).

Class 3b sandstones are characterized by the widespread
conversion of quartz into diaplectic glass (e.g., Figs. 5b, 5¢c
where al quartz grains have been transformed into diaplectic
glass). Sandstones from Haughton with coesite and diaplectic
glass were previously recognized by Redeker and Stoffler
(1988). K-feldspar has been observed in two class 3b
samples, where it was partialy or completely transformed
into diaplectic glass. Class 3b sandstones are further
characterized by the presence of small amounts of vesicular
SiO,-rich glass in the interstices between quartz grains
(Figs. 5d, 5€). It is notable that two distinct phases of SiO»-
rich glass are present and observable in BSE images. Thefirst
type is pale gray in BSE images, identical to quartz, and

yields high WDS totals (>99-101 wt%) and is pure SiO,.
WDS andyses indicate that the second darker glass is
predominantly SiO,, with less that 1 wt% other oxides, and
displays consistently low totals (~85-92 wt%). This suggests
the presence of substantial amounts of volatiles, likely H,0,
which is consistent with the dark appearance of this phase in
BSE mode. Thisis consistent with experiments in the system
SiO,—H,0, which demonstrate the existence of melts or
supercritical fluids with the composition 75 wt% SiO,,
25 wt% H,O (Kennedy et a. 1962). Rapid quenching may,
therefore, preserve H,O-rich glasses.

Cdcite in class 3 rocks is fundamentally different from
that in class 1 and 2 samples (Table 2). X-ray microdiffraction
and XRD analysis of powders indicate that no polymorphs of
CaCO,, such as aragonite, are present in any of the samples
studied. It is notable that in class 3 samples, cacite is always
coarser grained than in class 1b and 2 rocks, it lacks pervasive
mechanica twins, and displays either euhedral crystal shapes
or is present as globules embedded in SiO,-rich glass
(Figs. 5d, 5€). In one class 3b sandstone shown in Figs. 5f—,
calcite has infiltrated a shocked quartz grain. Importantly, a
layer of SO, glass occurs at the contact between remnant
symplectic quartz and calcite. There are sharp and curved
menisci between SIO, glass and calcite, and irregularly shaped
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Fig. 5. Class 3 sandstones from the Haughton impact structure. a) Hand specimen image of a class 3 sandstone. b) and ¢) Plane- and cross-
polarized light photomicrographs, respectively, of a class 3b sandstone in which quartz is aimost completely transformed to diaplectic glass
(D). The high relief “rims’ of the quartz grains are symplectic intergrowths (Sym) of quartz, diaplectic glass, and coesite. The restriction of
coesiteto these “rims’ has been confirmed by X-ray microdiffraction (see Fig. 6). Thecirclesin Fig. 5b surround cryptocrystalline “ cores” of
coesite within opaque regions. d) Backscattered secondary electron image of the same region shown in Fig. 5b and c. Note the well-defined
symplectic intergrowths (Sym) and the presence of calcite (Cc) and hydrous SiO,-rich glass (Hyd Gl). €) Enlargement of a portion of
Fig. 5d. Note the presence of two phases of SiO, glass within the original interstices between adjacent quartz grains. WDS analysis
suggests that the dark SiO, glasses (Hyd Gl) contain up to ~12 wt% H,0, whereasthe brighter glass (Gl) is pure SiO.. Irregularly shaped and
euhedral calcite (Cc) grains are present in the SO, glasses. f) Millimeter-size sandstone clast within crater-fill impact-melt breccias.
g) Enlargement of a portion of Fig. 5f. Calcite (Cc) is intermingled with hydrous SIO, glass (Hyd Gl). Note the well-formed symplectic
intergrowths (Sym) of quartz, diaplectic glass, and coesite. h) and i) Calcite (Cc) has infiltrated a shocked quartz grain, transformed to a
symplectic intergrowth (Sym) of quartz, diaplectic glass, and coesite. Quartz is clearly melting in the calcite. Note the presence of alayer of
SiO, glass (Gl) at the contact between the symplectic region and calcite. The texturesindicate that calcite is an impact melt phase and isin the
process of melting and assimilating the quartz, which requires post-shock temperatures of >1713 °C.

globules of SIO, glass with cores of symplectic quartz are
present in the calcite.

Class 4 (20 to 30 GPa)

Class 4 rocks are characterized by the aimost complete
loss of origina sedimentary textures and grain relationships
(Fig. 7a) except for afaint remnant lamination in afew samples
(Table 2). Quartz is typicaly transformed to digplectic glass
with widespread development of symplectic intergrowths of

quartz, coesite and diaplectic glass (Figs. 7b—d). Vesicular glass
ismore abundant thanin class 3 rocks and isno longer confined
to interstices between original quartz grains (Figs. 7d, 7€).
K-feldspar in class 4 sandstones is completely transformed to
vesicular glass (Fig. 7f). A notable feature of many class 4
samples is that the SO, melt phases have recrystalized into
microcrystaline quartz (e.g., Fig. 7d).

As with class 3 rocks, calcite in class 4 rocks is coarse-
grained, lacks pervasive mechanical twins, and displays
either euhedral crystal shapes or is present as globules within
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Fig. 6. X-ray microdiffraction results for a class 3 sandstone clast contained within crater-fill impact-melt breccias (same clast shown in
Figs. 5b—e). @) Twenty-six single spot analyses were carried out. b) In cross-polarized light, this quartz grain appears to be completely
transformed to diaplectic glass (Fig. 5¢). X-ray microdiffraction analysisindicates that some quartz remains. Minor coesite and calciteisalso
present. Glass appears as abroad “hump” in the spectrum. c¢) and d) X-ray microdiffraction indicates that the high-relief rims of these quartz
grains (see Fig. 6a) comprise quartz and coesite. Note the very prominent coesite peaksin (d).

K-feldspar and/or SiO,-rich glass (Table 2). In several samples,
caciteisintermingled with SiO,-rich glass (e.g., Fig. 7e).

Class5 (>30 GPa)

Class 5 sandstones at Haughton occur as low density
(~0.6-1.4 gcm™) pumice-like clasts within the crater-fill
impact melt breccias (Fig. 8a). These samples consist primarily
of highly vesiculated SIO, glass or lechatelierite (Table 2)
(Fig. 8). Class 5 rocks have been subdivided in this study based
on the presence or absence of pre-impact protolith (Table 2):
class 5a samples contain clasts or domains of shocked quartz
and diagplectic quartz glass;, whereas, class 5b rocks are
comprised entirely of SiO, glass or lechatdlierite. These SO,
glasses are typicaly intensely vesiculated, with vesicles, and
delicate melt bridges on the micrometer scale, showing no sign
of ateration (Figs. 8b—f). Flow textures are common (Figs. 8a,
8b, 8f). Class 5 glasses correspond to type C1 and C3 glasses of
Osinski et al. (2005a). Cdcite is present in class 5a and 5b

samples, occurring as globuleswithin SIO, glass (Figs. 8d, 8e).
The calciteis unshocked and lacks mechanical twins.

Class 6 (>30 GPa)

This new class of impact-metamorphosed sandstone is
characterized by a high density and a lack of clasts or
vesicles (Table 2). In hand specimen, class 6 sandstones are
opaque, cream to pale gray-colored and resemble ‘flint’
(Fig. 9a). Optical microscopy indicates that these samples are
recrystallized to quartz (Figs. 9b, 9¢). Class 6 sandstones
include the type C3 glasses of Osinski et al. (2005a). Calcite
occurs as globules and euhedral grains within class 6
sandstones (Figs. 9d-f). It is notable that class 6 samples
glasses contain isolated spherical enclaves of hydrous SIO,-
rich glass (Fig. 9d; Osinski et a. 2005a). Importantly, these
enclaves typicaly contain zoned, subhedral to euhedral
crystals of calcite (Figs. 9d, 9e) that display unusua
compositions (up to 8 wt% Al,Oz and 2 wt% SiO,; Osinski et
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Fig. 7. Class 4 sandstones from the Haughton impact structure. a) Hand specimen image of a class 4 sandstone showing the complete loss of
original sedimentary fabric. b) and ¢) Plane- and cross-polarized light photomicrographs, respectively, of aclass 4 sandstone. Quartz has been
transformed to diaplectic glass (Dg) and symplectic intergrowths (Sym) of quartz, diaplectic glass, and coesite. Note the destruction of original
sedimentary fabrics such as layering. d) Backscattered secondary electron (BSE) image of recrystallized SiO, grains. Note the presence of
calcite (Cc) intermingled with SIO, glass (Gl). €) BSE image showing flow textures devel oped between calcite (Cc) and SO, glass (Gl) and
aremnant grain of diaplectic glass (Dg). f) Class 4 sandstone in which K-feldspar is transformed to vesiculated glass (Kf Gl). Note the
immiscible sphere of FeS, (bright) in the bottom left corner demonstrating the melting of sedimentary pyrite. Quartz has been completely
transformed to diaplectic glass (Dg) and symplectic intergrowths (Sym) of quartz, diaplectic glass, and coesite. Calcite melt isintermingled

with SIO, and K-feldspar glass (Kf Gl).

al. 2005a). Itisnot clear if the Si and Al isincorporated into
the calcite structure or if Si and/or Al is present in nanometer-
sized Ca-Al silicates that crystallized from the CaCOs-rich
melt during quenching (cf. Osinski et a. 2005a).

DISCUSSION AND CONCLUSIONS
Impact Metamor phism of Quartz in Sedimentary Tar gets

It is well known that the response of quartz to shock
compression in porous sedimentary targets is fundamentally
different from that in non-porous crystalline targets (Kieffer
1971; Kieffer et a. 1976b; Stoffler 1984; Grieve et a. 1996).
This work has shown that the detailed classification scheme
developed for sandstones from Meteor Crater is broadly
applicableto Haughton and, therefore, likely for other terrestria
impact sites. The sandstones at Haughton can be classified into
six different shock classes and display the same range of
characteristic textures as seen at Meteor Crater (e.g., “jigsaw”
textures and symplectic intergrowths of quartz, diaplectic glass,
and coesite; Table 2).

As noted in the previous results section, the pressure and
temperature estimates for the different shock classes used in
this study are from Kieffer (1971) and Kieffer et a. (1976b).
Those values were based on correlating shock effects in

naturally shocked Coconino Sandstone from Meteor Crater,
with observed effectsin samples of the same lithology shocked
to known pressuresin laboratory experiments. It isknown from
these and other experiments (e.g., Housen and Hol sapple 2003)
and numerical modeling (e.g., Wiinnemann and Collins 2007)
that variation in porosity exerts considerable influence on the
impact cratering process and the resultant shock effects. This
must be considered when comparing the results of this study
with those from Meteor Crater (Kieffer 1971; Kieffer et d.
1976b). Importantly, the average porosity of unshocked
Caoconino Sandstone (10 to 20%; Kieffer et a. 1976b) issimilar
to unshocked Haughton sandstones (5to 25%). Thus, it is
suggested that the pressure-temperature estimates for the
various sandstone shock classes derived by Kieffer etd.
(1976b) should be broadly applicable to Haughton. Thisview is
supported by the major similarities between shock effects in
quartz at Meteor Crater and Haughton (Table 2). The influence
of calcite and other phases, such asK-feldspar, on the pressure—
temperature history of shocked sandstones is difficult to
determine without further shock experiments, which is beyond
the scope of this study.

The major difference between the Haughton and Meteor
Crater sandstones are in the moderately shocked samples.
Diaplectic glassis more abundant at Haughton in class 3 and 4
rocks, whereas coesite is less well developed. This prompted
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Fig. 8. Class 5 sandstones from the Haughton impact structure. (a) Hand specimen image of ahighly vesiculated class 5b sandstone. (b) Plane-
polarized light photomicrograph showing theintensely vesiculated nature of class 5b sandstones. (¢) and (d) Backscattered secondary electron
(BSE) images of class 5a sandstones. Note the presence of remnant diaplectic quartz glass (Dg) and symplectic intergrowths (Sym) of quartz,
diaplectic glass, and coesite. Calcite (Cc) isintermingled with SiO, glass. (e) Globules of calcite (Cc) within vesiculated SiO, glass. (f) Flow-
textured SIO, glass or lechatelierite in a class 5b sample.

the subclassification of class 3 samples in this study. The
reason(s) for the enhanced development of diaplectic glass at
Haughton are unclear, but could be due to a variety of factors
including overall impact energy and volume of rocks affected
by the shock wave (i.e., Haughton is substantialy larger than
Meteor Crater), and general differences in target properties,
including the greater variety of pre-impact sandstone
lithologies at Haughton compared to the rel atively homogenous
Coconino Sandstone at Meteor Crater. The heterogeneity of
sandstone target rocks at Haughton may also be responsible for
other minor differences in shock properties (Table?2). In
particular, symplectic intergrowths of quartz, coesite and
diaplectic glass and so-called opague regions extend along
fractures within quartz grains at Haughton, but not at Meteor
Crater. Cryptocrystalline “cores’ of coesite are also not as
abundant at Haughton, compared to Meteor Crater where these
features occur within 30 to 50% of the opague regions (Kieffer
et a. 1976b). It has been proposed that these cryptocrystalline
“cores’ of coesite are formed from jets of obliquely colliding
grains shooting into collapsing pore spaces (Kieffer et al.
1976b). Thus, the formation of such coreswill beinfluenced by
differences in various properties, such as porosty, the
abundance of pore water, and the proportion of other
minerals (e.g., calcite, K-feldspar).

Toasted quartz is abundant in the shocked sandstones at
Haughton. It is notable that toasted quartz has only been
observed in samples of class 2 to 4. This correlates with the
presence of PDFs, providing supporting evidence for the

interpretation that toasted quartz results from the presence of
microscopic fluid inclusions (Whitehead et al. 2002). These
inclusionsform as H,O exsolves from the glass along the PDFs
asit recrystallizesto quartz, forming so-called decorated PDFs.

An additional class of shocked sandstone has been added
here to the original classification scheme of Kieffer (1971).
Class 6 samples are typically dense, non-porous, opaque, and
resemble flint or chert in hand specimen (Table 2). Optical
microscopy and SEM studies show that these samples represent
larger bodies of sandstone-derived melt that cooled slowly and
recrystallized to microcrystalline quartz. Thisis in contrast to
the highly vesiculated glassy class 5 rocks, which represent
rapidly quenched sandstone-derived melts. Recrystallization of
SiO, melt phases into quartz was also recognized in severa
class 4 samples, suggesting that post-impact thermal annealing
and recrystallization of melt phases is an important process
during mid- to large-size impact events. Thiswas not recognized
at Meteor Crater, consistent with its small size and small
volume of impact melt (Kieffer 1971).

It is interesting to note that ballen quartz is absent at
Haughton. The formation of the “ballen” structure has been
attributed to the volume change resulting from the inversion of
- to a-cristobalite, which in turn formed from SiO, glass or
lechatelierite (Carstens 1975). This implies pressures >50 to
55GPa.  Alternatively, balen quartz may represent
recrystallized/devitrified diaplectic quartz glass, which implies
pressures of >30 to <55 GPa (Bischoff and Stoffler 1984), as
well as recrystallized lechatelierite. Both these interpretations
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Fig. 9. Class 6 sandstones from the Haughton impact structure. a) Hand specimen image of a class 6 sandstone. Note the lack of vesicles. b)
and c) Plane- and cross-polarized light photomicrographs, respectively, of aclass 6 sandstone, showing the almost compl ete recrystallization
of originally glassy SiO, phase to quartz (Qtz). d) and €) Two distinct SiO, glass phases within a class 6 sample. Thefirst variety (I) consists
of large, originally glassy, spherulesthat have recrystallized to quartz, enclosing smaller, coalesced globular masses of glass (I1). The glasses
are H,O-rich (~8-10 wt%) and contain abundant microscopic subhedral to euhedral calcite (Cc) crystals, which contain up to ~8 wt% Al,O5
and ~2 wt% SiO, (Osinski et al. 2005). f) Globules of calcite (Cc) within recrystallized SiO, glass (Qtz) (right of image) next to aregion of
euhedral calcite crystals and hydrous SiO, glass (Hyd Gl) (left of image).

have been questioned based on the observation of ballen quartz
displaying PDFs at the Deep Bay impact structure, Canada
(Smith et al. 1999); however, thiswork has yet to be confirmed
andisonly availablein abstract form. Importantly, SIO, glasses
are abundant at Haughton, so why is ballen quartz absent?

It is notable that ballen quartz has only been documented
inimpactitesat impact structures developed in crystalline target
rocks (Carstens 1975; Grieve 1975; Bischoff and Stoffler 1984;
Schuraytz and Dresder 1997; Smith et al. 1999). Ballen quartz
is present at the Ries impact structure, Germany (Engelhardt
1972), which formed in a mixed crystalline-sedimentary target
sequence; however, it is clear that ballen quartz only occursin
coherent impact melt rocks at the Ries structure, which are
derived from the crystalline basement (Osinski 2004). Ballen
quartz is not present in the suevite deposits (Osinski et al.
2004), which are derived from a combination of sedimentary
and crystalline target rocks. These observations together with
its absence at Haughton, suggests that ballen quartz does not
form in impactites derived from sedimentary rocks. In terms of
potential formation mechanisms, if ballen quartz does indeed
form from recrystalized and/or devitrified SIO, glasses
(Carstens 1975; Bischoff and Stoffler 1984), cooling rate may
be an important constraint: sediment-derived impact melts are
typicaly rapidly quenched compared to melts generated from
crystalline targets (Osinski et al. 2005a). However, the exact
formation mechanism of balen quartz remains elusive and
further work is required. In particular, the preliminary

observations of Smith et al. (1999) from the Deep Bay structure
need to be confirmed or disproved.

A characteristic of class 3 and 4 sandstones at Haughton is
the presence of hydrous (i.e,, H,O-rich) glasses as globules
within SO, glass or forming isolated ‘pockets between
shocked quartz grains (e.g., Figs. 5d, 5€). Kieffer et a. (1976b)
showed that in highly shocked sandstones from Meteor Crater,
H,0 and SO, intermixed to form a supercritical fluid during
shock compression; H,0O exsolves out of this fluid during the
subsequent rarefaction event. A simple explanation for the
hydrous glassesin the Haughton samplesis, therefore, that they
represent quenched supercritical fluids or hydrous impact
melts. Hydrous melts and solute-rich supercritical fluids
containing >40-50 wt% H,O are not uncommon in endogenic
igneous systems (Bureau and Keppler 1999; Clifford 1999).
H,O-rich glasses have also been documented at other impact
sites (Osinski 2003; Harris and Schultz 2005), suggesting that
this is an important phenomenon during hypervelocity impact
events and that not all impact-generated glasses are volatile-

poor.
Impact Metamor phism of Calcite

Carbonates form an important component of the target
sequence of approximately one third of the world's known
impact structures (Earth Impact Database 2007). Recent
investigations of terrestrial impact structures (Graup 1999;
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Jones et a. 2000; Osinski and Spray 2001; Osinski et a. 2005a;
Prates et d. 2005) and improvements to the phase diagram of
CaCO; (lvanov and Deutsch 2002) have shown that impact
melting is important during hypervelocity impact into
carbonates (see Osinski et a. 2008 for areview). However, the
exact pressure-temperature conditions under which melting
occurs are not known.

Thiswork enables acomparison, for thefirst time, between
the impact metamorphic effects of calcite with known,
calibrated effectsin quartz. No indications of shock were found
in cdcite in class 1a sandstones. In class 1b and 2 sandstones
from Haughton, calcite displays an increase in the abundance of
mechanical twins and is typically reduced to fine-grained
polycrystalline  “microbreccias” This is condstent with
previous studies of shocked limestones, which showed that
plastic deformation of calcite is minor; rather, deformation
appears to produce pulverization and consolidation (Barber and
Wenk 1973). No evidence for melting or decomposition is seen
in class 1 and 2 rocks at Haughton.

In samples classified as class 3aand higher, calcitelacksa
high density of mechanical twinsand is not brecciated. Instead,
it appears fresh, unshocked, and is present as rounded micro-
crystalline globules and/or euhedral crystals within SiO, and
K-feldspar glasses (Table 2). These silicate glasses represent
quenched impact melt derived from quartz and K-feldspar. The
textural relationships documented in this study clearly show
that calcite in class 3a and higher sandstones, has also
undergone melting. This is consistent with previous studies at
Haughton, which demonstrated the impact melt origin of
calcite in the groundmass of the crater-fill impact melt breccias
(Osinski and Spray 2001; Osinski et a. 20058). The same
textural and geochemical indicators of melting documented in
these earlier studies are aso present in the impact-
metamorphosed sandstones studied here. In particular, the
intermingling, but not mixing, of silicate glasses and calcite
(e.g., Figs. 5h, 5i), the curved menisci with sharp boundaries
between these phases (e.g., Figs. 5h, 5i; 7d, 7€), and the
presence of flow textures (eg., Fig. 7€), provides clear
evidencefor themelting of calcite. Thisis supported by thelack
of any dteration of SiO,-rich glasses associated with
carbonates, which rules out a hydrothermal origin for the
calcite.

Importantly, the textural evidence presented here, when
combined with the quantitative data of Kieffer (1971) and
Kieffer et al. (1976b), constrains the onset of melting of calcite
in the Haughton sandstones to >10<20 GPa (i.e., in class 3
rocks and above), corresponding to post-shock temperatures of
>1250K (Kieffer 1971). When compared to the phase relations
of CaCO;—which suggest that the conditions required for
calciteto melt are>1 GPaat post-shock temperaturesin excess
of 1500 K (lvanov and Deutsch 2002)—it is apparent that
temperature is the limiting factor and explains why melting of
calcite did not occur in the Haughton sandstones at pressures
<10 GPa (i.e., the corresponding shock temperatures were not
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high enough). As such, factors such as porosity will be
extremely important in determining the conditions under which
calcite melts during hypervelocity impact. For example, the
dramatically lower pressure-temperature conditions under
which quartz melts in porous and non-porous targets (Fig. 1)
may also be the case for cacite so that in low-porosity
limestones, the pressures required for the onset of whole rock
melting may be significantly higher than in the porous calcite-
bearing sandstones studied here.

It is notable that no evidence for the decomposition of
calcite during the Haughton impact event was found in this
current study (cf. Osinski et al. 2005a). Thisis consistent with
the phase relations of CaCO; which suggest that
decomposition can only occur after pressure release due to
high residua temperatures during post-shock cooling (>1200 K;
Ivanov and Deutsch 2002). As noted in a recent review, the
decomposition of calcite appears to be a post-impact contact
metamorphic process (Osinski et al. 2008), restricted to high-
temperature silicate melt-rich impactites (e.g., impact melt-
bearing breccias at the Ries [Baranyi 1980] and Chicxulub
[Deutsch et al. 2003] impact structures). At Haughton, it is
clear that the sediment-derived impact melts were rapidly
quenched (Osinski et a. 2005a), so that decomposition was
likely limited.
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APPENDIX

Table A1. Sampling locations for samplesinvestigatedin ~ Table A1. Continued. Sampling locations for samples

detail as part of this work. investigated in detail as part of this work.
UTM position? UTM position?
Sample no. Easting Northing Sample no. Easting Northing
99-008 428,320 8,366,905 00-264b 425,570 8,367,675
99-051 425,760 8,367,315 00-266 424,860 8,368,245
99-067¢ 424,690 8,368,155 00-267 424,860 8,368,245
99-069a 424,610 8,368,115 00-284 425,110 8,370,305
99-069¢c 424,610 8,368,115 02-107 427,470 8,370,565
99-069d 424,610 8,368,115 02-142 425,420 8,366,155
99-071a 424,560 8,367,865 04-001 418,585 8,364,468
99-071b 424,560 8,367,865 04-002 418,585 8,364,468
99-071¢c 424,560 8,367,865 04-003 418,585 8,364,468
99-071¢c 424,560 8,367,865 04-004 418,585 8,364,468
99-073x 425,550 8,369,965 04-005 418,585 8,364,468
99-074 424,890 8,372,905 04-049 426,693 8,370,367
99-075 424,770 8,372,835 04-052 425,971 8,371,726
99-087b 429,040 8,372,665 04-055 424,413 8,368,782
99-095 428,370 8,369,995 04-056 424,413 8,368,782
99-114a 424,410 8,368,665 05-034 418,614 8,364,225
99-114b 424,410 8,368,665 06-066 424,774 8,368,499
99-114c 424,410 8,368,665 06-067 424,774 8,368,499
00-174b 418,560 8,363,375 06-068 424,774 8,368,499
00-263a 425,570 8,367,675 06-069 424,774 8,368,499
00-263b 425,570 8,367,675 06-070 424,774 8,368,499

00-264a 425,570 8,367,675 ayTM Zone 15N, NADS3 datum.
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