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THESISABSTRACT

EXHUMATION HISTORY OF CALEDONIAN ECLOGITES IN LIVERPOOL LAND,

EAST GREENLAND, AND COMPARISONS WITH ECLOGITES IN NORWAY

Dannena Renée Bowman

Master of Scienceayiay 10 2008
(B.A., DePauw University, 2005)

99 Typed Pages

Directed by Mark G. Steltenpohl

Lithologic information and®Ar/*°Ar cooling dates are reported from a recently
discovered higipressure (HP) Caledonian eclogiéeranen Liverpool Land East
Greenlandits overlying hanging wall bloclgndan ext@sional déachment fault
separating them (GubbalenShearZong). “°Ar/*°Ar analysis had not previously been
reportedfor rocksin Liverpool Land thereby limiting ouability to understandks
metamorphic and cooling historjduscovitegrains weretherefore, sepated from
rocks at varioustructural levelsnd analyzed usingingle crystal total fusion and
incremental heating in the Auburn Noble Isotope Mass Analysis Laboratory (ANIMAL).
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Muscovitecooling ageganalyzed to & ¥rom paragneiss and undeformed pegmatite in
the hanging wall are 381.26+ 0.41 Miad 391.23+ 0.54 Ma, respectivelyootwall
orthogneisyields a muscovitage 0f378.5 £ 0.63 Mand a mylonite fronthe
Gubbedalen Shear Zohas an age of 379.#8.37Ma. Later cooling of the footwall
block, after the hanging wall had already cooled is consistent with normal movement
determined along the shear zone. This age relationship is also consistent with Devonian
sediments that nonconformably overlie unitshie hanging wall block.

The argon isotopic results combine wtteviously reportetl/Pb zircon dates of
~395 Ma for eclogitization to constrain the Liverpool Land temperdiome(T-t) path.
This T-t path is distinct from paths reported for the Lofotad 8ergen Arcs eclogite
terranes but compares favorably with the higher temperature parts of both the North East
Greenlanckeclogite province (NEGEP) and the Western Gneiss Region (WGR)
trajectories. Divergence of the NEGEP from the Liverpool Langdthlikely reflects
differences in the tectonic evolution between these two areas that are not yet understood.
Overlapping of the Liverpool Land and WGRt paths from eclogitéacies temperatures
at ~395 Ma to the 350°C isotherm at ~380 Ma suggests siDehzonianexhumation
histories Following ~380 Ma the WGRontinued to exhume rapidiyhile Liverpool
Landmay haveexperienced a slight temperature rise f€)jFor ~10 m.y. kfore
reinitiating its similarapid exhumation o Ear t hdés svwencesaae e. These
consistent withLiverpool Land mferred position in aoverriding platevhile the WGR

occupied a position ithe subducting plate
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Figurel. Eclogite localities superimposed upon Early Carboniferous paleogeographic
reconstruction of Norway and Greenland (modified from Steltenpohl et al., 2006).
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NGEP = Notheast Greenland eclogite provineee e ¢ ¢ é é é éé e . é .. 2

Figure2. Cartoon illustrating Caledonian tectonic evolution of Baltica subducting
beneath Laurentia. Oceaficeanic convergence ca. 440 Ma-eoatinent
collision ca. 43425 Ma, and continentontinent collision ca. 42390 Ma.
Green circles are potential locations of eclogite formation (modified from Fossen,
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Figure 3. Paleogeographic reconstruction of Norweth respect taGreenland during
the Late Caledoniarorogeny(Mid- Devonianblue outline, dk.blue lettering) and
Late Permian (black outline, green letteringjotice the position of Liverpool
Land (LL), Lofoten (LF) and the Western Gneiss Region (W@&Rdified from
Zeigler,1983¢ é e é e é e e éeée céeéeééeeée.éeé. 4.

Figure 4. East Greenland Caledonides from 70° to 82°N with lithotectonic units
(modified after Andresen et al., 2007). LL = Liverpool Land, CL = Canning
Land, NVF = Narhval Sund Fjord, SA = StaugiAlper, KFJF = Kejser Franz
Joseph Fjord, HL = Hudson Land, HwH = Hold with Hope, AF = Alpe Fjord,
DLL = Dronning Louise Land, SL = Strindberg Land, AL = Andree Land, WG =
Waltershausen Gletscher, OR = Ole Rgmer Land, KF = Kempes Fjord, FF =
Forsblad Fjod, ACF = Ardencaple Fjord, KH = Kap Hedlund, PB = Peterman
Bjerg, KD = Kneakdalen, RL = Renland, Su L = Suess Land, PL = Payer
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Figure 5. Geologic map of Liverpool Land, East Greenland (modified from Augland,
2007). Boxed areas are detailed mdpmsn mapping within the present thesis
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study areas. (KS) = Krummedal Sequénéecé é ¢ é 6 € éé e é.é¢é .9

Figure 6. A. Quartzofeldspathic gneiss with mafic layers. Field book for scale at bottom
left corner. B. Photomicrograph PX) of quartz and feldspar competent clast
with recrystallized quartz and feldspar (boxed area) surrounding clast. Qtz =

////////////////

quartz, Feld = feldspar, Bt=hiotieeé é e € é é e éé e ééeéée. 12



Figure 7. A. Competent amphibolite near Gubbedalen Shear Zone. Bnilrograph
(PPL) of opaque minerals surrounding chlorite and biotite grain. Chl = chlorite,

///////

Opqg = opaques, Bt = biotite Ac B = aciécéu.léatré érdiéecét.i.tleté .

Figure 8. A. Phyllonite along the basal sections of the Gubbedalen Shear Zone. Notice
competent mafic aggregates with felsic material deformed around them. B.
Photomicrograph (XPL) displaying mafic layer (top of photo) and felsic layer
(middle of photo) of phyllonite. Red line is approximate separation of layers. Qtz
= quartz, Plag = plagidese, Bt = biotite, Amp = amphibaleé ¢ é ¢ éé . 7 1

Figure 9. A. Granitic dikes near Gubbedalen Shear Zone. Red line is approximate
outline of one dike.Yellow dashed line is projection of shear zoxiff face is
~150 m high. B. Photomicrograph (XPdisplaying sericitic alteration of
potassium feldspar. Qtz = quartz, Plag = plagioclase, Bt = biotite, Ser =
RS [ (USRS 19.......

Figure 10. Chartlustrating transition from breccia (gouge) to cataclasite, mylonite,
and mylonite gneiss with temperature, pressure, and metamorphic facies ranges
(from Winter, 2001) Yellow zone indicates extent of rokcs within the
Gubbedalen Shear Zone. Thick blaicielis approximate location of brittle
ductile transition within the shear Zone...............cceiiiiiiiii s 21

Figure 11. A. Field photograph of migmatitic orthogneiss (right in photo) becoming
progressively mylonitizé (toward left in photo) near Gubbedalen Shear Zone. B.
Photomicrograph (XPL) of mylonite with muscoviteCSfabrics and mica fish.

Blue line is Cplane. Green line is-Blane. Qtz = quartz, Mus = muscovite, Plag
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Figure 12. A. Hand sample photograph of carbonate cataclasite with sheared and rotated
lithic grains. Lip balm is approximately 7 cm in lengtiB. Photomicrograph
(XPL) of polymineralic and monomineralic lithic grains in figeained, ultra
catadasite matrix. Large lithic grains have tails and halos of undistinguishable
dark material. Qtz = quartz, Cal = calcite matrix, Opx = orthopyroxene, Cpx =
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Figure 13. A. Outcrop photogph of carbonate breccia boulder. Bhotomicrograph
(XPL) showing quartz, plagioclase, and calcite grains surrounded by hematite.
Qtz = quartz, Plag = plagioclase, Cal = calcite, Hem = henéatéeé é é é 2 6

Figure 14. A. Field photograph of ganmottite schist/gneiss inclusions in Hurry Inlet
Granite (from Augland, 2007). B. Photomicrograph (XPL) of schist with weak
biotite foliation. Plag = plagioclase, Qtz = quartz, Bt = biotite, Clz = clinozoisite,
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Figure 15. A. Photomicrograph (XPL) of caliticate. B Photomicrograph (XPL) of
diorite near contact with monzodiorite. Plag = plagioclase, Qtz = quartz, Bt =

,,,,,

Figure 16. A. teld photograph of banded Hurry Inlet Granite. B. Photomicrograph
(XPL) of Hurry Inlet Granite. Plag = plagioclase, Qtz = quartz, Bt = biotite, Ks =
potassiumfeldspa.é é . e ééééééeéeéeéeéeéeée.B

Figure 17. A. Field photograph of monzodiorite. Ddphoto is gray monzodiorite and
center is purple (red outline). B. Photomicrograph (XPL) of monzodiorite. Qtz =
quartz, Plag = plagioclase, Bt = biotifenp = amphibole, Px = pyroxeéeé . 8

Figure 18. DRBO6-16 quartzofeldspathic gneiss with figeained muscovite (0.25 mm
diameter grains). A. Binocular photograph of muscovite grains used for
“°Ar/*°Ar analysis. B. Photomicrograph (XPL) ofsitu muscovite grain. Mus
=muscovitet é 6 éééeéécéécééecééeééecé . eéeéeéeée. B

Figure 19. DRB06-22 quartzofalspathic gneiss with coarggained muscovite (0-5.0
mm diameter grains). A. Binocular photograph of muscovite grains used for
“OAr/*°Ar analysis. B.Photomicrograph (XPL) of muscovite fish. Mus =
muscovitet e é e éeéeééeéeéeée.é.eééeéeée. B

Figure20. JWBO06-CP73 quartzofeldspathic mylonite in Gubbedalen Shear Zone fault
(0.51.0 mm diameter grains). A. Binocular photograph of muscovite grains used
for °Ar/**Ar analysis. B. Photomicrograph (XPL) of muscovite fish. Mus =
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muscovitee € € € € € €€ ééé ceecéeéeéé.eeeéeéééeée. 9. 3

Figure 21. JWBJ)6-M28A center of pegmatite, felsic intrusion in Krummedal Sequence
(0.51.0 mm diameter grains). A. Binocular photograph of muscovite grains used
for “°Ar/*°Ar analysis. B.Photomicrograph (XPL) of muscovitdlus =
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Figure 22. JWB)6-M28C paragneisth Krummedal Sequenamlcsilicate(0.51.0 mm
diameter grains). A. Binocular photograph of muscovite grains used for
“°Ar/*°Ar analysis. B.Photomicrograph (XPL) oflesters of muscovite. Mus =
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Figure 23.Panoramicsiew of Gubbedalen shear zoloeking east.*°Ar/**Ar ages
reflect incremental heating plateau agesroor-weighted average age. Hanging
wall ages (391386, and 381 Ma) are projected. Footwall ages are approximate
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Figure 24. Sample descriptions with fault locations and ageresuisp or t i ng 10
95% confidence levelSingle crystal total fusiorSCTF); errorweightedon
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Figure 25. Age population distributions among single crystal total fusion anafyses 1 {
at the 95% confidence leveWeighted average age is displayed. Thick blue line
represets the mean. n = number of samples; % = probability of normal

di stributionéeeeééééeceeceééceceececééeppcdreécéc.

Figure 26. Inverse isochron plots for incrementally heated samples. Ax&8fat&Ar
vs. ¥Ar/*°Ar. Regression resulare calculated usinthe yintercept for the
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trapped argofi’Ar/*°A r . Error éréeddtedst éabréad é19 0 .

Figure 27. Age spectra for incrementally heated samples. Red boxes are plateau steps
and bl ack boxes are rejecéé&édéééeéhpis.

Figure 28. Cartoon illustrations of A. Early Devam eclogitefacies metamorphism. B.
Exhumation of the eclogites through the 350°C muscovite isotherm in the Middle
Devoni an. Bl ue is hanging wall bl ock
green circle represents eclogitized mclkGSZ = GubbedateShear Zoneé.. 2. 5

Figure 29. Temperaturdimediagram comparing Liverpool Land and NcEhast
Greenland eclogite province (NEGEP), East Greenland, with Western Gneiss
Region (WGR), Lofoten, and Bergen Arcs, Norway (Strachan and tribe, 1994;
Gilotti and Ravna, 2002; White and Hodges, 2003; Gilotti et al., 2004;
McClelland et al., 2005; Hacker, 2007; Kassos, 2008). Red lines indicate closure
temperature of corresponding minerals (Dodson, 1973; Boundy et al., vi®97;
Blackenburg et al., 198%ee etal., 1997; Schmitz and Bowring, 2003). 0°C
temperature data are Devonian basin formation (Siedlecka, 1975; Boundy et al.,
1997; White et al., 2002). -Kpar = potassium feldspar, 40/38°%Ar/**Ar age
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Figure 30. Numerical model of active continental margin from 150 km to 600 km of
subduction. Boxed yellow area is stranded oceanic crust in continental crust.
yellow=sediments, red=upper continental crust, pink=lower continental crust,
dark green=uper oceanic crust, light green=lower oceanic crust, dark blue=dry
mantle, light blue=hydrated mantle, purple=serpentinized mantle (Gerya and
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Figure 31.Series of timgrogressive cross sections through Liveddaand illustrating
possible origin andxhumation of eclogites. Approximately 440 Ma , 5 million
yearsafter volcanic island arc (just east of creggtion) and Baltica collide,
intrusion of Hurry Inét Granite at 445 and 438 Ma. Approximal&Q km d
subduction, formational rotation of orogenic flow channel in Laurentian plate.
Approximately425Ma, 20 nillion yearsafter colision,~450 km of subduction;
oceanic crust and mantle material ascend through lower continental crust; Baltic
continental aust is subducted. Light blue arrow is contractional movement (into
plane of model) along Gubbedalen Shear Zone. Distances not t@ seade. 64
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Fi gur e 3 Apploxdnmately4d5d20 Ma ~25 million yearsfter collision, ~600
km of subduction. Thelurry Inlet Granite continues thrusting (into plane of
model) west across Liverpool Land and Krummedal Sequence and monzodiorite
crystallize. Fjord Region Detachment initiated as extensiohgproximately
420400 Ma peak collision of Caledonian orogwiith episodic extension
initiating Western Fault ZoneApproximately400-370 Ma GSZ becomes
extensional and pegmatites intrude hanging wall and footwalB888Ma.

,,,,,,,,,,,,,,,,,,,

Figure 32. Present day clesp cioss section parallel to Greenland coastline (e.g.
perpendicular to Liverpool Land). Red fault lines are high angle normal faults ca.
425 Ma-<Tertiary. Blue fault line is listric detachment of Fjord Region
Detachment, respectively. Yellow fault lineeistensioal Gubbedalen Shear
Zone. Dashed black line is approximate location between upper thrust and lower
extension. Pegmatite intruded during extension from3@BMa. Longitudinal
distanceisnottoscaleé e ¢ é e é e éeéeéeééecéeéeée. 8.6
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[. INTRODUCT ION
Processes leading to themation and exhumation of higdnd ultrahigh (UHP)
pressure eclogite facies rockehighly debated and present a challenge to our

understanding of regional tectonic events and crestalltion in general (Griffin et al.,

1978; Haller, 1985; Zielger 1988; Brueckner et al., 1998; Steltenpohl et al., 2006; Hacker

2007). Caledonian eclogites along eastern Greenland and western Norway are exposed in

Precambrian continental basement andlliochthonous Caledonian thrust sheets (Fig. 1;
Dobrzhinetskaya, et al., 1995; Steltenpohl et al., 2003; Gilotti and McClelland, 2005).
These are some of the largest, most accessible, and continuously exposed eclogite
terranes on Earth. Herdgh tempeature and pressure metamorphic roeord
geodynamigrocessesf extreme crustal conditionsh this case due to continental
collision (Dobrzhinetskaya, et al., 1998/hite and Hodges, 2003

Perhaps most important to tectonic studies is how thesecdestpl rocks
eventually are exhumed to be exposed at
information is abundant for most of the Norwegian eclogite localities (Roberts and Gee,
1985; Andersen and Jamtveit, 1990) and for the Nigetst Greenland edlie province
(Gilotti and McClelland, 2005; SartiRRideaut et al., 2006). The southenost
occurrencesf eclogites in the Greenland Caledonided.iverpool Land havenot been
investigated in any detail. Geochronological and structural data fremetyion is key,

therefore, to understanditige exhumation history of the Caledonian orogen anthéor

Ea



Figure 1. Eclogite localities superimposed upon Early Carboniferous gatgoaphic
reconstruction of Navay and Greenland (modified from Steltenpohl et al., 2006).
NGEP = Northeast Greenlaedlogite province
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subsequent rifting that formed the NeAliantic Ocean. In this thesis new data collected
from Liverpool Landarereported that helps to addres} libw theséigh-pressureKIP)

rocks were exhumed and (2) how this exhumation history relates to those reported for the
other eclogite provinces in Greenland and Norway.

The Caledonian orogen is thought to have formed due to collision and subduction
of Baltica beneath Laurentia (Fig. 2). Paleogeographic reconstructions for the Early
Devonian collision (Fig. 3) generally place Liverpool Land within the Laurentian
overriding platedirectly adjacenthe Western Gneiss Region in the Bastibducting
plate(e.g. Ziegler, 1988; Mosar et al., 2002). Hartz et al. (2005) recepibyeda date
of eclogitization of ~395 M#or eclogites in Liverpool Land basement orthogneiss
which overlaps the age of eclogitization in the Western Gneiss Regioi38000la;

Hadker, 2007). Furthermore, Hartz et al. (2005) report Uiigh pressure (UHP)

estimates for eclogitization in Liverpool Land (>&%ar) that are compatible with those

for the Western Gneiss Region. To explaindhallengeof UHP eclogite formation in

bath the upperl(aurentian and lower Baltic) plates at the same time, Hartz et al. (2005)
evoke an unconventional mechani sm of- tecto
standing petrological concept that relates depths to pressures achievedetjionglr
metamorphism. The main goal of this thesis report is to find a paosgmonious

mechanism to explain the unusual setting of the Liverpool Land eclogites.

Renewed interest in the geologi@volution of Liverpool Landedto the
formation ofafield research party that investigated the area during the summer 2006.
Geological field studies were conducted in Liverpool Land by Lars Augland (University
of Oslo, Norway), Johiwesley Buchanan Il (Auburn University), atitge present author

3
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to maplithologies andstructures and to quantify conditions and timingadbgite

formation and exhumationThecontributiors of this thesiso thisgeological

collaboration focusn the following four objectives: (1) to characterize the field and
petrographic properties of the country rocks that host the eclogites to evetheber

they could or could not hateansmittedectonic overpressures to produce eclogitization;
(2) initiate *°Ar/**Ar thermochronological work to characterize the exhumation history of
Liverpool Land; (3) compare the temperattiree path determineébr this eclogitized

terrane to those reported for other eclogitized Caledonian basement terranes in Norway
and East Greenland; and (4) synthesize these data to clarify eclogite exhumation along

the length, and both sides of this classic Paleozoic orogen.



II. GEOLOGIC SETTING

Classically, the Caledonian orogen is thought to have formed due to collision and
partialsubduction of Baltica beneath Laurer(fidg. 2). Two types of subduction
occurred during théormation of theorogen. First, Bype subduction (i.e. Benigff
Andersen and Jamtveit, 199fbnsumed significant amounts of oceanic ceast
(presentday coordinatesof the passive continental margin of Laurentia forming a
volcanic island aréca 440 Mg. Secondgontinued Btype subductioted tothe
collision of thevolcanic island arc (ca. 43R5 Ma)with Baltica Finally, collision of
Baltica with Laurentia led thigh to ultrahigh pressuré-type subduction (i.e.
Ampferer; Andersen and Jamtveif90)of theBaltic continentamargin(ca. 425390
Ma). The polarity of this collisiorfFig. 2)is documented by a Caledonian ealkaline
plutonic arc inthe Laurentian basement of E@teenlandGilotti and McClelland,
2005)and HP and UHP eclogitasthe Western Gneiss RegiofiiNorway Hodges et
al., 1983.

East Greenland Caledonides

TheEast Greenlan@aledonide$70° to 82°N consist ofwestward verging thrust
sheets with intermittent tectonic wios exposingirchean and Paleoproterozoic
metamorphic gneissf the Laurentain continental basemeomplexesCaledonian
eclogites occur in reworked Archaen, Proterozoic,laswler Paleozoic rocks in more

coastal regions in the NEGEP and in Liverpool L&fd. 4; Haller 1998; McClelland
6



POST- CALEDONIAN

Tertiary, Mesazoic and
Carbonderous rocks

- Devonian rocks

CALEDONIAN FOLD- AND THRUST BELT
D Neoproterozoic (EBSGp)
and Eary Paleozoic rocks
D Reworked Archean. Praterazoic
and Pakozoic rocks
CALEDONIAN FORELAND
I:l Mesoproterozoic 1o
Early Paleozoic rocks
Archean and Palasoproterozaic
gneissas
~—1"7" High angle extensional fault
o Thust
~"—"" Low angle detachment
cww . Charcot Land Window
ESW : Eleonore Se Window
FRDZ Flord Regon Detachment Zone
GLDZ : Germania Land Deformation Zone
KSz Kildedalen Shear Zone

SSZ . Storstrommen Shear Zone

EBSGp : Eleonore Bay Supergreup

GwW : Ghseland Window
NLW  : Nerreland Window
LBL : Lambert Land

NEGEP North-East Greenland eclogfte province
MBW . Malebjerg Window

Figure 4. East Greenland Caledonides from 70° to 82°N with lithotectonic units
(modified after Andresen et al., 2Q071L = Liverpool Land, CL = Canning
Land, NVF = Narhval Sund Fjord, SA = StangiAlper, KFJF = Kejser Franz
Joseph Fjord, HL = Hudson Land, HwH = Hold with Hope, AF = Alpe Fjord,
DLL = Dronning Louise Land, SL = Strindberg Land, AL = Andree Land, WG =
Waltershausen Gletscher, OR = Ole Rgmer Land, KF = Kempes Fjord, FF =
Forsblad Fjod, ACF = Ardencaple Fjord, KH = Kap Hedlund, PB = Peterman
Bjerg, KD = Kneakdalen, RL = Renland, Su L = Suess Land, PL = Payer Land.
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and Gilotti, 2003). A major, Early Devonian extensional detachment fault, the Fjord
Region Detachment zoi{Eig. 4), isa LateCaledonian collapse structufidartz and
Andresen, 1995)Vhite and Hodges, 200SartiniRideout et al., 2006)Following
Devonian detachment faultinthe entire orogen has been extended abouSaakis
during pulses of riftingluring Carbonifeous, Permian, Triassic, JurassindCretaceous
with final continental separatioduring Eocene lartz and Andresen, 1995; Leslie and
Higgins, 1999 Mosar et al., 2002
Liverpool Land Geology

Liverpool Land northeast of Scoresby Sund (Fig. dyntainsa HPeclogite and
amphibolitefacies terrangs cut by a majocrustalshear zongthe GubbedaleBhear
Zone (Fig.5). Thesoutherrfootwall block consistsnostlyof 1.6 Ga quartzofeldspathic
orthogneisses amigmatitesvith rare occurrences of variably retrograded eclogites
(Hartz et al., 2005Augland 2007). Thenorthernhanging wall blockcompriseghe
Hurry Inlet Granitebatholith KrummedalSequencegaragneissmonzodiorite and
garnetbiotite gneiss Eclogites occur as boudins alethises encapsulated in mylonitic
shearswithin the footwall block Augland et al. (2007) repod/Pb dates o400 Maon
zircon and 371 Manrutile extracted from theclogites. Buchanan et al. (28D
estimated temperatws@nd pressures 850 °C at >1&bar, respectivelyfrom severalof
theleastretrograded eclogitesBoth eclogites and country rocks have experienced weak
amphibolitefacies retrogressionNo “’Ar/**Ar mineral cooling dates are reported for
Liverpool Land Sx samples wergthereforecollected andinalyzed from the hanging
wall and footwall blocksind fromthe QubbedalerShearZoneto initiate characterization
of thetiming of cooling of thefault blocks and for along the shear zone.

8



E= manswaic sudimaras
E Upper Fakzeceaic (%) sediments
FaE Giafadicnis'
(=] Govadarts
E Giranitaids

Crysialirs commpliss
unidifferentiated
) e

i mafic podsand eclogites
Gamel-biviie gueiss
b MNim

CARLSBERG FSORL

i Lt ——

KLUITDAL

21 BOORESREY BUND

Monzodiorite @ Eclogite Locations
Hurry Inlet Granite

Marble (KS)

Garnet-biotite Gneiss (KS)

+ “OAr/*Ar Sample Locations

EOEE

~1  Undifferentiated Gneiss (KS)

T Gubbedalen Shear Zone
Bl Vvafic Gneiss
Quartzofeldspathic Gneiss

Figure 5. Geologic map of Liverpool Land, East Greenlambdifiedfrom Augland,
2007). Boxed areas are detailed mimpsn mapping within the present thesis
study area (KS) = Krummedal Sequence.

9



[ll. LITHOLOGIES AND METAMORPH ISM

Liverpool Land is an erosional outlier of mostly Proterozoic metamorphic rocks
surrounded by nonconformably overlying Devonian, Carbonifefeisnian Mesozoic,
and Tertiary strata (Figs. 4 angAndersen et al., 2007). Figure 5 illustrates the general
geology and tectonostratigraphy of the two areas in Liverpool Land mapped during the
summer 2006 field expedition. The tectonostratigraphy characterized within these two
areas is described belawthree sections: the footwall block south of the Gubbedalen
Shear Zone; the Gubbedalen Shear Zone; and the hanging wall block to the north. In the
following discussion of lithologies and metamorphic characteristics, units are described
in order of greadst to least volumetric abundance. All volumetric mineral abundances
reported are visual estimates.
Southern Footwall Block

Units of the footwall block south of the Gubbedalen Shear Zone comprise
variably migmaized quartzofeldspathic orthogneiss, amphibolite, phyllonite, granitic
dikes and veins, and eclogites. Rare eclogites occur within the footwall block but they
are the focus of a separate thesis study by Buchanan (2008), and thus are not described
herein. Likewise, Augland et al. (2007) described and isotopically dated the group of
dikes and veins so these are only briefly summarized below. Refer to Figure 5 for

locations of the various units.
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Quartzofeldspathic Orthogneiss

Footwall quartzofeldspathmrthogneissontainsminor layers omphibolite
including a more mafic gneiss adjacent the Gubbedalen Shear Zbegneiss idocally
migmatized and mylonitizedhe latter especiallyear theshear zone Orthogneiss is
medium to fine-grained (<2mmyvith quartz and feldspar clasts2Imm). The gneiss
has tan talark pinkfeldsparrich bands alternatg with dark gray layersicher in
ferromagnesian silicates (biotite and amphibBig;6A). The gneiss contains
approximately 8% feldspar (3:1 potasum feldspar to plagioclase€0% quartz 1%
biotite, 1% opaques, 1% amphibolend <1% muscoviteMuscovitesuitable for
“OAr/*°Ar isotopic dating DRB-06-16 and DRB06-22) were analyzed ancan be found
describedn the *°Ar/**Ar Thermochronalgy sectbn.

Felsic layers consist of recrystallized quartz, quastphyralasts (32 mm),
feldspamporphyralasts (32 mm), and finggrainedmaterialindistinguishableising
petrographic methodsPotassium feldspar grainemmonlyare sericized Clasts a
surrounded by moats of recrystallized quartd/or feldspaand altered biotiteFine-
grained, elongated grains help to define the foliation that trends 043°. Clasts of quartz
and feldspar have numerous subgrains, twins, and minor amounts of myrnidkiie
layers consist of fingrained biotite and minor amounts of amphibdiéinerals defining
the mafic layers havéeenaltered to chlorite/chloritoid minerals. Strongest alteration
surround fracturesin grains that magontain minor amounts of mesvite. Opaque
grains are distributed throughout in minor amoumkasticdeformation is indicated by
ribbons of finelyrecrystallized quartz and feldspar stretchad draped over largemore
competengrainsof quartz anfbr feldspar(Fig. 6B).
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Figure 6. A.Quartzofeldspathic gneiss with mafic layers. Field book for scale at bottom
left corner. B. Photomicrograph (XPL) of quartz and feldspar competent clast
with recrystallized quartz and feldspar (ledxarea) surrounding clast. Qtz =
quartz, Feld = feldspar, Bt = biotite.
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Grain shapes range from inequigrantdaroeboid to seriat@terlobate. Quartz
and minor amounts of feldspar have undulose extinctiorgeaid boundary bulges
indicatinggrain boundary migration, and subgrain rotation. Larger feldspars have
fractures in their cores and may have twins. Grains without undulose extinction are
amoeboid shaped and usually contain quartz inclusibgaamic ecrystallizatiorof
guartz and feldspauggestdower amphiboliteto upper greenschiacies
deformatioml conditions Metamorphic nmeral assemblages thisgranite protolithare
not diagnostic of metamorphic conditions but are compatibleamiphibolitefacies
conditions
Amphibolite

A larger body of competent amphiboliecursnear the @bbedalerBhearZone
(Fig. 7A). The anphibolite with localfelsic migmatitejs approximately 40%
amphibole, 20% biotite, 20% quartz, 15% feldspar, and 5% opaques. ltggdined
(<0.5 mm) with naapparent lineations, only localized compositional banding. Overall
color is black to dark greerhese rock&iave inequigranulanterlobate shaped grains.
Most tend to be elongate but no lineation or foliai®present. Conjugate fracture
patterns ad no recrystallization suggest leemperature deformation. Biotite rasge
from subhedral to acicular shaped. Subhedral grains overlay one ambéneas
acicular grains ligoarallel to one another to form clusters. Approximately half the biotite
grains have altered to chlorite/chloritoid minerals. Quartzshiédgrain boundaries,
undulose extinction, and grain boundary legigFeldspars are subhedral amoeboids that
havegrowth and deformation twinning and undulose extinction. Twin boundaries exhibit
migration however, grain boundaries are not disturbed. Few grains have subgrains
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Figure 7. A.Competent amphibolite neauBGbedalershearZone B. Photomicrograph
(PPL)of opaque minerals surrounding chlorite and bigjren Chl = chlorite,
Opqg= opaquesBt = biotite AcB = acicular biotite
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indicating hightemperature deformation. Opaque grains are abundant around biotite
grains(Fig. 7B). Biotite appears to have replaced-pxesting grains as acicular crystals.
Opaque grains seem to align in fractures that had cut across e gineg grain and
partially outline the prexisting grain shape.

Mafic Layers

Within the quartzofeldspathic gneiss are boudinaged layers of amphibolite and
rarely associated eclogiboudins.Amphibolites also occur as larger bodies up to ~4.0m
in area near the shear zorAround the boudins are migmatitic zones of felsic gneiss.
Mafic layers range from eclogite to retrograded eclogite to amphipdéfgending on
amount of fluidinteractions. Veins cutting eclogites are felsic are interpreted as
decompression melts (Buchanan, 2008). Further descriptions of eclogites can be found in
Buchanan (2008).

Concordant mafic layers were also found sheared in the footwall orthogneiss. In
sills are veins of pure amphibole. All amphiboles have conjugate fracturing. The sills
are mainly amphibole and plagioclase equigranular interlobate gi@ther veins
composed of mphibole, plagioclase, and biotitet acros&clogitesforming
inequiganularpolygonalaggregates Mineral assemblages are compositionally
consistent throughout the amphibolites indicating gabbro to basalt protolith
metamorphosed to amphibolitecies and greenschifdcies retrogression.

Phyllonite

A distinctive phyllonte (micaceous mylonite) containing abundant biotite and
porphyroclasts of mostly amphibabetcrops near thiease of th&subbedalershear
Zonealong the uppermost structural layers of the footwall blothke phyllonite is

15



compositionally banded with-6 fabrics in hand sampl@ig. 8A). It is a mediumto
coarsegrained black rock with white layers bending aroaathpositeporphyroclast
comprise of garnebiotite, andamphibole(Fig 8B). Mafic layers consist of 70% biotite
and 30% amphiboles (<0.5 mmirelsic layergompriseof 1-2 mm polycrystalline

qguartz and feldspar porphyroclasts. Around the porphyroclasts is finer grained (<0.5
mm) feldspar (2:1 potassium feldspar to plagioclase feldspar) that is dominantly altered
to sericite.

Quartz grainsn the phyllonitehave undulose extinction, equigrandiabate
shapes, and subgrains. Feldspar grains have few growth twins, deformation lamellae, and
equigranulaflobate shapes. Biotite grains (<0.3 mm) are euhedral to acicular
equigranular shaped. Mbgrains have been altered to chlorite. Amphibole grains (<0.3
mm) are parallelo each otheand norparallel to the biotite foliation. They are
subhedral to anhedral equigranular shaped geaid commonly interlaced with biotite.
Garnets are-2 mmporphyroclastgrains in more mafic parts of the phyllonite. They are
dark red in hand samples and very well rounded with intense fracturing.

The protolith to the phyllonite likely is the mafic gneiss, subsequently deformed
in Gubbedalen Shear Zone. Basm crystalplastic quartz and feldspar, dynamic
crystallization likely occurred under upper greensehestower amphiboldacies
conditions.

Granitic Dikes and Veins

Throughout the footwall, but conspicuously absent in the hanging wall, are
granitic dkes and veins from ~10 m to few cm in width that cut across all units. Dikes
are meters in width and length whereas veins are centimeters in size. Near the
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Figure 8. A.Phyllonitealong the basal sectis of theGubbedalershearZone Notice
competent mafic aggregates with felsic material deformed around Bem.
Photomicrograph (XPLjlisplaying mafic layer (top of photo) and felsic layer
(middle of photo) of phylloniteRed line is approximate septoa of layers. Qtz
= quartz Plag= plagioclaseBt = biotite, Anp=amphibole
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Gubbedalen Shear Zone, these dikes are swept into the fault zone but do not cross the
shear zoné€Fig. 9A). Away from the fault (south), nsbdikes are unaffected by the
shear zone Overall, the dikes are orangipink to white andnediumgrained (32 mm).
Detailed petrographic, structural, and geochronology anatys#sese rocks are reported
in Augland (2007). Below are summarized descriptions.

Compositional poportiors of dikes and veins are relatively simil&eldspars
(3:1 potassium feldspar to plagioclase@most abundant followed byuartz amphibole,
biotite, andgarnet. Potassium feldspardsminantlysericitized and equigranular (Fig.
9B). Plagioclase gmth twins are mostly preserved with few deformation twins. Quartz
grains are equigranular interlobagbaped grains. Low degrees of strain are indicated by
grain boundary bulges and subgrains that document grain boundary migration and
subgrain rotationrystallization in<0.25 mmpatches. Most quartz and feldspar have
undulose extinction. Biotite is altered to chlorite/chloritoid minerals and sometimes
defines a weak foliation in the granite. Garnets are dark r2dr(fh) subhedral grains
with parallelfractures. Finegrained feldspars and quartz do not form tails, shadows, or
halos around garnets indicating lotw moderatédemperature deformation rather than
moderateto hightemperature deformation. Deformation microstructures of undulose
extinction in quartz and feldspars indicate e moderatdéemperatures as well. Late
fluid infiltration producing pegmatitic quartz and potassium feldspar veins are associated
with some granitic dikes. The granitic dikes are most likely decompressionabielts

high grade rocks.
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Figure 9. A.Granitic dikes near GbbedalerShearZone. Red line is approximate
outline of one dike.Yellow dashed line is projection of shear zoxiff face is
~150 m high.B. Photomicrograph (XPLjlisplayingsericiticalteration of
potassium feldspaQtz = quartz, Plag = plagioclase, Bt = biotite, Ser = sericite.
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Gubbedalen Shear Zone

A ~500 m thick shear zone, the GadllalerShearZong consists otrygal-
plasticto brittle rock fabricswithin mylonitized gneisses and granites of the footwall
block, andcarbonateataclasiteand carbonate brecaond the hanging wall blockFig.
10). Buchanan (2008) reports shesanse indicatort® indicate two compaents of
movement.Mylonite occurswithin the lowercontractionakone whereasataclasiteand
breccia are within the uppegxtensionakone. Units are discussed below from ductile to
brittle fabric development.

Footwall Mylonite

Approachinghe QubbealalenShearZong footwall orthogneissesnafic layers,
and granitic injectionare progressivelynylonitized (Fig. 11A) The area of severe
mylonitization is adjacent to the fault. Grain textures and sizes decrease towards the fault
(northward).

Mineral abundance remains the same as previously discussed for footwall block
units. The quartzofeldspathieylonititic orthogneiss contain ~10% muscovite (Fig.
11B). Grain shapes change from seriaterlobate and amoeboid to stretched,
equigranular polycrystline quartz and feldspar. Subgrain recrystallization is dominate.
Few clasts are present; larger grained quartz and feldspar preserve some grain boundary
bulges Clasts are elongate and ribbidee indicating ductile deformation. Grain
boundaries arbigher angled than nemylonitized orthogneiss.

Grains begin to have a preferred orientation as they become mylonitized. Within
the fault, all grains are stretched parallel to th8 Nending slidine. One sample with
the least amount of mylonitizanh is oriented 040° with parallel foliation. An
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Figure 11. A. Field photograph ofmigmditic orthogneisgright in photo)becoming
progressivelynylonitized(toward left in photopear GuibbedalerShearZone B.
PhotomicrograpliXPL) of mylonite with muscovite € fabrics and mica fish.
Blue line isC-plane. Green line iS-plane. Qtz = gartz, Mus = muscovite, Plag
= plagioclase.
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ultraamylonitized sample trends easest 20°S with parallel foliatior5ee Buchanan

(2008) for oriented samples of Gubbedalen Shear Zone. Within the shear zone, dynamic
recrystallization is most abundant witb grain boundary bués The contractional
component mylonitized the footwall gneiss and contains capeseed (12 cm)

muscovites suitable f8PAr/3?Ar isotopic dating. JWH6-CP73 results can be found in

the “°Ar/*°Ar Thermochronolgpection

Carborate Cataclasite

Within theupper structural levels of the Gubbedalen Shear Zar®nate
cataclasites are a mediegmay color with sigma clast lithic fragmer{tsig. 12A)

Oriented sample of this material were nabllected due ttheir occurrences in
inaccessibleliff faces; samples were collected from float blocks at the base of the cliff
Grain shapes range from wetlunded to angular. Grain sizes range ftbam to <0.1

mm (Fig. 12) The cataclasite consists of figeained calcite matrix, polymeralic lithic
grainswith undulose extinction, andonomineraligrainsin matrix (Fig. 12B) No

veins are apparent in hand sampléham section indicating low fluid pressures. Overall,
cataclastic flow occurred in lograde metamorphic conditions.

Fine-grained calcite matrix is homogenous and flows around lithic grains. Darker
material within the matrix is indistinguishable using petrographic methods. The darker
material forms tails and halos around rounded and rotated lithic grains. Larger grains
(0.3-0.5 mm) of calcite are present in some polymineralic lithic grains.

Polymineralic lithic grains consist of quartz, indistinguishable dark materials,
orthopyroxene, clinopyroxene, amphibole, and calcite. These grains are rounded to
subrounded shape Individual mineral grain shapes are anhedral, arranged as seriate
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Figure 12. A. Hand sample photograph of carbonate cataclasitesivéared and
rotated lithicgrains Lip balm is approximately 7 cm in lengtiB.
Photomicograph(XPL) of polymineralic and monomineralic lithgrainsin fine-
grained, ultra cataclasiteatrix. Large lithiograinshave tails and halos of
indistinguishable dark materiaQtz = quartzCal = calcite matrix Opx =
orthopyroxene, Cpx = clinopyxene, Poly Lith = polymineralic lithigrains
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polygonal to interlobate inequigranular aggregates. Quartz and calcite form interlobate

aggregates whereas pyroxene, amphibole, and dark material are polygonal.

Polymineralic lithic grain rock types anedeterminatedue to the variation among grains.
Monomineralic lithicgrainsare wellrounded to angular and range from-@.2

mm. These fragments consist of quastzhgpyroxene clinopyroxeng anduntwined

feldspar. Quartz fragments have undulose etitin@and subgrainsPyroxene fragments

have fracturealong cleavage planés larger grains. Orthopyroxetaspink to green

color birefringence whereas clinopyroxertesyellow to orange colobirefringence

Few clinopyroxene grains halight greencolor birefringencendicatingNa/K-rich

(MacKenzie and Adams, 2001reldspars have twins and undulose extinction.

Carbonate Breccia

Within the second, northemmost, area of the @bedalerShearZong shearing is
opposite (i.e. thrusting). The Kruneaial metasedimentary sequence siggcturally
above thiaunitin the hanging wall. In the fault zone, a coataebonate brecci@rmed
from brittle deformation of marble. The breccia is brownigdd with white veinlets
separating individual brecc@asts(Fig. 13A) Sheaisense is naapparentn hand
sample but can be seen in outcrop and thin section.

The breccia contains approximately 40% hematite, 25% quartz, 20% plagioclase,
and 15% calciteFine grains of Bmatite(<0.1 mm) creat¢he matrixof the breccia and
coats rims of other grains. Quartz grains have inequigranular interlobate shapes. Most
finer grained quartz and plagioclase (<0.5 mm) float in the hematite matrix. Clusters of
guartz and plagioclase that are connected are equigravithehigh-angle boundaries.

Most quartz has undulose extinction and subgrains. Plagioclase grains are similar in
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Figure 13. A. Outcrop photograph of carbonate breccia boul@erPhotomicrograph
(XPL) showing quartz, plagioclase, and calcite grains surrounded by hematite.
Qtz = quartz, Plag = plagioclase, Cal = calcite, Hem = hematite.
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shapeand sizdo quartz graingandcontain quartz inclusions but no myrmekite. Calcite
forms euhedral equigranulpolygonal shapes {@.2 mm). Most grains have several
twins and undulose extinction. Twins are oriented in several directions. Twin orientation
and populatiomavebeen used tdetermine strain and stress magnitude and
paleopressuras carbonatesutthis particular fault did not deform coaxialtperefore
nullifying this approacli{Passchier and Trouw, 2005)
Northern Hanging Wall Block

North of the Gubbedalen Shear Zone lies the hanging wall bMéthin this
block arethe Krummedal Sequenddurry Inlet Granite, and monzodiorite. Units are
discussed in order of greatest to least volume. See Figure 5 for location of units.

Krummedal Sequence

The hanging wall of the Gubbedalen Shear Zone comasitsly of a Proterozoic
metasedimentary sequen@aigland, 2007) The sequence is dominated by quarszite
andmetaelites with lesser voluminous cakilicates and marbles Metapelites (garnet
biotite schist/gneiss) and caddicates arenost abundantithenorthstudy aregFig. 5)
with afew marbles.No marbles from the hanging wall were collect€hrbonate
cataclasiteslescribed abovere similar in appearance to these marbles, however,
textures differ significantly Quartzite least voluminouss exposed as veirad as a
thick basal unit to the sequenisat o sample was collected for petrographic analysis.

Along the northern contact of thurry Inlet Graniteis agarnetbiotite schisiof
the Krummedal Sequence tlgaacdesinto migmatiticgneiss(Fig. 5). Within the
schistgneissare inclusions of granitendinclusions of schiggneissarefoundin the
graniteinclusions(Fig. 14A). The schiggneissis a mediurrgrained black to dark red
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Figure 14. A. Field photograph of garndfiotite schist/gneiss inclusions in Hurry Inlet
Granite (from Augland, 2007)B. Photomicrograph (XPL) of schist with weak
biotite foliation. Plag = plagioclase, Qtz = quartz, Bt = biotite, Clz = clinozoisite,
Gt = garret.
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color consisting of 50% plagioclase, 20% quartz, 20% biotite, 5% garnet, 5%
clinozoisite,< 1% opaquesand accessory zircon. Plagioclase(thm) isanhedral
shaped andltered to sericite. Quartz (815mm)is anhedral and forms seriate polygonal
aggregates with plagioclasiotite (0.51 mm)is euhedral and forsa weakfoliation
(Fig. 14B) Betweenayers rich inbiotite arelayers rich inclinozoisite (<0.5mm)
guartz, and plagioclaséarnet (0.51 mm) is subhedral, highlyactured, and ght pink
in thin section. Clinozoisitésteelblue birefringencehasdeformationalamellae,
unidirectional fractures, and sericite alteration. Grains are subhedral inequigianular
shapeThe assemblage garnet + biotite + plagioclase + clinozoigjteartz is compatible
with metamorphic conditions ramgy from lowerto middleamphibolitefacies(Winter,
2001)

Concordant, tabular cakilicate bodies ~10 m thick are interlayered within the
garnetbiotite gneiss.Calcsilicates arewhite to lightgray coloredand coars@rained (1
3 mm)with coarsergrainedvarietiesdisplaying pinkish tints. Thesecksmostly consist
of 70% plagioclase, 18% quartz, 12% calcite, and <1% pyroxene (Fig. 15A). Plagioclase
and quartz (B mm) are subhedral inequigraarinterlobate shaped grains. Calcite
(<0.51 mm) is euhedral, inequigranular grains with deformation twins. Pyroxenes (<0.5
mm) are weHlrounded fractured, equigranular polygonal graiecrystallization of
plagioclase, quartz, and calcite by grain taary migratiorasgrain boundary bulgs
occurs only around fractures. This suggests townoderate temperature deformation.
Based on the mineral assemblage plagioctageartz + calcite + pyroxene,
metamorphism is upper amphibolitecies retrogradetb lower temperature amphibolite
facies (Winter, 2001).
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Figure 15. A. Photomicrograph (XPL) of calsilicate. B. Photomicrograph (XPL) of
diorite near contact with monzodiorite. Plag = plagioclase, Qtz txjugtr=
biotite, Cal = calcite, Chl = chloritoid, Px = pyroxene.
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The contact between the monzodiorge sharp igneous intrusion representing an
igneous equivalent to the garfi®otite schist/gneisfAugland, 2007) Theigneous rocks
aremassivecoasegrained (322 mm) white and blacko light purplediorite (Fig. 15B)

No mineral lineations are preseifiteldspar foliations are present at the contact only.

The diorite consists of 80% plagioclase, equal amounts of quartz and biotite (10% each),
ard trace amounts of opaque minerals and ziré@uartz and biotite rickayersoccur

with large (23 cm) plagioclase graing?lagioclasg€1-3 cm)is euhedral inequigranular
polygonal shaped. Growth twins and few deformatvwans are present and few kink
bandswere observedMinor grain boundary buegssuggests some recrystallization.

Quartz (22 mm) is subhedral inequigranwuaolygonal shaped with weak undulose
extinction. Biotite (<0.51L mm) is subhedral equigranuaolygonal shaped arate

alteredto chlorite/chloritoid. Overall,recrystallization suggesteeformation was at low
temperatures with minor affects on the dioriteaterigneous dikesdoleritesand
lamprophyrescut acrosshe monzodioritethe garnebiotite schist andneiss and he

Hurry Inlet Granite Lamprophyre dikes are described and discussed by Buchanan et al.
(2008).

Hurry Inlet Granite

TheHurry Inlet Granite intrudes the Krummedal sequenceis ghanitebatholith
is exposed for several hundred square kilometers ih horérpool Land (Fig. 5)
Several phases are recognized throughout the intrusioaramderpreted as multiple
pulsesof magma. Overall, the granite is a medipmk color with lighter and darker
phases depending on feldspar and quartz amg@kigtsl6A). Most phases araedium
grained (12 mm) containingt5% potassium feldspar, 25§aartz, 20%plagioclase5%
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Figure 16. A. Field photograph of banded Hurry Inlet Granig. Photomicrograph
(XPL) of HurryInlet Granite. Plag = plagioclase, Qtz = quartz, Bt = biotite, Ks =
potassium feldspar.

32



biotite, and5% amphibolg with accessoryircon. Feldspars (2 mm) are subhedral with
sericite alterationPlagioclase has growth twins and minor amounts of defton twins
whereas potassium feldspar may or may not tatancrosshatch twins (Fig. 16 B).
Quartz (0.51 mm) is anhedrakith undulose extinction. Grain boundary bedgn quartz
indicatesrecrystalliation Feldspar and quartzccur asnequigranularinterlobate
aggregatesf myrmekite (Fig. 16B) Biotite and amphibolé<0.3 mm)are anhedraand
variably replacd by chlorite/chloritoid. Combined micrstructuresmply greenschist
facies conditions for dynamic recrystallization
Monzodiorite

Monzodioriteis a mediurnto coarsegrained (32 mm) light-gray to purple
colored unit with coarse biotite grains (Fig. 17A). Thenzodioritecomprise$50%
plagioclase, 15% potassium feldspar, 10% quartz, 10% pyroxene, 5% amphibole, 5%
biotite, and 5% opgues. Plagioclase (<@Bmm)occurs asubhedral inequigranukar
interlobate to amoeboid shaped grains. Growth twins and deformation twins taper
indicating low to moderatdéemperature deformation (Fig. 17B). Potassium feldspar
(0.51 mm) is subhedral ith sericite alteration and faint exsolution lamellae. Quartz
occurs ag0.5-1 mm) anhedrajrains containingubgrains, undulose extinction, and
grain boundary bulgs Quartz and plagioclase foimequigranulalamoeboidnasses of
myrmekitewith quartzfilling areasbetween plagioclase grains. Pyroxene, equal amounts
of clinopyroxene and orthopyroxene, (<0.5 mm) is anhedral and highly fractured.
Pyroxene, biotite, and amphibole occur as inequigraoidariobate aggregates.
Amphibole (0.20.5 mm) issubhedral and highly fractured. Biotite (@5 mm) occurs
as euhedral to acicular grains. Acicular grains form clusters with other minerals or as
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Figure 17. A. Field photograph of monzodiorite. Top of photo is gray moiwzid
and center is purple (red outlineéd. Photomicrograph (XPL) of monzodiorite.
Qtz = quartz, Plag = plagioclase, Bt = biotite, Amp = amphibole, Px = pyroxene.
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inclusions within euhedral biotite grains. Biotite and pyroxene both are altered to

chlorite/chloritoid.
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V. “°Ar/**Ar THERMOCHRONOLOGY

Analytical Techniques

Isotopic analyses were performed at the ANIMAL laboratory, Auburn, Alabama.
Six samples containing muscovite were prepared for laser analifseh sample was
crushed, cleaned, and sievetandardpicking techniquesvere usedinder a binocular
microscopdo pickuncontaminated gmas. These grains were thpacked into an
irradiation disc and sent to McMaster University Research Reactor in Hamilton, Ontario
The standard used was £2C28.03 + 0.09 Ma, Fish Canyon hornbler{Benne et al.,
1998; see Appendia for monitor mineral data). Ten irradiated grains for each sample
wereplaced in a copper holding disc and nine grains were analyzed using single crystal
total fusion and one grain using incremental heating. Laser power percentages were
adjusted accordingly to increase temperature forwisp heating. Incremental heating
was not performed on DRB6-16 because muscovite grains are too small to yield
sufficient argon for incremental heating (0.25 niig. 18A). All other sample grain
sizes range 0.6 1.0 mm in diametefFigs. 19A, 20A, 21A, 22A. The data was reduced
usingMicrosoft® Excelandlsoplot 3 (Ludwig, 2003). All samples were corrected for
background measurements of atmospheric argon contaminagmgthwise gradientsf
fast neutron flux were monitored by determining thallies from five crystals on each

layer. Ca and K decay interferences were corrected for by &%ng Mass
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Figure 18. DRB-06-16 quartzofeldspathic gneiss with figeained muscovite (0.25 mm
diameter grains)A. Binocular photograph of museite grains used for
“OAr/*°Ar analysis. B. Photomicrograph (XPLOf in-situ muscovite grain. Mus
= muscovite.
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Figure 19. DRB-06-22 quartzofeldspathic gneiss with coagsained muscovite (0-5.0
mm dameter grains)A. Binocular photograph of muscovite grains used for
“OAr/*°Ar analysis. B. Photomicrograph (XPL)f muscovite fish. Mus =
muscovite.
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Figure 20. JWB-06-CP73 quartzofeldspathic mylonite @ubbedalerShearZonefault
(0.51.0 mm diameter grains)A. Binocular photograph of muscovite grains used
for “°Ar/*°Ar analysis. B. Photomicrograph (XPL)f muscovite fish. Mus =
muscovite.
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Figure 21. JWB-06-M28A center of pegmatite, felsic intrusion in Krummedal Sequence
(0.51.0 mm diameter grains)A. Binocular photograph of muscovite grains used
for “°Ar/*°Ar analysis. B. Photomicrograph (XPL)f muscovite. Mus =
muscovite.
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Figure 22. JWB-06-M28C paragneissn Krummedal Sequenaalcsilicate(0.51.0 mm
diameter grains)A. Binocular photograph of muscovite grains used for
“OAr/*°Ar analysis. B. Photomicrograph (XPL)f clusters ofnuscovite. Mus =
muscovite.
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discrimination and mass spectrometer sensitivity were measured by running air and blank
samples every ten and five samples, respectiv@halyses comprise 10 cycles of
measurement over the rangamdisses and hathasses frorm/e= 40 to m/e= 35.5, and
baseline corrected values are extrapolated to the time of inlet, or averaged, depending
upon signal evolutionHornblende and biotite were not analyzed from these samples.
Petrography showed uralitization of pyroxereplacement of pyroxene by biotitd
biotite altered to chlorite/chloritoid minerglsee Lithologies) Potassium feldspar was
not analyzed due to ANIMAL capabilities.

The ANIMAL facility is equipped with an ultraigh vacuum, 9@legree sector,
10 cm radius spectrometefhe spectrometeamploys secondrder focusing (Cross,
1951), and is fitted with a high sensitivity electiompact source and a single ETP
electron multiplier (with signal amplification through a standardgmglifier). Analyses
are typically made using a filament curtef 2.75 A, and potentials for the source and
multiplier of 2000 V and1300 V, respectivelyMeasurement of atmospheric argon
passed througanair pipette monitored sensitivity and mass discrimination. Sensitivity
was measured at 8.09x10moles/vdt and mass discrimination at 0.21% for 2982
“%Ar/*°Ar during analysesThe high sensitivity and low blank of the instrument permits
measurement of 1§ mole samples to within 0.2% precision
Sample Descriptiors

Six samples containing muscovite were collected from five locations around the
GubbedalerShearZone Fig. 5); latitude and longitude coordinates for each sample are
reported in Appendix A Each sample contained muscovite visible in hand sample:
DRB-06-16, DRB-06-22, JWB06-CP73, JWRB06-M28A, JWB-06-M28B, and JWB06-
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M28C. Muscovite grains are described below. For further descgifanck unit see
the previous section drthologies.

Sample DRBO06-16 contains the finest grained muscovite (0.25 mmnfidotwall
guartzofeldspathic gneiss (Fig. 18A). Muscovite (<1% in gneiss) is subhedral with few
inclusions of opaque minerals. Well defined cleavage planes are observable in thin
sectionand thirdordergreento pink color birefringencgFig. 18B). Grains are dispersed
among recrystallized quartz defining a weak foliation with very little to no internal grain
deformation.

The secondootwall quartzofeldspathic gneiss samddRB-06-22, contains5%
muscovite. Kinked and sheared ediumgrainedmuscovtes (0.5-1.0 mm) occur as fish
in a well defined SC fabric with undulose extinction across the grains (Fig. 19
Birefringences seconebrder yellow to purple color.

In the extensional part of the Gubbedalen Shear Zone, mylonitized
guartzofeldspathigneiss JWB-06-CP73 contains mediurgrained muscovite206 in
mylonite;0.5-1.0 mn) displaying thirdorder pink birefringence color (Fig. 20).
Muscovite fishdefineweak SC fabric with undulose extinctiondicating deformation
and shearingFig. 20B). Grains between planesare larger whereasnallergrains are
between $lanes.

A pegmatite intruding the Krummedal Sequence of the hanging \aatip(ss
JWB-06-M28A and JWB06-M28B) contairs 7% mediumgrained muscovite (0-5.0
mm; Fig. 21A). M28A and M3 B are from the center and edge of the pegmatite,
respectively.Muscoviteoccurs aguhedrabrainswith slightundulose extinction
indicatinga low degree ointernal strain witteecondorder green to thirdrder pink
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birefringence color. W definedcleavage planesreobservable in thin sectiqfrig.
21B).

Hanging wall ample JWB06-M28C occurs in a felsieich layer of the
Krummedal Sequenga=lcsilicate containing% mediumgrained muscovite (0-5.0
mm; Fig. 22A). Muscoviteccus asclustes of subhedral to aciculgrainswith no
strain indicatorgFig. 22B). Cleavage planes aszognizedn thin section with thire
order green to pinkitefringencecolor.

Results

“OAr/*°Ar isotopes for muscovite were measufedsamplesrom various
structural levels of the @bbedalerShearZone(Fig. 23) The age results, brief sample
descriptions, and fault locations are summarized in FiglareComplete analytical
results are reported in Appendifor both single crystabtal fusion and incremental
heating ages. Results are discussed from youngest to oldest for each method.

Ten to ninggrains from each sample were analyzed using single crystal total
fusion. This method was used to determine an unbiased spreéeiaiystalline ages of
each sampleIncremental heatingnds to yield an average age for a crystal, or
population of crystals (Hodges et al., 1998pr each sample, age population
distributionswere constructetbr 10 at 95 % c oandeirodvecighted average e |
ages were calculated to interpret the data @Y. Samples DRB-06-16 (376.1 + 2.0
Ma), DRB-06-22 (380.7 + 1.4 Ma)JWB-06-M28B (387.40 + 1.2 Ma), and JWB6-
M28C (380.2 + 1.6 Ma) aneormally distrituted. Singlecrystal age distributions of
samplesIWB-06-CP73 and JWE)6-M28A are more complexFor normally distributed
data,standard err@range fromt0.46Ma to +1.24Ma. Complex distributiorstandard
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errors are greater than normally distributed data, +1.64 Ma to ¥&01Samples JWB
06-CP73 and JWH6-M28A avenge ages were calculated using eight of nine grains
analyzed. Both samples display one outlying data point, therefore, these points were
excluded from calculationsThese points may signify resetting of muscovite cooling.

One grain from each sample, ept DRB06-16, was incrementally heated.

Inverse isochron plots were constructed to determine the amount of, if any, extraneous
argonhadaffectedpotential plateau ages (Fi26). Radiogenic yields for incremental
heating analyses varied between 2368 ® 345 + 81 with the resultifgAr/*°Ar

fraction less than 0.001 afthr/*°Ar fraction less than 0.06These low values indicate

no extraneous argon will affeptateau spectra age calculations (Rig.

Plateau ages from incrementally heatedgnas ar e pl otted i n Fig
error estimatesSample DRB06-22, from quartzofeldspathic gneigs the footwall, has
aplateau age of 378.500.63Ma and includes 90.5% ofAr. Sample JWB)6-CP73,
from mylonititized gneissear the base of tleéubbedalerBhearZone hasa concordant
spectrum. The plateau age is 37%M837 Maand includes-100% of **Ar. Sample
JWB-06-M28C, from hanging waltalcsilicate hasan increasing release spectrum as
temperature increases. The plateau age is 8&10241Ma and includes 68.2% 6YAr.
Younger ages over the first ~25%°0Ar release may reflect diffusive loss‘8Ar upon
cooling. Two samplesvere collected from a pegmatite in the hanging wall. Sample
JWB-06-M28A, from the center of the pegntati displays no trend in the release
spectrum. The plateau age is 391.23 + 0.54 Ma and includes 67.%%rofSample
JWB-06-M28B, from the edge of the pegmatite, yields a discordant release spectrum with
a total gas age of 385.7 Ma.
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4Oar/*°Ar Discussionand Conclusions

The*Ar/*?Ar single crystal total fusion and incremental heating techniques yield
similar ages The incrementally heatethalyses of single crystals yield ages wttne
ranges of the age poptilansfrom the single crystal total fusion analyses. This indicates
incrementally heated samples Arased measuremesniot representative of a regional
cooling trend However, incrementally heated ages represent the cooling trend across an
individual gain within the single crystal total fusion age populationker&fore age
populationamore accuratelyepresentegional trendswhereas plateau ages represent
argon behaviowithin one grain of each age population

Figure28 shows an approximate tinpeogression of the region along the
GubbedalershearZoneof eclogitizationat 395 Ma and its exhumation to the ~350°C
isotherm aDevonian sedimentatior376 Mg ). SampleJWB-06-CP73,from along the
fault, hasasingle crystal total fusion average aje837.5 + 0.86Ma constraining the
latest contractional movemenSamples from the footwall, DR86-16 and DRB06-22,
arewithin the range of theespectivdault single crystal total fusion age distribution,
376.1+ 2.0Ma and 80.7 + 1.4Ma, respectiviy. The hanging wall paragneiss, JY0B-
M28C, also has similar ages to the footwall within the rangeasietiespective single
crystal total fusion age distributier38).2 £ 1.6Ma. Younger footwall and older
hanging wall ages are consistent with fielddence for latestage normal movement
along the @bbedalerShearZone Muscovite cooling along the fault suggests hanging
wall movement was concurrent with footwall emplacement. Pegmatite ages from the

hanging wall lie within the age distributisange of JWB-06-M28A and JWB06-M28B.
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Sample JWB-06-M28A, center of pegmatite, has age of 386.5 £ 1.5 Ma and JV0B-
M28B, edge of pegmatitdnas arage of 387.0 + 1.2 Ma, similar to the age distribution of
JWB-06-M28A. Muscovites from the ggmatite ages are older thitnose from
surrounding country rock (JWB6-M28C; 380.2 + 1.6 Ma). d¢otwall quartzofeldspathic
gneiss is cut by pegmatiteschgranitic dikes with U/Pb zircon crystallization ages of 388
Ma and 386 Ma, respectively (Augland, 200These ages are similar to the muscovite
cooling ages of the hanging wall pegmatite; Ja@BMV28A and JWB06-M28B (386.5 +
1.5 Ma and 387.0 £ 1.2 Megspectively)

In summarypldest*Ar/**Ar age distribution at ca. 388 Mae related to
pegmatite cooling Youngest®Ar/*°Ar age distribution at ca. 380 Ma reflects cooling
near the Gubbedalen Shear Zo@ambined with field and structural obserneat, the
“°Ar/*°Ar ages indicate thahe GubbedalerShearZonewas active duringegmatite
coolingandfootwall exhumationIn addition,zircon andutile U/Pbages in eclogites are
400 Ma and 371 Ma, respectively (Augland, 2007), indicating ecloggegs cooling
duringfault movement 38 Ma, andpegmatite coolingt 388 Ma. Rutile cooling is
younger than the youngesiuscovitecoolingage (38.50 + 0.63 MapPRB-06-16) in the
footwall. The QubbedalerShearZonethus recordshermochronological eclogt

exhumation from at leas88 Ma to 372 Ma.
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V. DISCUSSION

In this discussion, a temperattinee path for Liverpool Land will first be
developed, based on analytical results in the previous section. This tengstnge path
will then be compared to paths reported for eclogites within other continental basement
terranes in the Caledonides, the Western Gneiss Region, Bergen Arcs, and Lofoten,
Norway,and the NortkEast Greenland eclogite province (NEGEP). Himnale for
such a comparison is to explore for any trends that might explain how eclogite formation
and exhumation in Liverpool Land relates to those along the length of the Caledonian
orogen,amain objective of this thesis.

Rocks in the hanging waltlock to the Gubbedalen Shear Zone are lithologically
correlated to the Krummedal Sequence in more northern parts of the East Greenland
Caledonides. The age of amphibcléeies metamorphism in the Krummedal is argued
from place to place to be either dygoterozoic (90850 Ma) and related to the
Grenville orogeny (Strachen et al., 1995; Leslie and Higgins, 1999; and Henriksen et al.,
2003) or SilureDevonian related to the Scandian phase of the Caledonian orogeny
(Andresen et al., 1998, 2007; White £t 2002). No dates are reported for this event in
Krummedal rocks of the present study area. During the Caledonian, the Hurry Inlet
Granite intruded in two phases, one at 445 and another at 438 Ma (Augland, 2007). A

later monozodiorite pluton intrudede Krummedal at 424 Ma (Augland, 2007).
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Plutonic activity at this time is widespread throughout the East Greenland Caledonides
and is interpreted as the result of continental arc volcanism and plutonism during lapetus
oceanic crust subduction (Fig. 3akter, 1985Gilotti and McClelland, 2005). Earliest
“OAr/*°Ar cooling ages reported herein for the hanging wall are interpreted to date
protracted, slow cooling following plutonism at 424 Ma to ~350°C at 381 Ma.

The footwall block to the Gubbedalenesin Zone contains a much younger and
more extreme metamorphic history than does the hanging wall block. Eclogitization at
>18kbarand 850°C (Buchanan, 2008) requires residency of these continental basement
units in the lower crust (~75 km deep) at 395, B@m.y. after the amphibol#acies
peak of metamorphism in the hanging wall block. In contrast to slow, prolonged
cooling documented in the hanging wall block, the footwall block coliedively
rapidly from 850°C to 350°C between 395 Ma and ~378 didy 17 m.y.

Field observations from the Gubbedalen Shear Zone indicate it to be sotdaps
thrust fault that was reactivated as a topgth normal fault with two pulses of
movement, one at 385 Ma and the latest at 378 Ma (see Buchanan, 2008 tiarastruc
data). Rheologies of the fault rocks range from mylonite (>~500°C, cplatgtic
feldspar) to breccia (~100°C, crystaittle quartz), documenting progressive temperature
decrease as this crustalale shear zone was exhumed to higher crustlslev

Amount of movement along the Gubbedalen Shear Zone is not known but
exhumation and cooling rates provide some constraints to the vertical throw along it.
Using footwall eclogitaninimum pressure and temperature estimates e[~ 75
km] and 850C; Buchanan, 2008) together with a U/Pb zircon date on eclogitization
(Augland, 2007) an&’Ar/*°Ar muscovite cooling ages (reported herein; ~350°C),
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cooling of the footwall block occurred from 400 Ma to 376 Ma (24 m.y.) at a rate of
23°C/m.y. and an eximoation rate of >0.7&barm.y. This indicates the eclogiteearing
footwall block of the Gubbedalen Shear Zone was rapidly exhumed from depths of ~ 75
km to the 350AC isotherm (~11.7 km depth c
geotherm) over 24 m.y

This thesis has new data bearing onitjpgothesis of Hartz et al. (2005) that
tectonic overpressures were responsible for producing eclogitesameh@ling plate
(i.e. LaurentiarEast Greenland)f the Caledonian Aype subduction zone boundary.
Hartz et al. (2005) hypothesizétht during Early Devonian degpntinental
subduction of Baltica, Liverpool Land collided with the Western Gneiss Redion
Early Devonian palinspastic reconstruction would make Liverpool Land the western
half of a trasect containing the Western Gneiss Region to the Bada in the study of
Buchanan (2008pdicateHP metamorphic conditions at >kBar and 850°C instead
of UHP metamorphism in Liverpool Landn the abstract by Hartz et al. (2005).
During the EarlyDevonian collisionthe Western Gneiss Region was experiencing UHP
metamorphism at depths of ~120 km (KB@r) while Liverpool Land was under HP
conditions at substantially shallower depths of ~75 km.

In the absence of fluids, tectonic overpressures nhigially be achieved in
resilient, anhydrous granulffacies rocks, perhaps enough to produce local volumes of
eclogitization. Unusual occurrences of localized hydrous eclogite restricted to discrete
shear zones and pseudotachylite veins in otherwtsgdaous granulites in the Bergen
Arcs (Austerheim, 1987) and Lofoten (Steltenpohl et al.6200orway, attest to the
resiliency and strength of the loweontinental crust during the Caledonian collision.
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Such a mechanism is unlikely in Liverpool Lahdwever, because these amphibelite
facies, quartzofeldspathic gneisses clearly are hydrated and flowed plastically around
extended (i.e., not contracted) boudins of eclogite. Augland (2007) describes garnet and
orthopyroxene veins, interpreted as decorsgional melts related to exhumation
immediately following eclogitization, but there are no granibiges host gneisses in
Liverpool Land. Furthermore, there are no eclofam@es pseudotachylytes or eclogite
shear zones in Liverpool Land that mighgjgast unusual conditions forlegitization;

rather, they are typica&clogite pods within felsic gneisses that look identical to those of

the Western Gneiss Region. The present author, therefore, suggests that something other

than tectonic overpressuregre responsible for forming the Liverpool Land eclogites.

Fundamental to Hartz et al.od6s (2005)
both Liverpool Land and the Western Gneiss Region eclogites formed at the same time,
~395 Ma, while the former rés resided in the upper plate to the continental subduction
zone boundary directly above the latter. Various palinspastic restorations published for
the collision during the Early Devonian, however, are quite varied (e.g. Ziegler, 1988;
MacNiocaill and Smathrust, 1994; Hartz et al., 1997; Roberts, 2002). These differences
result primarily from LateDevonian to Carboniferous movements along major stliie
faults inEast Greenland/Vest Norway, and throughout the United Kingdom that have
shuffled the taranes leaving their original palinspastic relations suspect (Roberts, 1983;
Hutton, 1987; Hutton and McErlean, 1991).

If Liverpool Land eclogites developed above and proximal to those of the
Western Gneiss terrane, then either a pattern or a commoropdiaergence in their
respective temperatutame pathswould be seenWith this in mind, Figure 29 was
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Figure 29. Temperaturdimediagram comparing Liverpool Land and Noe#hast
Greenland eclogite province (NEGEP), East Greenlarttl, Western Gneiss
Region (WGR), Lofoten, and Bergen Arcs, Norway (Strachan and tribe, 1994;
Gilotti and Ravna, 2002; White and Hodges, 2003; Gilotti et al., 2004;
McClelland et al., 2005; Hacker, 2007; Kassos, 2008). Red lines indicate
closure temperatarof corresponding minerals (Dodson, 1973; Boundy et al.,
1997;von Blackenburg et al., 198%ee et al., 1997; Schmitz and Bowring,
2003). 0°C temperature data are Devonian basin formation (Siedlecka, 1975;
Boundy et al., 1997; White et al., 2002)-sKar = potassium feldspar, 40/39 =
“OAr/*°Ar age dating, U/Pb = U/Pb age dating.
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compiled from information published for eclogite terranes on both sides of the orogen,
including the data reported herein. The Lofoten and the Bergen Arc paths are the oldest
and they indicate a long, protracted metamorphic cooling history unlike any of the other
eclogite provinces. These differences further strengthen the argument made above that
Liverpool Land eclogites are not unusal, unlike those exposed in Lofoten aBertien
Arcs. Thus, a more reasonable approach toward explaining the Liverpool Land eclogites,
rather than tectonic overpressures, is proposed below.

Comparison of the Liverpool Land, Western Gneiss Region, and NEGEP
temperaturgime paths in Figure 29lustrates some intriguing patterns. The older (~400
- 390 Ma), highetemperature parts of these paths nearly overlap for the temperature
interval between 90C and 608C. Continuing toward younger ages, the path for the
NEGEP sharply diverges from theserpool Land and Western Gneiss Region paths, the
former taking a reheating path that peaked again at UHP conditions ~360 Ma. To explain
this second pulse of UHP eclogitization in the NEGEP, Gilotti and McClelland (2007)
argued for forelandlirected imbication of the Laurentian plate to form a new, subsidiary
A-type subduction zone (Laurentia beneath the previously eclogitized Laurentian
fragment).

In contrast to the NEGEP, the Western Gneiss Region tempetiateqgath
continues to trace the samelpas Liverpool Land down to the 3&Dblocking
temperature of muscovite (Fig. 29). At this time, about 380 Ma, the Liverpool Land path
diverges from that of the Western Gneiss Region, flattening out for a ~10 m.y. interval
before climbing in temperature@ @stimated 10T at ~370 Ma (rutile dates reported by
Augland, 2007). The correspondence in time of this trough in the Liverpool Land path to
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the more dramatic one documented for the NEGEP is unexpected and not yet understood.
It should be further expted, howeverasit could be to related tectonic processes/events
between the two areas today separated by nearly 800 km

Following about 380 Ma, the Western Gneiss Region was rapidly brought to the
Ear t h 6 s °CsiruFigfire@29)evhefelt was soonrtmd beneath Devonian sediments.
Likewise, Liverpool Land followed a similarly steep temperatimes path, though
delayed by ~10 m.y., to be buried by even younger Devonian sediments. Divergence of
the two paths at ~380 Ma might indicate that the WiesBmeiss Region experienced
crustatscale extensional faulting (Andersen and Jamtveit, 1990; Hacker, 2007) and was
exhumed to Earthodés surface -wohuppererustali ver pool
depths (near the 380 isotherm) for another 10 m.y.

Thefact that the Western Gneiss Region temperdiarepath overlaps the one
for Liverpool Land from eclogitéacies peak temperatures to the ~85&otherm lends
support to Hartz et al.ods (2005) suggested
the early Devonian (~395 Ma). Ulthagh pressure metamorphism recorded in rocks of
the Western Gneiss Region indicate a cooling rate of >60°C/m.y. and an exhumation rate
of 1.0kbarm.y. (Hacker, 2007) comparable to Liverpool Land rates; though Hacker
(2007) suggested that this cooling rate for the Western Gneiss Region might be
exaggerated, an artifact of the structural imbrication of hot UHP rocks against colder HP
rocks. Numerous other similarities exist between the Liverpool Land and Western Gneiss
Region eclogite provinces. Quartzofeldspathic continental basement gneisses and
migmatites host pods of eclogite. Recent work by Augland (2007) and Augland et al.
(2007) indicate that the host gneisses not only have similar crystallization ages, ~1.6 Ma

60



to 1.65 Ma, but contain xenocrystic zircon populations that overlap (Augland et al.,
2007). Highpressure mafic and ultramafic veins/pods occur within the
guartzofeldspathic gneissic hosts in both terranes (Dobrzhinetskaya et al., 1995, Root et
al, 2004). The small data set 6fAr/**Ar muscovite cooling ages for Liverpool Land
reported herein suggest a cooling pattern of rougasgtweststriking isochronal surfaces
thatparallelthe Gubbedalen Shear Zomerpendicular to east coastliagd youngs
from 388 Ma to 379 Ma toward the south (Fig. 2B)owever,Western Gneiss Region
“OAr/**Ar muscovite cooling trends roughly parallel the west coastline of Norway and
range from 400 to 385 Ma younging toward the west (Fossen and Dunlap, 1998). All
these similaties may indicatethdt i ver po ol Land is an o6orphan
Gneiss Region sutured onto Laurentia (Augland, 28@gland et al., 2007

Alternatively, recent numerical modeling@$ubduction zone chanrfer a
continentocean converge marginby Gerya and Stdckhert (2006) might also explain
integrationof HP and UHP rocks as is indicated in the case of Liverpool Land and the
Western Gneiss Region. Their study evaluated different crustal conditions, subduction
rates, and hydration tmodel RT paths. Consequently, they calculated exhumation rates
and modeled intermingling of sediments, continental crust, oceanic crust, and mantle.
From their models, (U)HP rocks can be emplaced in the continental crust by subducting
oceanic crust thantermingles with the overriding continental crust (Fig. 30). According
to their simulations, continental crust can be subducted at the leading edge of an
overriding plate and incorporated into the orogenic wedge. The wedge is carried deeper
into the spduction channel to about 5® km but minor amounts may reach 100 km
deep. Oceanic and continental <crust inter
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Figure 30. Numerical model of
active continental margin from
150 km to 600 km of subduction.
Boxedyellow area is stranded
oceanic crust in continental crust.
=sediments,
red=upper continental crust,
pink=lower continental crust,
dark green=upper oceanic crust,
light green=lower oceanic crust,
dark blue=dry mantle,
light blue=hydrated mantle
=serpentinized mantle
(Gerya and Stockhert, 2006).



subduction channel. This is reasonable considering the small aerial extent of eclogites in
Liverpool Land and that they are restricted to a small @iré@e footwall block (Fig. 5).
Interminging of oceanic and continental crust could have stranded HP eclogites and
amphibolites in continental crust. The Gubbedalen Shear Zone may have been the thrust
fault bringing minor amounts of oceanic crust into the continental crust. This pre
existing wakness later was reactivated as an extensional fault exhuming the eclogites.
This interpretation would make Liverpool Land eclogites part of the-deefinental
root beneath Laurentia that was exhumed along the Gubbedalen Shear Zone rather than
an orphard block of Baltica.

Figure 31 is a timg@rogressive series of cressctions through Liverpool Land
(W-E striking) nearly parallel to the movement direction along the Gubbedalen Shear
Zone fault plane modeled aftitre findings of Gerya an8tockhert(2006). Beginning at
ca. 440 Ma, the first phase idtirry Inlet Granite 445 Ma,had already ascended to
uppercrustal levels and crystallized within the Krummedal Sequence along a magmatic
arc on the east Laurentian (modern geographic coordinates) coaltimangin(Higgins
et al., 1981 Andresen et al., 1998). progressed to ~150 km in 5 m.y. of subduction at this
time. An orogenic wedge has already formed beneath the Laurentian margin
incorporating oceanic crust into lower continental crust. Amphibfaitees
metamorphism in the middle crust affected the entire east margin of Laurentia at 425 Ma
(see Figure 30 for progression fror26 m.y.) as Baltica collides with Laurentia (~450
km in 20 m.y. of subduction). The Hurry Inlet Granite and its hoss umight already
have begun being emplaced upon Liverpool Land along the Gubbedalen Shear Zone at
this time (Dewey and Strachan, 2003; Augland, 2007). In the orogenic wedge, mafic
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Hydrated
Mantle

Serpentinized 5 :
Mantle Sediment

Ca. 440 Ma
5m.y.

Ca. 425 Ma
20 m.y.
450 km

Figure 31. Series of timegorogressiveeross sections through Liverpool Land illustrating
possible origin and exhumation of eclogitégproximately440 Mg 5 million
yearsafter volcanic island arc (just east of creggtion) and Baltica collide,
intrusion of Hurry Inét Granite at 445 and38 Ma. Approximatelyt50 km of
subduction, formational rotation of orogenic flohaminel in Laurentian plate.
Approximately425Ma, 20million yearsafter colision,~450 km of subduction;
oceanic crust and mantle material ascend through lower contioargg Baltic
continental crust is subducted. Light blue arrow is contractional movement (into
plane of model) along Gubbedalen Shear Zone. Distances not to scale.
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Ca. 425-420 Ma
25 m.y., 600 km
424 Ma Crystallization

Ca. 420-400 Ma
Peak Collision
Episodic Extension
Eclogite Formation

Ca. 400-370 Ma
GSZ Extensional
Pegmatite Intrusion

Fi gur e 3 1lApgraximately428420 Ma ~25 nillion yearsafter collision, ~60
km of subduction. The Hurry Inlet Granite continues thrusting (into plane of
model) west across Liverpool Land and Krummedal Sequence and monzodiorite
crystallize. Fjord Region Detachment initiated as extensiokghroximately
420400 Ma peak collsion of Caledonian orogen with episodic extension
initiating Western Fault ZoneApproximately400-370 Mg GSZ becomes
extensional and pegmatites intrude hanging wall and footwaiB888Ma.
Distances not to scale.
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oceanic crust is stranded in lowentaental crusand gradually ascends due to
rotational flow withinthewedge. Upper continental crust, subducted sediments, and
serpentinized mantle are also intermingled with the lower crust. FromM2i?Ma
Baltica continued to collide with Laurenti&t 424 Ma themonzodioritein the northern
field area in Liverpool Land intruded into the Krummedal Sequence and crystallized.
Rotation within the orogenic wedge strands additional upper crustal material and
subducted sediments.

The Fjord Region Detdament (Fig. 4) changes fault motityom a topswest
thrust to a topeast extensional shear zone between 424 and 357 Ma (White et al., 2002),
marking the beginning of episodic gravitational collapse throughout Central East
Greenland and affecting areasfar south as Liverpool Land. Several other may8 N
striking normal faults became active between-8Z0 Ma in Greenland and Norway
down dropping younger Paleozoic rocks adjacent Caledonian crystalline basement (Hartz
and Andresen, 1995; Marshall ang@enson, 1997; Roberts, 2002; White and Hodges,
2003). Central East Greenland faults indicate middle to upper crustal extension at this
time dissecting the orogenic wedge and progressively uplifting blocks to the surface
(White et al., 2002). Betwee®@ and 385 Ma, the Gubbedalen Shear Zone shifted from
a topssouth thrust to a topsorth extensional fault while pegmatites intruded the
surrounding country rock. This timing is compatible with initial movement along the
Western Fault Zone (i.e., Midd@evonian) inCentral East Greenland (Fig. 4), which has
been interpreted to be the result of synorogenic gravitational collapse (Hartz and

Andresen, 1995). Periods of gravitational collapse in East Greenland are reminiscent of
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those documented in the agiHimalayas where they form contemporaneous thrusts and
normal faults (White et al., 2002).

Figure 32 is a cartoon diagram illustrating the preslaytgeological relationships
between the Fjord Region Detachment, the Western Fault Zone, and the Garbbeda
Shear Zone*Ar/**Ar muscovite cooling ages are superimposed upon the diagram to
illustrate local cooling trends. Middle Devonian movement along the Western Fault
Zone likely cuts out the earlithrust history associated with the Gubbedalen Sheae Zo
(i.e., ~395 385 Ma) and the Fjord Region Detachment in the subsurface beneath the
Jameson Land basin, juxtaposing the Stauning Alper terrane against Liverpool Land.
Subsequently, around 378 Ma, latest extensional reactivation of the Gubbedalen Shear
Zone exhumed the footwall block through uppasstal levels eventually exposing lower
continental crust with its stranded mafic material (i.e., oceanic crust in this interpretation)
that has been variably eclogitized.

The hypothesis that Liverpool Lamedlogites originated as blebs of subducted
oceanic crust that had intermingled with lower Laurentian crust withimea r-cbal kee d 0
subduction flow channel provides plausible explanation for a host of observations that do
not fit the hypothesis for tectanoverpressures. Both hypothesaggesproximity of
Liverpool Land to the Western Gneiss Region within the Early Devonian Caledonian A
type subduction zone. Intermingling accounts for the presence of ultramafic bodies and
the intense plastic style oétbrmation observed within the wédldrated quartzo
feldspathic gneisses hosting the eclogites whereas tectonic overpressures do not. The
generation of HP eclogites, not UHP ones as suggested earlier, in the overriding plate
subduction channel is congst with UHP metamorphism in subducting Baltic
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_ , Bl Tertiary, Mesozoic, &
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B Monzodiorite

[ Garnet-biotite Gneiss
[ Hurry Inlet Granite
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Figure 32. Present day closep cross section parallel to Greenland coastline (e.g.
perpendicular to Liverpool Land). Red fault lines aghlangle normal faults ca.
425Ma -<Tertiary. Blue fault line is listric detachment of Fjord Region
Detachment, respectively. Yellow fault line is extendi@ubbedalen Shear
Zone. Dashed black line is approximate location between upper thrust and lower
extension. Pegmatientruded during extension from 3886 Ma. Longitudinal
distance is not to scale.
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lithosphere (i.e., the Western Gneiss Region). Intermingling also is consistent with
established®Ar/**Ar muscovite cooling patterns and temperatiimee paths from

Liverpool Land and the Western Gneiss Region. As the Baltic crust was exhumed from
underneath Laurentia, topgestwardmotion along the SogNordfjord detachment,
muscovite cooling progressed from east to west (seaward) (Dallmeyer et al., 1992;
Fossen and Duap, 1998; Carswell et al., 2003; Hacker, 2007; Walsh et al., 2007).
Cooling of muscovite in Liverpool Land wad0 m.y.laterand slightly reheated before
finaAlex humati on to Earthos surface.

Very few studieexplaininteractions of subducted materialan orogenic wedge
particularlyeffecton basement rogkn continenicontinent collisionge.g.Beaumont et
al., 2006 Culshaw et al., 2006 Significant basemeni/Pb zirconage difference
between NortiEast Greenland eclogite province (:B98 GaBrueckner et al., 1998)
and Liverpool Land1.6 Ga; Augland et al., 2007hdicatedissimilarbasement origins.

A possible interpretatiofor thisdifferenceandsimilarty of basement gneiss data for the
Western Gneiss Region (1157 Ga; Gebauer et al.985)to Liverpool Land is
intermingling of subducted Baltic crusithin lower Laurentian continental crusthus,

zircon would be transferred from the subductesttto thdower continentatrust.
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VI. SUMMARY

Fromthe above investigation of rogkn Liverpool Land, the following
conclusions have been assessed.

1. For each samplé&°Ar/**Ar incrementally heated single grains yield plateau ages
within the age distribution from single crystal total fusaralyses

2. The Gubbedalen Shear Zone records thermochronological eclogite exhuimmation
at least 388 Ma to 372 Ma

3. Hanging wall blocK°Ar/*°Ar muscovite ages indicate pegmatiteusioncooling
from 387.0Ma to 38.5Ma, well before cooling of the footwddlock from 3®.7 Ma
to 37/6.1Ma.

4. HP Liverpool Land eclogites may have formed by the intermingling of subducted
oceanic crust with lower Laurentian continental crust in the subduction zone channel,
providing a mechanism that might be applicable heotowercrustal continental
basement terranes formed through contiuemtinent collision.

5. Liverpool Land and Western Gneiss Region exhumation rates, cooling rates, and
cooling ages are similar and support proximal positions on either side of the
Cdedonian Atype subduction zongoundary as an overriding plate and subducting

plate, respectively
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6. A trough in the temperatutene path determined for Liverpool Land corresponds in
time to a much more dramatic one documented for the NEGEP thatyistno

understood.

Future investigations should include additional sampling throughout the Liverpool
Land area to add to the initial dataset reported herein. A more detailed dataset would add
to our ability to further characterize the tectonothermalugiam of rocks and structures
in this important setting. Further analysis should incluegtindating of a grain from
each sample toylindrical diffusion of muscovite grains from core to rim (Hames and
Bowring, 1994) The thermal evolution of the hging wall block is largely
unconstrained in Liverpool Land, and needs further characterization to understand the
earlier, pre~400 Ma Caledonian evolution of this region. Additional information
concerning the formation and exhumation of eclogites thrautghe Caledonides is
needed to better understand their significance for continental dynamics. Finally, future
work needs to better explore the details of the architecture of the troughs in the
temperaturgimepaths determined for Liverpool Land and NMEGEP eclogite terranes.
Why the eclogites cooled substantially and then reheatib@satwo areaghat aretoday
separated by nearly 800 kmay be related tectonprocesses/eventisat we do not yet

understand
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APPENDIX A

Raw data for:

1. monitor minerals (|80)
2. muscovite single cryal total fusion (81)
3. muscovite incrementally heated &p)

Below is a table of muscovite grain size according to sieve screen size and coordinates of

sample location.

Sample SieveSize Latitude Longitude
DRB-06-16 425 17480 |N:70 34.022|W: 22 11.621
DRB-06-22 600 1745 |N:70 36.025| W: 22 9.891
JWB-06CP73 | 6 00 id@&5 |N:70 36.039| W:22 12.995
JWB-06M28A | 6 00 Td &5 |N:70 52.139| W: 22 19.777
JWB-06M28B | 6 00 id @5 |N:70 52.139| W: 22 19.777
JWB-06M28C | 6 00 Td2m ¢|N:70 52.139| W: 22 19.777
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Raw data for muscovite single crystal total fusion analyses.
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Raw data for muscovite single crystal total fusion analysagtifiued).
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