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ABSTRACT 

 

The ca. 36 Ma Chesapeake Bay impact event on the east coast of Virginia, USA, formed an 85 

km complex crater in Cretaceous to Eocene sediments and underlying crystalline basement 

rocks belonging to the Appalachian orogen. Appalachian rocks are well exposed along the 

Appalachian Mountains to the west, however, little is known of the basement along the Atlantic 

Coastal Plain owing to the covering sedimentary sequence. This study investigates the 

crystalline rocks intersected by the 2006 ICDP (International Continental Scientific Drilling 

Program) ï USGS (United States Geological Survey) drilling of the Chesapeake Bay impact 

structure (CBIS) on the Eyreville Farm near Cape Charles, Virginia. 

 

The crystalline rocks of the Eyreville-B borehole core are found in the lower basement-derived 

section (between 1551.19 m and 1766.32 m depth), in the amphibolite megablock (between 

1376.38 m and 1389.35 m depth) and in the upper granite megablock (between 1095.74 m and 

1371.11 m depth). The lower basement-derived section consists of foliated metasediments, 

which include mica schist, amphibolite and calc-silicate rock, and coarse-grained to pegmatitic 

granite. The amphibolite megablock is a black to dark grey to dark green, fine- to medium-

grained, locally foliated, relatively homogenous, lithic block. The upper granite megablock is 

divided into gneissic and massive varieties, with a minor component of biotite schist xenoliths. 

The crystalline rocks contain foliations and related structures, fractures and breccias, 

microstructures and porphyroblast microstructures; however, none of the three lithic blocks is in 

situ and, consequently, structural measurements cannot be fully interpreted tectonically. Mineral 

assemblages and microstructural evidence in the mica schists suggest the rocks in the lower 

basement-derived section experienced a syn-D1 amphibolite facies peak metamorphic event 

(M1a) followed by retrograde metamorphic conditions (M1b) limited to D1b mylonitic and D2 

brittle deformation. Similar metamorphic conditions in the upper megablocks suggest that the 

three sections likely formed part of a single metamorphic terrane. 
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Geochemistry in the lower basement-derived mica schists revealed a strong intermediate 

igneous provenance, whereas the upper megablock biotite schist xenoliths showed a quartzose 

sedimentary provenance; the precursors to both appear to have been deposited in active 

continental margin settings. The lower basement-derived amphibolite appears to be derived 

from a sedimentary source. The precursor to the upper amphibolite megablock, on the other 

hand, was probably a tholeittic gabbro generated in an island arc setting. The peraluminous, S-

type nature of the lower basement-derived granite suggests it was most likely generated in a 

within-plate tectonic setting. In contrast, the massive and gneissic granites from the upper 

megablock are metaluminous, I-type granites that were most likely generated in a syn-collisional 

environment.  

 

Metamorphic conditions of the M1 event were constrained using mineral assemblages mainly 

from the lower basement-derived section, which limited the X(H2O) value to 0.8, P to >0.4 GPa 

and the T range to 600-670°C. Using the 0.4 GPa pressure constraint, Zr-in-rutile thermometry 

revealed a peak metamorphic temperature for the M1 event of 606 ± 18°C, which is consistent 

with mid-amphibolite facies metamorphism. These estimates suggest a very steep geothermal 

gradient approaching ~44°C/km. 

 

Rutile U/Pb geochronology revealed that the M1 event recorded in the lower basement-derived 

metasediments occurred at 259 ± 13 Ma, with Ar/Ar geochronology indicating the cooling path 

through to greenschist metamorphic conditions. Zircon U/Pb SHRIMP geochronology performed 

by Horton et al. (2009b) on the massive and gneissic megablock granites dated their 

crystallisation ages at 254 ± 3 Ma and 615 ± 7 Ma, respectively, with the former age in 

agreement with the rutile U/Pb peak metamorphism results from the lower basement-derived 

section. These ages, together with petrography, structural observations, geochemistry and 

geothermobarometry suggests that the amphibolite and granite megablocks form part of the 

same metamorphic terrane as the lower basement-derived section and that the D1 and M1 

events recorded in the lower basement-derived section and upper megablocks of the Eyreville-

B borehole core likely occurred during the late stages of the Alleghanian orogeny. 
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Based on mineralogy, geochemistry, metamorphic grade and structural evidence, comparisons 

with the neighbouring terranes within the Appalachian basement beneath the Atlantic Coastal 

Plain sediments suggest that the lower basement-derived and upper amphibolite and granite 

megablocks of the Eyreville-B borehole core most likely formed part of the Hatteras terrane prior 

to the Chesapeake Bay impact event. This terrane, together with 5 other terranes, forms part of 

the Carolina Zone, a peri-Gondwanan micro-continent formed by the amalgamation of 

magmatic arcs during the Penobscottian and Taconian orogenies, which was then accreted 

onto the Laurentian margin during the Salinic and Acadian orogenies.  
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Py inclusions in Tur. Abbr.: GR = granite; MS = mica schist; Pl = plagioclase; PPL = plane 

polarised light; Py = pyrite; QV = quartz vein; Tur = tourmaline; Zrn = zircon. 70 
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Figure 2.18: Photograph of corebox 160 showing the gneissic foliation in GN and the massive 

nature of GR in the upper granite megablock. Abbr.: GN = gneissic megablock granite; GR = 

massive megablock granite. 72 

 

Figure 2.19: Hand specimen photographs of (a) sample RG172 showing the biotite-defined 

foliation in the biotite schist xenoliths in the upper granite megablock, (b) sample RG02 showing 

the foliation in the upper amphibolite megablock that is locally cut by Cal and Qz veins, (c) 

sample RG176 showing the mineral lineation relative to the orientation of the core in the upper 

amphibolite megablock, and (d) sample RG06 showing the coarse-grained, phaneritic texture 

preserved in parts of the upper amphibolite megablock. Abbr.: Cal = calcite; Qz = quartz. 73 

 

Figure 2.20: Corebox photographs showing fracturing containing varying amounts of Cal, Chl, 

Py and Qz within the (a) the lower basement-derived mica schist (Corebox 307) and granite 

(Corebox 314), and within the (c) gneissic megablock granite (Corebox 159). Abbr.: Cal = 

calcite; CCV = calcite and chlorite vein; Chl = chlorite; PV = pyrite vein; Py = pyrite; QV = quartz 

vein; Qz = quartz. 74 

 

Figure 2.21: Corebox photographs showing fracturing within containing varying amounts of Cal, 

Py and Qz within the (a) massive megablock granite (Corebox 165), (b) the biotite schist 

xenoliths in the upper granite megablock (Corebox 147) and (c) the upper amphibolite 

megablock (Corebox 224). Abbr.: Cal = calcite; CV = calcite vein; PV = pyrite vein; Py = pyrite; 

QCV = quartz and calcite vein; Qz = quartz. 76 

 

Figure 2.22: Photographs of fracturing and brecciation in the lower basement-derived section. 

(a) Hand specimen of MS sample RG178 showing a Chl+Cal fracture that is locally brecciated. 

(b) Portion of corebox 328 showing splaying Chl+Cal fractures in the GR. (c) Portion of corebox 

317 showing a Cal+Chl fracture between the MS and GR. (d) Hand specimen and (e) 

photomicrograph (PPL) of sample RG46 showing D2 chloritic fracturing in the GR. Abbr.: Cal = 

calcite; Chl = chlorite; GR = granite; MS = mica schist; PPL = plane polarised light. 77 
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Figure 2.23: (a) Photomicrograph of mica schist sample RG44 showing a fibrolitic knot (PPL). 

(b) Photomicrograph of mica schist sample RG68 showing the prograde S1a foliation and 

extensional shear bands (PPL). (c) Photomicrograph of mica schist sample RG60 showing the 

cleavage orientations of Ms grains (XPL). (d) Photomicrograph of granitic sample RG40a 

showing mylonitic S1b S-C and S-Cô (white dashed lines) structures (PPL) consistent with 

dextral shear sense. (e) PPL and (f) XPL photomicrograph of granitic sample RG40 showing Ms 

and Bt fish, Kfs bookshelf sliding and Qz ribbons illustrating dextral shear sense. Abbr.: Bt = 

biotite; Fi = fibrolite; Gr = graphite; Grt = garnet; Kfs = K-feldspar; Ms = muscovite; Pl = 

plagioclase; PPL = plane polarised light; Py = pyrite; Qz = quartz; Tur = tourmaline; XPL = 

cross-polarised light. 80 

 

Figure 2.24: Photomicrographs of (a) sample RG154 showing the extensive seritisation of 

plagioclase grains in the gneissic megablock granite (PPL), (b) sample RG158 showing bent 

twins in K-feldspar phenocrysts in the gneissic megablock granite (PPL), and sample W49 

showing (c) the less altered nature of the massive megablock granite (XPL) with (d) K-feldspar 

bent twins and myrmekitic textures (XPL). Abbr,: Bt = biotite; Cal = calcite; Kfs = K-feldspar; Pl = 

plagioclase; PPL = plane polarised light; Qz = quartz; XPL = cross polarised light. 82 

 

Figure 2.25: Photomicrographs of (a) sample W39 showing rotated plagioclase porphyroblasts 

(XPL) and (b) boudinaged quartz ribbons (PPL) in the biotite schist xenoliths of the upper 

granite megablock, and (c) samples RG177 (PPL) and (d) RG176 (XPL) showing 

monomineralic aggregates of amphibole and biotite, respectively. Abbr.: Amp = amphibole; Bt = 

biotite; Ep = epidote; Pl = plagioclase; PPL = plane polarised light; Qz = quartz; XPL = cross 

polarised light. 83 

 

Figure 2.26: Photomicrographs of (a) sample RG53 showing a poikilitic garnet porphyroblast in 

the lower basement-derived mica schist with a weak internal foliation defined by biotite, rutile 

needles and elongated quartz inclusions (XPL), sample RG68 showing an internally zoned 

plagioclase porphyroblast in (b) PPL and (c) XPL views in the lower basement-derived mica 
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schist, and (d) sample RG34 showing an internally zoned plagioclase porphyroblast with 

deformed muscovite inclusions in the lower basement-derived mica schist (XPL). Abbr.: Bt = 

biotite; Grt = garnet; Ms = muscovite; Pl = plagioclase; PPL = plane polarised light, Py = pyrite; 

Qz = quartz; XPL = cross polarised light. 85 

 

Figure 3.1: Variations in major element concentrations (wt%) with depth (m) for the four target 

rock units in the lower basement-derived section of the Eyreville-B borehole core. Samples from 

the CB6 and W series (after Schmitt et al., 2009) have been included to increase the data set 

size. The geologic column, as described in Chapters 1 and 2 (after Horton et al., 2009a), has 

been placed on the right side for reference purposes. Dashed lines represent observed 

groupings. 101 

 

Figure 3.2: Variations in major element concentrations (wt%) with depth (m) for the four target 

rock units in the upper granite and amphibolite megablocks of the Eyreville-B borehole core. 

Samples from the CB6 series (after Schmitt et al., 2009) have been included to increase the 

data set size. The geologic column, as described in Chapters 1 and 2 (after Horton et al., 

2009a), has been placed on the right side for reference purposes. Dashed lines represent 

observed groupings. 103 

 

Figure 3.3: Harker diagrams showing major element oxides (TiO2, Al2O3, Fe2O3, MnO, MgO, 

CaO, Na2O, K2O and P2O5) plotted against SiO2 for the eight target rocks units of the Eyreville-B 

borehole core. Abbr.: NASC = North American Shale Composite (after Gromet et al., 1984); 

PAAS = Post Achaean Australian Shale (after Taylor and McLennan, 1985). Dashed lines 

represent observed groupings. 104 

 

Figure 3.4: Ternary diagrams indicating normative An-Or-Ab content calculated for (a) the mica 

schist, amphibolite and calc-silicate, and (b) the granite rock units of the Eyreville-B borehole 

core. Abbr.: An = anorthite; Or = orthoclase; Ab = albite; NASC = North American Shale 
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Composite (after Gromet et al., 1984); PAAS = Post-Achaean Australian Shale (after Taylor and 

McLennan, 1985). Dashed lines represent observed groupings. 106 

 

Figure 3.5: Bivariate diagrams for the granite rock units of the Eyreville-B borehole core: (a) 

TAS diagram for the classification of plutonic rocks (after Middlemost, 1994), and (b) ASI (after 

Shand, 1927; Chappell and White, 1974). All data in wt%. 111 

 

Figure 3.6: Ternary diagrams indicating the AFM abundances (wt%) for (a) the lower basement-

derived granite, (b) the upper megablock granite and (c) the upper megablock granite gneiss 

rock units of the Eyreville-B borehole core. Red dashed line shows the chemical boundary 

between tholeiitic and calc-alkaline magma series (after Irving and Baragar, 1971). Abbr.: A 

(alkalis) = Na2O + K2O; F = Fe2O3(total); M = MgO. 113 

 

Figure 3.7: Variations in LOI (wt%) with depth (m) for the metasedimentary target rock units of 

the (a) lower basement-derived section and (b) upper granite and amphibolite megablocks of 

the Eyreville-B borehole core. The geologic column, as described in Chapters 1 and 2 (after 

Horton et al., 2009a), has been placed on the right side for reference purposes. Dashed lines 

represent observed groupings. 115 

 

Figure 3.8: Variations in LOI with CaO concentrations for (a) the mica schists and (b) the 

amphibolites and calc-silicate rock units of the Eyreville-B borehole core. All data in wt%. 116 

 

Figure 3.9: Variations in CIA with depth (m) for the metadeismentary target rock units of the (a) 

lower basement-derived section and (b) upper granite and amphibolite megablocks of the 

Eyreville-B borehole core. The geologic column, as described in Chapters 1 and 2 (after Horton 

et al., 2009a), has been placed on the right side for reference purposes. Abbr.: CIA = chemical 

index of alteration. Dashed lines represent observed groupings. 117 
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Figure 3.10: Variations in trace element concentrations (ppm) with depth (m) for the four target 

rock units in the lower basement-derived section of the Eyreville-B borehole core. Not all 

samples could be plotted for Zr, Ba, V and Zn graphs as their concentrations were below the 

lower limit of detection. Samples from the CB6 and W series (after Schmitt et al., 2009) have 

been included to increase the data set size. The geologic column, as described in Chapters 1 

and 2 (after Horton et al., 2009a), has been placed on the right side for reference purposes. 

Dashed lines represent observed groupings. 120 

 

Figure 3.11: Variations in trace element concentrations (ppm) with depth (m) for the four target 

rock units in the upper granite and amphibolite megablocks of the Eyreville-B borehole core. 

The geologic column, after Horton et al. (2009), has been placed on the right side for reference 

purposes. Not all samples could be plotted for Rb, Cr, Ba, V and Zn graphs as their 

concentrations were below the lower limit of detection. Samples from the CB6 series (after 

Schmitt et al., 2009) have been included to increase the data set size. The geologic column, as 

described in Chapters 1 and 2 (after Horton et al., 2009a), has been placed on the right side for 

reference purposes. Dashed lines represent observed groupings. 121 

 

Figure 3.12: Harker diagrams showing trace element (Rb, Sr, Zr, Ba, Cr, V, Ni and Zn) 

concentrations (in ppm) plotted against SiO2 for the eight target rocks units of the Eyreville-B 

borehole core. Abbr.: NASC = North American Shale Composite (after Gromet et al., 1984); 

PAAS = Post Archean Australian Shale (after Taylor and McLennan, 1985). Dashed lines 

represent observed groupings. 123 

 

Figure 3.13: Harker diagrams showing trace element concentrations (in ppm) plotted against 

Al2O3 (Rb, Ba, Cr and V) and against Fe2O3 (Cr and V) for the eight target rocks units of the 

Eyreville-B borehole core. Abbr.: NASC = North American Shale Composite (after Gromet et al., 

1984); PAAS = Post Archean Australian Shale (after Taylor and McLennan, 1985). Dashed lines 

represent observed groupings. 126 
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Figure 3.14: Harker diagrams showing trace element concentrations (in ppm) plotted against 

Na2O (Rb, Zr and Cr) and against K2O (Rb and Ba) for the eight target rocks units of the 

Eyreville-B borehole core. Abbr.: NASC = North American Shale Composite (after Gromet et al., 

1984); PAAS = Post Archean Australian Shale (after Taylor and McLennan, 1985). Dashed lines 

represent observed groupings. 128 

 

Figure 3.15: C1 chondrite-normalised REE distribution patterns for the eight target rock units of 

the Eyreville-B borehole core (after after McDonough and Sun, 1995). Average REE data from 

Schmitt et al. (2009) have been included for reference purposes. Pr, Dy, Ho and Er were 

estimated due to insufficient data for trending purposes; these points are omitted in the figure.

 134 

 

Figure 3.16: Bivariate diagrams for the basement and megablock mica schists and basement 

amphibolite and calc-silicate rock units of the Eyreville-B borehole core. (a) Classification 

scheme for terrigenous clastic sediments (after Herron, 1988); and (b) K2O/Na2O versus SiO2 

diagram indicating tectonic environment for sandstone-mudstone suites (after Roser and 

Korsch, 1986). All data in wt%. 137 

 

Figure 3.17: Discriminant diagrams showing provenance signatures for sandstone-mudstone 

suites using major elements based on (a) raw oxides and (b) oxide ratios for the megablock and 

basement mica schists and basement amphibolite and calc-silicate rock units of the Eyreville-B 

borehole core (after Roser and Korsch, 1988). All data in wt%. 138 

 

Figure 3.18. Ternary diagram indicating CaO-MgO-FeO abundances for the discrimination 

between ortho- and para-amphibolites for the megablock and basement amphibolites and calc-

silicate (after Walker et al., 1960) of the Eyreville-B borehole core. FeO was calculated using 

the CIPW norm. 142 
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Figure 3.19: Bi-variate TAS diagram illustrating possible protoliths for the megablock 

amphibolite rock unit (after Middlemost, 1994) of the Eyreville-B borehole core. All data in wt%.

 144 

 

Figure 3.20. Ternary diagrams indicating AFM abundances (wt%) for the megablock 

amphibolite rock units rock unit of the Eyreville-B borehole core. Black dashed line shows the 

chemical boundary between tholeiitic and calc-alkaline magma series (after Irving and Baragar, 

1971). Abbr.: A (alkalis) = Na2O + K2O; F = Fe2O3(total); M = MgO. 145 

 

Figure 3.21: Discriminant diagrams showing the tectonic setting for the amphibolite rock units of 

the Eyreville-B borehole core. (a) TiO2 versus Zr diagram (after Pearce et al., 1981), and (b) 

Zr/Y versus Zr diagram (after Pearce and Norry, 1979). Abbr.: IAB = island arc basalt; OFB = 

ocean floor basalt; WPB = within-plate basalt; MORB = mid-oceanic ridge basalt. 146 

 

Figure 3.22: (a) Rb versus Y + Nb and (b) Nb versus Y discriminant diagrams for the granites of 

the Eyreville-B borehole core, indicating different tectonic setting (after Pearce et al., 1984). All 

data in ppm. Abbr.: VAG = volcanic-arc granite; syn-COLG = syncollisional granite; WPG = 

within-plate granite; ORG = ocean-ridge granite. 147 

 

Figure 3.23: Ternary discrimination diagrams for the granites of the Eyreville-B borehole core. 

(a) Hf-Rb/10-Tax3 diagram showing different tectonic settings (data in ppm; after Harris et al., 

1986). (b) Ab-Qtz-Or diagram showing cotectic curves in an H2O-undersaturated system. 

Dashed line represents the water-undersaturated curve for aH2O = 0.8 crustal fluids in 

equilibrium with graphite (after Johannes and Holtz, 1991). Abbr.: VAG = volcanic-arc granite; 

syn-COLG = syncollisional granite; WPG = within-plate granite; ORG = ocean-ridge granite; Ab 

= albite; Q = quartz = Or = orthoclase. 149 

 

Figure 4.1: (a) Ca-K-Na ternary diagram showing the albite to labradorite range of Pl (n = 159) 

in the lower basement-derived mica schist and (b) a compositional profile of a Pl grain in the 



xxviii 
 

basement mica schist sample RG48 (n = 9). (c) Ca-K-Na ternary diagram showing the tightly 

constrained andesinitic natures of Pl in both the lower basement-derived biotite schist (n = 13) 

and the upper megablock biotite schist (n = 104). (d) Compositional profile of a Pl grain in 

sample RG157b from the upper megablock biotite schist (n = 18). Dashed lines represent 

observed groupings. Abbr.: n = number of analyses; Pl = plagioclase. 160 

 

Figure 4.2: (a) XMg vs. Al
vi
 and (b) K vs. Ti abundances in Bt (apfu for 11 oxygens) and (c) XMg 

vs Al
vi
 abundances in Ms (apfu for 11 oxygens) for the lower basement-derived mica schist (Bt n 

= 41; Ms n = 130) and biotite schist (Bt n = 19) and upper megablock biotite schist xenoliths (Bt 

n = 25; Ms n = 4). Dashed lines represent observed groupings. Abbr.: Bln = EMP analyses 

obtained in Berlin; Bt = biotite; Ms = muscovite (white mica); n = number of analyses; Pta = 

EMP analyses obtained in Pretoria. 162 

 

Figure 4.3: Bivariate diagrams showing (a) XMn, (b) XMg and (c) XCa elemental ratios of Grt 

plotted against Si (apfu for 12 oxygens) for both mica schist (n = 109) and granite (n = 296) in 

the lower basement-derived section. Abbr.: Bln = EMP analyses obtained in Berlin; Grt = garnet; 

n = number of analyses; Pta = EMP analyses obtained in Pretoria. 165 

 

Figure 4.4: Elemental compositional profiles for garnet in the lower basement-derived (a) mica 

schist (sample RG53 n = 15) with (b) accompanying reference photomicrograph (XPL), and in 

the lower basement-derived (c) granite (sample RG40; n = 15) with (d) accompanying reference 

photomicrograph (XPL). White dashed lines in the photomicrographs indicate the approximate 

locations of each compositional profile. Abbr.: Bt = biotite; Grt = garnet; n = number of analyses; 

Pl = plagioclase; Qz = quartz; XPL = cross polarised light. 166 

 

Figure 4.5: Ca-K-Na ternary diagrams for Pl in (a) the lower basement-derived amphibolite (n = 

25) and (b) the upper megablock amphibolite (n = 55). Abbr.: Bln = EMP analyses obtained in 

Berlin; n = number of analyses; Pl = plagioclase; Pta = EMP analyses obtained in Pretoria. 167 
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Figure 4.6: (a) XMg vs. Al
vi
 and (b) K vs. Ti abundances (apfu for 11 oxygens) in Bt for the lower 

basement-derived amphibolite (n = 5) and megablock amphibolite (n = 4). (c) Amphibole 

classification diagram (after Leake, 1978; Deer et al., 1992) using Na + K abundances plotted 

against Si (apfu for 23 oxygens) for the lower basement-derived amphibolite (n = 31) and the 

upper megablock amphibolite (n = 44). Dashed lines represent observed groupings. Abbr.: Bln 

= EMP analyses obtained in Berlin; Bt = biotite; n = number of analyses; Pta = EMP analyses 

obtained in Pretoria. 168 

 

Figure 4.7: Ca-K-Na ternary diagrams for Pl in (a) the lower basement-derived granite (n = 144) 

and (b) the upper gneissic (n = 10) and massive (n = 97) megablock granites. Abbr.: Bln = EMP 

analyses obtained in Berlin; n = number of analyses; Pl = plagioclase; Pta = EMP analyses 

obtained in Pretoria. 171 

 

Figure 4.8: (a) XMg vs. Al
vi
 and (b) K vs. Ti abundances (apfu for 11 oxygens) in Bt and (c) XMg 

vs. Al
vi
 abundances (apfu for 11 oxygens) in Ms for the lower basement-derived granite (Bt n = 

25; Ms n = 115) and upper gneissic (Bt n = 22; Ms n = 4) and massive (Bt n = 105; Ms n = 9) 

megablock granites. Dashed lines represent observed groupings. Abbr.: Bln = EMP analyses 

obtained in Berlin; Bt = biotite; Ms = muscovite (white mica); n = number of analyses; Pta = 

EMP analyses obtained in Pretoria. 172 

 

Figure 4.9: P-T diagram indicating the relative positions of reactions occurring within the lower 

basement-derived mica schists within the CKNASH system (modified after Pattison and Tracy, 

1991) with the Als phase boundaries (after Holland and Powell, 1998) superimposed. Dashed 

lines represent the fluid-present Ms melting curves within the CKNASH system (Thompson and 

Tracy, 1990). Solid lines represent the displaced Ms melting curves where the fluid is in 

equilibrium with Gr at X(H2O) = 0.8 (Ashworth and Tyler, 1983). Grey area represents the 

probable P-T conditions, based on mineral stability, under which the basement mica schists 

formed. P (after Pattison, 1992) and H (after Holdaway, 1971) are triple points that delimit the 

possible range in P-T space for the And-Sil transition as discussed in Pattison and Tracy 
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(1991). Abbr.: Als = aluminosilicate; And = andalusite; Bt = biotite; Chl = chlorite; Crd = 

cordierite; Gr = graphite; Grt = garnet; Kfs = K-feldspar; Ky = kyanite; L = liquid; Ms = 

muscovite; Pl = plagioclase; Qtz = quartz; Sil = sillimanite; St = staurolite. 181 

 

Figure 4.10: Distribution of temperatures calculated from Zr-in-rutile thermometry (assuming 0.4 

GPa) for the lower basement-derived samples RG54 and RG57. 188 

 

Figure 4.11: P-T phase equilibria diagrams using THERIAK-DOMINO for the basement mica 

schist sample RG53. Assemblages: 1 = Grt (2)Pl Bt Ms ɓQz H2O; 2 = Grt Pl Bt Ms Crd ŬQz 

H2O; 3 = Grt Pl Bt Ms Chl ŬQz H2O; 4 = Grt (2)Pl Bt Ms Chl ŬQz H2O; 5 = Pl Bt Ms Crd ŬQz 

H2O; 6 = (2)Pl Bt Crd ŬQz H2O; 7 = (2)Pl Bt Crd ɓQz H2O. Symbols: Blue shaded area/dashed 

line = range of estimated peak P-T conditions. Abbr.: Bt = biotite; Chl = chlorite; Crd = cordierite; 

Grt = garnet; Ms = muscovite (white mica); Pl = plagioclase; (2)Pl = albite and anorthite; Qz = 

quartz. 196 

 

Figure 4.12: P-T phase equilibria diagrams using THERIAK-DOMINO for the basement granite 

sample RG40. Assemblages: 1 = Grt Pl Bt Ms Crd ŬQz H2O; 2 = Grt Kfs Pl Ms Crd ŬQz H2O; 3 

= Kfs Pl Crd ŬQz Sil H2O; 4 = Pl Bt Ms Chl ŬQz H2O; 5 = Grt Pl Bt Ms Chl ŬQz H2O; 6 = Grt Kfs 

Pl Bt Ms ŬQz H2O. Symbols: Blue shaded area/dashed line = range of estimated peak P-T 

conditions; thick blue line = possible minimum P-T constraint. Abbr.: And = andalusite; Bt = 

biotite; Chl = chlorite; Crd = cordierite; Grt = garnet; Kfs = K-feldspar; Ms = muscovite (white 

mica); Pl = plagioclase; Qz = quartz; Sil = sillimanite. 197 

 

Figure 4.13: P-T phase equilibria diagrams using THERIAK-DOMINO for the megablock 

amphibolite sample W51. Assemblages: 1 = Ol Spl Grt Pl Bt Amp H2O; 2 = Ol Grt Pl Bt Omp 

Amp H2O. Symbols: Blue shaded area/dashed line = range of estimated peak T for P range of 

0.3-0.5 GPa. Abbr.: Amp = amphibole; Bt = biotite; Grt = garnet; Ol = olivine; Omp = omphacite; 

Pl = plagioclase; Spl = spinel; Qz = quartz. 198 
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Figure 5.1: Photomicrograph of (a) RG54 (tourmalinite) and (b) RG57 (tourmaline-rich schist) 

showing the rutile-bearing mineral assemblages. Abbr. (after Siivola and Schmid, 2007; Whitney 

and Evans, 2010): Fsp ï feldspar; Gr ï graphite; Py ï pyrite; Qz ï quartz; Rt ï rutile; Tur ï 

tourmaline. 210 

 

Figure 5.2: Schematic of the prograde formation of rutile from ilmenite under low- to medium-

grade metamorphic conditions (after Luvizotto et al., 2009b, and Meinhold, 2010). Abbr. Chl = 

chlorite; Ilm = ilmenite; Rt = rutile. 212 

 

Figure 5.3: (a) Concordia plot and (b) 
206

Pb/
238

U ages for LA-ICP-MS data of rutiles from 

samples RG54 and RG57. Errors, MSWD (mean square of weighted deviates) and degree of 

concordance were calculated using Isoplot (after Ludwig, 2003; Zack et al., 2011). 215 

 

Figure 5.4: Tera-Wasserburg diagram illustrating uncorrected data for rutiles from samples 

RG54 and RG57. The regression line (black dashed line) intersects the y-axis 
207

Pb/
206

Pb ratio 

within error of the current estimate for the continental crust (grey star; Stacey and Kramers, 

1975) Abbr.: MSWD = mean square of weighted deviates. 216 

 

Figure 5.5: Hand specimen photographs for samples (a) RG177, (b) RG176, (c) RG40, (d) 

RG167, (e) RG169, (f) RG56, (g) MJK18 and (h) MJK21. 219 

 

Figure 5.6: Amphibole (a) age spectrum, K/Ca and (b) inverted isochron diagrams for the 

amphibolite megablock sample RG177. For (a) plateau ages (Ñ1ů), age maxima and age 

minima are as indicated. For (b), the inverted isochron age is meaningful as MSWD < 2.5 and 

(
40

Ar/
36

Ar)i Ó 295.5 (Kunk et al., 2005). Points A, B, C and D were dropped to improve the fit of 

the data. Abbr.: MSWD = mean square of weighted deviates. 223 

 

Figure 5.7: K-feldspar age spectra, K/Cl and K/Ca diagrams for samples (a) RG40 and (b) 

RG167. Age maxima and age minima are as indicated. 226 
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Figure 5.8: White mica age spectra, K/Cl and K/Ca diagrams for mica schist samples (a) 

RG169, (b) RG56, (c) MJK18 and (d) MJK21. Plateau ages (Ñ1ů), age maxima and age minima 

are as indicated. Symbols: * = forced plateau age; P = probability. 228 

 

Figure 5.9: White mica age spectra, K/Cl and K/Ca diagrams for granitic samples (a) RG167 

and (b) RG40. Plateau ages (Ñ1ů), age maxima and age minima are as indicated. 231 

 

Figure 5.10: Thermal decay curve showing the cooling path for the target rocks of Eyreville-B 

borehole core based on this studyôs results. Refer to the explanation of numbered labels in text. 

Closure temperatures used: rutile = 606 ± 18°C (Chapter 4, Section 4.3.4.1); amphibole = 500 ± 

50°C (Harrison, 1981); muscovite/white mica = 350 ± 50°C (Hames and Bowring, 1994). 

Symbols: black squares and lines = data points with errors from this study; grey dashed line = 

projected cooling history. 234 

 

Figure 5.11: (a) Thermal-decay curve showing complete crystallisation and cooling history as 

recorded in the target rocks of the Eyreville-B borehole core. (b) Magnified view of the cooling 

history from 280 to 200 Ma. Refer to the explanation of numbered labels in text. Granite 

crystallisation temperature is 675 ± 50°C (after Kerrick, 1972). Closure temperatures: rutile = 

606 ± 18°C (Chapter 4, Section 4.3.4.1); amphibole = 500 ± 50°C (Harrison, 1981); 

muscovite/white mica = 350 ± 50°C (Hames and Bowring, 1994). Symbols: red squares and 

lines = data points with errors derived from Horton et al. (2009b); black squares and lines = data 

points with errors from this study; grey dashed lines = projected cooling history; red dashed line 

= alternative cooling history. 236 

 

Figure 6.1: (a) Plate reconstruction of the Palaeozoic sutures between Laurentia and Gondwana 

showing the location of the CBIS (after Lefort, 1988; Lefort and Max, 1991). (b) 

Tectonostratigraphic terrane map of the Central Appalachians showing the location of the CBIS 

(after Horton et al., 2005b). 241 
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Figure 6.2: Comparisons between the granites from the Eyreville-B borehole core, the Langley 
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1 INTRODUCTION 

 

The ca. 36 Ma (Horton and Izett, 2005) Chesapeake Bay impact event on the east coast of 

Virginia, USA, formed an 85 km complex crater in Cretaceous to Eocene sediments and 

underlying crystalline basement rocks belonging to the Appalachian orogen (Horton et al., 1989; 

Poag et al., 2004; Horton et al., 2005a). Appalachian rocks are well exposed along the 

Appalachian Mountains to the west, however, little is known of the basement along the Atlantic 

Coastal Plain owing to the covering sediment (Horton et al., 2005b; Hibbard et al., 2007a). This 

study investigates the crystalline rocks intersected by the 2006 ICDP (International Continental 

Scientific Drilling Program) ï USGS (United States Geological Survey) drilling of the 

Chesapeake Bay impact structure (CBIS) on the Eyreville Farm near Cape Charles, Virginia 

(Figure 1.1).  

 

 

Figure 1.1: Locality map of the CBIS and the ICDP-USGS Eyreville drill site (after Gohn et 

al., 2006). 
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1.1 Geological setting 

The Appalachian orogenic belt is an elongate tectonic region that is exposed along the eastern 

margin of the North American continent, extending 3200 km from Alabama to Newfoundland 

with an exposed width varying from 150 to 600 km (Figure 1.2; Everett et al., 1986; Faill, 1997). 

The eroded elements of the orogenic belt are separated into the Northern and Central/Southern 

Appalachians by the New York promontory (Rodgers, 1970; Horton et al., 1989; Taylor, 1989; 

Faill, 1997; Hibbard et al., 2007a); the CBIS is located in the latter division (Figure 1.2). The 

tectonic history for this orogenic belt spans more than one billion years, beginning with the 

Mesoproterozoic assembly of the supercontinent, Rodinia, and ending during the Mesozoic 

break-up of the supercontinent, Pangaea (Faill, 1997). The orogenic belt is characterised by a 

series of tectonostratigraphic terranes, each having its own stratigraphy, which were juxtaposed 

and accreted during the beltôs complex history of various plate-plate interactions (Everett et al., 

1986; Horton et al., 1989). Overlying the eastern and southern parts of the Appalachian 

orogenic belt, the Atlantic Coastal Plain sediments comprise a ~18 km updip, seaward-

thickening sequence of Early Cretaceous to Holocene (145 Ma to present time) deposits; these 

sediments comprise dominantly unconsolidated to poorly consolidated siliciclastic sands, silts 

and both marine and non-marine clays (Poag et al., 2004). 

 

Determining the evolution of this highly complex region has led to much controversy owing to 

the inherent complexity associated with multiple major continent-continent collisions, which is 

combined with the regionôs poor rock exposures due to post-Mesozoic geological processes 

(glacial drift in the north, deep weathering in the south, eastern parts covered by the Atlantic 

Ocean, and deposition of Mesozoic and Cenozoic sediments on the Atlantic Coastal Plainôs 

southern extent; Horton et al., 1989). For the most part, the tectonostratigraphic terranes appear 

to have evolved independently of Proterozoic North America (Laurentia) and can be used to 

constrain certain aspects of the orogen based on their accretionary history during the 

Palaeozoic (Horton et al., 1991).  
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Figure 1.2: Simplified tectonic map of the Appalachian orogen showing the exposed Northern and Central/Southern Appalachians divisions 

as well as pre-Silurian lithotectonic divisions with respect to the current North American eastern coastline (diagram modified after Hibbard et 

al., 2007a and Pollock, 2008). The location of the CBIS has been included for reference purposes. 
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1.1.1 Evolution of the Appalachian orogen 

The evolution of the Appalachian orogen began with the late Mesoproterozoic assembly of the 

supercontinent Rodinia (McMenamin and McMenamin, 1990; also known as Panchaos after 

Thompson et al., 1993, and Kanatia after Young, 1995 and Dalziel and McMenamin, 1995) at 

the end of the Grenville orogeny, which brought the Wilson cycle to a close (Faill, 1997). The 

Grenville Province, located on the Laurentian margin, underwent a widespread granulite facies 

metamorphism between 1.0 and 1.1 Ga, and was later uplifted and exposed by erosion from 

approximately 700 Ma with the initiation of the continental rifting of Rodinia (Horton et al., 1989). 

The final rifting of Rodinia during the late Neoproterozoic led to the opening of the Iapetus 

Ocean between Laurentia, West Gondwana and Baltica, which was at its widest around 540 Ma 

(Figure 1.3; Murphy and Nance, 2008; Nance and Linnemann, 2008).  

 

During the Late Cambrian/Early Ordovician, the closure of the Iapetus Ocean and resultant 

opening of the Rheic Ocean (also known as the Theic Ocean; Nance and Linnemann, 2008) 

was initiated by coeval subduction on both the Laurentian and Gondwanan passive margins, 

causing both margins to founder (Figure 1.3; Stevens, 1970; Williams and Stevens, 1974; 

Williams, 1979; van Staal et al., 1998; Murphy et al., 2010). As illustrated in Figure 1.4, Pacific-

type arc/back arc systems developed on both margins, producing ophiolitic complexes in supra-

subduction zones relatively early on in the Iapetus oceanic tractôs subduction history, which 

were then obducted and involved in arc-continent collisions during the Early to Middle 

Ordovician (550-440 Ma; Williams, 1979; Dewey et al., 1983; Searle and Stevens, 1984; Horton 

et al., 1989; Rankin, 1994; van Staal et al., 1998, 2009; Hibbard et al., 2007a; Murphy et al., 

2010). The above process has been termed the Penobscottian orogeny along the peri-

Gondwanan margin, and the Taconian orogeny along the peri-Laurentian margin (Figure 1.4; 

Hibbard et al., 2007a).  
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Figure 1.3: Reconstructions of Pangaea during the Palaeozoic, illustrating the closing of 

the Iapetus and Rheic oceans between Gondwana and Laurentia (diagram modified 

Stampfli and Borel, 2002, and Murphy et al., 2010). Abbr. A-C = Avalonia-Carolina. 
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Figure 1.4: Illustration of the proposed tectonic models for the Taconian (left) and 

Penobscottian (right) orogenies along the Laurentian and Gondwanan margins in the 

Dunnage domain of the Northern Appalachians (modified after Hibbard et al., 2007a and 

Murphy et al., 2010). The details and timing depicted may not be necessarily true for the 

Central and Southern Appalachians but is used here to illustrate subduction processes 

of the Iapetus Ocean. 

 

The Penobscottian orogeny, first identified by Neuman (1967), is thought to have commenced 

around 550 Ma (Drake et al., 1989; Rankin, 1994) with the formation of a magmatic arc in the 

peri-Gondwanan margin (Hibbard et al., 2007a). The westward subduction beneath the 

magmatic arc resulted in its obduction onto the passive margin of a peri-Gondwanan micro-

continent (Ganderia in Figure 1.4; Hibbard et al., 2007a). Such micro-continents, also known as 

ribbon continents and/or arc terranes, formed as a result of the amalgamation of several 

Neoproterozoic arc terranes that had separated from Gondwana with the opening of the Rheic 

Ocean (Faill, 1997; Hibbard et al., 2007a; Murphy et al., 2010; Nance and Linnemann, 2008). 

The obduction of the magmatic arc onto the micro-continent signalled the end of the 

Penobscottian orogeny (ca. 480 Ma; Zagorevski et al. 2007; van Staal et al., 2009) and initiated 

a reverse in polarity of the subduction direction (Colman-Sadd et al., 1992; Hibbard et al., 
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2007a; van Staal et al., 2009). A back-arc basin ensued, opening along the peri-Gondwanan 

micro-continent margin (Figure 1.4; van Staal, 1994; Valverde-Vaquero et al., 2005; Hibbard et 

al., 2007a).  

 

The Taconian orogeny, which took place along the Laurentian margin of the Iapetus Ocean, 

commenced towards the end of the Penobscottian orogeny around 495 Ma (Fig 1.5; van Staal 

et al., 2009; Murphy and Nance, 2013). Subducting eastwards beneath the Iapetus Ocean, a 

magmatic arc was formed outboard of a micro-continental block (e.g. Dashwoods in the 

Northern Appalachians; van Staal et al., 2009) that had rifted from the Laurentian margin in the 

Late Neoproterozoic/Early Cambrian (Figure 1.4; Hibbard et al., 2007a). The magmatic arc was 

then obducted onto the micro-continent, resulting in the stepping back of subduction into the 

Taconic Seaway and the subsequent generation of a magmatic arc and its associated forearc 

ophiolitic crust (Figure 1.4; Hibbard et al., 2007a; van Staal et al., 2009). The final elements of 

the Taconian orogeny relate to the closure of the Taconic Seaway by subduction processes, 

which led to the re-accretion of the micro-continent and the obduction of Taconic Seaway 

oceanic crust onto the Laurentian margin and the development of reverse polarity subduction 

beneath the accreted system (Figure 1.4; Hibbard et al., 2007a). The peri-Gondwanan arc 

system produced by the Penobscottian orogeny subsequently collided with this peri-Laurentian 

configuration, after which the Taconian orogeny concluded (ca. 440 Ma; Figure 1.4; Horton et 

al., 1989; Rankin, 1994; Hibbard et al., 2007a). 

 

The final closure of the Iapetus Ocean occurred owing to successive collisional events, which 

took place from the Late Ordovician into the Silurian (~460-420 Ma; Figure 1.5; Murphy et al., 

2010; Murphy and Nance, 2013). These collisional events relate to the docking of several peri-

Gondwanan arc terranes to form Laurussia (e.g. Avalonia-Carolina; Figure 1.5), the sequence 

of which is the cause for much controversy, although there is consensus that the northern 

margin of Laurentia collided with Baltica and that peri-Gondwanan terranes accreted to 

Laurentia along the remaining portion of the margin (Nance and Linnemann, 2008; Murphy et 

al., 2010; Nance et al., 2012).  
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Figure 1.5: Palaeozoic reconstructions of the formation of Pangaea through the preferential subduction of the Iapetus and Rheic oceanic 

lithosphere (diagram modified after Murphy and Nance, 2013 and references therein). Abbr. A-C- Avalonia-Carolina. 



 

9 
 

According to Murphy et al. (2010), there are two main models regarding the amalgamation of 

Laurussia: (1) The Ganderia, Avalonia and Meguma peri-Gondwanan micro-continents accreted 

to Laurentia as separate crustal blocks during the Palaeozoic; each accretion involved a distinct 

orogeny, namely the Late OrdovicianïEarly Silurian Salinic (450-423 Ma), Late Silurianï

Devonian Acadian (421-400 Ma) and the Neoacadian (395-350 Ma), respectively (van Staal et 

al., 1998, 2009; Waldron et al., 2009). Hibbard et al. (2002) proposed that the Carolina micro-

continent accreted to Laurentia during the Late Ordovician-Silurian Salinic orogeny, the concept 

of which is further hypothesised by Hibbard et al. (2007b) where they correlate Carolina with 

Ganderia. (2) Ganderia, Carolina and Meguma form part of a single composite Avalonian micro-

continent that separated from Gondwana during the Late Cambrian, forming the Rheic Ocean, 

and which then accreted to Baltica by the Early Silurian and to Laurussia by the Middle Silurian 

(Figure 1.3; Keppie et al., 1996; Murphy and Keppie, 2005). In this model, the Salinic orogeny is 

thought to represent a protracted orogenic episode relating to the accretion of Avalonia to 

Laurussia, with northward flat slab subduction of the Rheic Ocean beneath Laurussia 

demonstrated by the Late Silurian to Late Devonian tectonothermal events assigned to the 

Acadian orogeny (Murphy et al., 1999; Murphy and Keppie, 2005).  

 

The final closing of the Rheic Ocean by the collision of the African side of Gondwana and 

Laurussia during the late Palaeozoic formed the supercontinent, Pangaea (Figure 1.3; Faill, 

1998; Hatcher, 2002). This final stage of accretionary history recorded in the Appalachian 

orogen is known as the Alleghanian orogeny (Horton et al., 1989, 1991; Rankin, 1994; Faill, 

1998; Hatcher 2002). Hatcher (2002) proposed a possible zippered collisional sequence for 

formation of the Alleghanian orogeny (Figure 1.6):  

 

(a) The beginning of the closure of the Rheic Ocean initiated the first contact of Gondwana 

with Laurentia during the Early Carboniferous (ca. 325 Ma), indicated by the early 

strike-slip deformation and formation of step-over basins. After the initial contact, 

Gondwana began to rotate clockwise relative to Laurentia, which allowed more of the 

continental margins farther south to come into contact with Laurentia (Figure 1.6a). 
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Figure 1.6: Illustrations of the oblique rotational collision between Laurentia and 

Gondwana as suggested by Hatcher (2002). The red lines and symbols represent active 

features in the interval shown in each figure (after Hatcher, 2002; Nance and Linnemann, 

2008).  

 

(b) The Reguibat promontory came into contact with the Central Appalachian margin during 

the early Late Carboniferous (ca. 310 Ma; Figure 1.6b). The first deformation occurred 

parallel to the promontory on the nearby foreland. The deformation consists of the 

Lackawanna Phase in the Central Appalachians, dextral strike-slip deformation in the 

Central and Southern Appalachian internides (see Lackawanna region in Figure 1.6b), 

and the formation of dextral pull-apart basins in New England. 

(c) The continuing encroachment of the promontory onto the Laurentian margin and the 

rotation of Gondwana southward created dextral motion on many faults, plus fault 

reactivation, from the Late Carboniferous to Early Permian (ca. 300-280 Ma; Figure 

1.6c). 

(d) Gondwana collided head-on with southeastern Laurentia during the Early Permian (ca. 

270 Ma), propagating and driving the Blue Ridge-Piedmont megathrust sheet onto the 

continental margin (Figure 1.6d). This deformed the foreland and clastic wedge that 
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formed ahead of the advancing sheet. This represents the termination of the 

Alleghanian orogeny. 

 

This collision occurred northeast-southwest, as seen in the predominantly dextral motion both in 

New England and the Southern Appalachians (Hatcher, 1989). It produced a Himalayan-size 

mountain range and structurally overprinted the structures related to the older events. All 

present landforms, physiographic provinces, structures, rock fabrics and micro-textures in this 

region reflect this event (Fitcher, 2000).   

 

A fundamental element of the Alleghanian orogeny, specifically in the Central and Southern 

Appalachians, is the basal décollement that originated within the crust east of the presently 

exposed Appalachian Mountains (Figure 1.7; Faill, 1998; Fichter and Baedke, 1999). The 

décollement formed a sub-horizontal sole thrust fault that gradually rose westward from mid-

crustal levels, tipping out at some horizons within the Palaeozoic section of the Appalachian 

basin (Figure 1.7; Faill, 1998). The décollement ramped over older detached terranes accreted 

during the Taconic and Acadian orogenies (Figure 1.7; Fichter and Baedke, 1999). The Valley 

and Ridge foreland basin was caused by the successive collisional events experienced by the 

subducting Laurentian margin (Figure 1.7; Ettensohn, 2008). 

 

 

Figure 1.7: Schematic cross-section of the Alleghanian orogeny (modified after Fichter 

and Baedke, 1999) showing Gondwana over-riding Laurentia to the west through 

décollement tectonics. 
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The décollement deformation of the Alleghanian orogeny was concurrent with abundant 

magmatic activity, where at least 60 plutons, mostly granitoid in composition, were emplaced 

between 330 and 260 Ma (Horton et al., 1987; Coler et al., 1997; Speer et al., 1994). Of the 

granitoid plutons, most are leucocratic, metaluminous granites and granodiorites, although a 

minor amount of peraluminous granitoids also occur (Speer et al., 1994). Notable plutons in 

relatively close proximity to the CBIS include the Langley Granite (Horton et al., 2005b), 

Portsmouth Granite (Horton et al., 1989) and Petersburg Granite (Gates and Glover, 1989).  

 

Geochemical and Nd isotopic studies by Coler et al. (1997) revealed that textural and 

mineralogical differences between and within many of the Alleghanian granitoids reflect 

isotopically variable sources, suggesting that the Alleghanian magmatism was probably a result 

of partial melting of multiple geochemically similar tectonostratigraphic terranes. The relative 

synchronicity of granite emplacement with the Alleghanian décollement led Coler et al. (1997) to 

propose that the majority of the plutons were emplaced during and/or after the thrusting-related 

deformation occurred.  

 

1.1.2 Tectonostratigraphic terranes of the Appalachian orogen 

As previously mentioned, a number of distinct tectonostratigraphic terranes characterise the 

Appalachian orogen (Everett et al., 1986; Horton et al., 1989). These terranes were accreted to 

Laurentia through the sequence of orogenic events described above during the closure of the 

Iapetus and Rheic oceans and the formation of Pangaea. Lying mostly beneath the Atlantic 

Coastal Plain sediments, the precise locations of the associated Iapetus and Rheic (also known 

as Theic; Nance and Linnemann, 2013) suture zones have been much debated with 

interpretations based largely on geophysical data (e.g. Lefort, 1988; Lefort et al., 1988; Lefort 

and Max, 1991; West, 1998; Hibbard, 2000; Murphy et al., 2006). According to Lefort (1988) 

and Lefort and Max (1991), both sutures lie west of the Chesapeake Bay (Figure 1.8).  

 



 

13 
 

 

Figure 1.8: Plate reconstruction of the Palaeozoic Iapetus, Rheic (also known as Theic; 

Nance and Linnemann, 2013) and Mauritanian sutures (dashed lines) between Laurentia 

and Gondwana with the location of Chesapeake Bay included (modified after Lefort, 

1988; Lefort and Max, 1991). 

 

Based on their origins, Horton et al. (1989, 1991, 1994) proposed that the Appalachian terranes 

can be subdivided into seven groups using the terrane terminology adopted from Coney et al. 

(1980), Jones (1983), Jones et al. (1983) and Howell and Jones (1984):  

(i) Laurentian native terranes ï Outliers of the Grenville Province, these terranes 

comprise Middle Proterozoic basement, rift-related Late Proterozoic clastic and 

volcanic sequences, and Palaeozoic shelf and platform sediments deposited on 

Laurentiaôs eastern margin; 

(ii) Internal continental terranes of the Appalachian orogen ï These terranes are 

composed of Middle Proterozoic continental basement and sedimentary cover 

sequences and are located within the Appalachian metamorphic core; 

(iii) Disrupted terranes ï Terranes that are characterised by mélange complexes 

intermingled with coherent volcanic, ophiolitic and/or continental terrane fragments; 
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(iv) Possible oceanic crustal remnants ï Terranes that may possibly be remnants of 

oceanic crust that occur as mafic and ultramafic complexes; 

(v) Volcanic terranes ï Terranes generated by volcanic arc systems of both oceanic 

and continental origin; 

(vi) Continental terrane of Gondwanan affinity ï A terrane comprising an 

unmetamorphosed, little-deformed sequence of fossiliferous Ordovician to 

Devonian sandstones and shales (known as the Suwannee Basin) derived from 

Gondwanan crust; and 

(vii) Metamorphic complexes of undetermined affinity ï Terranes that are composed of 

metamorphic complexes whose origins could not be determined. 

 

Subsequently, Hibbard et al. (2007a) proposed that the Appalachian orogen can also be 

separated into three realms based on pre-Silurian orogenic crustal building blocks, namely the 

Laurentian, Iapetan and peri-Gondwanan realms (see Figure 1.2). Although on a much smaller 

scale, the seven terrane types identified by Horton et al. (1989, 1991, 1994) can be placed in 

context within the three orogen-scale realms (Figure 1.9; Hibbard et al., 2007a). 

 

Prior to the discovery of the CBIS, the basement rocks beneath the Atlantic Coastal Plain 

sediments were assigned to the Chesapeake block (Figure 1.9; Horton et al., 1991), a roughly 

circular terrane that was inferred to comprise rocks of mostly greenschist facies, including 

argillite, chloritic schist, phyllitic metavolcanic rock, and serpentinised gabbro (Horton et al., 

1989, 1991). Owing to the lack of surface outcrop, the provenance of the Chesapeake block 

was cause for much debate. The strongly curved southern and western edge of the 

Chesapeake Bock (Figure 1.9) was inferred by Lefort (1988) and Lefort and Max (1991) through 

gravimetric and magnetic geophysical surveys. This led the authors to suggest the suture 

reflected an indentation by western Gondwana onto the Carboniferous margin of Laurentia, 

consequently they named it the Chesapeake Bay suture (Lefort, 1989; Lefort and Max, 1989; 

Horton et al., 1991), and Lefort (1988) and Lefort and Max (1991) concluded that the 

Chesapeake Bay was underlain by crust of Gondwanan affinity.   
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Figure 1.9: Tectonostratigraphic terrane map of the Central Appalachians showing the location of the Chesapeake Bay suture (after Horton et 

al., 1991), Chesapeake block, CBIS, ICDP-USGS Eyreville-B drill site and the proposed extrapolated boundary between the Roanoke Rapids 

and Hatteras terranes (modified slightly, after Horton et al., 1991; 2005b). Terranes have been grouped according to the three orogenic 

realms (Laurentia, Iapetan and Gondwanan) proposed by Hibbard et al. (2007a).  
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Lefortôs (1988) and Lefort and Maxôs (1991) interpretation has been questioned by Horton et al. 

(2005a, 2005b) who found that the characteristics of rocks recovered from drill cores in the 

Chesapeake Bay are more consistent with peri-Gondwanan origins. Furthermore, Horton et al. 

(2005b) proposed that the geophysical features previously associated with the Chesapeake block can 

be attributed to the CBIS and do not reflect traditional terrane boundaries. As a result, Horton et al. 

(2005b) suggested that the CBIS overlapped the boundary between the Roanoke Rapids and 

Hatteras terranes (Figure 1.9), both of which comprise rocks of analogous composition, metamorphic 

grade and age to that previously assigned to the Chesapeake block. A discussion of these terranes 

and others in close proximity to the CBIS (as seen in Figure 1.9) follows. 

 

1.1.2.1 Carolina Zone 

The Carolina Zone is a cluster of volcanic arc supracrustal (suprastructure) and infracrustal 

(infrastructure; Figure 1.10a) terranes lying along the eastern flank of the Southern Appalachians 

(Figure 1.10; Hibbard et al., 2002). The synthesis of the Carolina Zone involved at least three stages 

of magmatism and sediment deposition, namely, Stage I: pre-600 Ma, Stage II: ca. 590-560 Ma and 

Stage III: ca. 550-440 Ma (Hibbard et al., 2002), and docking onto the Laurentian passive margin is 

thought to have occurred at the end of Stage III during the Late Ordovician to Early Silurian Salinic 

orogeny (460-440 Ma; Hibbard et al., 2002, 2007b). Hibbard et al. (1998, 2002) proposed that the 

original suture between the Carolina Zone and the Piedmont Zone of the Laurentian passive margin is 

marked by the Central Piedmont shear zone, an Alleghanian ductile thrust that tectonically truncated 

and buried the suture beneath the Carolina Zone (Figure 1.10b). 

 

The mainly meta-igneous terranes that comprise the Carolina Zone include the supercrustal Roanoke 

Rapids, Spring Hope, Carolina, Augusta and Milledgeville terranes, and the infracrustal Charlotte, 

Crabtree, Raleigh, Triplet, Falls Lake, Dreher Shoals, Savannah River and Uchee terranes (Hibbard 

et al., 2002). Based on observations made by Horton et al. (1989, 1991, 1994), the Hatteras terrane 

may be a possible higher grade extension of the Roanoke Rapids terrane (see discussion below). 

Consequently, the Hatteras terrane has been tentatively assigned to the Carolina Zone. Adjacent to 

the CBIS, Carolina Zone terranes of significance include the Roanoke Rapids and Hatteras terranes, 
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as mentioned above, as well as the Carolina, Spring Hope, Falls Lake and Crabtree terranes (Figure 

1.9). 

 

Figure 1.10: (a) Location of the suprastructural and infrastructural terranes of the Carolina 

Zone separated from the Piedmont Zone by the Central Piedmont shear zone within the 

Appalachian orogen. The approximate location of the CBIS has been included for reference 

purposes. (b) Depiction of the progressive accretion model for the docking of the Carolina 

Zone onto the Laurentian passive margin during the Salinic orogeny. Both diagrams modified 

after Hibbard (2000) and references therein, and Horton et al. (2005b) and references therein. 
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Roanoke Rapids terrane 

The Roanoke Rapids terrane is a greenschist to epidote-amphibolite facies metavolcanic and 

metasedimentary sequence (Horton et al., 1989; 1991; 2005b; Rankin, 1994). The volcanic arc 

terrane is divided into three major units: the Halifax County complex, the Roanoke Rapids complex 

and the Easonburg formation (Hibbard et al., 2002).  

 

Kite and Stoddard (1984) described the Halifax County complex as a low-grade mafic-ultramafic rock 

suite that ranges in composition from ultramafics to gabbroids to felsic plutonics to basaltic rocks. The 

Roanoke Rapids complex is a volcanic-plutonic complex, which comprises a trondhjemitic to quartz-

diorite core surrounded by mainly metavolcanic and metavolcaniclastic rocks (Farrar, 1985; Hibbard 

et al., 2002). The Easonburg Formation, a felsic volcanic and phyllitic volcaniclastic rock suite, 

appears to surround both the Halifax County and Roanoke Rapids complexes, even though the exact 

relationship between the formation and the two complexes has yet to be established (Farrar, 1985; 

Hibbard et al., 2002).  

 

Limited geochronological studies of the Roanoke Rapids terrane have resulted in a poorly constrained 

age for the terrane (Horton et al., 1989; Hibbard et al., 2002). However, the oldest dated rocks in the 

Carolina Zone occur within this terrane (Hibbard et al., 2002). Horton and Stern (1994) obtained 

preliminary 
207

Pb/
206

Pb zircon ages of ca. 668 Ma for a metatonalite in the Roanoke Rapids complex 

and ca. 607 Ma for a metatonalite in the Easonburg formation (Hibbard et al., 2002). Samson and 

Coler (2000) reported a U/Pb zircon age of 672 ± 2 Ma for a metagranodiorite that intrudes into the 

Roanoke Rapids complex, corresponding with Horton and Sternôs (1994) study (Hibbard et al., 2002). 

Kite and Stoddard (1984) proposed that the mafic-ultramafic Halifax County complex could be an 

island-arc ophiolite, which suggests that the terrane originated at least in part in an oceanic tectonic 

setting (Horton et al., 1989; Rankin, 1994; Hibbard et al., 2002). The ages reported above correspond 

to the first stage of magmatism and deposition recorded in the Carolina Zone (Stage I: pre-600 Ma; 

Hibbard et al., 2002). 
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Hatteras terrane 

Other than what is discussed in Horton et al. (1989, 1991, 1994), very little information is available for 

the Hatteras terrane. The amphibolite facies metamorphic complex comprises biotite gneiss and 

garnetiferous schist intruded by a suite of plutonic rocks, which range from granite to diorite in 

composition (Denison et al., 1967; Daniel and Zietz, 1978; Horton et al., 1989). Rb/Sr dating of these 

plutonic rocks has revealed ages of 583 to 685 Ma (Denison et al., 1967; Russell et al., 1981; Horton 

et al., 1989, 1991, 1994). Despite the higher sensitivity of Rb/Sr whole rock systems to isotopic 

disturbance and resetting compared with U/Pb zircon systems (Pidgeon and Johnson, 1974), 

subsequent higher precision geochronological studies of the Hatteras terrane plutonic rocks have not 

been undertaken. Using the Rb/Sr results, however, it is possible that the wide age range may reflect 

Stage I and Stage II magmatism, as observed in other parts of the Carolina Zone (Stage I: pre-

600Ma; Stage II: ca. 590-560 Ma; Hibbard et al., 2002). The tectonic setting in which the Hatteras 

terrane was derived is currently unknown, although Horton et al. (1989) surmised that it may be a 

higher grade equivalent of the Roanoke Rapids terrane. Consequently, the Hatteras terrane may also 

be associated with island-arc volcanism. 

 

Carolina terrane 

Although exposed mainly in the Southern Appalachians, the Carolina terrane extends almost to the 

southwestern edge of the CBIS (Figures 1.9 and 1.10a; Horton et al., 1989; Hibbard, 2000; Hibbard et 

al., 2002). The terrane is subdivided into four metavolcanic-dominated sequences that comprise 

generally low-grade meta-igneous and metasedimentary rocks, namely the Virgilina, Albemarle, 

South Carolina and Cary sequences (Hibbard et al., 2002). The Virgilina sequence, located in the 

northern portion of the Carolina terrane and closest to the CBIS, can be further subdivided into the 

Hyco Formation (a thick felsic-intermediate metavolcanic base), the Aaron Formation (overlying 

metaclastic turbidites) and the Virgilina Formation (a metabasalt that caps the previous two 

formations), which collectively form a roughly 8 km thick sequence (Hibbard et al., 2002).  

 

There is a general consensus that the Carolina terrane is a peri-Gondwanan terrane exotic to 

Laurentia and that it represents a long-lived supra-subduction zone magmatic arc system (Hibbard et 

al., 2002; Hackley et al., 2007). Based on isotopic data, Ingle et al. (2003) postulated that the Carolina 
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terrane was initially an oceanic arc (Virgilina sequence) that migrated towards Laurentia prior to the 

formation of the upper sequences, progressing from a juvenile arc to a more mature arc tectonic 

setting.  

 

Stage I magmatism (pre-600 Ma) associated with the Carolina Zone is best documented in the 

Virgilina sequence in the Carolina terrane (Hibbard et al., 2002). Glover and Sinha (1973) and Horton 

et al. (1999) dated the Hyco Formation of the Virgilina sequence using U/Pb zircon geochronology as 

Late Neoproterozoic (~620 ± 20 Ma and 620-616 Ma, respectively; Hackley et al., 2007). These ages 

for the Virgilina sequence were confirmed by Wortman et al. (2000), who constrained the arc 

magmatism to have occurred during a limited time-frame of ~20 Myr, from 633 to 612 Ma (U/Pb zircon 

geochronology; Hibbard et al., 2002). Additionally, Wortman et al. (2000) determined a tightly 

constrained U/Pb zircon age of 546 ± 3 Ma for the intruding Roxboro Metagranite (Hibbard et al., 

2002); the metagranite had previously been dated at 575 ± 20 Ma by Briggs et al. (1978) using Rb/Sr 

whole rock geochronology (Horton et al., 1989). The new minimum age from the Roxboro Metagranite 

for the Virgilina sequence, thus, reflects Stage III (550-440 Ma) magmatism in the Carolina Zone 

(Hibbard et al., 2002; Hackley et al., 2007).  

 

Spring Hope terrane 

The Spring Hope terrane, located southwest of the Roanoke Rapids terrane (Figure 1.9), is 

dominated by greenschist facies mafic to felsic metavolcanic rocks with associated metaplutonic and 

metasedimentary rocks (Horton et al., 1989; Hibbard et al., 2002). The stratigraphy of the Spring 

Hope terrane is divided into a lower, predominantly felsic, metavolcanic sequence and an upper, 

predominantly metasedimentary sequence (after Carpenter et al., 1995; Hibbard et al., 2002). The 

terrane had previously been divided by Farrar (1985) into the lower Spring Hope, middle Stanhope 

and upper Smithfield formations but was later reclassified based on subsequent geochronological 

data (Hibbard et al., 2002).  

 

A metatuff from the lowest portion of the lower metavolcanic sequence was preliminarily dated at ca. 

544 Ma by Horton and Stern (1994) using 
207

Pb/
206

Pb zircon geochronology, whilst Goldberg (1994) 

obtained a U/Pb zircon age of 590 ± 3 Ma for a felsic crystal tuff in the middle portion of the lower 
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metavolcanic sequence (Hibbard et al., 2002). High-K tholeiitic metabasalts were identified by Boltin 

and Stoddard (1987), leading them to suggest that these rocks were generated in a supra-subduction 

zone environment built on either oceanic crust or very thin continental crust (Horton et al., 1989; 

Hibbard et al., 2002). This most likely occurred during Stage II magmatism in the Carolina Zone 

(Hibbard et al., 2002). 

 

Falls Lake terrane 

The Falls Lake terrane, located to the southwest of the CBIS (Figure 1.9), is a mélange complex that 

consists of metamorphosed mafic and ultramafic blocks as well as bodies of micaceous 

quartzofeldspathic material located within pelitic schists (Horton et al., 1989, 1991; Hibbard et al., 

2002). Horton et al. (1986) and Stoddard et al. (1989) noted that the blocks and bodies ranged from 

pebbles to up to entities ca. 2 km in length (Hibbard et al., 2002). Horton et al. (1989) suggested that 

the terrane formed as a result of both sedimentary and tectonic processes, such as observed in an 

accretionary wedge. According to Horton et al. (1986, 1989, 1991), the Falls Lake terrane and 

underlying Carolina terrane were thrust together onto the Crabtree terrane, after which all three 

terranes underwent Late Palaeozoic folding and metamorphism.  

 

Although previously thought to be a coarser facies of the pelitic schist matrix, geochronological 

evidence suggests that the quartzofeldspathic bodies are of different origin to the matrix and mafic 

and ultramafic blocks and that they could be either meta-igneous blocks or intrusive bodies (Horton et 

al., 1994; Hibbard et al., 2002). Goldberg (1994) determined that the quartzofeldspathic bodies 

crystallised at approximately 590 Ma based on 
207

Pb/
206

Pb zircon dating methods; an inherited 

component of Proterozoic age (~2.2 Ga) was also revealed (Hibbard et al., 2002). These age data 

have proved ambiguous since the ~590 Ma age could represent crystallisation if the 

quartzofeldspathic body were a structural block, or the ~590 Ma age could represent the minimum 

age of the melange complex if the body intruded into the pelitic schist matrix (Horton et al., 1994; 

Hibbard et al., 2002).  
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Crabtree terrane 

The Crabtree terrane is located to the southwest of the CBIS (Figure 1.9) and comprises a mainly 

metasedimentary sequence that is intruded by the Crabtree Creek pluton (Blake, 1994; Hibbard et al., 

2002). The amphibolite facies metasedimentary sequence consists of felsic gneiss, garnet-staurolite 

schist, garnet-kyanite schist and graphitic schist (Blake, 1994; Robitaille, 2004). Stoddard et al. (1978) 

proposed felsic igneous or arkosic protoliths for the felsic gneiss, and Horton et al. (1986) suggested 

that the highly aluminous and graphitic schists were derived from muds deposited in a restricted basin 

environment. Lumpkin et al. (1994) suggested that the Crabtree terrane is linked to the Spring Hope 

terrane based on the presence of graphitic schist and phyllite in the latter terrane immediately east of 

the Nutbush Creek fault, and is, thus, a deeper crustal equivalent of the Spring Hope terrane (Hibbard 

et al., 2002).  

 

The leucogranitic to granitic Crabtree Creek pluton (Blake and Stoddard, 1993) was dated by 

207
Pb/

206
Pb zircon geochronology, producing preliminary ages of 542 Ma by Horton and Stern (1994) 

and 554, 564 and 566 Ma by Goldberg (1994). These ages have been interpreted to represent the 

crystallisation age (Hibbard et al., 2002). Consequently, the metasedimentary sequence it intruded 

into is Neoproterozoic in age or older (Hibbard et al., 2002).  

 

1.1.2.2 Sussex terrane 

The Sussex terrane lies entirely beneath the Atlantic Coastal Plain sediments, directly to west of the 

CBIS (Figure 1.9; Horton et al., 1989, 1991). The terrane consists of low grade, foliated, mafic 

volcanic rocks, ultramafic rocks, gabbro, metadiorite and phyllite and has been suggested to 

represent a mélange complex; the predominant fraction of mafic rocks may be reflective of an oceanic 

crust source (Horton et al., 1989, 1991; Rankin, 1994). The age of the terrane has yet to be 

constrained.  

 

Although it is not considered to form part of the Carolina Zone, the Sussex terrane lies east of the 

Goochland terrane (a Grenville-age terrane of disputed Laurentian or peri-Gondwanan origins; 

Bartholomew and Tollo, 2004; Bailey and Owens, 2012) and appears to be interleaved with the 

Roanoke Rapids terrane in Figure 1.9. The western border of the Sussex terrane was interpreted by 



 

23 
 

Glover (1989) to represent the suture between the Carolina and Goochland terranes. Located 

northeast of the Central Piedmont shear zone, which marks the location of the Rheic suture (Hibbard 

et al., 2000, 2002), the Sussex terrane appears to lie outboard of this feature, and, consequently to be 

part of the peri-Gondwanan realm. 

 

1.1.2.3 Goochland terrane 

The Goochland terrane lies to the northwest of the CBIS and is separated from the Roanoke Rapids 

terrane by the late Palaeozoic Hylas fault zone (Figure 1.9); it comprises multiply deformed and 

metamorphosed gneiss, amphibolite, granite and anorthosite (Farrar, 1984; Spears et al., 2004). For 

the purposes of this study, the Goochland terrane includes the Raleigh terrane, which was previously 

thought to be a southern extension of the Goochland terrane (Farrar, 1984).  

 

The structurally lowest unit is the State Farm Gneiss, a felsic to intermediate gneiss derived from both 

igneous and sedimentary sources that outcrops in a series of domes (Farrar, 1984; Rankin, 1994; 

Spears et al., 2004). The State Farm Gneiss is intruded by a small suite of Neoproterozoic A-type 

granitoids (~630 Ma; Owens and Tucker, 2003) and is structurally overlain by the Sabot Amphibolite 

and the Maidens Gneiss (Horton et al., 1989; Rankin, 1994; Aleinikoff et al., 1996; Spears et al., 

2004). The Sabot Amphibolite is a 700-1000 m thick amphibolite inter-layered with biotite gneiss 

(Farrar, 1984; Aleinikoff et al., 1996). The protoliths for the Sabot Amphibolite are mafic lava flows or 

volcaniclastic rocks intercalated with sediments (Goodwin, 1970; Poland, 1976; Marr, 1985; Aleinikoff 

et al., 1996). The Maidens Gneiss is a heterogeneous metamorphic suite of layered metavolcanic and 

metasedimentary units (Poland, 1976; Farrar, 1984; Rankin, 1994; Aleinikoff et al., 1996). The State 

Farm Gneiss and the Sabot Amphibolite are exposed in three en echelon doubly plunging antiforms, 

surrounded by the Maidens Gneiss (Rankin, 1994). Aleinikoff et al. (1996) suggested that the Sabot 

Amphibolite and Maidens Gneiss belong to the same lithostratigraphic unit based on the similarities of 

the intercalated gneisses and amphibolites, with only their relative proportions differing.  

 

Mapping by Farrar (1984) and Marr (1985) revealed that a small anorthosite body, the Montpelier 

Anorthosite, intrudes all major units of the Goochland terrane, including that of the Sabot Amphibolite 

and Maidens Gneiss (Rankin, 1994; Horton et al., 1989; Aleinikoff et al., 1996; Spears et al., 2004). 
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Farrar (1984) also observed relict granulite facies metamorphism throughout the Goochland terrane 

overprinted by a later amphibolite facies metamorphic event (Rankin, 1994; Horton et al., 1989; 

Aleinikoff et al., 1996). Farrar (1984) interpreted the granulite facies metamorphism as 

Mesoproterozoic (Grenvillian) and the amphibolite facies metamorphic event as Palaeozoic 

(Alleghanian; Spears et al., 2004). 

 

Using U/Pb zircon geochronology, Mesoproterozoic ages were determined for the State Farm Gneiss 

(~1046-1023 Ma; Owens and Tucker, 2003), the Montpelier Anorthosite (1045 ± 10 Ma; Aleinikoff et 

al., 1996) and a granitic gneiss within the Maidens Gneiss (1035 ± 5 Ma; Horton et al., 1995). Based 

on mapping by Farrar (1985) and Marr (1985) and the inferred cross-cutting relationships, Aleinikoff et 

al. (1996) postulated that the Sabot Amphibolite and Maidens Gneiss are older than the emplacement 

and crystallisation of the Montpelier Anorthosite and are thus at least Mesoproterozoic in age. Recent 

U/Pb zircon geochronology of the Sabot Amphibolite and Maidens Gneiss, however, has brought this 

hypothesis into question. Martin and Owens (2012) obtained a Late Neoproterozoic age (552 ± 11 

Ma) for protolith crystallization from fine-grained felsic layers within the Sabot Amphibolite whilst 

Owens et al. (2010a) obtained three Devonian crystallisation ages (407 ± 2 Ma; 390 ± 3 Ma; 371 ± 3 

Ma) from meta-igneous layers in the Maidens Gneiss. Shirvell et al. (2004) attempted to date the 

granulite facies metamorphic event based on electron microprobe Th-U-total Pb chemical dating of 

monazite in the more typical lithologies of the Maidens Gneiss. Her results yielded ages no older than 

~420 Ma, which led her to conclude that the Goochland terrane reflects high-grade Acadian, not 

Grenvillian, metamorphism. This conclusion is supported by Martin and Owensô (2012) determination 

of an Upper Ordovician to Early Devonian zircon age (450-410 Ma) for the metamorphic event 

preserved in felsic interlayers within the Sabot Amphibolite.  

 

Interestingly, the Mesoproterozoic State Farm Gneiss and Montpelier Anorthosite are located in the 

eastern-most extent of the Goochland terrane, whereas the Palaeozoic ages for the Maidens Gneiss 

were obtained in the western portion of the terrane (Spears et al., 2004). Furthermore, no 

Neoproterozoic granites have been identified within the Maidens Gneiss; they appear to only occur 

within the State Farm Gneiss (Owens and Tucker, 2003; Spears et al., 2004). Spears et al. (2004) 
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suggested that this is evidence that an unconformity or structural discontinuity exists between the 

western and eastern parts of the Goochland terrane.  

 

Various authors have suggested that the Goochland terrane is of Laurentian origin based on 

similarities of the Mesoproterozoic rocks and Neoproterozoic A-type granites with exposed rocks of 

Laurentian heritage in the northern Virginia Blue Ridge (Glover et al., 1978; Farrar, 1984; Glover, 

1989; Aleinikoff et al., 1996; Owens and Tucker, 2003; Owens and Samson, 2004). It was suggested 

by Bartholomew and Tollo (2004) that the Goochland terrane is a translated block of Laurentian crust 

that was originally rifted from the northern part of the Central Appalachians during the break-up of the 

supercontinent Rodinia (Bailey and Owens, 2012). Previously, other authors suggested a peri-

Gondwanan origin for the Goochland terrane (Rankin et al., 1989; Horton et al., 1989. 1991; Hibbard 

and Samson, 1995; Bailey et al., 1995).  

 

1.1.2.4 Chopawamsic terrane 

The Chopawamsic terrane, to the northwest of the CBIS (Figure 1.9), is separated from the 

Goochland terrane by the Spotsylvania high-strain zone (Rankin, 1994; Spears et al., 2004). The 

Chopawamsic terrane is composed of mixed mafic and felsic volcanic arc rocks interlayered with non-

volcanic metagreywacke and metapelite that are intruded by plagiogranite and trondhjemite (Horton et 

al., 1989, 1991; Rankin, 1994). Three units make up the Chopawamsic terrane: the Ta River 

Metamorphic Suite, the Chopawamsic Formation and the James Run Formation (Rankin, 1994). The 

Ta River Metamorphic Suite has been interpreted to be an eastern, more mafic (possibly oceanic) 

facies of the Chopawamsic terrane consisting of amphibolite interlayered with biotite gneiss and schist 

(Pavlides, 1980; Horton et al., 1989, 1991; Rankin, 1994). The Chopawamsic Formation (the most 

extensive subunit of the Chopawamsic terrane; Spears et al., 2004) exhibits rare earth and trace 

element geochemical signatures typical of a tholeiitic island arc suite with some calc-alkalic 

components (Horton et al., 1989, 1991). The James Run Formation is a correlative of the 

Chopawamsic Formation in Maryland (Rankin, 1994). 

 

Horton et al. (1998) and Coler et al. (2000) determined the age of the Chopawamsic Formation to be 

~470 Ma (Spears et al., 2004). Intruding the terrane in central Virginia, the Columbia Granite was 
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dated at 457 ± 7 Ma using U/Pb SIMS (secondary ion mass spectrometry) zircon geochronology 

(Wilson, 2001; Spears et al., 2004). The Occoquan Granite, which intrudes both the Chopawamsic 

and Potomac terranes where the former is thrusted onto the latter (Horton et al., 1989), was 

determined by Aleinikoff et al. (2002) using SHRIMP (sensitive high resolution ion microprobe) U/Pb 

zircon geochronology to be Middle Ordovician in age (472 ± 4 Ma). Mose and Nagel (1982) previously 

determined a Late Cambrian age of 494 ± 14 Ma (Rb/Sr whole rock) for the Occoquan Granite, which 

led them to suggest that the Chopawamsic and Potomac terranes were amalgamated during the 

Penobscottian orogeny (Horton et al., 1989, 1991; Rankin, 1994). Based on the newer, more reliable 

age evidence, Drake (1998) and Aleinikoff et al. (2002) proposed that the Chopawamsic terrane 

accreted to Laurentia during the Taconian orogeny (ca. 495-440 Ma; Hibbard et al., 2007a). This 

corresponds with Coler et al.ôs (2000) hypothesis that the Chopawamsic terrane is a volcanic arc of 

Ordovician age that developed on continental crust, outboard of Laurentia, and that it was accreted in 

the Late Ordovician during the Taconian orogeny (Glover et al., 1989; Spears et al., 2004). 

 

1.1.2.5 Potomac composite terrane 

The Potomac composite terrane is located approximately 200 km to the northwest of the CBIS (Figure 

1.9) and consists of a stack of thrust sheets containing mélange complexes (both tectonic and 

olistostromal) and fragments of probable ophiolites, volcanic arcs and submarine-fan turbidites (Drake 

and Morgan, 1981; Horton et al., 1989, 1991; Rankin, 1994). Horton et al. (1989, 1991) interpreted a 

number of terrane fragments to be part of the Potomac composite terrane; these include the Piney 

Branch Complex (ophiolite fragment), the Peters Creek Schist (a high-energy submarine-fan ophiolitic 

mélange), the Piney Run Formation (ophiolitic mélange; Crowley, 1976), the Annandale Group (a 

suprafan deposit) and the Wissahickon Formation (turbidite-ophiolitic mélange ; Drake, 1986). In the 

vicinity of the CBIS, the Potomac composite terrane can be divided into three mappable units in 

Virginia, namely, the Mather Gorge (turbidites), Sykesville (diamictite and amphibolite) and Laurel 

formations (quartz and meta-arenite; Drake and Froelich, 1997; Drake, 1998; Kunk et al., 2004). 

 

In the northern part of the Central Appalachians (northern Virginia to the Pennsylvania-Maryland state 

border), thrust sheets of the Potomac composite terrane are underlain by precursor sedimentary 

mélanges characterised by olistoliths of the overlying thrust sheets; such sedimentary mélange 
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complexes have not been identified south of Virginia (Drake, 1985; Horton et al., 1989, 1991). The 

thrust stack was amalgamated and deformed and then unconformably overlain by the Popes Head 

Formation, a turbiditic and tuffaceous rock unit that includes upright isoclinal folds with strong axial-

surface schistosity known as the Clifton folds (Drake and Lyttle, 1981; Drake, 1987; Milici, 1987; 

Horton et al., 1989, 1991; Rankin, 1994; Aleinikoff et al., 2002). The previously mentioned Occoquan 

Granite (see Section 1.1.2.5) intruded into this package along with the Chopawamsic terrane at 472 ± 

4 Ma (Aleinikoff et al., 2002). The contact between the Occoquan Granite and Popes Head Formation 

is characterised by veins of granite concordant to the schistosity of the Popes Head Formation, with 

foliation observed in the granite approximately parallel to the schistosity (Drake, 1987; Aleinikoff et al., 

2002). Drake (1987) noted that quartz-rod lineations in the Occoquan Granite appear to be related to 

the Clifton phase folding, indicating a synkinematic emplacement of the granite (Rankin, 1994; 

Aleinikoff et al., 2002). Based on these observations, Drake (1998) and Aleinikoff et al. (2002) 

proposed that the Clifton phase folding, associated schistosity and regional metamorphism are early 

manifestations of the Taconian orogeny. 

 

1.1.2.6 Jefferson terrane 

The Jefferson terrane (also known as the Eastern Blue Ridge Province; Tull et al., 2007) is an 

elongated terrane located west of the Potomac composite terrane (Figure 1.9), which extends the 

length of the Central and Southern Appalachians (Horton et al., 1989, 1991). It is a metamorphosed 

accretionary wedge, comprising gneiss (metasandstone), schist (metapelite), amphibolite 

(metabasalt) and ultramafics (fragmented ophiolite), that was thrust onto the Laurentian margin during 

the Taconian orogeny (Horton et al., 1989, 1991; Rankin, 1994).  

 

According to Rankin et al. (1986, 1988, 1989), Stanley and Ratcliff (1985) and Horton et al. (1989, 

1991), the Jefferson terraneôs accretionary wedge developed over an east-dipping subduction zone 

on eastern, non-Laurentian basement during closing of the Iapetus Oceanôs eastern margin. This 

resulted in an arc complex and is analogous with the western portion of the Brompton-Cameron 

terrane in New England (Rankin, 1994). Horton et al. (1989) noted that the easiest way to generate a 

westward-verging, subduction-related accretionary wedge that contains ophiolitic fragments would be 

if the formation of the accretionary wedge also occurred on the eastern side of the Iapetus Ocean. 
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This interpretation implies that the western leading edge of the accretionary wedge forms the Iapetus 

or Taconic suture; and makes the Jefferson terrane exotic in nature (Rankin, 1988; Horton et al., 

1989). On the other hand, however, lithologic similarities between the accretionary wedge and the 

Laurentian slope-rise deposits (Taconic allochthons and Hamburg klippe) led Zen et al. (1986) to 

argue that these rocks were a deep-sea facies of pre-Silurian Laurentian cover rocks that were later 

obducted onto the North American craton; the westward vergence of the accretionary wedge may 

have formed through underplating of an obducting ocean slab, incorporating ophiolitic fragments into 

the underplating material (Horton et al., 1989).  

 

1.1.3 Sedimentation following the cessation of the Appalachian orogenies 

Continental rifting and the resultant break-up of the supercontinent Pangaea began during the 

Carboniferous and Permian with transtensional graben formation (Rankin, 1994; Thomas, 2006; 

Withjack et al., 2012). Final continental break-up of Pangaea occurred during the Middle Jurassic, 

with the formation of oceanic crust and subsidence of the new continental margin being followed by 

deposition of onlapping sediments, concluding the rifting cycle (Veevers, 1994). The North American 

continental margin evolved from an active extensional margin during the rifting stage into a passive 

margin during the drifting stage (opening of the Atlantic Ocean; Rankin, 1994).  

 

The subsequent sedimentation onto the North American passive margin is preserved in the Atlantic 

Coastal Plain, a ~18-km-thick, seaward-thickening sequence of Early Cretaceous to Holocene (ca. 

145 Ma to present time) deposits that fill the southern end of the elongate offshore Baltimore Canyon 

trough (Poag et al., 2004). Covering the underlying Appalachian orogen, 27 formal sedimentary 

formations have been identified in the Atlantic Coastal Plain proximal to the CBIS in southeastern 

Virginia (Poag et al., 2004 and references therein). These dominantly unconsolidated to poorly 

consolidated sediments can be separated into seven pre-impact and 20 post-impact sedimentary 

formations (Figure 11; Poag et al., 2004). 

 

The seven pre-impact sedimentary units of the Atlantic Coastal Plain in the vicinity of the CBIS are 

Lower Cretaceous to lowermost Upper Eocene in age (ca. 145-35.5 Ma) and are recognised based 

on the combination of lithology and biozonation (Figure 1.11; Poag et al., 2004). In ascending order
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Figure 1.11: Generalised stratigraphic column for the pre-impact and post-impact sediments in 

southeastern Virginia in the vicinity of the CBIS (modified after Poag et al., 2004). Undulating 

horizontal lines represent unconformities. Legend: 1 = Era; 2 = Epoch; 3 = Time of deformation 

relative to the impact; 4 = Rock units.    
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these sedimentary units comprise the Potomac, Unnamed Upper Cretaceous Beds, Brightseat, Aquia, 

Marlboro Clay, Nanjemoy and Piney Point formations (Figure 1.11; Poag et al., 2004). 

 

Immediately following the Chesapeake Bay impact event (see Section 1.2), deposition of marine 

sediments resumed owing to the location of the CBIS in a relatively deep continental shelf (Poag et 

al., 2004). This prevented the erosion of original features of the crater other than those of distal 

margins (Poag et al., 2004). However, just prior to this resumption of deposition, the wash-back of 

impact-generated tsunami waves produced an unusually thick impact breccia body inside the crater, 

known as the Exmore breccia, named after the town of Exmore in Virginia, where it was first cored 

(Powars et al., 1992; Poag et al., 1997a; Poag et al., 2004). Poag et al. (2004) inferred that the bulk of 

this syn-impact crater-fill deposit formed from fragments of sedimentary rocks and crystalline 

basement rocks, sand-sized particles up to km-sized blocks, that were violently disrupted initially by 

the impact and then further deformed and turbulently mixed together by the resulting water-column 

collapse and surge-back. The Exmore breccia completely covers and fills the inner basin and annular 

trough of the impact crater (see Section 1.2), with the proposed thickness of the breccia in the inner 

crater of ~ 1.2 km, while in the annular trough it is ~ 200 m in the western half, but thickens up to ~ 

400 m eastwards (Poag et al., 2004). 

 

After the generation of the Exmore breccia, the resumption of sedimentation onto the crater was 

immediate (Poag et al., 2004), burying it beneath 20 post-impact sediment formations (Figure 1.11). 

These formations include the Chickahominy, Delmarva beds, Old Church, Calvert, Choptank, St. 

Maryôs, Eastover, Yorktown, Chowan River formations and the Quaternary Tabb, Norfolk, Shirley, 

Chuckatuck, Charles City, Windsor, Kent Island, Wachapreague, Nassawadox, Joynes Neck and 

Omar formations (Figure 1.11; Poag et al., 2004).  

 

1.2 The Chesapeake Bay impact structure 

The CBIS is a late Eocene (35.4 ± 1 Ma; Horton and Izett, 2005) complex marine crater (Horton et al., 

2005a). Despite being buried beneath several hundreds of metres of post-impact sediments (see 

Section 1.1.3; Figure 1.11), geophysical studies and drilling programmes have revealed that the 
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structure is approximately 1.3-2 km deep and 85 km across and is characterised by an ~38 km wide 

central crater (inner basin in Figure 1.12) and an ~24 km wide annular trough, creating a distinctive 

ñinverted sombreroò shape (Figure 1.1; Poag et al., 2004; Horton et al., 2005b; Gohn et al., 2004a, 

2009). The central crater has three elements: the central uplift (central peak in Figure 1.12), an 

irregular peak ring and the intervening crater floor or moat, the deepest part of the CBIS (Poag et al., 

1999, 2004; Horton et al., 2005a, 2009a; Gohn et al., 2004, 2008, 2009).  

The central uplift consists of crystalline rock with a diameter of 15-20 km, rising to a peak 900 m 

above the central crater floor (Figure 1.12; Poag et al., 2002; Horton et al., 2005a). The irregular peak 

ring on the margin of the central crater is composed of uplifted basement material and rises to a 

maximum height of 1000 m above the central crater floor (Figure 1.12; Poag et al., 1999, 2004; 

Horton et al., 2005a; Gohn et al., 2009). The moat of the central crater is 2 km at its deepest point, 

and contains fallback and slump deposits (Figure 1.12; Poag et al., 2004; Horton et al., 2005a). 

Surrounding the central crater, the annular trough is a roughly circular, flat-floored, highly faulted and 

inwardly slumped structure (Figure 1.12; Poag et al., 1999, 2004; Horton et al., 2005a; Gohn et al., 

2009). 

 

 

Figure 1.12: Geological cross-section of the CBIS from NW to SE showing the relative 

locations of the central zone (inner basin, central peak, peak ring), the annular trough and the 

ICDP-USGS Eyreville drill site (modified after Poag et al., 1999, 2004; Gohn et al., 2008, 2009).  

 

The character of the target into which the Chesapeake Bay bolide excavated into can be divided into 

three components with increasing depth: sea water, clastic sediments and crystalline rocks (Horton et 

al., 2005a). The uppermost target component, sea water, is estimated to have been 0-340 m deep at 
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the impact site, with water depth increasing eastwards across the crater (Horton et al., 2005a). The 

second component, clastic sediments, forms part of the Atlantic Coastal Plain sediments and has 

already been discussed in Section 1.1.3. Crystalline rocks comprise the deepest target component 

and include Proterozoic and Palaeozoic basement rocks of the Appalachian orogen discussed in 

Section 1.1.2.  

 

1.2.1 Previous studies of the Chesapeake Bay impact structure 

Sedimentary and structural evidence for a large crater in the Chesapeake Bay have been recorded 

since the 1940ôs through geo-hydrological studies, although the extraterrestrial significance of the 

evidence was not fully realized until 50 years later when it was linked to a late Eocene impact (Poag 

et al., 1992, 1994b; Poag, 1996; 1997a, 1999c; Koeberl et al., 1996; Powars and Bruce, 1999). 

During the intervening years, a large database of subsurface stratigraphic analyses, derived from 

more than 200 uncored boreholes, was produced and published by several authors, including 

(amongst others) Cederstrom (1945a, 1945b, 1946), Brown et al. (1972), Teifke (1973), Gibson 

(1983), Ward and Krafft (1984), Ward and Strickland (1985), Mixon et al. (1989) and Poag and Ward 

(1993; Poag et al., 2004). This database was combined with extensive outcrop studies to establish a 

regional and structural framework for the south-eastern Virginia sedimentary rocks located outside the 

crater rim (Poag et al., 2004). A complementary geological framework for the crystalline basement 

beneath the Virginia Coastal Plain was generated from regional geophysical surveys and rare deep 

well data published by many authors, including (amongst others) Ewing et al. (1937), Woollard et al. 

(1957), LeVan and Pharr (1963), Taylor et al. (1968), Sabet (1973), Johnson (1977), Hawarth et al. 

(1980) and Thomas et al. (1989; Poag et al., 2004).  

 

The existence of the Chesapeake Bay impact crater was revealed through a combination of sample 

analysis from borehole cores drilled by the USGS and Virginia Department of Environmental Quality 

(VDEQ) between 1986 and 1992, the recognition of an offshore layer of late Eocene impact ejecta at 

the Deep Sea Drilling Site 612 and subsequent analysis of marine seismic-reflection data (Powars et 

al., 1987, 1990, 1992, 1993; Bohor et al., 1988; Glass, 1989; Obradovich et al., 1989; Poag et al., 

1991, 1992, 1994; Horton et al., 2005a). Extensive structural and stratigraphic documentation of the 



 

33 
 

CBIS based on the seismic-reflection data followed (Poag and Aubrey, 1995; Koeberl et al., 1996, 

2001; Poag, 1996, 1997, 2000; Poag et al., 1999a, 1999b; Powars and Bruce, 1999; Powars, 2000).  

 

Poag and Aubry (1995), Koeberl et al. (1996), Poag (1996, 1997, 2000), Poag et al. (1999a, 1999b), 

Powars and Bruce (1999) and Powars (2000) provided the initial structural and stratigraphic 

documentation of the CBIS. However, many fundamental concepts regarding the CBIS were based 

on untested hypotheses (Horton et al., 2005a). As a result, the Chesapeake Bay Impact Crater 

Drilling Project was established in 2000 to elucidate the various aspects of the CBIS, including the 

physical characteristics, geologic history, formative processes, hydrologic effects, and water-resource 

implications (Horton et al., 2005a). Figure 1.13 shows the locations of a number of other borehole 

cores drilled into the CBIS, including the ICDP-USGS Eyreville borehole core. The five borehole cores 

(Bayside, USGS-NASA Langley, North and Watkins School and ICDP-USGS Eyreville borehole 

cores) have been drilled since 2000 (Horton et al., 2005a; Gohn et al., 2008, 2009).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.13: Regional map of the CBIS with the locations of borehole cores in southeastern 

Virginia, including the ICDP-USGS Eyreville borehole core (after Horton et al., 2005a, 2005b; 

Gohn et al., 2008, 2009). Symbols: B = Bayside; D = Dismal Swamp; E = Exmore; EF = ICDP-

USGS Eyreville; F = Fentress; H = Haynesville; J = Jamestown; JB = Jenkins Bridge; K = 

Kiptopeke; L = USGS-NASA Langley; M = MW4-1; N = North; NN = Newport News Park 2; W = 

Windmill Point; WS = Watkins School.  
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1.2.2 Evolution of the Chesapeake Bay impact event 

Prior to the Chesapeake Bay impact, passive margin sediments of the Atlantic Coastal Plain covered 

the Appalachian orogen (Figure 1.14a; Section 1.1.3). At 35.4 ± 1 Ma, the Chesapeake Bay bolide 

impacted into these sediments and the underlying crystalline basement rocks (Figure 1.14b; Horton 

and Izett, 2005). Excavation and subsequent inward slumping of unconsolidated, wet sediments of 

the shallow ocean created the wide, shallow, annular trough; the central crater excavated into the 

underlying consolidated sediments and crystalline basement rocks (Figure 1.14b; Horton et al., 

2005a). This excavation of a multi-layered target created the inverted sombreroò shape characteristic 

of the CBIS (Figure 1.12; Horton et al., 2005a). 

 

The shockwave produced by the impact of the bolide into the target material initially forced the 

transport of material outward and upward, causing vaporisation, melting and shock metamorphism in 

the target material (Figure 1.14b; Horton et al., 2005a). The formation of the bowl-shaped transient 

crater (transient cavity in Figure 1.14b) was due to the downward expansion of the shockwave, which 

produced shock deformation (and the associated faulting and fracturing), the formation of melts lining 

the transient cavity, the generation of an ejecta curtain, and the upliftment of the crater rim (Figure 

1.14b; Horton et al., 2005a). The sudden lack of overburden caused fractures to open, allowing the 

emplacement of lithic and suevitic dike breccias (Gohn et al., 2008). 

 

Once expansion of the transient crater ceased, the central crater and central uplift experienced 

rebound and collapse concurrently with massive rock failure and inward slumping of water-saturated 

sediments (crater units A and B in Figure 1.14c) within the annular trough, continuing into the central 

crater beyond, and surge-back effects from subsequent water-column collapse (Figure 1.14c; Poag et 

al., 2004; Horton et al., 2005a). Included in the fallback and slump deposits within the central crater 

are displaced rock slabs (megablocks), which were transported into the central crater by the ocean 

resurge processes from either the transient crater rim or adjacent areas outside of the transient crater 

(Gohn et al., 2008). Distances travelled by these megablocks may be in excess of 5 km (Gohn et al., 

2008; Horton et al., 2009a).  
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Figure 1.14: Schematic cross-sections illustrating the proposed sequence of events for the 

formation of the CBIS (Horton et al., 2005a): (a) Pre-impact target. (b) Contact and compression 

stage of the impact followed by excavation of the target material. (c) Crater modification by 

collapse, slumping blocks and resurging water (A and B represent crater units; see text for 

explanation). (d) Burial of the impact crater by post-impact marine sediments. Locations of the 

USGS-NASA Langley and ICDP-USGS Eyreville borehole cores in (d) are included for reference 

purposes. Diagram modified after Horton et al. (2005a). 
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Figure 1.14 (continued): Schematic cross-sections illustrating the proposed sequence of 

events for the formation of the CBIS (Horton et al., 2005a): (a) Pre-impact target. (b) Contact 

and compression stage of the impact followed by excavation of the target material. (c) Crater 

modification by collapse, slumping blocks and resurging water (A and B represent crater 

units; see text for explanation). (d) Burial of the impact crater by post-impact marine 

sediments. Locations of the USGS-NASA Langley and ICDP-USGS Eyreville borehole cores in 

(d) are included for reference purposes. Diagram modified after Horton et al. (2005a). 

 

Unlike the USGS-NASA Langley borehole core, which intersected crater units from the CBIS annular 

trough and underlying crystalline basement (as shown in Figure 1.14d), the location of the ICDP-

USGS Eyreville borehole core in the central crater suggests that it may have intersected such 
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slumped megablocks. Coeval with the collapse of the transient crater was the fallback of particles and 

other material ejected during the formation of the transient crater (Horton et al., 2005a; Gohn et al., 

2008). Burial of the final crater by post-impact sediments commenced following the deposition of the 

Exmore beds by late ocean resurge currents (Figure 1.14d; Horton et al., 2005a). 

 

1.3 The ICDP-USGS Eyreville borehole core 

1.3.1 ICDP-USGS drilling of the Chesapeake Bay impact structure 

As part of the Chesapeake Bay Impact Crater Drilling Project, the ICDP and USGS completed a 

drilling project within the Chesapeake Bay impact structure near Cape Charles, Virginia, in May 2006 

(Figure 1.1; Gohn et al., 2006). The drilling resulted in three holes with a combined depth of 1766 m 

within the central zone or inner rim of the structure, approximately 9 km from the presumed centre of 

the impact structure (Gohn et al., 2006; 2009). The project drilling objectives were to (i) recover 

continuous cores from a complete section of upper Eocene and younger sediments covering the 

impact structure, from the complete section of crater-filling impactites and from a short section of 

breccias from the crater floor, and (ii) investigate the post-impact continental-margin geology, impact 

effects on the regional groundwater system and groundwater quality, and impact effects and other 

aspects of the deep biosphere, in addition to studies of impact processes and products (Gohn et al., 

2006). 

 

Field operations began in July 2005 when three borehole cores were drilled at the Eyreville Farm site 

located in Northampton County, Virginia (Figure 1.1; Gohn et al., 2006). The Eyreville-A borehole core 

was cored at a depth of 125 to 941 m from September through to early October of 2005; the cessation 

in the drilling of the Eyreville-A borehole core was caused by swelling clays and a loss of mud 

circulation (Gohn et al., 2006; 2009). Drilling of the Eyreville-B borehole core at a depth of 738 to 

1766 m took place from October to early December of 2005 (Gohn et al., 2006; 2009). The Eyreville-

C borehole core was cored through post-impact sediments to a depth of 140 m during April and May 

of 2006 (Gohn et al., 2006; 2009).  
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The three Eyreville borehole cores uncovered rocks from the lower crystalline basement, the impactite 

succession, granite and amphibolite megablocks, impact-modified pre-impact sediments, and post-

impact marine sediments (Figure 1.15; Gohn et al., 2006; Horton et al., 2009a). A brief description of 

these five crater fill units (after Gohn et al., 2008, and Horton et al., 2009a) follows.  

¶ The crystalline basement (1766.3-1551.2 m depth) comprises amphibolite-facies metasediments 

that are intruded by coarse-grained to pegmatitic granite. Minor polymict impact breccia dykes 

and veins occur towards the top of basement sequence. Rocks of the basement section are pre-

Mesozoic in age and record the pre-impact regional metamorphic history. 

¶ Suevitic and lithic impact breccias constitute the impactite succession (1551.3-1397.2 m depth). 

The succession has a lower melt-poor section containing boulders of cataclased gneiss, while 

the upper section of the impactite succession is considered to be melt-rich.  

¶ The amphibolite (1397.2-1371.1 m depth) and granite (1371.1-1095.7 m depth) megablocks lie 

above the impactite sequence. These rocks were transported to their present locations during the 

collapse of the transient crater.  

¶ The thickest crater-filling unit of the CBIS is the impact-modified pre-impact sediment sequence 

(1095.7-443.9 m depth). Brecciated target sediments and polymict, sediment-dominated breccias 

make up this section, with the Exmore breccia the dominant unit.  

¶ The post-impact marine sediments constitute the upper 443.9 m of the geological column, 

burying the CBIS. 

 

Seismic profiling of the Eyreville borehole cores by Catchings et al. (2008) revealed that the ICDP-

USGS drilling of the CBIS did not intersect in situ crystalline basement but rather a portion of 

basement rocks that had been dislodged by the impact event. Despite this, the lower basement-

derived section still provides a unique sample set of previously inaccessible material that, in 

combination with previous studies, contributes to the understanding of the regional pre-impact 

geological setting.   
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Figure 1.15: Composite geological column of the Eyreville borehole core with cored intervals 

A, B and C (after Gohn et al., 2006).  

 

1.4 This study 

The main objective of this study is to describe and analyse samples from the lower crystalline 

basement-derived section (1551.2-1766.3 m depth) and upper granite and amphibolite megablocks 

(1095.7-1397.2 m depth) of the Eyreville-B borehole core in order to characterise the crystalline part 

of the target into which the Chesapeake Bay bolide impacted. The sample set analysed in this study 

comprises 106 discrete samples collected from the Eyreville-B borehole core. Of the 106 samples, 85 
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samples are from the RG-series (54 collected by Roger Gibson in June, 2006; 31 collected by G.N. 

Townsend in November, 2007), 19 samples from the W-series (collected by Uwe Reimold in June, 

2006) and 2 samples from the MJK-series (collected by Mick Kunk in June, 2006, and included into 

this study in November, 2007). The additional W-series and MJK-series samples were incorporated to 

improve the reliability of the data set owing to sample size restrictions (each sample was limited to 

quarter cores up to a maximum length of 150 mm). A parallel MSc of the impactite sequence from the 

Eyreville-B borehole core was completed by Jolly (2011). 

 

The methods of investigation undertaken in this study include hand specimen and thin section 

petrography (Chapter 2), structural analysis (Chapter 2), bulk rock major, trace and rare earth element 

geochemistry (Chapter 3), electron microprobe analysis (Chapter 4), geothermobarometry (Chapter 4) 

and geochronology (Chapter 5). The results and observations of this study are then combined with 

previous studies in Chapter 6 to generate a potential regional model for the target rocks of the CBIS in 

terms of lithology, structure, metamorphic grade, age and nature of intrusions and the age and nature 

of metamorphism. The above methods were employed to produce results that gave both detailed 

information regarding how specific minerals and rock samples were formed as well as providing 

information that could be used for large-scale regional comparisons. 

 

Objectives of this study on the lower basement-derived section and the upper amphibolite and granite 

megablocks of the Eyreville-B borehole core include: 

¶ Petrographic description and structural analysis through micro- and macroscopic observations; 

¶ Geochemical analysis in terms of mineralogy (electron microprobe analysis) and bulk rock 

composition (X-ray fluorescence for major and trace elements; inductively coupled plasma mass 

spectrometry for rare earth elements); 

¶ Establishing the metamorphic conditions experienced by the target rocks prior to the impact 

event by geothermobarometric analyses; 

¶ Geochronological determination of the age of intrusive and metamorphic events recorded in the 

Eyreville-B target rocks; and 

¶ Comparisons of this projectôs results with regional studies to contribute to understanding of the 

Appalachian evolution of the region. 
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Two peer-reviewed papers (Appendix 6) have been published from this MSc project by the Geological 

Society of America in a Special Paper dedicated to the ICDP-USGS drilling of the Chesapeake Bay 

impact crater: 

¶ Townsend, G.N., R.L. Gibson, J.W. Horton, Jr., W.U. Reimold, R.T. Schmitt & K. Bartosova, 

2009, Chapter 13: Petrographic and geochemical comparisons between the lower crystalline 

basement-derived section and the granite megablock and amphibolite megablock of the Eyreville 

B core, Chesapeake Bay impact structure, USA: Geological Society of America Special Paper 

458, p. 255-275. 

¶ Gibson, R.L., G.N. Townsend, J.W. Horton, Jr. & W.U. Reimold, 2009, Chapter 12: Pre-impact 

tectonothermal evolution of the crystalline basement-derived rocks in the ICDP-USGS Eyreville B 

core, Chesapeake Bay impact structure: Geological Society of America Special Paper 458, p. 

235-254. 

 

Co-author Roger Gibson (University of the Witwatersrand, South Africa) was the supervisor for this 

MSc project and collected the initial sample set. Owing to time constraints, Roger Gibson took the 

lead on the second peer-reviewed paper, focusing on metamorphic and structural aspects of the 

study. Wright Horton is a collaborator at the USGS in Reston, USA, and supervised the 

geochronology and regional comparison sections. Uwe Reimold is a collaborator at the Museum für 

NaturkundeïLeibniz Institute at the Humboldt University in Berlin, Germany, and both facilitated 

geochemical analyses in Berlin and provided the W-series sample set. Ralf Schmitt (Museum für 

NaturkundeïLeibniz Institute at the Humboldt University in Berlin, Germany) and Katerina Bartosova 

(University of Vienna, Austria), who undertook parallel studies of the Eyreville drill cores from the 

Chesapeake Bay impact structure that were also published in the Special Paper by the Geological 

Society of America, contributed to the peer-reviewed paper by sharing geochemical data sets to 

improve data reliability. The project included time at the Museum für NaturkundeïLeibniz Institute at 

the Humboldt University in Berlin, Germany, performing scanning electron microscopy and electron 

microprobe analysis. At the USGS in Reston, USA, an additional 30 samples were collected 

additional core descriptions and measurements were completed, and mineral separations were 

performed for the geochronological analyses in the laboratory of Michael Kunk, who provided the 

MJK-series sample set.   
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2 PETROGRAPHIC AND STRUCTURAL ANALYSIS 

 

2.1 Introduction 

This chapter presents a detailed petrographic and structural analysis of the lower basement-derived 

section (between 1551.19 m and 1766.32 m depth) and upper amphibolite (between 1376.38 m and 

1389.35 m depth) and the granite (between 1095.74 m and 1371.11 m depth) megablocks of the 

Eyreville-B borehole core. Identifying and describing the macro- and microscopic characteristics and 

textures of the various rock types within the Eyreville-B borehole core allows for initial interpretations 

regarding the petrogenesis of the rocks and provides the foundation on which interpretations from 

scientific analyses in the following chapters are based. 

 

2.2 Methodology 

A total suite of 106 samples were selected from the Eyreville-B core hole for petrographic and 

structural analysis based on macroscopic and transmitted (and reflected) light optical microscopy. 

This suite comprises 85 samples from the RG-series (54 collected by R.L. Gibson in June 2006; 31 

collected by G.N. Townsend in November 2007), 19 samples from the W-series (collected by W.U. 

Reimold in June 2006) and 2 samples from the MJK-series (collected by M.J. Kunk in June 2006 and 

included into this study in November 2007). Of these, 56 samples are from the lower, crystalline 

basement-derived section (28 mica schist, 13 granite, 8 breccia, 2 amphibolite, 1 biotite schist, 1 calc-

silicate, 1 tourmalinite, 1 quartz vein and 1 chlorite fracture), 10 are from the amphibolite megablock 

(9 amphibolite and 1 granite-bearing calcite vein) and 40 are from the granite megablock (20 gneissic 

granite, 13 massive granite, 6 biotite schist xenoliths and 1 chlorite fracture). 107 thin sections were 

prepared for transmitted (and reflected) microscopy: 56 from RG-series of samples at the SGS 

Lakefield Laboratories in Johannesburg, South Africa, 19 from the W-series of samples at the 

Humboldt University in Berlin, Germany, and 29 from the RG-series and 1 from the W-series at the 

University of the Witwatersrand, South Africa. Two thin sections were prepared from the following 

samples: RG01, RG40, RG50, RG51 and RG156. Macroscopic structural measurements were 

undertaken at the USGS in Reston, Virginia, in November 2007. Each measurement was taken from 
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the core axis for each relevant sample. All samples collected are presented in Appendix 1a, with 

petrographic summary descriptions and hand specimen photographs presented in Appendix 1b and 

1c, respectively. Structural measurements are presented in Appendix 1d. Mineral abbreviations in the 

figure captions are from Whitney and Evans (2010). 

 

2.3 Petrographic Analysis 

2.3.1 Lower basement-derived section  

The lower basement-derived section of the Eyreville-B borehole core is located between 1551.19 m 

and 1766.32 m depth (Figure 2.1) and consists of foliated metasediments, which include mica schist, 

amphibolite and calc-silicate rock, and coarse-grained to pegmatitic granite. The section is 

characterised by a dominant mica schist component in the upper part of the section, whereas the 

granite becomes increasingly abundant towards the base, solely comprising the lowermost ~75 m of 

the borehole core (Figure 2.1). Between 1640 m and 1655 m depth, alternating layers of granite and 

metasediments define a distinct mylonitic zone, although thin mylonites occur locally above and below 

this zone. Additionally, several thin dikes of suevite and polymict impact breccia occur above 1611 m 

depth (Figure 2.1). 

 

2.3.1.1 Mica schists 

The mica schists (between 1560 m and 1718 m depth) are black to silver-grey in colour, fine-grained 

(average grain size less than 1 mm) and foliated (Figure 2.2a). Locally porphyroblastic, the mica 

schists are observed to contain highly deformed relict sedimentary layering, are intruded by granite 

dykes and cut by secondary fractures containing quartz, chlorite and/or calcite (see Section 2.4.2). In 

terms of mineralogy, the mica schists comprise mainly muscovite (20-40 vol%), plagioclase (20 vol%), 

quartz (15-30 vol%), biotite (10-15 vol%) and graphite (5-10 vol%). Accessory phases include garnet, 

fibrolite (sillimanite), tourmaline, rutile, pyrite, chalcopyrite, pyrrhotite and zircon.  
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Figure 2.1: (a) Composite stratigraphic column for Eyreville-B borehole core (after Gohn et al., 2006) with 

(b) a detailed column for the lower basement-derived section between 1551 m and 1766 m depth (after 

Horton et al., 2009a). 

 

The mica schist foliation is defined by alternating millimetre-scale mica (Ms > Bt) and Qz-Pl foliae 

(Figure 2.2b), which is locally folded (see Section 2.4.1). Muscovite is fine-grained (~0.5-1 mm), 

subidioblastic and platy, and exhibits variable degrees of internal strain (e.g. kink banding, undulose 

extinction; Figure 2.2b) caused by localised mylonitic deformation (see Section 2.3.1.7). Muscovite is 

also common as lath-shaped inclusions in the graphite-rich cores of plagioclase porphyroblasts (see 



 

45 
 

Section 2.4.4). Fine-grained (~0.6 mm), subidioblastic and commonly intergrown with muscovite 

(Figure 2.2c), biotite is commonly kinked and altered to chlorite in the vicinity of mylonitic deformation 

bands as well as fracture and breccia zones (see Section 2.4). In addition to occurring in the matrix, 

porphyroblasts of plagioclase are poikilitic, texturally zoned and up to 2 mm in diameter (Figure 2.2d). 

Plagioclase porphyroblasts tend to have a graphite-rich core, an inclusion-rich intermediate zone 

(including quartz, tourmaline, muscovite, graphite and/or rutile), an inclusion-poor rim, and exhibit 

variable amounts of dissolution along the mylonitic foliation (Figure 2.2d; see Section 2.4.4). 

Plagioclase is commonly altered to sericite, epidote and/or calcite. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Corebox and thin section photographs of the lower basement-derived mica schists. (a) 

Corebox 322 showing the highly foliated nature of the mica schists. (b) Sample RG60 showing folds that 

locally deform the mica schist foliation (PPL). (c) Sample RG34 showing an elongated Qz grain within the 

Ms-Bt foliae and adjacent irregular masses of Gr (PPL). (d) Zoned Pl porphyroblasts with Gr-rich cores in 

sample RG68 (PPL). Abbr.: Bt = biotite; Cal = calcite; Gr = Graphite; Ms = muscovite; Pl = plagioclase; 

PPL = plane polarised light; Py = pyrite; Qz = quartz; Sil = sillimanite (mineral abbreviations after Whitney 

and Evans, 2010). 
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Quartz is granoblastic to lensoid (0.2-1 mm; Figure 2.2c) and exhibit varying degrees of internal strain 

demonstrated by undulose extinction and grain boundary migration recrystallisation. Graphite is 

observed to occur in disseminated form, large irregular masses (Figure 2.2c) and as inclusions in 

plagioclase porphyroblasts (Figure 2.2d). The abundance of graphite increases in concentration with 

depth (Figure 2.1) and is found within breccia matrices and fractures towards the base of the lower 

basement-derived section.  

 

Sillimanite is observed as knots of fibrolite, up to 3 mm long in places (Figure 2.3a), as well as rarer, 

highly altered grains (Figure 2.2b). More commonly skeletal and highly fractured with varying levels of 

alteration (Figure 2.3b), porphyroblasts of garnet can also be poikilitic containing biotite, quartz and 

rutile inclusions (see Figure 2.26a). Tourmaline is brown in colour (i.e. dravitic) and idioblastic to 

subidioblastic in nature (Figure 2.3c). Pyrite forms idioblastic to subidioblastic grains as well as blebs 

and/or stringers as inclusions in plagioclase porphyroblasts (Figure 2.2c and d) and is locally 

associated with other fracture fill minerals (e.g. chlorite and calcite) in veins and fractures (Figure 

2.3d). Rutile and zircon occur as very fine-grained (Ò0.1 mm), idioblastic to rounded grains. Pyrrhotite 

grains are xenoblastic and form either individual blebs (0.2 mm) or aggregates up to 3.5 mm in 

diameter. Epidote and chlorite are alteration products of plagioclase and biotite, respectively, and 

form part of the retrograde metamorphic assemblage adjacent to calcite-filled veins, fractures and/or 

breccias (Figure 2.3d). 

 

2.3.1.2 Biotite schist 

A thin layer (22 cm) of Qz-Pl-Bt schist is located in the upper portion of the lower basement-derived 

section between 1578.74 m to 1578.96 m depth. Unlike the other mica schists, this schistose layer 

comprises quartz (35 vol%), plagioclase (35 vol%), biotite (25 vol%) and graphite (5 vol%), with only 

trace amounts of rutile and muscovite (Figure 2.4a). The biotite schist is characterised by a distinctive 

lensoid microstructure where biotite is observed to wrap around fine-grained, lensoid Qz-Pl 

aggregates (Җ1 mm), which locally exhibit internal strain and dynamic recrystallisation. Plagioclase 

forms subidioblastic grains with oscillatory zoning, whereas biotite grains, locally up to 2.5 mm in 

diameter, show strong kinking and bent cleavage and contain fine-grained graphite inclusions. More 

commonly, graphite occurs as coarse-grained aggregates and seams, which lie parallel to the biotite 
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foliation, as well as in cross-cutting fractures (Figure 2.4b). Rare, very fine-grained white mica 

aggregates appear to possibly be pseudomorphs after highly poikilitic cordierite porphyroblasts. 

Unfortunately, mineral chemistry for the biotite schist could not confirm this possibility (see Chapter 4, 

Section 4.2.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Photomicrographs of samples from the lower basement-derived mica schist. (a) Sample RG44 

showing a Fi knot (PPL). (b) Skeletal and elongated garnet in sample RG53 (PPL). (c) Sample RG38 

illustrating the intercalation of Tur and Py with Ms and Pl (PPL). (d) Brecciated fracture in Qz with Py, Cal 

and Chl fracture-fill in sample RG43 (PPL). Abbr.: Bt = biotite; Cal = calcite; Chl = chlorite; Fi = Fibrolite; 

Gr = Graphite; Grt = garnet; Ms = muscovite; Pl = plagioclase; PPL = plane polarised light; Py = pyrite; Qz 

= quartz; Tur = tourmaline. 

 

2.3.1.3 Amphibolite 

A very thin layer (~58 cm) of fine-grained banded amphibolite is located within the mylonite zone of 

the lower basement-derived section between 1644.58 m and 1645.16 m (Figure 2.1). This 58-cm-

thick layer exhibits a subidioblastic mineral texture with seriate-polygonal aggregates and contains 
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mm- to cm-scale bands of alternating dark to light grey material of highly variable mineralogy, with 

some individual bands comprising up to 50 vol% epidote (Figure 2.4c). More commonly, amphibole 

and plagioclase together comprise >50 vol% of the lithology, with variable amounts of quartz, biotite, 

K-feldspar, calcite, epidote and titanite in different layers (Figure 2.4d). The alternating bands of 

strongly varying mineralogy and its close association with the calc-silicate (see Section 2.3.1.4) may 

suggest a sedimentary origin (i.e. para-amphibolite), rather than forming through igneous processes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: (a) Photomicrograph (PPL) and (b) hand specimen photograph of the lower basement-derived 

biotite schist sample RG70 showing the large amount of Bt that defines the lithology. (c) Hand specimen 

and (b) photomicrograph (PPL) of the lower basement-derived amphibolite sample RG51 where 

alternating bands of Bt-rich and Bt-poor assemblages are shown. Abbr.: Amp = amphibole; Bt = biotite; 

Ep = epidote; Pl = plagioclase; PPL = plane polarised light; Py = pyrite; Qz = quartz; Ttn = titanite. 

 

The alternating bands are oriented parallel to the foliation defined by aligned amphibole grains (Figure 

2.4d). Reaching up to 2.5 mm in diameter, amphibole grains are idioblastic to highly irregular 

poikiloblasts, containing quartz, plagioclase, epidote and titanite inclusions (Figure 2.4d). In some 

cases, the amphibole grains have been pseudomorphed by uralite and chlorite adjacent to fractures 
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and calcite veins. Biotite is locally replaced by chlorite and forms both as interstitial grains between 

quartz and feldspar and as somewhat irregular seams oriented parallel to the foliation (Figure 2.4d). 

Epidote (Җ 0.8 mm) and titanite (Җ 0.5 mm) are idioblastic and form part of the prograde peak 

assemblage. Quartz is observed to form large, irregular grains that locally exhibit dynamic 

recrystallisation. This observation combined with relatively coarse Pl-Qz myrmekitic texture suggests 

the rock experienced a hydrothermal component during mylonitisation. This is in agreement with 

disrupted calcite veins (Figure 2.4c) that may be related to a subsequent deformation event (see 

Section 2.4.2). 

 

2.3.1.4 Calc-silicate rock 

In close spatial association with the lower basement-derived amphibolite is the calc-silicate rock 

located between 1645.77 m and 1646.44 m depth (~67 cm; Figure 2.1). It is strongly cataclased, dark 

to light green in colour (Figure 2.5a) and contains a peak metamorphic assemblage, consisting of 

vesuvianite (70 vol%), plagioclase (15 vol%) and quartz (15 vol%), and a retrograde metamorphic 

assemblage, which comprises epidote (40 vol%), calcite (25 vol%), quartz (20 vol%), chlorite (10 

vol%) and amphibole (5 vol%). In the peak assemblage, vesuvianite forms coarse-grained, 

interlocking aggregates (Figure 2.5b), which locally enclose plagioclase and quartz. Rare, irregularly-

shaped relics of an isotropic mineral (possibly garnet) are also observed within the peak metamorphic 

assemblage. 

 

The retrograde metamorphic assemblage, which comprises approximately 35% of the calc-silicate, is 

closely related to the brecciation observed in the calc-silicate rock (Figure 2.5a), which extends from 

hand specimen to micro-scale where intense fracturing of the vesuvianite occurs (Figure 2.5b). 

Commonly filled by Ep-Chl-Cal-Qz fracture-fill (Figure 2.5c), the fractures can be large and irregularly 

shaped or as sets of intersecting, closely-spaced, parallel fractures. Epidote forms subidioblastic 

grains up to 1.5 mm diameter in the larger fractures, with xenoblastic, medium-grained calcite (2 mm), 

very fine-grained (0.1 mm) quartz and fine-grained (0.5 mm) chloritic masses (Figure 2.5c). 

Aggregates of fine-grained (1 mm) amphibole (possibly actinolite owing to lighter green colour, 

compared to hornblende in the basement amphibolite, and acicular nature) are observed along a 

single fracture (Figure 2.5d). 
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Figure 2.5: Hand specimen and thin section (PPL) photographs of the lower basement-derived calc-

silicate sample RG50 showing (a) its highly brecciated nature, (b) the peak metamorphic assemblage, (c) 

the retrograde metamorphic assemblage and (d) the Amp component. Abbr.: Amp = amphibole; Cal = 

calcite; Chl = chlorite; Ep = epidote; Pl = plagioclase; PPL = plane polarised light; Qz = quartz; Ves = 

vesuvianite. 

 

2.3.1.5 Tourmalinite 

The tourmalinite, a banded rock that constitutes up to 80 vol% tourmaline in a single band, is located 

at approximately 1639 m depth (Figures 2.1 and 2.6a). The remainder of the assemblage comprises 

plagioclase, quartz, pyrite, graphite, rutile and zircon (Figure 2.6b). Similar to the tourmaline observed 

in the lower basement-derived mica schist, tourmaline forms brown (dravite), fine-grained (0.5 mm) 

and idioblastic to subidioblastic grains (Figure 2.6b). However, unlike the mica schist tourmaline, 

these grains are highly poikilitic (Figure 2.6b). The intensive nature of the tourmalinite coupled with its 

position adjacent to granite dykes within the mylonite zone (1640 m and 1655 m depth; see Section 
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2.3.1.6) is consistent with tourmaline from pegmatitic injections into metamorphic terranes (Krynine, 

1946), which suggests that the lithology may have formed as a result of fluid escape from the granite 

veins. It is also possible that the mylonite zone included a tourmaline metasomatic component (see 

Section 2.5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: (a) Hand specimen and (b) thin section (PPL) photographs of sample RG54 showing the 

abundance and fine-grained nature of the lower basement-derived tourmalinite. (c) Thin section (PPL) 

and (d) hand specimen photographs of sample RG57 showing the coarse grain size of Tur-rich layers 

within the lower basement-derived mica schist. Abbr.: Ms = muscovite; Pl = plagioclase; PPL = plane 

polarised light; Py = pyrite; Qz = quartz; Tur = tourmaline. 

 

A second, more common tourmaline-rich assemblage occurs within the lower basement-derived mica 

schist. Tourmaline in these assemblages form dense, poikilitic to locally monomineralic, aggregates 

(Figure 2.6c) that can reach up to several centimetres in width in close proximity to Qz and/or Qz-Fsp 

lenses (Figure 2.6d). The large size of the monomineralic tourmaline grains, which commonly occur 

within these lenses, is consistent with a pegmatitic provenance (Krynine, 1946). As a result, these 

lenses are interpreted to be boudinaged quartz veins and granite dykes (Figure 2.6d). Textural zoning 
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occurs in the larger tourmaline grains (1 mm), with blue-green irregular cores and yellow-brown rims 

(Figure 2.6c). Although somewhat erratic, the zoning is consistent with a blue-green, schorlitic core 

and a brown, dravitic rim (Krynine, 1946; Klein, 2002). Henry and Guidotti (1985) observed that this 

type of textural observation commonly occurs in pyrrhotite-rich rocks. Tourmaline grains are observed 

to be locally bent or broken, with micro-fractures locally filled by quartz (Figure 2.6c).  

 

2.3.1.6 Granite 

The lower basement-derived granite occurs as coarse-grained to pegmatitic dykes which intrude the 

metasediments, becoming the dominant lithology in the lower portion of the borehole core (from 1690 

m depth; Figure 2.1). Exhibiting an idiomorphic to hypidiomorphic, inequigranular-polygonal texture, 

the granite varies from a pink/orange variety (Figure 2.7a), which is dominated by K-feldspar (20-40 

vol%) megacrysts (pink) that are locally altered to sericite (orange), and a white variety (Figure 2.7b), 

which comprises mainly plagioclase (30-35 vol%) and quartz (20-25 vol%). Other mineral phases 

include muscovite (0-13 vol%), biotite (0-5 vol%), garnet (0-2 vol%) and amphibole (0-1 vol%). 

 

K-feldspar forms coarse- (~8 mm) to very coarse-grained (up to 40 mm in pegmatites), idiomorphic to 

subidiomorphic, perthitic, poikilitic grains which display patchy microcline twinning (Figure 2.7c). 

Similar to K-feldspar, fine- to coarse-grained (0.4-6 mm) plagioclase grains are idiomorphic to 

subidiomorphic and locally poikilitic (Figure 2.7d). Muscovite, plagioclase and quartz form inclusions 

in both K-feldspar and plagioclase poikiloblasts (Figure 2.7c and d). Quartz grains are fine-grained 

(0.1-0.6 mm) and, together with the feldspars, show internal deformation and dynamic recrystallisation 

features (Figure 2.7d) associated with the mylonitic S1b deformation and cataclasis (see Section 

2.4.1). Seritisation and saussuritisation is observed in both K-feldspar and plagioclase feldspars 

(Figure 2.7c and d). Calcite is commonly observed to replace twin lamellae in feldspar grains (Figure 

2.7c and d). 

 

Muscovite is the most common mica in the lower basement-derived granite (Figure 2.7d) and varies in 

grain size from fine- (0.4-0.8 mm) to very coarse-grained (~3 cm), whereas biotite only occurs a fine 

(0.2-0.4 mm) grains that are locally replaced by very fine-grained (Җ 1 mm) chlorite adjacent to 

fractures and cataclastic zones. Garnet occurs as fine- to medium-grained (0.5-2 mm), idiomorphic to 
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Figure 2.7: Corebox and thin section photographs of the lower basement-derived granite. Coreboxes (a) 

313 and (b) 324 showing the pink/orange and white granite varieties, respectively. (c) Poikilitic Kfs grain 

with Bt and Pl inclusions and local replacement by Cal in sample RG40a (XPL). (d) Large Ms and Pl 

grains within dynamically recrystallised Qz grains in sample RG32 (XPL). (e) Fractured and locally 

poikilitic Grt in sample RG40a (PPL). (f) Fractured Amp grains in a Qz-Pl matrix in sample RG61 (PPL). 

Abbr.: Amp = amphibole; Bt = biotite; Cal = calcite; Kfs = K-feldspar; Ms = muscovite; Pl = plagioclase; 

PPL = plane polarised light; Qz = quartz; XPL = cross polarised light; Zrn = zircon. 
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subidiomorphic, locally poikilitic (quartz and plagioclase inclusions), fractured porphyroclasts (Figure 

2.7e). Amphibole is fine- to medium-grained (0.5-1 mm), subidiomorphic, fractured, locally poikilitic 

and surrounded by locally altered plagioclase (Figure 2.7f). 

 

2.3.1.7 Mylonite zone 

The mylonite zone is located between 1640 m and 1655 m depth (Figure 2.1), although thin mylonites 

are observed to occur locally above and below this portion of the lower basement-derived section. 

The amphibolite, calc-silicate and tourmalinite (Sections 2.3.1.3, 2.3.1.4 and 2.3.1.5, respectively) are 

all located within this zone. Figure 2.8 shows the very fine-grained (< 1 mm) nature of the alternating 

bands of mica schist (dark grey to light brown) and granite (light pink) within the mylonite zone. Mica 

schist samples typically comprise plagioclase (20-30 vol%), quartz (10-20 vol%), muscovite (20-30 

vol%), biotite/chlorite (0-20 vol%), graphite (0-10 vol%), fibrolite (0-5 vol%), garnet (0-2 vol%), and 

pyrite (0-2 vol%), whereas granite samples typically comprise K-feldspar (20-30 vol%), plagioclase 

(20-30 vol%), quartz (30-40 vol%), muscovite (10 vol%), biotite (0-8 vol%), and garnet (2 vol%). 

Qualitatively, the light brown mica schists appear to have experienced greater intensities of 

retrogression compared with the dark grey schists, owing to replacement of biotite by chlorite and 

muscovite. 

 

2.3.1.8 Breccias 

Rare injections of suevites and polymict impact breccia are observed in the lower basement-derived 

section above 1611 m depth (Figure 2.1), with the deepest dyke intruding cataclastic granite 

pegmatites and mica schists (Figure 2.9a). Suevite dykes vary from 5 cm to 2 m in thickness, 

generally increasing with decreasing depth (Figure 2.9b), and are more common than polymict impact 

breccias in the lower basement-derived section, the latter only observed above 1551 m depth 

(Figures 2.1 and 2.9c). A graphite-rich biotite and muscovite schist, observed between 1576.64 m and 

1591.36 m depth, exhibits local brecciation and includes polycrystalline quartz mineral clasts (Figure 

2.9d), possibly plucked from the lower basement-derived granite.  
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Figure 2.8: Photograph of corebox 310 illustrating the fine-grained alternating mica schist and granite 

layers in the lower basement-derived mylonite zone. Abbr.: CV = chlorite vein; GR = granite; MS = mica 

schist; QV = quartz vein. 

 

Suevite matrices vary from black to dark grey in colour (evidence of its graphite-rich component) and 

exhibit weak to strong clast alignment (Figure 2.9b). Suevites become increasingly clast-supported 

with decreasing depth, directly correlating with increasing clast size (Figure 2.9a and b). Clasts vary 

from very fine-grained, acicular to subhedral, locally altered, individual minerals (Figure 2.10a), to 

larger than 6 cm, subrounded, lithic clasts (Figure 2.10b). Mineral clasts include muscovite, quartz, 

plagioclase, graphite and pyrite (Figure 2.10a), and lithic clasts include granite (Figure 2.9b) and 

quartzite (Figure 2.10b). The mineral clasts and granite lithic clasts are interpreted to have been 

included into the suevitic dykes from the lower basement-derived section; however, quartzite is not a 

lithology observed in this section and may have been included as a result of impact mixing processes 

(see Chapter 1, Figure 1.14). Melt in the suevite dykes occurs as dark grey to brown black, locally 

altered clasts (Figure 2.10a) and as light brown veins containing subrounded quartzitic material 

(Figure 2.10b).  

 

Polymict impact breccias contain much more altered and diverse material compared with the suevites 

(Figure 2.9c). The breccias vary from matrix- to clast-supported with no apparent correlation with 

depth. Owing to their highly graphitic nature, breccia matrices are dark brown to dark grey in colour 

(Figure 2.9c). In a single sample, clast size ranges from 0.1 mm to 5 cm and clast type ranges from 

quartz and calcite mineral grains to granite gneiss and shale lithic clasts (Figure 2.10c).  


































































































































































































































































































































































































































































