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Figure 1. Regional tectonic map, with state borders, of the New England Appalachian 

Orogenic Belt illustrating the main lithotectonic terranes discussed in the text. CVS - 

Connecticut Valley Synclinorium, R-H - Rowe Hawley terrane, HB - Hartford Basin, 

BH – Bronson Hill Anticlinorium, CMT – Central Maine Terrane. The Merrimack 

Terrane has been hatched with the letter M. Boxes represent the approximate extent of 

field areas referred to in the text; Narragansett Basin (Fig.2) and eastern Connecticut 

(Fig. 3). VT- Vermont, MA- Massachusetts, CT- Connecticut, ME- Maine, NH- New 

Hampshire, RI- Rhode Island, NY_ New York. 
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Figure 2a. Map of a portion of Rhode Island showing the fault-controlled boundaries 

between the Avalon Composite Terrane and the Rhode Island Formation metasediments 

(Pnb) of the Narragansett Basin. Isograds highlight the marked increase in metamorphic 

grade towards the southwest corner of the basin (modified after Hermes, O. D., Gromet, 

L. P. & Murray, D. P. 1994). The location of the area shown in Figure 3b is outlined 

with a box. 
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Figure 2b. Shows the approximate localities for oriented rock samples used in this 

study. 
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Table 1. Shows FIA measurements for samples from Conanicut and Prudence islands. 

All samples are taken from the Rhode Island Formation. FIA data separated as 

staurolite, plagioclase and garnet core and rim. All orientations are relative to true north. 

The presence of biotite porphyroblasts are noted with an X. 
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Figure 3. a) Equal area Rose plots of FIA trends measured for garnet staurolite and 

plagioclase porphyroblasts from the Rhode Island Formation of the Narragansett Basin. 

b) Equal area Rose plots of FIA trends measured for garnet and staurolite 

porphyroblasts from the Scotland Schist of the Merrimack Terrane, Connecticut. 
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Figure 4. Geologic map showing the location of samples used for microstructural 

analysis within the Merrimack Terrane of eastern Connecticut. Samples were collected 

from the Devonian-Silurian Scotland Schist. Major terrane bounding faults are labelled; 

CNF – Clinton Newbury, HHF – Honey Hill. Geologic formations are labelled; \Dc – 

Devonian Canterbury Gneiss, SOh – Silurian-Ordovician Hebron Gneiss, Dl – 

Devonian Lebanon Gabbro, Ota, Ordovician Tatnic Hill Formation and DSs – 

Devonian-Silurian Scotland Schist. The Willimantic Dome is labelled WD. 
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Table 2. Garnet and staurolite FIA trends measured from samples collected from 

Scotland Schist. Garnet multi-FIA sample FIAs are referred to as either ‘Core FIA’, 

‘Median FIA’, or ‘Rim FIA’ based on their relative location inside the porphyroblasts. 

Single-FIA samples are presented in the ‘Core FIA’ column. Trends are presented 

relative to true north. 
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Sample
Surrounding 
phase (fully 
enclosed?)

Shape
Relative to 

Inclusion trails

R40-0-mz1 grt (no) elongated perpendicular (rim)
R46-0-mz1a+b grt(y) blocky sub parallel (rim)
R46-0-mz2 st(y) elongated parallel
R46-0-mz3 grt(y) blocky sub parallel
R50-70-mz1 st(y) elongated parallel
R50-70-mz2 st(y) elongated parallel
R50-70-mz3 st(y) blocky inclusion parallel
R50-70-mz4 grt (no) blocky perpendicular (rim)
R76-70-mz1 grt (y) blocky N/A (rim)
R76-70-mz2 grt(y) sub rounded parallel (rim)
R76-70-mz3 grt(y) partially elongated sub parallel
R96-10-mz1 grt (no) rounded N/A (rim)
R98-10-mz1 grt(y) sub rounded N/A (rim)
R98-10-mz2 grt (no) blocky/rounded N/A
R98-10-mz3 grt(y) elongated parallel (rim)
R109-0a-mz1 grt (y) blocky sub parallel
R109-0b-mz1 grt (y) rounded N/A (rim)
R109-0b-mz2 grt (no) elongated N/A (rim)

Sample Fabric Shape Relative to Fabric

R40-0-mz2 Sm elongated parallel
R40-0-mz3 Sm partially elongated parallel
R76-70-mz4 Sm-1 blocky parallel
R76-70-mz5 Sm-1 rounded N/A
R109-0a-mz2 Sshadow sub rounded parallel
R109-0a-mz3 Sm elongated parallel
R225-150-mz1 Sm sub elongated parallel
R225-150-mz2 Sshadow sub rounded parallel
R225-150-mz3 Sshadow sub rounded parallel
R225-150-mz4 Sm elongate parallel
R226-120-mz1 Sshadow sub elongated sub parallel

Monazite grains in porphyroblasts

Monazite grains in matrix

 
 

 

 

 

Table 3. Shown is a summary of the microstructural/textural setting of monazites 

analysed. Samples are separated according to whether the monazite is included within a 

porphyroblast or situated in the matrix. 
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Figure 5. Backscatter electron images of sample R225-150 and monazite 4. a) and b) 

show the microstructural/textural setting of the monazite, c) shows the location of 

analyses and resultant beam damage, d) shows the grain prior to analysis. 
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Table4.

Element - Standard Crystal - Back-ground Count time (s)
Peak Spectrometer -/+ (mm) Peak/Bgd

SiKα 1PbSiO3 TAP-1 5/3 20/10
PKα 3CePO4 TAP-1 3/4 20/10
SKα# 1BaSO4 PETJ-3* 6/4 30/15
CaKα 1CaSiO3 PETJ-5 1.6/1.6 20/10
YLα 3YPO4 TAP-1 1.25/2 90/45
LaLα 3LaPO4 LIFH-3* 1.6/1.6 10/5
CeLα 3CePO4 LIFH-3* 3.2/3.2 10/5
PrLβ 3PrPO4 LIFH-3* 1/1 20/10
NdLβ 3NdPO4 LIFH-3* 1/1 10/5
SmLβ 3SmPO4 LIFH-3* 1/1 40/20
GdLβ 3GdPO4 LIFH-3* 1/1 40/20
DyLβ 3DyPO4 LIFH-3* 1/4 40/20
PbMα 1PbSiO3 PETJ-2* 4/6 180/90
ThMα 2ThO2 PETJ-5 2.5/3 90/45
UMβ 1U PETJ-4 3.5/2.5 180/90

* - sealed Xe detectors, others are P-10 gas-flow detectors
# S not analysed for all monazites in this study
Standards: 1 - Astimex, 2 - Taylor, 3 - Pb-free synthetic (J. Pyle, RPI ,USA)

 EPMA analytical conditions

 
 

 

 

 

 

Table 4. Electron superprobe analytical setup conditions. 
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Sample Domain n b.d. Mean 95% CI Comment
Th Y (Ma) (SE x t)

R225- Manangotry: 551 ± 6 Ma (n=10)

150-mz1 total 9 2 2.69-4.12 0.18-0.41 264 8 some variation in Th, U and Y

150-mz2 total 14 2 2.61-3.49 0.39-0.45 261 7 little compositional variation

150-mz3 total 10 2 2.67-3.81 0.24-0.46 270 7 lower Th positively correlated with U

150-mz4 total 10 2 2.49-3.20 0.30-0.41 267 7 minor compositional variation

R226- Manangotry: 547 ± 8 Ma (n=10)

70-mz1 total 7 2 2.65-3.58 0.40-0.45 298 8 minor compositional variation

Manangotry: 547 ± 7 Ma (n=10)

b.d. = beam diameter (μm)

Comp range (wt%)

 
 

 

 

 

 

 

Table 5. Summary of individual grain analyses for monazite from the Rhode Island 

Formation. 
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Sample Domain n b.d. Mean 95% CI Comment
Th Y (Ma) (SE x t)

R40- Manangotry: 549 ± 5 Ma (n=9)

0-mz1 total 7 2 2.4-4.2 0.27-0.89 325 13 variation in Th (+U) and Y

0-mz2 total 8 2 3.37-4.21 0.29-0.31 323 14 relatively homogenuous in Th, U and Y

0-mz3 total 8 2 3.65-4.37 0.21-0.29 324 10 relatively homogenuous in Th, U and Y

R46- Manangotry: 551 ± 6 Ma (n=10)

0-mz1a+b total 8 2 2.04-3.62 0.47-1.48 316 11 two fragments compositionally similar 

0-mz2 total 6 2 3.13-4.89 1.36-1.52 317 25 patchy variation in Th

0-mz3 total 7 2 4.18-6.67 1.26-1.49 309 17 minor variation in U and Y

R50- Manangotry: 552 ± 8 Ma (n=10)

70-mz1 total 8 2 2.35-5.01 1.15-1.73 307 12 interpreted core has higher Th.

70-mz2 total 5 2 2.72-4.48 1.11-1.55 303 16 some compositional variation

70-mz3 total 8 2 4.44-8.34 0.09-0.62 305 6 significant compositional variation

70-mz4 total 6 2 2.95-5.35 0.48-0.88 314 11 large Th + Y + U variation

R76- Manangotry: 551 ± 6 Ma (n=10)

70-mz1 total 6 2 2.72-6.20 0.64-1.37 315 15 significant variation in Th, U and Y

70-mz2 total 8 2 4.39-8.70 0.59-0.87 316 14 minimal variation in U and Y

70-mz3 total 8 2 3.59-9.91 0.44-0.83 318 16 Th correlates with U and Y

70-mz4 total 8 2 4.58-5.35 0.92-1.22 307 7 minor variation in Th, U and Y

70-mz5 zone 1 4 3.96-4.82 1.04-1.37 326 10 Th correlates with Y(R-squared = 0.95)
zone 2 7 2.86-3.33 0.19-0.31 317 5 cannot separate (errors are too large)
total 11 2 320 10 zones probably distinct growth events

R96- Manangotry: 547 ± 7 Ma (n=10)

0-mz1 total 8 2 2.87-3.35 0.74-1.17 315 19 higher Y closest to core/rim boundary

R98- Manangotry: 547 ± 7 Ma (n=10)

10-mz1 zone1 3.16-3.51 0.10-0.12
zone2a 1.90-1.97 1.39-1.58 complex (intergrowth-type?) zoning
zone2b 4.10-4.43 1.39-1.58 no evident correlation between 

total 7 2 1.90-4.43 0.10-1.58 308 25 Y (or Th or U) and age.

10-mz2 zone 1 6 3.01-3.48 0.09-0.22 two fragments with differing Y and Th 
zone 2 2 2.50-2.79 1.06-1.50 no evident correlation between
total 8 2 290 13 compositional variation and age

10-mz3 total 4 2 2.66-4.56 1.37-1.54(+0.26) 305 20 complex variation between Th and Y

R109- Manangotry: 553 ± 8 Ma (n=9)

0a-mz1 total 4 2 4.79-5.55(+9.09) 1.35-1.40 316 26 3 relatively consistant analyses

0a-mz2 total 12 2 3.53-3.95(+4.54) 0.32-1.32 311 11 Y increases toward garnet porph

0a-mz3 total 10 2 3.41-4.02 0.44-0.89 308 9 homogenuous in Th, U, and Y

0b-mz1 core 2.19-2.36 0.93-0.99 monazite has two separable zones:
rim 3.52-4.12 0.13-0.55 not enough data to calculate proper age
total 5 2 300 13 or error for core

0b-mz2 total 6 2 2.65-7.58 0.61-1.34 312 15 some Th + Y + U variation

b.d. = beam diameter (μm)

Comp range (wt%)

 
 

Table 6. Summary of individual grain analyses for monazite from the Scotland Schist of 

the Merrimack Terrane, Connecticut. 
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Figure 6. Backscatter electron images of sample R226-120 and monazite 1. a) and b) 

show the microstructural/textural setting of the monazite, c) shows the location of 

analyses and resultant beam damage, d) shows the grain prior to analysis. 
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Figure 7. Backscatter electron images of sample R50-70 and monazite 4. a) and b) show 

the microstructural/textural setting of the monazite, c) shows the location of analyses 

and resultant beam damage, d) shows the grain prior to analysis. 
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Figure 8. Backscatter electron images of sample R50-70 and monazites 1 and 2. a) and 

b) show the microstructural/textural setting of the monazite, c) shows mz1 prior to 

analysis and the location of analyses, d) shows mz2 prior to analysis and the location of 

analyses. 
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Figure 9. Backscatter electron images of sample R40-0 and monazite 3. a) and b) show 

the microstructural/textural setting of the monazite, c) shows the location of analyses 

and resultant beam damage, d) shows the grain prior to analysis. 
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Figure 10. Backscatter electron images of sample R40-0 and monazite 1. a) and b) show 

the microstructural/textural setting of the monazite, c) shows the location of analyses 

and resultant beam damage, d) shows the grain prior to analysis. 
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Figure 11. Weighted average ages for each monazite grain with 2σ errors in bold. The 

data is grouped according to provenance: Merrimack and Narragansett. Data 

additionally separated by whether the grain was included within a garnet or staurolite 

orphyroblast or situated in the matrix. p
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Conclusion 
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Figure 1. Schematic diagram to place the bulk orogenic directions measured for the 

Merrimack terrane into the generic model for orogenesis developed by Bell and Johnson 

(1989). This is not an effort to develop an integrated tectonic model but is used to 

graphically discuss the shear senses referred to in this study. Figure 1a shows how a top 

to the SE motion on the Putnam-Nashoba –Avalon boundary would be expected during 

the collision and emplacement of Avalon under the Putnam-Nashoba, Merrimack and 

Central Maine Terranes. At this time, the Merrimack terrane could experience N 

directed bulk orogenic flow, but this did not occur in response to stacking of thrust 

sheets from the NW. Figure 1b shows the arrival of Africa which would have 

dramatically changed the scale of the orogen. The core of the orogen would move in 

response to this scale change and the relationships between lithotectonic units and 

related shear senses could shift as a result. The bulk orogenic movement direction in the 

Merrimack terrane could be to the NW while the shear sense on the Putnam-Nashoba –

Avalon boundary could have changed to top to the NW. In this example, with the 

Merrimack terrane now within the bottom half of the orogenic pile, stacking of thrust 

eets from the NW does not create a shear sense quandary. 
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Appendix A: Monazite Images. 
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Appendix B: Monazite Electron Microprobe Data 
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Appendix C: JCU Sample Collection 
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JCU Sample JCU Sample 
Collection Number Collection Number
Number Number

Conanicut Scotland Schist

72398 R117 72437 R10
72399 R119 72438 R36
72400 R121 72439 R39
72401 R122 72440 R40
72402 R124 72441 R41
72403 R125 72442 R43
72404 R126 72443 R44
72405 R127 72444 R45
72406 R219 72445 R46
72407 R220 72446 R49
72408 R222 72447 R50
72409 R223 72448 R54
72410 R224 72449 R56
72411 R225 72450 R57
72412 R226 72451 R66
72413 R227 72452 R69
72414 R228 72453 R74
72415 R230 72454 R75
72416 R231 72455 R76
72417 R232 72456 R77
72418 R233 72457 R79
72419 R234 72458 R83
72420 R235 72459 R84
72421 R236 72460 R86
72422 R237 72461 R93
72423 R238 72462 R94
72424 R240 72463 R95
72425 R241 72464 R96
72426 R242 72465 R97
72427 R243 72466 R98
72428 R244 72467 R100
72429 R245 72468 R101
72430 R246 72469 R103

Prudence 72470 R107
72431 R200 72471 R108
72432 R202 72472 R109
72433 R203 72473 R110
72434 R209 72474 R112
72435 R211 72475 R113
72436 R212
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