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Interpretations of Staurolite Porphyroblast and Pseudomorph Formed
During Polymetamorphism Using THERMOCALC
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Abstract: Staurolite grains in staurolite, kyanite and sillimanite zones occurred in the Littleton Formation,
Northcentral Massachusetts have interpreted to form by Barrovian-type metamorphism during Acadian
orogeny. However, various occurrence of staurolite in the three zones, (a) porphyroblast, (b) randomly
oriented and coarse-grained muscovite pseudomorph after staurolite, (c) recrystallized staurolite at the
margin of garnet porphyroblast and within the pseudomorph, indicates that they have resulted from
polymetamorphism. Staurolite in these three metamorphic zones can be formed by demise of chlorite or
chloritoid that depends on difference of bulk-rock compositions and changes of P-T conditions. Staurolite
modal proportion calculated in MnNCKFMASH system using THERMOCALC program reveals that
staurolite could have grown with gamet with increasing pressure and temperature, if it coexist with
chlorite. After demise of chlorite and appearance of biotite, staurolite mode decrease with increasing
pressure and temperature. Therefore, based on the previous P-T paths for the Acadian metamorhism,
staurolite porphyroblast grew with garnet during 400-370 Ma. Randomly oriented and coarse-grained
muscovite pseudomorphs after staurolite probably have grown due to heating with appearance of kyanite
and sillimanite. Consequently, pseudomorphism of staurolite occurred by heating derived from locally
intense Alleghanian shearing (ca. 320-300 Ma) overprinted the Acadian metamorphism. Recrystallized fine-
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grained staurolite in sillimanite zone observed between the grain boundaries of muscovite in the
pseudomorphs and at the edge of garnet porphyrobasts has formed during decreasing temperature and
pressure (ca. 300-280 Ma) after peak temperature (ca. 700°C) of the Alleghanian metamorphism.
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Fig. 1. Generalized geological map and cross section (A-B) of the northern flank of the Pelham Dome showing sample
locations, metamorphic mineral assemblages, and metamorphic zones, northcentral Massachusetts (after, Zen et al.,

1983).
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Table 1. Representative analyses of staurolite in staurolite, kyanite and sillimanite grade rocks.

Garnet-Staurolite

Kyanite-Garnet-Staurolite garde

Sillimanite-Garnet-Staurolite garde

garde
Sample ™ g K60 K53 K42 K135 K147 K171
portion
Porph Porph Porph Mt Porph  Relict St Stb Stc Stinthemt Porph Stinthe mt

(32) (30 (18) (13) (10) () 17) Q) 15) (10) (10)

SiO, 27.66 27.18 27.52 27.75 26.84 27.46 27.92 27.67 27.51 27.21 2741
TiO, 0.49 0.52 0.49 0.58 0.57 0.45 0.26 0.38 0.23 0.40 0.56
ALO, 51.93 51.27 52.00 52.49 51.31 5222 51.90 51.74 51.12 52.04 51.72
FeO 15.10 14.90 14.32 1434 14.68 14.72 15.37 15.14 15.30 15.38 15.34
Ca0O 0.06 0.05 0.05 0.05 0.05 0.03 0.08 0.06 0.05 0.03 0.05
MgO 1.79 1.97 1.92 211 2.10 1.81 1.48 1.51 1.59 2.23 229
MnO 0.13 0.08 0.06 0.08 0.25 0.12 0.08 0.16 0.08 0.06 0.07
K0 0.05 0.05 0.04 0.05 0.05 0.05 0.06 0.08 0.04 0.03 0.09
ZnO 0.26 0.36 0.24 0.46 0.28 0.45 0.32 0.32 0.27 0.22 0.32
Total 97.47 96.38 96.64 9791 96.13 97.31 97.45 97.06 96.20 97.58 97.84

Cations per 23 Oxygens

Si 3.891 3.869 3.888 3.874 3.831 3.854 3.928 3911 3.924 3.829 3.851
Ti 0.052 0.056 0.052 0.061 0.061 0.047 0.028 0.040 0.024 0.042° 0.059
Al 8.606 8.601 8.656 8.634 8.631 8.638 8.608 8.616 8.593 8.630 8.562
Fe 1.775 1.773 1.691 1.674 1.751 1.727 1.809 1.788 1.825 1.809 1.802
Ca 0.008 0.007 0.008 0.007 0.008 0.005 0.012 0.009 0.008 0.005 0.008
Mg 0.375 0418 0.403 0.437 0.447 0379 0.310 0.318 0.337 0.468 0.479
Mn 0.015 0.010 0.007 0.010 0.031 0.014 0.010 0.019 0.010 0.007 0.008
K 0.009 0.009 0.008 0.008 0.009 0.009 0.010 0.014 0.007 0.005 0.015
Zn 0.027 0.037 0.025 0.048 0.029 0.047 0.031 0.034 0.029 0.023 0.033
14.759 14.780 14.736  14.752 14.797 14.785 14.745 14.748 14.758 14.817 14.817

Fe/FetMg 0.826 0.810 0.808 0.794 0.797 0.820 0.854 0.850 0.844 0.794 0.790

* number in parentheses represents total number of analyses. °, recrystallized staurolite at the margin of gamet porphyroblast. ,
recrystallized staurolite around the grain boundaries of coarse grained muscovite within pseudomorph.

kv, ¥ AFe= 200A 282 ¥ AALS 3-5mmo|th
B BALS ZAF WHE ARSI

AAA 9] oty Jd-g dolry] g x84 7t
A% 3 & (pseudosection)y= THERMOCALC(version 3.1;
Powell and Holland, 1988; Powell er al, 1998) X &
& o]83l Mn0O-Na,0-CaO-K,0-FeO-MgO-ALO,-
Si0,-H,O(MnNCKFMASH) Al3}ollx 2t 31t 29
I H,05 A¥3Kin excess) AEHIZ 7FI3H1 3, MnO
= AR Y g9 wglel RigsiEg Al xg
A Htheg, Mahar et al, 1997; Tinkham et al,
2001). AFEAE BE AFZJdA #AHEE Ca09t
Na,0% Aol EZAZA dutdog Axde 1wk
o} (ZnOye FatARt, B4 A 20 &
ge FA&YOoDI(FF >0.5; Table 1) MnNCK-
FAMSH A9 7MH 3 ze & 9%& F7] 25 3
2 AlsEoh
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Fig. 2. Photomicrogarphs of staurolite in Zone 1. (a) Staurolite porphyroblast showing a sigmoidal inclusion trails geom-
etry in sample K29. Vertical thin section strikes 120°. (b) Staurolite porphyroblast containing garnet as an inclusion in
sample K26. Vertical thin section strikes 30°. (c) Staurolite partially replaced by coarse-grained, randomly oriented mus-
covite forming a pseudomorph in K58. Vertical thin section strikes 90°. (d) Staurolite prophyroblast showing various
shaped inclusion trails in sample K53. Vertical thin section strikes 0°. (¢) Occurrence of subparallel intergrowth of stau-
rolite and kyanite in the matrix in sample K53. Vertical thin section strikes 110°. All photos taken under partially XPL.

oA dehte A4 F g2 3t F3s 22 A9F 42X 7M(Fig. 3a, b) 283 A@E B
HAN T AEEHA AHEErhFig. 2e). $Re} AL mE HUMoz 1§ HxA 7}

Zone 119] MM FEs e AA e B & F(Fig. 30 F 7K FE= dEEnh A3 Aes
FE FABAE B AR P2 xyAE e ol AT el o] HAg Aol 3 Aoz
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Fig. 3. Photomicrogarphs of staurolite pseudomorph in Zone 1L (a) Coarse-grained, randomly oriented muscovite in a
staurolite psendomorph in sample K147. Horizontal thin section, XPL. (b) Muscovite pseudomorph after muscovite in
sample K135. Vertical thin section strikes 60°, PPL. (¢) Staurolite pseudomorph replaced by muscovite and chlorite in

sample K146. Vertical thin section strikes 150°, PPL.
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Fig. 4. Photomicrographs of staurolite in Zone Il. (a) Recrytallized very fine-grained staurolite between grain bound-
aries of muscovite in the staurolite paseudomorph (insert box in Fig. 3a) formed after the staurolite paseudomorph.
PPL. (b) Recrytallized very fine-grained staurclite between grain boundaries of muscovite in the staurolite paseudo-
morph (insert box in Fig. 3b). PPL. (c) Recrystallized staurolite around the edge of a garnet porphyroblast in sample
K135. Vertical thin section strikes 60°, PPL. (d) Staurolite altered directly by fibrous sillimanite and ilmenite in sample
K148. Vertical thin section strikes 150°, PPL. (e) Coexistence of rhombic and fibrous sillimanite in sample M55. Par-

tially XPL.
060 BHE BATHFig. 6a). Mg THake) TH3F Eon
FAMYNN JeERtL, Fe o] TR SR

T AAAY zlz A delA AdEdthe.
Guidotti et al., 1988)(Fig. 6a). Al WA Ti &
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3 FUkste S BthFig. 6a).
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> oft
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Table 2. Representative analyses of biotite and muscovite in staurolite, kyanite and sillimanite grade rocks.

Biotite
Grt-St grade Ky-Grt-St grade Sill-Grt-St grade
K56 K57 K60 K100 K112 K42(0) K33 K55 K77 K135 K147 KI171
mt(3) mt(5) mt(10) mt(7) m3) mt mt(10) mt(6) m(l0) mtd) m9 mi4)
Si0, 3450 3492 3487 3523 3563 3759 3597 3721 36.63  34.81 3460  36.10
TiO, 1.74 1.53 1.43 1.33 1.41 1.77 1.54 1.52 1.43 1.85 1.77 1.35
ALO; 1793 18.86 1870 1927 1947 1844 1938 17.67 19.71 18.74 18.91 19.57
FeO 23.17 18.78 18.62  20.17 19.53 1654 1656 17.09 1647 22,60 21.00 19.30
CaO 0.00 0.00 0.05 0.05 0.02 0.08 0.01 0.08 0.04 0.12 0.05 0.00
MgO 743 1036 9.63 9.17 10.04 1210 1186 10.86  11.62 7.36 7.72 9.77
MnO 0.00 0.10 0.08 0.01 0.18 0.02 0.04 0.06 0.01 0.00 0.10 0.02
Na,0 0.00 0.39 0.37 0.52 0.20 0.00 0.50 0.06 0.29 0.34 0.11 0.16
K,0 9.03 8.55 8.50 8.20 8.37 8.74 8.98 8.65 8.62 8.65 8.61 8.66
Total 93.80 9350 9226 9395 9485 9528 9485 9322 9481 9445  92.86 9493

Cations per 11 oxygens

Si 2.721 2.841 2726 27120 27907 2795 2704  2.841 2738 2709 2719 2735
AlGv) 1.279 1.159 1.274 1.288 1.293 1.205 1.296 1.159 1.262 1.291 1.281 1.265
Al(vi) 0388  0.651 0447  0.463 0.453 0410 0422 0429 0474 0108 0.104  0.077
Ti 0.103  0.0%9 0084 0077 0080 0099 0.087 0087 0080 0428 0469 048]
Fe 1.527 1.277 1.218 1.301 1.240 1.028 1.042 1.091 1.030 1.470 1.380 1.222
Mg 0.871 1.259 1.121 1.050 1.136 1.340 1.331 1.234 1.294 0854  0.902 1.103
Mn 0.000  0.007  0.005 0.000 0.011 0.002  0.002 0.004  0.001 0.000  0.006  0.001
Ca 0.000  0.000 0.004 0.004 0.001 0.007  0.001 0.007  0.003 0.010 0.004 0.000
Na 0.000 0.060 0056 0.077 0.028  0.000 0.072 0.008 0.041 0.051 0.016  0.023

Sample
portion

K 0.907 0.885 0.846 0.803 0.809 0.828 0.860 0.842 0.821 0.859 0.861 0.835
M/(M+F) 0363 0.496 0.479 0.447 0478 0.566 0.561 0.531 0.557 0.367 0.395 0474
Muscovite

K6 K57 K60 KI00 KII2 K42 K53 K55 K77 KI35 K147 KI71
m(2) mG3) m5) miS) m@) m2) mG5) mid) my7) m3) mi5)  mi3)

Si0, 4480 4433 4420 4430 4500 47.15 4516 4594 4628 4632 4448 44385
TiO, 0.40 0.59 0.44 0.36 0.63 0.91 0.66 0.59 0.68 0.35 0.65 0.97
ALO; 33.10 3520 3525 3574 3517 336l 3554  34.01 35.41 3468 3504 3450

Sample

FeO 1.68 1.07 1.80 1.02 1.05 0.98 1.10 0.89 1.37 1.32 1.04 1.36
CaO 0.06 0.00 0.11 0.00 0.07 0.27 0.03 0.08 0.05 0.09 0.06 0.00
MgO 1.48 2.13 1.03 1.45 1.25 0.80 243 0.13 1.02 0.35 0.08 0.01
MnO 0.12 0.05 0.08 0.05 0.01 0.00 0.10 0.06 0.02 0.00 0.05 0.02
Na,0 0.96 234 3.27 2.73 1.89 0.00 1.89 1.69 1.42 1.87 1.24 1.47

K,0 9.86 8.44 7.38 8.11 9.01 9.24 9.84 8.98 9.32 8.39 9.21 8.69
Total  92.45 94.16  93.57 93.76  94.09  93.03 96.75 92.37 9556 9335 91.85 91.86

Cations per 11 oxygens

Si 3.087 2981 3.054 298 2916  3.175 2977  3.187  3.062 3.119  3.056  3.078
Al(iv) 0913 1.019  0.946 1.014 1.084  0.825 1.023 0.813 0.938  0.881 0944 0922
Alvi)  1.775 1.774 1.823 1.827 1.617 1.842 1.739 1.885 1.823 1.872  0.033  0.049
Ti 0.020 0.030 0023 0.018 0.033 0.046  0.032  0.031 0.034 0018 1.894 1.865
Fe 0.097 0060 0.107 0.057 0054 0.055 0060 0.051 0.075 0.074  0.060  0.078
Mg 0.150 0213 0.100  0.145 0.179  0.080 0238 0.013 0.099  0.035 0.008  0.001
Mn 0.007  0.003 0.005  0.003 0.002 0.000  0.005 0.003  0.001 0.000  0.003  0.001
Ca 0.004  0.000 0.008  0.000  0.005 0.019  0.002  0.006  0.003 0.007 0.004  0.000
Na 0.127 0304 0298 0356 029  0.000 0240  0.091 0.180 0244  0.164  0.194
K 0.864  0.723 0.650  0.696  0.715 0.794  0.827 0795 0.786 0720  0.806  0.759
N/N+K) 0.127 029 0299 0337 0294 0.000 0223 0.099  0.182  0.253 0.168  0.203

All abbreviations are the same as those in Table 1.
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Fig. 7. Calculated Pressure-Temperature (P-T) pseudosections in MnNCKFMASH system. (a) Sample K60. Bulk rock
compositions Si0,:ALO0;:K,0:Na,0:Ca0:FeO: MgO:MnO:H,0 = 70.59:10.34:2.30:1.32:0.30:4.72:2.69: 0.01:7.73. (b) Sam-
ple K53. Bulk rock compeositions SiO,: Al,;03:K,0:Na,0:Ca0:Fe0:MgO:MnO:H,0 = 72.34:9.51:1.82:0.54:0.43:5.04:3.63:
0.06:6.63. (c) Sample K135. Bulk rock compeositions Si0,:AlL,0,:K,0:Na,0:Ca0:Fe0:MgO:MnO:H,0 = 63.96:12.88:2.62:
1.39:0.31:6.59:3.19:0.07: 8.99. (d) Sample K147. Bulk rock compositions SiO,: AlL0O;:K,0:Na,0:Ca0O:FeQ:MgO:MnO:
H,0 =67.25:11.94:2.86:1.20:0.33:5.83:3.16:0.01:7.43. Boundary delineating the appearance and demise of staurolite has
been highlighted. All mineral abbreviations from Kretz (1983).
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Fig. 8. P-T pseudosections showing the modal proportion of staurolite in sample K53 (a), K135 (b) and K147 (c). Num-
ber in the small boxes represents modal proportion of staurolite. The shaded ellipses with black dots in the center indi-
cate the matrix P-T conditions with error ranges calculated from average P-T mode in THERMOCALC program (see
Table 3). Thick and dashed line with arrow in (a) indicates P-T path for garnet growth (Kim and Bell, 2005).
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AR + FRE 4+ N 25 + 49 +H0
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Table 3. P-T conditions for three samples calculated using average P-T mode in THERMOCALC program.

 Nor Grt* PP BE  Ms® St THERMOCALC

. INO.
P FiF+M) X, X,, FAFM)N/(N+K) F{F+M) Average P-T+sd(26) Corf Sigfit.® Remark"
K53(30) 0813 0058 0288 0432 0224 0795 65324 75+1.1 0058 0.85(161)

K53(90) 0861 0060 0262 0456 0261 0790 652423 63=12 0054 1.08(1.54) 135 Si 37 , ff’
K53(140) 0.862 0061 0288 0449 0220 0747 641429 70+10 0015 0.78(1.54) g
KI35(60) 0915 0024 0079 0630 0229 0859 647432 60+13 0931 088(149) 1.2.4.5.6,
KI35(100) 0916 0021 0041 0633 0278 0880 65637 66+14 0924 112(149) 10,11, 12
KI47(60) 0917 0018 0075 0635 0220 0837 659+33 64+14 0933 131(154) |,2.4.5,6
KI47(H) 0919 0030 0080 0614 0142 0839 649£37 7.0+£17 0960 093(1.54) 10,1112

Independent equilibriai

1. gr + 2ky (sill) + q=3an

2. pa+3an=gr + ab+ 3ky (sill) + H,0

3. 3east + 6q = py + 2mu + phl

4. 3east + 2ky (sill) + 7q = 2py + 3mu

5. ann + 2ky (silf) + g =alm + mu

6. 8py + 31gr+24mu + 6mst = 24east + 93an + 12H,0
7.23ann + 6fst + 48q = 31alm + 23mu + 12H,0

8. 6mst + 75an = 8py + 25gr + 96ky(sill) + 12H,0

9. 6fst + 75an = 25gr + 8alm + 96ky(sill) + 12H,0

10. mu + 2phl + 6q = py + 3cel

11. py + 3mu + 4q = 3cel + 4ky(sill)

12. 25mu + 14mst = 2py + 25east + 124(sill) + 28H,0
13. pht + 2ky + q=py + mu

14. py + ann = alm + phl

* number in parentheses represents strike of thin section. %, F/(F+M) = Fe/(Fe+Mg) in garnet; XCa = Ca/(Fe+Mg+Mn+Ca) in garnet.
b XAn = Ca/{(Ca+Na+K) in plagioclase. ¢, F/(F+M) = Fe/(Fe+Mg) in biotite. ¢, NAN+K) = Na/(Na+K) in muscovite. , F/(F+M) = Fe/
(Fe+Mg) in staurolite. /, correlation. ¢, the numbers in parentheses are sigfit for 95% confidence. h, the numbers indicate equilibria for
calculation of P-T conditions. i, End-member abbreviations and formulae given in Powell et al. (1988).
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Fig. 9. (a) P-T path for Acadian metamorphism and
shear heating during Alleghanian (modified from Kim
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(b) Late Paleozoic Temperature-time (T-t) paths (after
Wintsch e al, 1992) for the area of the Pelham Dome
and the Bronson Hill Zone. Geochronology data are: 1,
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biotite; 6, k-feldspar from Tucker et al. (1988), Harrison
et al. (1989), Spear and Harrison (1989), Tucker and
Robinson (1992). See text for further explanation.
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