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Abstract .
The Little Pine Garnet Mine (LPGM), located between the Mars Hill and Grenville basement terranes in the Western Blue Ridge province of Bl ot % [/ Fault Metamorphic ages Conclusions

the Appalachian Mountain Belt has outcrops of anthophyllite - gedrite - biotite - chlorite * staurolite + garnet schists (group I), garnet - kilometers S . | = /N Isograd U-Pb zircon ages <a70’ » The LPGM schists and gneisses were metamorphosed under
hornblende - biotite - quartz - plagioclase gneisses (group II), and talc - gedrite - chlorite - garnet - ilmenite + anthophyllite + staurolite RS Y N ‘ / FL o = . unmetamorphosed Monazite ages  <aisz. .- amphibolite facies conditions corresponding to the 1% sillimanite
schists (group III), interbedded with quartzofeldspathic biotite gneisses. These mineral assemblages are indicative of protoliths enriched in 2 R s _ = 2 _ sub-chlorite (anchizons) ,_ . Soukaech | isograd at 580 - 620°C, 5 - 6 kbar (Felix, 2012).

Mg, but with significant amounts of Al, making them rather unusual. Geochemical analysis of these rocks reveals that groups I and III were . RPEr TV e =% ° gy o Hp o S Chiorite (Alleghanian, local /7 " LPGM samples have no geochemical signatures characteristic of
mostly E-MORBs affected by hydrothermal alteration, whereas group II rocks were likely graywackes. None of the the rocks analyzed have X el Ay IR, B # AN P @ retrograde) _ > subduction zones, such as those of boninites or adakites.

any subduction zone signatures characteristic of boninites or High Mg andesites. Isocon diagrams show that the LPGM groups I and II schists DI Sy A ’ _ e & : | NC— The protolith of Groups I and III LPGM schists was an E-MORB,
were depleted in Si, Ca, and Na, but enriched in Mg, Fe, Zr, La, and Ce relative to E-MORBs. Petrographic group I, containing fine-grained f ' 5 ' : -y " (%, _NC_ ﬁ Caroling 77 i < - il likely emplaced on land as an ophiolitic fragment during the
garnet, showed slight losses in Y and Yb, whereas petrographic group III with very coarse-grained garnet showed significant gains of these 7 [V EG - & 9, O & - Staurolite superterrane i = ) . Grenvillian orogeny? Group II gneisses were likely greywackes.
elements. These results suggest that the E-MORBs were affected by hydrothermal alteration on the seafloor, which in turn suggests the o E ’ i 4 s s =| Kyanite + Staurolite (undhvided) ’ ) Isocon diagrams show that LPGM protoliths were likely affected by

existence of a small ocean basin between the Mars Hill terrane and Laurentia. S ey - e o S s & Kyanite s oo 3073 </ hydrothermal alteration on the seafloor at T < 300°C and W:R <125.
" I 47 Y . . Silimanite P~ / 4 Within the WBR terrane, the Grenville basement of Laurentia must

Abbreviations: S M 5o g 7 Ly Jiman = Tl 57 8" 2 have been separated from the Mars Hill terrane by a small ocean
Anth: anthophyllite; Alm: almandine; Ap: apatite; Bt: biotite; Chl: chlorite; Gd: gedrite; Gr: grossular; Gt: garnet; Ilm: ilmenite; Ms: muscovite; Plg: plagioclase; | D A Salyar i S 7 B e - , - V=S : 5283590 i an basin in which the E-MORB protoliths of the LPGM schists formed.
Prp: pyrope; Qz: quartz; Rt: rutile; Sill: sillimanite; Sps: spessartine; St: staurolite; Tc: talc; Ttn: titanite; WBR: western Blue Ridge; Zrn: zircon ' : AL YR ~" < - 3

Laurentian margin -Il'."'l:?ﬁ”f"v’
[ western Blue Ridge rocks

Introduction and Geologic Setting 2, ' . - P B wurphy synciine _ i s iiig K : : =
Mapping by Thigpen and Hatcher (2017) places the LPGM (latitude: 35.770000, longitude: 82.622861), within the WBR in the Grenville e N — i , G s y sl Group II

B Grenville basement

basement close to its border with the Mars Hill terrane, and a few kilometers from the Haysville fault, which defines the boundary between “ R .....i ciuo Ridge (CER), B e e e G

eastern Blue Ridge, and

the western and central blue ridge provinces (Fig. 1). According to Merschat (2009), the LPGM is located within the Taconic garnet zone close __ | #7 2 A simerpledmonttemanes
to the kyanite - in isograd (Fig. 2). The LPGM schists and gneisses are characterized by the assemblages: Anth - Gd - Bt - Chl - St - Rt - [Im - AN ALGAZ v N ) ooogeenayo erane. NN 32s-2u5 M

=1 cowrock terrane B 350-325 Ma ' ~ I

Qz - Plg - Gt (fine - grained) - Sill £ Ms (group I), Qz - Hb - Grt - Bt - Plg - IIm - Sill (group II), and Tc - Gd - Ilm * Gt (very coarse ' 2% . — sl B 5055 e 2% S miles 100
‘ ' ; : (eastern Blue Ridge & 216000 N : ; r

grained; Fig. 3) - Chl £ Anth =® Bt £ Plg = Qz £ Rt (group III; Table 1) indicating that it belongs to the sillimanite rather than the garnet RN N 7, - N —_ wostorm nnr Piodmony B Liksy Orcovician : y I p—— o —
‘s : g - Smith River allochthon Ordovician o 'y nomeiers

zone. The abundance of Anth, Gd, and Tc coupled with the presence of significant amounts of Bt, Gt, St, and Qz suggest that the protolith of Il - 7274 = [0 Cat Square terrane [ Greenstane and amphibolite 340
' e lnomeiters

these rocks may be an adakite, a boninite, or a high Mg andesite, all of which are characteristic of subduction zone settings. Alternatively, the PV e e B o 50 850 I
LPGM rocks’ protolith may have been an altered basalt or peridotite, typical of ophiolitic fragments, indicative of a different tectonic setting. :. AR I Inites 320

To understand the origin of the Little Pine Garnet Mine a geochemical analysis with emphasis on immobile element concentrations is , , , , , , , , , , o .

This studv f the chemical s; ' f the th diff t pet hi sino Little Pine G t Mine i Figure 1: A) & B) Geological maps of part of the Southern Appalachians showing the Blue Ridge & Inner Piedmont Figure 2: Metamorphic map of part of the Southern Appalachians outlined by dashed frame in Fig. 1 showing the
necessary. 1his S u .Y Ocuse? on the ¢ em%ca Slgna ures ot the thiee diterent petrogtap 1C. groups comprising LItHE %ne arne. ne 1n terranes and their tectonic boundaries. CBR: Central Blue Ridge; HMF: Holland Mountain Fault; BFZ: Brevard Fault distribution of the Taconic isograds, as well as U-Pb zircon and Th-Pb monazite ages. From Merschat (2009). Location
order to determine its protolith and tectonic setting, and, therefore better understand the history of the Western Blue Ridge Province. zone; GMW: Grand Father Mountain Window. From Thigpen & Hatcher (2017). Green star: LPGM location. of the LPGM indicated with a blue star.

Figure 2:

, . Table 1: Mineral assemblages for analyzed samples .
Flgure 3: (a) Spideriplot1IREEI¢hondritel [Boynton/ 1984/ | Yy vs.[Lay/ Yby [Martin 1986[] Maj or and Trace Element MObility 15 20 50 100

\g/reari}rlégarse IGroup E;rzple i r;?}fr_aé‘gs_sgﬁ;’}%%i St —Rt_ TIm — Oz — Ple ~ Sill -Ttn Assuming that Groups I & III LPGM samples represent metamorphosed E-MORBS, isocon diagrams (Gresens, 1967; Grant, Greywacke Greywacke

garnets (>3 LP.7 Cd - Anth - Bt- Ms — St — Chl Rt ~Tlm - ng_ Gt - Sill - Ttn - 1986 & 2005) can be used to investigate how much deviation there is between the composition of these rocks and their Figure 9: Isocon diagrams for LP-10 (Group II LPGM). (a) Major element oxides (in wt%) and

cm) in —_— Ap original protoliths. This is needed to understand the processes that may have contributed to these rocks developing their (b) trace elements in ppm compared to average gr?ywacke of Wedepohl (1995). Note that Zr

§rco;3p_ Cth— P10 Hb - Gt - Bt - Qz - Plg - Rt - lm — Sill - Ap unusual compositions. Comparison using isocon diagrams was carried out on the basis of constant mass and constant AL,O; (lost) and Sr and Ba (gained) are not shown as their values plot outside the diagram (Table 4).

Ilm schists 1 P-12 Gd - Anth - Gt - Te - Chl - Bt - St - Qz - Rt - IIm (black and green lines, respectively, Figs. 8-10). The proximity of both lines on most plots attests to the relative immobility

LP-13/30 Tc - Chl - Gd - Gt -Ilm - Qz - Bt - Ms - Ttn of Al, and suggests that changes to E-MORB chemistry involved minimal changes in volume. Compared to average E-

MORB values (Gale et al., 2013), Groups I and III LPGM samples both showed gains of Mg, Fe', Zn, Zr, Hf, and
LREE=*Ti, and losses of Ca, Si, Na, Cr, and Ni. V, Nb, Th and MREE remained almost unchanged (Figs. 8 & 10; Table 4).

e Ny N S AR N S > ey Sr and Ba registered significant losses for all samples except LP-12 which showed significant gains (Table 4). In addition to ‘ 300 |

@ N W1 = A 4 s - —— “ these changes, Group III LPGM schists show large gains in HREE, Sc, and Y; elements typically concentrated in garnet. On

TP T - Y ; e el v the other hand, Group II LPGM show enrichment for all major and trace elements relative to average greywackes

Figure 5: (a) Chondrite normalized REE patterns for LPGM samples using values from Boynton (1984) (Wedep f)hl’ 1995), except for 51, Na, K, Lu, Th_’ and Zr (Fig. 9, Tab_le 4). _ _ _
showing E-MORB like patterns; (b) Plot of normalized Yb vs. La/Yb normalized ratios after Martin (1986). The enrichment of Mg, Fe! and Zn, and depletion of Ca, Na, and Si &= Sr & Ba are consistent with hydrothermal alteration

at T =200 - 300°C and water : rock ratios of 5 — 125 (Seyfried & Bischoff, 1981; Seyfried and Mottl, 1982; Seyfried, 1987). 150 |

Tectonic Setting of Protoliths The apparent enrichment of most elements in LP-10 relative to average greywacke is likely reflective of the siliciclastic '
Based on their major element compositions and their protolith of LP-10 being more mafic than average greywacke. The unusually high contents of HREE, Sc, and Y in Group III - 100 1

La

REE patterns, all LPGM protoliths were likely basalts Nb/Ybi Th/ Yb lPearce 2008 schists may be an artefact of the coarse-grained nature of garnet in these talc schists, and the difficulty of analyzing - S Ce
v

, , except LP-10 which was most likely a grewacke. The . : : SV % - : 50 A
: 3 : epresentative aliquots of these rocks. The large variation in composition, and relative loss or gain of some elements amon . Nd
Figure 4: Photomicrographs of LPGM samples (a) Gd and Anth, LP-1, PPL; (b) St, Gd tectonic setting of LPGM protoliths was investigated Y q g 1Y g g &

& Bt, LP-1, PPL; (c) Hb + Qz + IIm, LP-10, PPL; (d) Garnet porphyroblast, LP-10, PPL; : el : ) samples from the same petrographic group (e.g. LP-13 vs. LP-30, or enrichment of Sr and Ba in LP-12) are likely caused by Nb
(¢) Fibrous sillimanite with Qz, Gd, and Bt, LP-10; PPL; (f) Gt - Chl - Tc, LP-12; XPL. | Se5aeh S W Chl Wil % W o & f,OSHTO}V:;l;l% ;}{(e)tmocfe?: a(icoef (I;%%gc)e ;122110?,( gln sgrlﬁge?s/ é ]ﬁ . ’ variations in the extent of hydrothermal alteration (or water : rock ratio); where extensively altered samples tend to be most ) 50 100 150 200 250 300 35
i - : v Ao \ 1 : in the MORB-OIB array, doses; to E-MORBs (Fig. 6a). ) y depleted in Si0,, and enriched in the relatively immobile elements like Zr, Hf, Y, and Yb. It should be noted that despite the E-MORB
Objectives ’_.':_fff‘-; SR 8 j;  RTINS b L SRR LPGM samples then plot in the E-MORB tholeiitic enrichment in LREE, Ti, Yb, and Nb in some LPGM samples relative to E-MORB, the REE and spider plot patterns and the
T\ ' ' Tk g ' field on the Nb/YD vs. TiO,/Yb diagram (Fig. 6b). locations of these samples on the discriminant diagrams used in this work are unlikely to be affected given the relatively
This is further supported by all samples plotting in small changes in the ratios of the elements used.

TTG/adakite

Sample/ REE chondrite
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(b) Picture of garnet crystal from LPGM website
(http://www.wncrocks.com/resources/Collecting%20site%20little %20pine%20mine.htm)

350

250 H

200 A

Sc

» Investigate chemical patterns for petrographic groups I, 11, and IlI
» ldentify protolith(s) and tectonic setting of LPGM schists & the MORB,/OIB fields of Shervais (1982) (Fig. 6¢), and

SHEISSES s . N TR et S e * S the lack of an arc signature on N-MORB normalized
» Refine tectonic history of the WBR Provinces based on LPGM S —— —— spider plots (Fig. 7). All LPGM samples also plot in

lith ) 2 presas . Table 4: Average % changein Gp I & III LPGM
protolit the field of oceanic islands on the discriminant L TR o [ samples relative to average E-MORB, and Gp II

diagram of Hollocher et al. (2012) (Fig. 7b). Because | Nb;jb s samples relative to average greywackes.

) i LP-10 is rich in Ca and Fe and plots close to the other Group! Group Il Group II*
Analytlcal Techmques samples on the same discriminant diagrams, its ] | “ Si0, 16.20  -30.20 15.32
Six samples from the Little Pine Garnet Mine were analyzed for major and trace elements using an Agilent 5110 VDV inductively coupled plasma atomic clastic protolith was likely derived from E-MORB:s. TiO, 59.76 67.45 178.97 o
emission spectrometer (ICP-AES). Preparation for major element analysis consisted of fusion of rock powders with 1:2 lithium metaborate: lithium o _ Al,0; -1.01 21.46 4.30 1 . n O
tetraborate flux and dissolution in 1:7 H,50O,. Trace element analysis preparation consisted of fusion of rock powders with 1:2 lithium metaborate: lithitum F B Fe,0'  37.02  103.99  162.86 I ®Ba

tetraborate flux and dissolution in reagent grade 5% HCI (e.g. Cremer and Schlocker, 1976; Delijska et al., 1988). mng _:57 '82 : g:'gg 13(5).28 . . - > .
g : : .

CaO -89.52 -75.77 70.82 100 150 200 250

Results Table 3: Trace element concentrations (ppm) of LPGM samples. b.d.= below detection limit. | O 2 ting) | Na,O -73.59 -76.19 -48.96 E-MORB
* All rocks have SiO, values characteristic of ultrabasic to basic rocks. : \ _ " : - i K20 .11 -76.02  -12.26

. . . ] Petrographic Group I |Petrographic Group II Petrographic Group IIL ' - P,O: 61.99 78.40 85.04
* Group II gneisses are characterized by higher SiO,, CaO, Na,O, K,O, LP1 LP-7 - P32  LR33  LPSD ' R ,' _

NMORB | EMORB (shallow melti

Rb, Nd %Sr compared to groups I & II (Tables 2 & 3). 37 74.46 476.96 5942 3069 2228 Z B 3 T i ' Ba 5559 7189  11.9

. : - T (> 0 80.785 71.89 73.89 54.86 5194 68535 i N e —— - - ' Ce 199.13  129.02  27.40
Group III schists have unusually high Fe,O;" (> 18 wt%), and the e 2448 1604 i 5027 i 100 1500 250 300 350 o 2751 091 6698

hlgheSt contents Of Hf/ Y/ Yb/ and ZI' (Tables 2 & 3) 231 47 3676 31.13 5O 45 16045 b.d. 5 Ly Ly L F-MORR Cu 81.24 48.58 29.71
 All samples display concave upward REE patterns (Fig. 5a) 218 287 9.64 34 19.42 9.98 - Dy 4535  136.65  183.53

* None of the samples plot in the adakite or boninite fields of Martin 1 8.83 o2 103 o1 1813 i T opmiToce ] Er 96.73 24509  137.27

. . 262 2085 2.45 1.598 1.89 234 . ) T . i . . 1
(1986) or Shervais (1982) (FlgS. 5b & 6¢) - 1 BE 11 35 . n A 189 Figure 6: (a) & (b) Basalt discriminant diagrams of Pearce (2008); (c) Ti - V plot of Shervais (1982) ] gl; géig 2(1)4811 17034.5107

463 1.65 b.d. 282 13.69 272
Table 2: Major element oxides (weight %) of LPGM samples arranged by group 572 6112 59.57 60.71 4951 47 8

Petrographic Group I |Petrographic Group II Petrographic Group II1 281 1.71 1.6 0.56 3.06 22

LP1 Lp.7 LP-10 P12  LP13  LP-30 1037 27.66 14.2 10.07 10.22 30.71

478185 350385 524193 ®120 3076785 370194 18.09 21.77 34.96 30.81 23 2343
86.47 70.34 33.48 62.58 58.55 86.75

= | ] Gd 145.42  186.38 183.75
. _ Hf 23.62  223.03

(b) . La 392.18 33683  75.06 _

Lu 494.74  410.53 -99.57 - w Cr

Oceanic Contineftal Alkaline Nb 11.39 -041 69.05 | e Ba

11869 37018 2.0086 22161 14027 4067 b ba 1174 186 150 b | Nd 3412 73.26  39.84 - | | |
Ni -19.17 -28.56 39.50 15 20 35 40 45 50 55

11.907 17.6715 14.0805 1639575  20.06235  17.97825 5.55 17.39 68.71 18.57 0.15 15? 100 150 200
1144949 1726001 1550899 2042613 2581496  18.65367 2379 41.46 1481 84.91 3954 . | - Rb 862 3280 -4.57 E-MORB E-MORB

0.0774 0.09675 0.2709 0.16125 0.4128 0.16125 6.44 6.45 3.99 5.53 6.05 _ .. N I ) Sc -32.63 30.03 159.13

m Sr

Sample/ NMORB Long

islands

1175158  15.82933 471724 1326309 1456697  15.99543 15.34 336.37 588.69 7.25 14.68 _ , , >m 2446 39.52 40.22 , , , , )
13475 0.99875 444125 111375 147195 554125 bud. b.d. bod. b.d. bud. 5 as0 35 40 45 50 o5 100 15000 250 300 350 Sr -92.77 -1.67 67.35 Figure 10: Isocon diagrams for Group III LPGM. (a), (c) & (e) Major element oxide (wt%) for
0.62054 III'IEI 6145 1 53 1115 D-EIELIF? I:I'I 12141 083638 1.4 171 1.49 0.8 1.85 > [Cs Ba U Ta La Pb Sr Nd zZr Eu Gd Dy v Er vb : E-MORB E-MORB Th 13.75 27.29 -83.44 LP-12, LP-13, and LP-30; (b), (d) & (f) trace element values (ppm) for LP-12, LP-13, and LP-
ﬂ1144?2 I[l P 1'?54?3 ﬂ11325ﬁ Dlﬂtllll [IFIIJSS-?. 240,22 295 68 156.25 Rb Th Nb K Ce Pr P Sm Hf Ti Tb Li Ho Tm Lu | | | c0 100 200 500 ) \Y; 1.11 -10.05 263.52 30, respectively, compared to average E-MORB of Gale et al. (2013). Note that only the

{;_1291 0551393 n_ﬁmﬁs n.auzsa uémzss ﬂ \ ; 34 04 B3 667 84 50 La/vb Figure 8: Isocon diagrams for Group I LPGM. (a) & (b) Major element oxide (wt%) and Y -11.90  212.19 91.04 elements of the relevant oxides are labeled on (9), (c) & (e). Note that Zr (very large gain)

. . . 28420 3.49 4.24 5.54 Figure 7:(a) N-MORB normalized spider plot (Sun & McDonough, 1989) for LPGM les showine th trace element (ppm) values for LP-1; (c) & (d) Major element oxide (wt%) and trace Yb 49.23  224.07 163.81 for LP-13 & LP-30 and Sr and Ba (very large gains) for LP-12 are not shown as they plot

3441 349 029 2.05 5.33 2.98 108.37 216.22 160.55 gure /- praerp gh, 1989) for samples ShowIng the lement val for LP-7 dt E-MORB of Gale et al. (2013). Not Zn 96.96  56.12  111.25 outside the limits of the diagram (Table 4).

93.524  96.065303 9726318 0578288 1003018  103.9254 11129 316.95 194,65 lack of a subduction zone signature represented by Nb, Zr, or Ti troughs. (b) Discriminant diagram of element values (ppm) for LP-7 compare 1 to average b- of Gale et al. (2013). Note 7r 18530  247.63 5873
' ' ‘ ' Hollocher et al. (2012) . All symbols are as in Fig. 6. that only the elements of the relevant oxides are labeled on (a) & (c). ‘ ‘ '



http://www.marshall.edu/

Table 1: Mineral assemblages for analyzed samples

		Group

		Sample # 

		Mineral Assemblage



		I

		LP-1

		Anth – Gd – Chl –Bt – St –Rt – Ilm – Qz – Plg – Sill –Ttn



		

		LP-7

		Gd – Anth – Bt– Ms – St – Chl– Rt –Ilm – Qz – Gt – Sill – Ttn – Ap



		II

		LP-10

		Hb – Gt – Bt – Qz – Plg – Rt – Ilm – Sill – Ap



		III

		LP-12

		Gd – Anth – Gt – Tc – Chl – Bt – St – Qz – Rt – Ilm



		

		LP-13/30

		Tc – Chl – Gd – Gt –Ilm – Qz – Bt – Ms – Ttn 
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