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Abstract 15 

The Permo-Triassic Nahlin ophiolite is the largest and best-preserved in the Canadian Cordillera 16 

of British Columbia and Yukon, Canada. The ophiolite is well-exposed along its ~150 km length 17 

with mantle segments divisible into the Hardluck and Menatatuline massifs. Both massifs 18 

comprise mostly depleted spinel harzburgite (<2 wt % Al2O3 and ~45 wt % MgO). Chondrite 19 

normalized REE abundances in clinopyroxene vary in (Gd/Yb)N from 0.2 – 1.1. Inversion 20 

modelling of clinopyroxene REE abundances requires 10-16% and 16-20% partial melting in the 21 

Hardluck and Menatatuline massifs, respectively. The two-pyroxene and Fe-Mg exchange 22 

temperatures in the mantle of the ophiolite also change systemtically along strike with the degree 23 
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of partial melt depletion. The temperatures recorded by REE and Ca-Mg exchange between 24 

coexisting pyroxenes require markedly higher peak temperatures and cooling rates for the 25 

Menatatuline massif (1250 °C, 0.1-0.01 °C /year) compared to the Hardluck massif (< 1100 °C, 26 

~10-4 °C /year). The differences between these two contiguous massifs can be reconciled by their 27 

evolution as two separate segments along a ridge system having varying melt depletion, with 28 

contrasting cooling rates controlled by presence or absence of a crustal section above the mantle 29 

lithosphere, or by rapid exhumation along a detachment. 30 

Introduction 31 

Studies of ophiolites have greatly enhanced the understanding tectonic and magmatic 32 

processes at mid-ocean ridge (MOR) and supra subduction zone (SSZ) spreading centres (Varga 33 

and Moores 1985; Batanova and Sobolev 2000; Coleman 1981; Kelemen et al. 1995, 1997b) . 34 

Studies on the structure, petrology and geochemistry of the crustal section (e.g., Miyashiro 1973, 35 

Alabaster et al. 1982, Ishikawa et al. 2002, Lissenberg et al, 2004; Dilek et al. 2008) are 36 

complemented by similar information on the ophiolitic mantle lithosphere. Geochemical 37 

information of the mantle section can quantify the nature and extent of melting (Bodinier et al, 38 

2004), while field and structural studies elucidate the mechanisms for the migration of melts 39 

beneath spreading centers (Kelemen et al, 1997a).  40 

Quantitative constraints on the thermal history of ophiolites inform models for the heat 41 

budget at spreading centers and the conditions and tectonic mechanisms for the exhumation of 42 

oceanic lithosphere (Coogan et al 2007; Hangjoj et al, 2010;). The cooling history recorded by 43 

geothermometry and geospeedometry for mineral assemblages in the mantle section of oceanic 44 

lithosphere is expected to differ substantially if it is exhumed rapidly on the ocean floor along 45 

trasnforms or extensional detachments, as opposed to it having an overlying thick insulating 46 
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crustal section (Dygert et al, 2017).  Slow exhumation over many millions of years before or 47 

during emplacement of an ophiolite would also affect its thermal history (Dygert and Liang, 48 

2015).  49 

The Nahlin ophiolite is one of the largest and best-preserved ophiolites in the Canadian 50 

Cordillera but has not been investigated in detail, in part due to its remote location (Figs. 1, 2). 51 

Studies on the crustal section are consistent with its formation in a supra-subduction setting 52 

(English et al.  2010; McGoldrick et al. 2017). In many parts of the ophiolite, supracrustal rocks 53 

lie directly above mantle rocks with no or little intrusive lower crust, suggesting exposure of the 54 

mantle along detachments (Mihalynuk et al 2004; Zagorevski et al, 2014). If exhumed rapidly 55 

after formation, the mantle segments along such detachments should predictably have a more 56 

rapid cooling rate than those preserving a thicker cover of plutonic crustal rocks. To test this 57 

model, we describe and present geochemical data to estimate the levels of melt depletion in two 58 

mantle sections along strike of one another in the Nahlin ophiolite. We then focus on  59 

geothermometric data to quantify the cooling histories along these two mantle segments in the 60 

ophiolite: one having an overlying lower crust of plutonic rocks and the other in fault contact 61 

with volcanic rocks. Our new observations complement other observations on the thermal history 62 

of ophiolite mantle (Dygert et al, 2017) and shed further light on how structural unroofing, or 63 

development of a crustal section above can result in differing thermal history for lithosphere at 64 

spreading centers or during emplacement, and address the spatial scales such differences might 65 

be preserved. 66 

Regional Geology 67 

The Nahlin ophiolite forms part of the Mississippian to Lower Jurassic Cache Creek 68 

terrane in British Columbia and Yukon. The Cache Creek terrane comprises contrasting 69 
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assemblages of exotic Carboniferous carbonate sequences interlayered with intraplate volcanic 70 

rocks (Cordey et al. 1991; Orchard et al. 2001) and Permo-Triassic volcanic arc successions 71 

(Mihalynuk et al. 1992; 2004; English et al. 2010; Zagorevski et al. 2016) which are imbricated 72 

with sediments of poorly constrained origin. The overall tectonic setting of the Cache Creek 73 

terrane is ambiguous. For example, some authors treat the whole or parts of the Cache Creek 74 

terrane as a subduction zone melange or an accretionary complex (Mihalynuk et al., 2004; 75 

English and Johnston 2005; English et al. 2010).  76 

  In the Menatatuline Range area, northwest British Columbia (Figs. 1,2) the Cache Creek 77 

terrane comprises remnants of oceanic lithospheric mantle, mafic intrusions, mafic volcanic 78 

rocks, and sedimentary rocks (carbonate, chert and siliciclastic). Minor alkaline intraplate basalts 79 

interlayered with extensive carbonates in northern Cache Creek terrane represent fragments of 80 

the subducting plate scraped off at an intraoceanic convergent margin (English et al. 2010; 81 

McGoldrick et al. 2017). The mantle peridotite, mafic intrusive and extrusive rocks together 82 

make up the Nahlin ophiolite (Aitken, 1959; Terry, 1977). Crustal rocks in the Nahlin ophiolite 83 

are predominantly island arc tholeiite (English et al. 2010; McGoldrick et al. 2017), likely linked 84 

to a regionally extensive intraoceanic Permo-Triassic arc-backarc system found elsewhere in the 85 

Cache Creek terrane (Barrett et al. 1996; Childe and Thompson 1997; Mihalynuk and Cordey 86 

1997). The age of the ophiolite crustal section north of and along strike of the Menatatuline 87 

Range study area is varies from 255 to 261.4 Ma based on zircon crystallization ages (Mihalynuk 88 

et al. 2003; Zagorevski et al. 2016). 89 

Nahlin Ophiolite  90 

The Nahlin ophiolite is structurally disrupted, but with extensive tracts of mantle and basalt with 91 

minor gabbro, tonalite and diabase. Geochemical studies of the mafic plutonic and volcanic 92 
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sections of the Nahlin ophiolite indicate that it formed in an arc-marginal setting during the 93 

Permo-Triassic (English and Johnston 2005; English et al. 2010; Zagorevski 2016; Zagorevski et 94 

al. 2016; McGoldrick et al. 2017). The Nahlin ophiolite lacks the classic Penrose-style ophiolite 95 

pseudostratigraphy (Anonymous 1972), however the stratigraphic relationship of mantle and 96 

crustal section can be explained by a intraoceanic detachment faulting which has been 97 

subsequently obscured by regional orogenesis (Zagorevski et al. 2015, 2016). 98 

Extensive exposures of mantle harzburgite in the Nahlin ophiolite occur in a southeast 99 

trending belt stretching ~150 km from Atlin townsite to Nahlin Mountain in northwestern British 100 

Columbia (Aitken 1959; Terry 1977). The Menatatuline and Hardluck massifs are the two most 101 

aerially extensive mantle exposures (Fig. 2).  On its southern border, The Hardluck massif has a 102 

well-exposed crust-mantle transition (Moho) between harzburgite and lower crustal gabbronorite 103 

along one segment named ‘Moho Saddle’ (Mihalynuk et al, 2004) whereas the Menatatuline has 104 

faulted contacts with all supracrustal rocks (Fig. 2). Previous geochemical studies of the 105 

Hardluck massif focussed on the level of depletion, and its relationship with oxygen fugacity 106 

recorded by the rocks (Canil et al, 2006; Babechuk et al, 2010). 107 

The Menatatuline and Hardluck massifs comprise variably serpentinized massive and 108 

layered harzburgite with pyroxenite dikes, and replacive dunite pods. Harzburgite is the 109 

dominant lithology and consists of ~45-65% olivine, ~25-40% orthopyroxene, lesser 110 

clinopyroxene (3-8%), and rare spinel (<5%). Layers of lherzolite with up to 15% emerald-green 111 

clinopyroxene occur locally at Peridotite Peak (Mihalynuk et al. 2004). Harzburgite locally 112 

preserves a primary mantle tectonite fabric (S1) defined by orthopyroxene elongation and 113 

variably developed layering defined by pyroxene (Fig 3a). S1 layering, discordant and 114 
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concordant pyroxenite dikes (5-10 cm), and discrete replacive dunite channels (cm to >5 m) can 115 

be are locally deformed into meter-scale folds (Fig3. ab).  116 

The harzburgite tectonite is locally crosscut by gabbroic dikes of arc tholeiite affinity. In 117 

some areas, gabbroic dike-and-sill complexes extensively intrude highly serpentinized mantle 118 

harzburgite (Fig 2, 3c). Some dykes and sills are unstrained, whereas others have been 119 

boudinaged within both fresh and serpentinized harzburgite. These dykes are indistinguishable 120 

from the overlying crustal rocks, suggesting that they are comagmatic to the arc tholeiites 121 

volcanic and volcaniclastic rocks in the Menatatuline Range area.   122 

The thrust fault that emplaces Nahlin ophiolite over the adjacent crustal assemblages is 123 

poorly exposed and overprinted by east trending Jurassic folds and thrust faults, and northwest 124 

trending Cretaceous strike-slip faults. Fault-bound sections of harzburgite tectonite mantle are 125 

juxtaposed against basalt or chert (Fig. 2). Some of these faults are interpreted as D1 thrusts, 126 

placing the Nahlin ophiolite over Carboniferous to Permian limestone intercalated with OIB 127 

lavas (Fig. 4d).  Northeast-vergent D1 thrust faults also place harzburgite tectonite over 128 

supracrustal rocks of the ophiolite (peridotite over basalt, Fig 3e). Elsewhere, southwest-vergent 129 

D2 thrust faults re-imbricate the ophiolite (upper plate) and lower plate assemblages, resulting in 130 

local “young-over-old” relationships across D2 faults. The sharp contact along the northern side 131 

of the Hardluck massif (Fig. 2, 3f) represents a steeply dipping, northwest trending post-132 

emplacement fault (Fig. 2) which transposes the Hardluck massif against the siliciclastic and 133 

carbonate sedimentary rocks of the predominantly Middle Triassic Kedahda Formation (Monger 134 

1975; Cordey et al. 1991; Mihalynuk et al. 2003). 135 
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Petrography 136 

Mantle of the Nahlin ophiolite predominantly comprises spinel harzburgite and minor lherzolite 137 

with protogranular to porphyroclastic textures (Mercier and Nicolas 1975; Nicolas 1989). 138 

Orthopyroxene porphyroclasts (2 - 6 mm in diameter) are anhedral with irregular grain 139 

boundaries and local kink banding (Fig 4a). Clinopyroxene is anhedral and finer grained than 140 

orthopyroxene (0.5 - 3 mm). Both ortho- and clinopyroxene display thin (5 - 25 µm) exsolution 141 

lamellae (Fig 4b). Olivine (2 - 6 mm diameter) has both highly irregular and granoblastic grain 142 

boundaries (Fig 4c). Serpentinization of olivine is variable ranging from nearly zero to ~40% in 143 

both massifs. Spinel (0.2 - 2 mm) displays a variety of morphologies, including “holly leaf” and 144 

subhedral to euhedral equant grains. Clinopyroxene, orthopyroxene, and spinel are typically 145 

unaltered, however, some spinel grains display ferrochromite ± magnetite alteration along grain 146 

boundaries.  147 

Methods 148 

Geochemistry 149 

We obtained bulk rock geochemical data for 19 samples of spinel harzburgite from 150 

Menatatuline Range and Nahlin Mountain (Online Resource 1). Major oxides were measured by 151 

lithium metaborate/tetraborate fusion and ICP-OES, whereas minor elements were determined 152 

by ICP-MS at ActLabs. The suite of standards analysed along with the Menatatuline Range area 153 

samples reproduce reported concentrations of major elements to within 6%, large-ion lithophile 154 

elements (LILE) to within 13%, high-field strength elements (HFSE) to within 9%, and rare-155 

earth elements (REE) to within 7% (Online Resource  1). Two samples of harzbrugite from the 156 

Hardluck massif from a previous study (Babechuk et al. (2010) were re-analysed in this study to 157 
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check for data quality and consistency (Online Resource 1). The major and minor element 158 

concentrations in the two samples of harzburgite determined at ActlAbs are within ~5 to 15% of 159 

those measured in previous study of Babechuk et al (2010).  160 

 161 

Mineral chemistry 162 

Electron microprobe (EMP) 163 

Major element concentrations of olivine, spinel, clinopyroxene, and orthopyroxene were 164 

measured on a fully-automated Cameca SX-50 electron microprobe at the University of British 165 

Columbia operating on wavelength dispersion mode using an acceleration voltage of 15 kV, a 40 166 

nA beam current and ~ 5 µm beam diameter. Grain boundaries, fractures, and exsolution 167 

lamellae were avoided during beam placement. Counting time for all elements was 20 s on the 168 

peak and 10 s on each background, except for Ca, Al, and Cr in olivine, for which a peak 169 

counting time of 60 s and background counting times of 30 s were used. Data were reduced using 170 

the 'PAP' φ(ρZ) method (Pouchou and Pichoir 1985), and are reported averages and one standard 171 

deviation of ~3 to 15 mineral analyses from a given sample (Online Resource  2). Ferric and 172 

ferrous iron concentrations in spinel were calculated assuming perfect stoichiometry (Droop 173 

1987). 174 

Laser ablation ICP-MS 175 

Mineral minor and trace element compositions were acquired by laser ablation inductively-176 

coupled plasma mass spectrometry (LA-ICP-MS) at the University of Victoria, on a Thermo X-177 

Series II (X7) quadrupole ICP-MS equipped with a New Wave UP-213 laser using He carrier 178 

gas. A series of MPI-DING glasses (ML-3B, GOR-128, GOR-132, and KL-2G) were analysed 179 
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as internal standards. The BCR-2 glass was analysed as an external standard along with the MPI-180 

DING glasses. Analyses were conducted along laser raster lines varying from ~80 – 160 µm in 181 

length, scanned in four passes of the laser at a rate of 15 µm/s. Laser beam size varied from 40 – 182 

100 µm, with the majority of data collected using a 80-100 µm beam size. Grain boundaries and 183 

inclusions were avoided during line placement to minimize contamination from ablation into 184 

adjacent phases or alteration. Total counting times varied with line length, but were typically ~60 185 

– 100 s on the peak and 20 s on the background. Data were reduced using the Thermo 186 

PlasmaLab software and are reported as averages and one standard deviation of ~3 to 12 mineral 187 

analyses from a given sample (Online Resource 3).  188 

Results 189 

Peridotite geochemistry 190 

Spinel harzburgite from both the Hardluck and Menatatuline massifs is highly refractory, 191 

containing less than 2 wt % Al2O3 and ~45 wt % MgO, not unlike other worldwide ophiolites. 192 

Both of these massifs are more refractory than many abyssal peridotites (Fig. 5). Concentrations 193 

in MgO increase, and CaO, Sc, V, decrease with increasing Al2O3, as expected for residues of 194 

mantle partial melting (Fig. 5).  195 

Peridotite mineral chemistry 196 

Olivine 197 

Olivine cores range in composition from Fo90.7 to Fo92.0 and Fo90.4 to Fo91.5 within the 198 

Menatatuline and Hardluck massifs respectively (Online Resource 2). Olivine Fo content 199 

increases with spinel Cr# (Cr/(Cr + Al) atomic ratio), as is typical for the olivine-spinel mantle 200 

array (Arai 1994). Olivines between the two massifs differ mostly in Cr, Ni, and Ca 201 
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concentrations. Olivine cores from the Menatatuline massif contain up to 1300 ppm Cr, ~2500 - 202 

3700 ppm Ni, and up to 800 ppm Ca. Rim compositions show lower Cr and Ca rims than cores. 203 

In the Hardluck massif, olivine core compositions yield up to 400 ppm Cr, ~4100 ppm Ni, and 204 

~400 ppm Ca. Olivine from Peridotite Peak and Peridotite Peak East contains the lowest Ca 205 

concentrations among any samples.  206 

Spinel 207 

Spinel from throughout the Nahlin ophiolite show slightly higher Mg# (Mg/(Mg + Fe2+) atomic 208 

ratio) and lower Cr# and YCr (= Cr/(Al + Cr + Fe3+)) in grain rims than in grain cores (Online 209 

Resource  2). Spinel from both massifs tends to have low concentrations of Ti in both cores and 210 

rims (generally <300 ppm). Spinel from the Menatatuline massif has higher Cr# than spinel from 211 

the Hardluck massif, but the latter shows greater variation in spinel Cr# (cores ~20 to 65, rims 212 

~16 to 65) than in the Menatatuline massif (cores Cr# ~45 to 59, rims ~44 to 56). Spinel from 213 

Peridotite Peak and Peridotite Peak East within the Hardluck massif are the least refractory, 214 

displaying the lowest average Cr# values. Throughout the Nahlin ophiolite, increases in spinel 215 

Cr# are accompanied by coupled increases in ortho- and clinopyroxene Cr numbers (Fig. 6). 216 

Orthopyroxene 217 

Orthopyroxene Mg# (~ 90 to 91) and Al2O3 (~2-3 wt %) yield similar values for core and rim 218 

analyses in samples from both the Menatatuline and Hardluck massifs (Online Resource 2). In 219 

both massifs, orthopyroxene has higher CaO in the core than in the rim. Orthopyroxene from the 220 

Menatatuline massif have relatively high Ca concentrations (up to 3 wt % CaO), as do 221 

orthopyroxene from “Moho Saddle” in the Hardluck massif (up to 3 - 4 wt %). Orthopyroxene in 222 

the Peridotite Peak and Peridotite Peak East have the highest Al concentrations (up to 3.5 wt %), 223 

and notably low Ca and Cr# (Fig. 6). 224 
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Hardluck massif samples contain orthopyroxene with higher Ti, Y, and REE 225 

concentrations than samples from the Menatatuline massif. The LREE and some MREE (La, Ce, 226 

Pr, Nd, Sm, and Eu) in orthopyroxene from both massifs are typically below detection limits 227 

(Fig. 7). The HREE in orthopyroxene from the Menatatuline massif are up to one order of 228 

magnitude more depleted than those from the Hardluck massif. 229 

Clinopyroxene 230 

Clinopyroxene chemistry best highlights the differences between the Menatatuline and Hardluck 231 

massifs with the former having lower Mg# and CaO, and higher Cr# and Al2O3 (Online Resource  232 

2). Clinopyroxene from both massifs are weakly zoned or unzoned. All clinopyroxene has 233 

slightly higher Mg# and CaO (wt %), and lower Cr# and Al2O3 (wt %) in grain rims than in grain 234 

cores. Clinopyroxene in the Peridotite Peak and Peridotite Peak East have low Cr# (Fig. 6). 235 

Similar to orthopyroxene, clinopyroxene from the Hardluck massif contains higher 236 

concentrations of Ti, Y and REE than samples from the Menatatuline massif (Online Resource  237 

3). Most LREE and some MREE (La, Ce, Pr, Nd ± Sm) are below detection limits in 238 

clinopyroxene from the Hardluck massif, whereas clinopyroxene from a single sample (SM45) 239 

of the Menatatuline massif show enriched LREE above detection limits (Fig. 7). Clinopyroxene 240 

from the Menatatuline massif are more depleted in HREE than those from the Hardluck massif. 241 

Modal mineralogy 242 

The modal mineralogy for peridotite samples (n=16) with appropriate whole-rock and four phase 243 

mineral data were calculated by mass balance using an algorithm for least-squares fitting of 244 

major element whole-rock and mineral chemical data (Albarede and Provost 1977). Calculated 245 

modes (Table 1) correlate with whole-rock Al2O3 and other indicators of degree of melt 246 

depletion (Fig. 8).  247 
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Geothermometry 248 

Closure temperatures for the Nahlin ophiolite peridotites were calculated using various cation 249 

exchange geothermometers. Temperatures reported in Table 2 are the average and one standard 250 

deviation of ~2-10 calculated temperatures for mineral cores and rims using carefully selected 251 

pairs of adjacent grains in each sample. Pressure is assumed to be 1 GPa and has only small 252 

effects on resulting temperatures (typically <20°C/GPa). 253 

 Various calibrations of Fe-Mg exchange between olivine, spinel and orthopyoxene were 254 

applied to the Nahlin peridotites (Table 2). The Ballhaus et al. (1991) calibration (TBall) yields 255 

temperatures of  ~625 – 750 °C, the Jianping et al. (1995) calibration (TJian) yields a range of 256 

~825 – 950 °C, and the Fabries (1979) method (TOlSp) produces intermediate results of ~720 – 257 

860°C. The Fe2+ and Mg exchange between orthopyroxene and spinel  (TOpx-Sp -  Liermann and 258 

Ganguly 2003, 2007) gives a range of 750 – 900 °C, similar to the results of  T OlSp  (Fig. 9). 259 

Temperatures recorded by cation exchange thermometry of pyroxenes are typically 260 

higher than those based in Fe-Mg exchange with spinel. Two-pyroxene Ca-Mg exchange 261 

thermometers (TBKN – Brey et al, 1990) in the Hardluck massif range from 750 – 950 °C, 262 

whereas those for the Menatatuline massif samples are notably much hotter (875 – 1190 °C) 263 

(Fig. 9).   264 

The REE-in-two-pyroxene thermometer (TREE - Liang et al. 2013) is based on the 265 

temperature dependence of the partition of the REE and Y between coexisting clino- and 266 

orthopyroxenes. Because this thermometer involves trivalent ion exchange it has higher closure 267 

temperatures than other thermometers applied to peridotitic assemblages (Liang et al, 2013; 268 

Dygert et al, 2015, 2017). Given t, however, the HREE contents of several orthopyoxenes were 269 

only slightly above the detection limit. To avoid data quality issues known to affect this 270 
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thermometer (Dygert et al, 2017), we applied (TREE) only to samples having orthopyroxene with 271 

HREE contents at least three times the detection limit by LA ICPMS. This precluded calculating  272 

TREE for a few samples from this study with high levels of incompatible element depletion. 273 

Based on fewer data for comparison, the results for TREE are 1100 – 1300°C and 950 -1100°C for 274 

the Menatatuline and Hardluck massifs, respectively. These temperatures are consistently above 275 

TBKN (Fig. 10), with the exception of three anomalous samples (SM23A, SM45, SM55B). The 276 

remaining TREE results mirror those of other thermometers by showing consistently hotter 277 

temperatures in the Menatatuline massif (Fig. 9). 278 

Samples from all massifs show slightly lower temperatures in grain rims than cores. For 279 

the TOlSp TBKN and TOpx-Sp exchange thermometry, the Peridotite Peak samples show consistently 280 

lower temperatures than the Moho Saddle area or Menataluline massif. The differences between 281 

pyroxene-based thermometers and those involving more rapidly exchanged spinel are markedly 282 

higher in Menatatuline massif (Fig. 9). 283 

Discussion 284 

Melting and metasomatic history 285 

The low abundances of incompatible elements in ophiolite peridotites predominantly reflect 286 

depletion by partial melting (Johnson et al. 1990; Niu 1997; Niu and Hékinian 1997). The Cr# of 287 

spinel can be used to estimate the degree of partial melting (Hellebrand et al. (2001), Warren 288 

(2016)). The Cr# of spinel is susceptible to modification by melt-rock interaction, as documented 289 

by a wide range of spinel Cr# can be observed on small scales near dunite channels (Suhr et al. 290 

2003; Morgan et al. 2008). Spinel Cr# within the Nahlin ophiolite, however, is nearly constant 291 

within in a given sample, and gives a consistent range for samples over large geographic area: 21 292 

– 35 (Peridotite Peak and Peridotite Peak East), 46 – 55 (Menatatuline massif), and 57 – 65 293 
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(“Moho Saddle”). Hence, these compositions are interpreted as representative and relatively 294 

unaffected by secondary processes.  Using the equation of Warren (2016), spinel in harzburgites 295 

from the Menatatuline massif record 16 to 18% anhydrous melting (Fig. 6). Within the Hardluck 296 

massif, samples to the west from “Moho Saddle” show refractory compositions indicating 18 to 297 

19% melting, whereas those Peridotite region record lower degrees of melting (9 - 15%). 298 

Rare earth element concentrations in clinopyroxene record the degree of melt depletion 299 

(F) in oceanic lithospheric mantle with high precision (Johnson et al. 1990; Johnson and Dick 300 

1992). To examine the degree of melting in the Nahlin peridotites, we applied the melting model 301 

of Warren (2016) to REE profiles in clinopyroxene. In this model, a source of depleted MORB 302 

mantle (DMM) composition (Workman and Hart 2005) undergoes non-modal fractional melting 303 

in the spinel stability field according to the melting reaction 0.56 Opx + 0.72 Cpx + 0.04 Sp = 304 

0.34 Ol + 1.0 Melt (Wasylenki et al. 2003). Melt-mineral REE partition coefficients are after Sun 305 

and Liang (2014) and Warren (2016), and are calculated assuming a mantle of DMM 306 

composition at a potential temperature of 1300 °C. The highly incompatible LREE are 307 

susceptible to enrichment by secondary processes in the mantle, but in many clinopyroxenes 308 

from this study are below detection limits (Fig. 7). Consequently, only the MREE to HREE in 309 

clinopyroxene are used to constrain the degree of melt depletion.  310 

The MREE to HREE contents in clinopyroxene from the Menatatuline massif can be 311 

reproduced by 16 to 20% fractional melting (Fig. 7), whereas those in the Hardluck massif (All 312 

from Peridotite Peak) require a lower degree of melting (F = 10 to 16%). During cooling and 313 

subsolidus re-equilibration, the REE are preferentially partitioned into clinopyroxene (Witt-314 

Eicksen and O'Neill, 2005; Sun and Liang 2014). Thus, the cooling of the Nahlin peridotites 315 

could have re-distributed more REE into clinopyroxene, affecting partial melt estimates for 316 
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higher temperatures along the solidus.  We examined this effect using the equations in Witt-317 

Eicksen and O’Neill (2005) which relate DREEcpx/opx to TCaOpx: 318 

LnDREE
cpx/opx=a0+(a1+a2Nacpx+a3Cr#sp)/TCaOpx   [1] 319 

where a0, a1, a2, a3,  are constants for a given REE, Nacpx is the number of atoms of Na in 320 

clinopyroxene per formula unit of six oxygens, and Cr#sp is molar Cr/ (Al+Cr) in coexisting 321 

spinel. Application of equation [1] to our data shows that the measured HREE (Dy to Yb) in 322 

clinopyroxene in the Menatatuline samples (TCaOpx ≈ 1000 - 1300 °C) would decrease by less 323 

than a factor of two when extrapolated to mantle solidus temperatures (~ 1300 °C). In the cooler 324 

Peridotite Peak samples (TCaOpx ≈ 850 - 1050 °C), the REE in clinopyroxene could be two to 325 

three times lower at the solidus (Online Resource 4). For this reason, the melting estimates based 326 

on REE in clinopyroxene above might be considered minima. Nevertheless, the melting extent 327 

modelled by REE in clinopyroxene are an excellent match of those based on Cr# in spinel (Fig. 328 

6), suggesting subsolidus cooling has not had measurable effect on the melt depletion estimates 329 

within the uncertainties of this method. 330 

The refractory nature of the peridotite whole-rock and mineral chemistry agree with the 331 

estimated degree of melt depletion in the Nahlin ophiolite. Low whole-rock Al2O3 (0.5 - 2 wt %) 332 

imply that the Nahlin peridotites have been depleted by between 15 to 25% melting (Canil et al, 333 

2006), not unlike estimates from Cr# in spinel and REE in clinopyroxene. Furthermore, 334 

correlations between modal mineralogy and melt fraction in the Nahlin peridotites match those 335 

predicted by melting equations (e.g., Dick et al. 1984; Kinzler and Grove 1992a; Baker and 336 

Stolper 1994): modal clinopyroxene decreases as it is consumed during partial melting. The 337 

coupled increases in pyroxene and spinel Cr numbers are further evidence of melt depletion 338 

control on bulk and mineral chemistry (Fig. 7).  339 
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The overall agreement between different methods of estimating F suggests that the spinel 340 

harzburgites of the Nahlin ophiolite preserve some signature of mantle depletion by partial 341 

melting. If these peridotites had a simple history of partial melting, olivine Mg# and modal 342 

abundance should be positively correlated (Baker and Stolper 1994; Baker and Beckett 1999) 343 

whereas they display very little change in olivine composition with its mode (Table 1). As in 344 

many other ophiolites, the geochemistry and modal mineralogy of some peridotites in the Nahlin 345 

ophiolite cannot be reconciled by partial melting alone, and require some post-melting 346 

modification by secondary processes.  347 

Refertilization of depleted harzburgite by reactive porous flow of a basaltic melt 348 

dissolving pyroxene and precipitating olivine is common and well documented in oceanic mantle 349 

peridotite elsewhere (Kelemen et al. 1992, 1997a; Niu 1997; Barth et al. 2003; Seyler et al. 2007; 350 

Warren and Shimizu 2010; Dygert et al. 2016). The migrating melt may later cool along grain 351 

boundaries within the metasomatized harzburgite, and crystallize secondary clino- and 352 

orthopyroxene ± olivine (Kelemen et al. 1992; Dygert et al. 2016). Field evidence for this 353 

possibility in the Nahlin ophiolite includes replacive dunite channels, and the presence of gabbro 354 

dikes and sills in the harzburgite (Fig. 3). Petrographically, secondary clino- and orthopyroxene 355 

in peridotites from the Nahlin ophiolite could not be distinguished from primary pyroxene (Fig. 356 

4) but some evidence for cryptic metasomatic effects on a local scale are the LREE enrichment 357 

in clinopyroxene in sample SM45A the Menatatuline massif, which contrasts with the levels 358 

expected for residues of  >15% melting (Fig. 7). Despite the somewhat expected effects of 359 

secondary metasomatism, the contrasting differences in extent of partial melting evident in the 360 

Hardluck and Menatatuline massifs is also remarkably reflected in their thermal histories. 361 
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Thermal history and cooling rates of the Nahlin ophiolite 362 

The persistent pattern of higher temperatures in grain cores than rims in several geothermometers 363 

for the Nahlin peridoites is consistent with cooling. The Fe-Mg exchanges for olivine-spinel and 364 

orthopyroxene-spinel tend to record the lowest temperature history, as Fe-Mg diffusion between 365 

these phases is relatively rapid, whereas cation exchange involved in two-pyroxene thermometry 366 

proceeds more slowly and will close at higher temperatures, depending on cooling rate (Ozawa 367 

1983; Cherniak and Dimanov 2010). Because each geothermometer has a typical range of 368 

closure temperatures, we can compare results of several geothermometers to reconstruct the high 369 

temperature history of the Nahlin ophiolite.  370 

The Menatatuline massif records higher temperatures than samples from the Hardluck 371 

massif with all thermometers (Fig. 9, 10). One explanation is that the Menatatuline massif 372 

achieved higher peak temperatures and cooled faster. The differences in TBKN also correlate 373 

remarkably well with variations in degree of melting in the two massifs (Fig. 9d), perhaps 374 

suggesting the Menatatuline massif achieved higher peak temperatures along the solidus leading 375 

to greater melt extraction. 376 

Though there are fewer data, the Menatatuline and Hardluck massifs yield TREE 377 

temperatures which are higher than those of TBKN typical of other ophiolites and abyssal 378 

peridotites (Fig. 10). Three samples (SM23A, SM45, SM55B) with anomalously low TREE in 379 

Figure 10 all have greater than 40% larger DREE
cpx/opx values than predicted by equation [1]  380 

(Witt-Eicksen and O’Neill, 2005) requiring some sort of disequilibrium or analytical issue - 381 

either too low REE in orthopyroxene or too high REE in clinopyroxene. Sample SM45 has an 382 

enriched LREE pattern for clinopyroxene that clearly indicates metasomatic disturbance (Fig.  383 

7). Sample 23A is in the same outcrop as 23B but the REE in orthopyroxene are low, possibly a 384 
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local metasomatic effect or data quality problem. Sample SM55B has very little clinopyroxene 385 

(< 1.5 %) and only one REE analysis, making this data point unreliable.  386 

Variations in closure temperature of any two geothermometers such as TREE and TBKN is 387 

related to variable cooling rate and/or grain size (Dodson 1973). Using the relevant 388 

experimentally-measured diffusion parameters for REE or major cations between two pyroxenes, 389 

Dygert et al (2015, 2017) have quantified how the resulting difference between TREE and TBKN is 390 

a function of starting temperature and cooling rate for a given grain size of orthopyroxene (the 391 

low REE phase dictating the partition in TREE). Using the model diffusion parameters as in the 392 

Dygert et al (2017) the difference in cooling history of the Menatatuline and Hardluck Massifs 393 

can be quantified, and compared to results for other examples of oceanic mantle. 394 

Figure 10 shows a family of cooling curves (red lines) for one stage cooling beginning at 395 

a peak temperature (To), presumably along the solidus, to final closure temperatures for TREE and 396 

TBKN, depending on cooling rate (vertical black lines). We assumed a 5mm radius of 397 

orthopyroxene grains, so the cooling rates are minima. Slower cooled samples travel further left 398 

of the 1:1 line. Excluding the three anomalous samples described above (SM23A, SM45, 399 

SM55B) from consideration, the remaining four Menatatuline samples have high TREE and 400 

cooling rates, and plot in a region typical of abyssal peridotites and mid-ocean ridge ophiolites 401 

such as Corsica and Oman (Dygert et al, 2017). Three of these samples record results consistent 402 

with cooling from peak a temperatures of ~1250°C along the solidus, at cooling rates of 0.1-0.01 403 

°C/year. The lowest TREE Menatatuline sample in this group requires thermal disturbance. The 404 

Hardluck massif shows lower peak temperatures and slower cooling (< 1100 °C, 10-4 – 10-5 °C 405 

/year) typical of ophiolites with SSZ affinity (Othris, Urals, Turkey) and orders of magnitude 406 

lower than the nearby Menatatuline massif. Samples plotting in this region are typical of those 407 
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having thermal disturbance, perhaps during emplacement (Dygert et al, 2017). Because of too 408 

few data, there is no obvious spatial relationship of TREE and the cooling rate for samples in the 409 

massifs. 410 

The differing cooling histories quantified above by application of TREE and TBKN and 411 

other geothermometers to the two contiguous segments of mantle lithosphere in the Nahlin 412 

ophiolite also correlate with their melting history and field geology.  Within the Hardluck massif, 413 

there is a consistent spatial trend amongst all major element thermometers (TOlSp, TBKN, and TOpx-414 

Sp) of decreasing temperature from northwest to southeast (Fig. 9). If higher closure temperatures 415 

in a given thermometer indicate more rapid cooling, then it follows that peridotite to the 416 

northwest near “Moho Saddle” could represent the uppermost mantle, at the top of the melting 417 

column where cooling rates are theoretically most rapid (Hanghøj et al. 2010). Indeed, our 418 

samples collected at ‘Moho Saddle’ are within 200 m of the crust-mantle transition observed in 419 

outcrop (Mihalynuk et al. 2004). Along strike to the southeast, Peridotite Peak represents deeper, 420 

less depleted lithospheric mantle that cooled slower. Further southeast, the Menatatuline massif 421 

is offset in strike, and temperatures and cooling rates are again high (Fig. 9, 10), as is the degree 422 

of partial melting achieved.  423 

Summary and Conclusions 424 

Our results from are consistent with contrasting cooling histories observed for other 425 

ophiolites deduced using REE and cation exchange thermometry. The Menatatuline body shows 426 

cooling rates similar to abyssal peridotites or some mid-ocean ridge ophiolites such as proposed 427 

for Oman (Dygert et al, 2017). The Hardluck massif follows a slower cooling pattern similar to 428 

most other ophiolites that have extensive crustal cover or were modified during emplacement. 429 

The Hardluck and Menatatuline massifs have originated at the same spreading centre, but in 430 
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different sections of this system, along which the extent of mantle melting, and cooling rates 431 

varied by orders of magnitude. The Menatatuline and ‘Moho Saddle’ segments would represent 432 

the refractory, high temperature uppermost portion of the melting column with cooling rates (0.1 433 

– 0.01 °C/year) similar to that observed within 1 -2 km of the crust-mantle transition in other 434 

ophiolites such as Oman (Dygert et al, 2017). The Peridotite Peak/Hardluck segments represent a 435 

more fertile and likely deeper lithospheric segments with slower cooling rates (10-4 °C/year ), as 436 

observed at 4 – 10 km from the crust-mantle transition in Oman. Spatial differences in 437 

temperatures and spinel Cr# estimates of degree of melting within the various massifs support 438 

this interpretation.  Variations in degree of depletion on similar scales have also been 439 

documented in peridotite massifs in the Coast Range ophiolite (Choi et al. 2008), SW Turkey 440 

(Uysal et al. 2012, 2016) and Albania (Dilek et al. 2008). The Menatatuline massif differs from 441 

the Hardluck in having no observable or obvious crust mantle transition and having cooling rates 442 

similar to abyssal peridotites. The lack of crustal cover for this segment may be one cause of its 443 

rapid cooling rate, and it could represent mantle rapidly cooled by exhumation along an 444 

extensional detachment (Hanghøj et al. 2010; Dygert and Liang 2015).  Although Hardluck and 445 

Menatatuline massifs were originally mapped as a single, adjoining exposure of mantle peridotite 446 

(Aitken 1959; Terry 1977), recent mapping has revealed that the two massifs are juxtaposed by a 447 

dextral strike slip fault (Figure 2), possibly a reactivated detachment from original exhumation of 448 

the Menatatuline segment along a spreading center.  449 
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Figure captions 676 

Fig. 1 Upper inset map shows terranes (modified after Nelson and Colpron (2011)) of northern 677 
British Columbia and Yukon highlighting the Cache Creek terrane (CC; yellow) and location of 678 
the Menatatuline Range study area (red star). Main panel shows the regional geology of the 679 
Cache Creek terrane in Yukon and British Columbia modified after Zagorevski et al. (2015). The 680 
Menatatuline Range study area is outlined in dashed lines. 681 

Fig. 2 (a) Bedrock geology of the field area showing the Hardluck and Menatatuline mantle 682 
massifs of the Nahlin ophiolite. Specific areas ‘Moho Saddle’ and Peridotite Peak are referred in 683 
text. Peridotite samples symbolized by location. Lines A-B and C-D denote lines of cross 684 
sections. (b) Cross-sections through the Nahlin ophiolite in the Menatatuline Range area (line A-685 
B) and at Peridotite Peak (line C-D) in (a) with 2× vertical exaggeration.  686 

Fig. 3 Peridotites and field relations within the Nahlin ophiolite. (a) Primary tectonic fabric (S1) 687 
in harzburgite (Harz.) tectonite crosscut by pyroxenite dikes (Pxite), on Peridotite Peak East. (b) 688 
Tight, near isoclinal folding of a pyroxenite dike in harzburgite tectonite on Peridotite Peak. (c) 689 
View WNW from Peridotite Peak East showing subhorizontal contact between harzburgite 690 
(Harz) and serpentinite extensively intruded by gabbro (Gab.), (d) The Cache Creek terrane 691 
suture (D1) near Mt. Nimbus where harzburgite and gabbro are thrust over Mississippian 692 
limestone (Carb.) containing Tethyan fossils and intercalated with OIB-type lavas. (e) 693 
Harzburgite (Harz.) in the Menatatuline massif thrust over basalt (Bas.) of the Nahlin ophiolite 694 
along a northeast-vergent D1 thrust. (f) Steeply-dipping ‘Silver Salmon fault’ just north of 695 
Peridotite Peak juxtaposes harzburgite of the Hardluck massif against chert of the Kedahda 696 
Formation. 697 

Fig. 4 Photomicrographs of peridotites from the Nahlin ophiolite. (a) Kink-banded 698 
orthopyroxene porphyroclasts in spinel harzburgite. Irregular boundaries and embayments of 699 
olivine (Ol emb) into orthopyroxene suggest partial orthopyroxene dissolution during melt-rock 700 
interactions. Some olivine shows mesh texture due to serpentinization. (b) Exsolution lamellae 701 
and irregular grain boundaries of orthopyroxene porphyroclasts in fresh spinel harzburgite. (c) 702 
Fine grained anhedral spinel (Sp) in a texturally-equilibrated spinel harzburgite showing ~120 ° 703 
grain boundaries between olivine and orthopyroxene. 704 

Fig. 5 Whole-rock major (wt%) and trace element (ppm) data for the peridotites in the Nahlin 705 
ophiolite compared with a compilation of other abyssal and ophiolite peridotites from the 706 
literature (Canil, 2004). Plots show variations of Al2O3 against major oxides (a) MgO, (b), CaO, 707 
and trace elements (c) Sc, (d) V. Data for Menatulien samples from this study, and those for the 708 
Hardluck massif from Canil et al (2006) and Bebechuk et al (2010).  709 

Fig. 6 Correlations of Cr#  in spinel, clinopyroxene and orthopyroxene in Nahlin ophiolite 710 
mantle. Grey dashed lines represent degree of spinel facies partial melting (F) as calculated from 711 
spinel Cr# (Warren 2016).  712 

Fig. 7 Chondrite-normalized REE patterns for clinopyroxene (a) and orthopyroxene (b) in the 713 
Hardluck (green lines) and Menatatuline (grey lines) massifs. Dashed black lines in (a) are 714 
residual clinopyroxene compositions calculated for 10, 15, and 20% non-modal fractional partial 715 
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melting for spinel peridotite with a source clinopyroxene composition shown by solid black line. 716 
The partial melting model parameters follow those of Warren (2016) and are outlined in detail in 717 
the text. Panels (c, d) compare REE patterns for clinopyroxene and orthopyroxene in the 718 
Hardluck (green shaded) and Menatatuline (red filled) with those of abyssal peridotites (black 719 
lines - Warren, 2016). Also shown is anomalous sample 15SM45 (‘SM45’). Chondritic REE 720 
abundances after Sun and McDonough (1989). 721 

Fig. 8 Correlations between whole-rock Al2O3 and modal clinopyroxene and olivine. 722 
Correlations show that the most refractory samples contain the lowest bulk-rock concentrations 723 
of Al2O3, the lowest proportions of clinopyroxene and the highest proportions of olivine.  724 

Fig. 9 Geothermometers applied to the Nahlin ophiolite showing results for: (a) olivine-spinel 725 
Fe-Mg exchange TOlSp  and orthopyroxene-spinel Fe-Mg exchange TOpxSp , (b) Ca solubility in 726 
orthopyroxne (TCaOpx), two pyroxene Ca-Mg exchange TBKN and  two-pyroxene REE exchange 727 
TREE, (c) the difference in temperature (ΔT) between TBKN and TOlSp (triangles) and TOpxSp 728 
(diamonds) and (d) comparison with (Gd/Yb)N ratio in clinopyroxene as a measure of partial 729 
melt depletion.  The mean and one standard deviation are shown for results in each sample 730 
(Table 2) arranged from left-to-right along strike from NW to SE fromMoho Saddle, Peridotite 731 
Peak/East and Menatatuline (shown in Figure 2).  Note the persistently higher temperatures in 732 
the Menatatuline massif (shaded orange) showing it achieved highest peak temperatures, the 733 
highest degree of partial melting. 734 

Fig. 10 Results of TREE thermometer plotted against TBKN. Also shown are a family of cooling 735 
curves (red lines) calculated using the model of Dygert et al (2017) for initial peak temperatures 736 
on the solidus (To) followed by cooling at various rates of 1 to 1×10-5 ºC/year (vertical black 737 
lines). The closure temperatures for TREE and TBKN along the cooling curves follow Dygert et al 738 
(2017) assuming a 5 mm radius grains of orthopyroxene with diffusion parameters for REE from 739 
Cherniak and Liang (2007) and for Fe-Mg diffusion from Dimonov and Weidenbeck (2006). 740 
Also shown are fields for abyssal peridotites (yellow) and other ophiolites (after Dygert et al, 741 
2015; 2017). Note the markedly higher peak temperatures and cooling rates for the Menatatuline 742 
samples, compared to Hardluck massif. The anomalous samples labelled (SM23B, SM45, 743 
SM55B) are described in the text. 744 
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