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Abstract
Aplite dikes intruding the Proterozoic 1.42(± 3) Ga Longs Peak-St. Vrain Silver Plume-type peraluminous granite near 
Jamestown, Colorado, contain F, P, and rare earth element (REE)-rich globular segregations, with 40–46% REE, 3.7–4.8 
wt%  P2O5, and 5–8 wt% F. A combination of textural features and geochemical data suggest that the aplite and REE-rich 
globular segregations co-existed as two co-genetic liquids prior to their crystallization, and we propose that they are formed 
by silicate–fluoride + phosphate (+ S + CO2) melt immiscibility following ascent, cooling, and decompression of what was 
initially a single homogeneous magma that intruded the granite. The REE distribution coefficients between the silica-rich 
aplites and REE-rich segregations are in good agreement with experimentally determined distribution coefficients for immis-
cible silicate–fluoride + phosphate melts. Although monazite-(Ce) and uraninite U–Th–Pb microprobe ages for the segrega-
tions yield 1.420(± 25) and 1.442(± 8) Ga, respectively, thus suggesting a co-genetic relationship with their host granite, 
εNd1.42Ga values for the granites and related granitic pegmatites range from − 3.3 to − 4.7 (average − 3.9), and differ from 
the values for both the aplites and REE-rich segregations, which range from − 1.0 to − 2.2 (average − 1.6). Furthermore, the 
granites and pegmatites have (La/Yb)N <50 with significant negative Eu anomalies, which contrast with higher (La/Yb)N 
>100 and absence of an Eu anomaly in both the aplites and segregations. These data are consistent with the aplite dikes and 
the REE-rich segregations they contain being co-genetic, but derived from a source different from that of the granite. The 
higher εNd1.42Ga values for the aplites and REE-rich segregations suggest that the magma from which they separated had a 
more mafic and deeper, dryer and hotter source in the lower crust or upper mantle compared to the quartzo-feldspathic upper 
crustal source proposed for the Longs Peak-St. Vrain granite.

Keywords Silicate–fluoride + phosphate melt immiscibility · Rare earth elements · Aplites · Globular segregations · 
Jamestown, Colorado

Introduction

The rare earth elements (REE) are critical metals, which, 
because of their unique magnetic, electronic, optical and 
quantum properties, are used in a variety of technological 
applications such as REE-magnets, lasers and lighting, and 
catalysts (Chakhmouradian and Wall 2012). The forma-
tion of REE deposits related to igneous rocks is a complex 
function of their igneous source, magmatic crystallization 
and fractionation processes, hydrothermal modification and 
supergene enrichment during weathering (Chakhmouradian 
and Zaitsev 2012; Smith et al. 2016). Understanding the 
relative role of different magmatic processes is essential for 
understanding the formation of such deposits.

On the basis of a study of quartz-hosted micron-scale 
melt inclusions in the peralkaline Strange Lake granite, 
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Northern Québec, Canada, Vasyukova and Williams-Jones 
(2014) proposed that silicate–fluoride melt immiscibility 
played an important role in concentrating the REE within 
this pluton. Vasyukova and Williams-Jones (2016) sub-
sequently observed a macroscopic F-, REE-, and HFSE-
rich ellipsoidal-shaped inclusion in this pluton which they 
suggested to have formed as a result of silicate–fluoride 
immiscibility. However, extensive post-crystallization 
hydrothermal alteration has recrystallized and redistrib-
uted elements in both the REE-rich ellipsoidal-shaped 
inclusion and host Strange Lake granite pluton (Gysi et al. 
2016), obscuring many of the primary geochemical signa-
tures of melt immiscibility, specifically the liquid–liquid 
partition coefficients of the REE between the inclusion and 
the granitic host.

To date, only two other occurrences of possible sili-
cate–fluoride immiscibility in natural systems have been 
documented. For one, the Ary-Bulak ongonite intrusion, 
Eastern Transbaikal Region (Peretyazhko et al. 2007), no 
elemental partition coefficients have yet been determined. 
For the other, in mantle peridotite xenoliths from New Zea-
land (Klemme 2004, 2005), partition coefficients for REE 
between a fluoride and a silicate glass range from ~ 10 for 
La down to ~ 1 for all the other REE. However, the high 
pressure and temperature conditions for the formation within 
the mantle of these immiscible fractions are greatly different 
than those for upper crustal magmatic systems, and these 
distribution coefficients are significantly lower than those 
determined experimentally at low pressure (72–100 MPa) 
by Veksler et al. (2005, 2012), which trend progressively 
from ~ 200 for La down to ~ 100 for Yb.

Here we investigate the origin of macroscopic globular 
segregations (Fig. 1), with 40–46% REE, 3.7–4.8 wt%  P2O5 
and 5–8 wt% F (Table 1; Allaz et al. 2015), which occur 
in aplite dikes intruding the Longs Peak-St. Vrain Silver 
Plume-type granitic batholith near Jamestown, Colorado 
(Fig. 2; Goddard and Glass 1940; Allaz et al. 2015). To 
better understand the origin of these segregations, and their 
genetic relationship to their aplite host dikes and the Longs 
Peak-St. Vrain granite pluton, we have determined both the 
elemental and Nd-isotopic compositions of these different 
units. Our Nd-isotopic and trace-element data indicate that 
the aplite and the F-,  P2O5-, and REE-rich segregations were 
co-genetic. We interpret textural features preserving various 
stages of agglomeration, coalescence and deformation of the 
segregations in the aplites (Fig. 1) as evidence that they co-
existed as liquids prior to their crystallization. We suggest 
that they are formed by liquid immiscibility from a single 
initially homogeneous melt with a different source from the 
magmas that formed the Longs Peak-St. Vrain granite. This 
melt intruded the granite, and subsequently, upon cooling 
and decompression, separated into two immiscible liquids: 
(1) a silicate-rich melt which formed the aplite; and (2) a 

REE-rich fluoride + phosphate (± sulfide ± carbonate) melt 
with lower silica content forming the segregations.

Unlike the REE-rich Strange Lake peralkaline granite, 
neither the Longs Peak-St. Vrain granite, aplite dikes, nor 
the F-,  P2O5- and REE-rich segregations has undergone 
subsequent hydrothermal alteration. Samples from this 
locality, therefore, provide a unique opportunity to evaluate 
the distribution of elements between immiscible silica–flu-
oride + phosphate melt fractions formed in a natural sys-
tem, and to compare these with distribution coefficients for 
silicate–fluoride and silicate–phosphate melt immiscibility 
determined experimentally by Veksler et al. (2005, 2012). 
The results thus help constrain the conditions for concentrat-
ing REE and other incompatible elements by silicate–fluo-
ride + phosphate melt immiscibility in magmatic systems, 
and the possible role of immiscibility in creating economi-
cally viable REE deposits.

Geologic setting

Goddard and Glass (1940) were the first to describe the 
unusual REE mineralization at a locality known as the 
“Rusty Gold” deposit within the Proterozoic 1.42(± 3) Ga 
Longs Peak-St. Vrain Silver Plume-type peraluminous gra-
nitic intrusion (Fig. 2; Peterman et al. 1968; Peterman and 
Hedge 1968; Anderson and Thomas 1985). The Longs Peak-
St. Vrain pluton was emplaced at shallow depth (6–9 km; 
Anderson and Thomas 1985). The presence of Paleopro-
terozoic metasedimentary xenoliths (mainly ~ 1.8 Ga bio-
tite schist; DePaolo 1981) further indicates that the studied 
outcrops are close to the margin of the intrusion (Goddard 
and Glass 1940). The Longs Peak-St. Vrain pluton and other 
Silver Plume-type intrusions are A-type peraluminous [Al/
(Ca + Na + K) > 1.0], two-mica granites exhibiting enrich-
ment in K and other incompatible elements (Rb, Ba, Th and 
LREE), and depletion in Ca and Mg compared to orogenic 
granites (Baker et al. 1976). The overall geochemistry sug-
gests that the source of these intrusions was the melting of 
garnet-bearing high-grade quartzo-feldspathic continental 
crust (DePaolo 1981; Anderson and Thomas 1985).

The REE mineralization occurs at two spatially separate 
localities, approximately one kilometer apart, indicated by 
(1) and (2) on the map (Fig. 2). Goddard and Glass (1940) 
described the occurrence in these segregations of cerite, 
bastnäsite, monazite and allanite, as well as fluorite, quartz, 
uraninite, magnetite and sulfide phases. A misidentification 
of the cerite was first suggested based on an XRD analysis 
(Rabbitt 1952), and this mineral was later confirmed to be 
fluorbritholite-(Ce) by in situ microanalysis (Affholter 1987; 
Affholter and Adams 1987; Allaz et al. 2015). Allaz et al. 
(2015) provided a more detail description of the mineralogi-
cal complexity of samples from the northern locality, along 
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with U–Th–Pbtotal microprobe ages of monazite-(Ce) and 
uraninite at 1.420(± 25) and 1.442(± 8) Ga, respectively, 
which are, within error, identical with the Longs Peak-St. 
Vrain granite intrusion age. Neither Goddard and Glass 
(1940) nor Allaz et al. (2015) provided detailed petrochemi-
cal descriptions of the aplite dikes within which the REE-
rich segregations occur, but both considered the aplites as 
well as the REE-rich segregation to be late-stage residual 
melts derived from and co-genetic with the Longs Peak-St. 
Vrain granite.

The aplite samples and REE-rich segregations described 
here are from the northern locality. Three separate expo-
sures of different aplite dikes containing REE-rich segre-
gations occur at this locality. These exposures are each of 
limited extent. Within one, which has been enhanced by a 

prospect trench, the aplite dike varies in thickness from 30 
to 60 cm over a length of 2.5 m. In this outcrop, the aplite 
dike intrudes along the contact between the granite and a 
metasedimentary roof pendent (Fig. 1d).

The REE-rich segregations at this locality vary from 
relatively small (≤ 11 mm in diameter) isolated globules 
(Fig. 1a), to multiple aggregates of agglomerated and 
coalesced globules (Fig. 1b, c), to ≥ 5 cm thick vein-like 
lenses with up to ≥ 20 cm extension and with only minor 
internal relicts of globular textures (Fig. 1d). Both the 
REE-rich globular and vein-like segregations are formed 
by two visually distinct mineral zones (Fig. 1): a dark 
black rim (Zones #1 and #2; Allaz et al. 2015) primar-
ily composed of dark green to brown allanite-(Ce) with 
minor monazite-(Ce), and a lighter gray to purple core 

Fig. 1  Photographs of four texturally distinct REE-mineralized seg-
regations within aplite. The segregations all consist of dark allanite-
(Ce) rims surrounding somewhat lighter gray colored fluorbritho-
lite-(Ce) + fluorite + monazite-(Ce) cores (Allaz et  al. 2015). The 
aplite consists of dominantly plagioclase  (Ab70−85) along with lesser 
amounts of quartz, alkali feldspar and biotite (see Fig. 4). a Sample 
with individual isolated globular REE-mineralized pods, the larg-
est of which is 11  mm in diameter with 1-mm-thick allanite rims. 
This was the type of sample ground-up and analyzed to determine 
the bulk rock composition of the hypersolvus magma prior to sepa-
ration by silicate–fluoride + phosphate melt immiscibility of the F-, 
P- and REE-rich segregations from the silica-rich aplite. b A sam-

ple in which some of the small globular REE-rich segregations have 
agglomerated and coalesced into larger concentration of REE-rich 
material. c A sample with an even greater amount of agglomeration 
and coalescence of the globular REE-rich segregations, elongated and 
deformed possibly by flow in the aplite + segregation-bearing magma 
during intrusion into the host granite pluton. A thin aplite dikelet cuts 
the flow-deformed segregations. d Sample with one relatively large 
and several smaller lenses forming by agglomeration and coalescence 
of globules, and several small isolate globules of REE-rich material 
in aplite. The intrusive contact of the aplite with older metamorphic 
rocks occurs on the right side of the sample
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(Zone #4; Allaz et al. 2015) composed primarily of fluor-
britholite-(Ce) (> 50% modal), fluorite (10–25%), mona-
zite (10–15%), and quartz (5%), with minor Fe-oxides and 
-sulfides, bastnäsite-(Ce) and REE-rich uraninite. The rim 
is further subdivided between a pure allanite outer domain 
(Zone #1; Allaz et al. 2015) and a monazite + allanite inner 
domain (Zone #2). A thin and irregular intermediate zone 
(Zone #3; Allaz et al. 2015) between the rim and the core 

can be present and is characterized by the presence of 
törnebohmite-(Ce), cerite-(Ce), and REE-carbonates con-
sisting of mixtures of bastnäsite-(Ce) ± synchysite-(Ce), 
but devoid of fluorite. Minerals in the core of the segrega-
tions are mostly isogranular with a constant 120° dihedral 
angle at triple junction between all major phases. The 
cores of the segregations also contain small rounded clus-
ters of monazite and fluorite in some instances surrounded 

Table 1  Average compositions 
of rocks and the estimated 
composition of the segregations

Rock type Granite Pegmatite Aplite Core REE Rims 0.55 core +  
0.45 rim

Bulk rock

# samples 3 3 5 3 4 5

SiO2 72.69 73.03 69.23 18.62 34.03 25.55 63.27
TiO2 0.34 0.28 0.03 0.00 0.20 0.09 0.07
Al2O3 13.97 14.70 18.32 0.32 12.90 5.98 16.31
Fe2O3 2.14 1.82 0.65 0.32 13.40 6.21 2.67
MnO 0.02 0.04 0.02 0.30 0.81 0.53 0.16
MgO 0.49 0.33 0.13 0.02 0.63 0.31 0.53
CaO 0.47 0.49 2.86 14.32 8.44 11.67 4.42
Na2O 2.34 0.93 5.56 0.02 0.18 0.09 3.75
K2O 5.38 5.34 1.51 0.03 0.10 0.06 0.68
P2O5 0.16 0.38 0.15 4.66 1.68 3.31 0.46
F 0.16 6.85 0.32 3.91 0.47
LOI 1.52 2.19 1.03 3.91 1.56 2.71 1.91
Total 99.49 99.50 99.51 49.36 74.25 60.56 94.37
Cs 3.9 5.7 2 < 0.5 0.9 0.69 1.3
Rb 277 454 44 < 2 9 5.2 86
Ba 632 135 870 90 171 127 1185
Sr 148 24 1900 2133 593 1440 1866
Nb 18 71 3 < 1 7 3.6 8.9
Zr 247 141 35 31 17 25 40
Hf 5.5 3.7 1.0 9.7 3.8 7.1 1.5
Th 62.8 20.2 12.8 3230 1508 1456 359
Pb 34.0 20.7 92.6 1960 833 1453
U 4.3 5.2 33.3 4113 845 2300 238
La 95.3 26.7 434 77,033 41,345 60,973 8165
Ce 217 63.7 799 221,333 104,880 168,929 20,694
Pr 26.8 8.12 126 26,100 12,355 19,915 2665
Nd 101 30.6 445 97,300 41,535 72,206 9112
Sm 16.8 6.70 54.4 12,200 4770 8857 1068
Eu 1.23 0.38 14.4 2460 867 1743 224
Gd 7.80 4.27 27.6 5313 1786 3726 563
Tb 0.87 0.80 2.85 537 184 378 52.3
Dy 4.10 5.00 12.0 2257 735 1572 200
Y 20 35 41 9472 3028 6573 802
Ho 0.70 1.03 1.65 333 100 226 22.9
Er 1.87 3.07 3.85 751 217 485 48.4
Tm 0.26 0.53 0.44 86.0 25.0 58.6 6.11
Yb 1.47 3.53 2.33 463 135 316 34.3
Lu 0.19 0.47 0.29 57.8 18.0 39.9 3.81
(La/Yb)N 44 5.1 127 113 209 131 162
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by pyrite and minor amounts of REE-rich carbonates (see 
Fig. 5 in Allaz et al. 2015).

Methods

Several samples each of Longs Peak-St. Vrain gran-
ite and pegmatites, aplites and the F-, P- and REE-rich 
segregations were analyzed for whole-rock major and 
trace-element contents by ICP-MS techniques at Activa-
tion Laboratories, Canada, and for Nd-isotopic ratios by 

solid-source mass-spectrometry at the University of Colo-
rado as described by Farmer et al. (1991). Total bulk rock 
(aplite + REE-rich segregations) compositions have been 
determined for five samples in which the REE-rich globules 
remain small (≤ 11 mm) and isolated (Fig. 1a) and are not 
agglomerated (Fig. 1b, c) and/or coalesced into larger lenses 
(Fig. 1d). This was done by powdering large slabs (> 100 g) 
of these samples to capture representative proportions of the 
aplite and REE-rich globules.

Biotite and plagioclase chemistry was determined by 
electron microprobe analysis on a JEOL JXA-8600 electron 

Fig. 2  Location maps modi-
fied from Allaz et al. (2015). a 
Map of the USA showing the 
location of map b. b General 
geological setting of the Meso-
proterozoic intrusions within 
the front range of Colorado 
(simplified after Tweto 1979). 
c Modified geological map 
from Cole et al. (2009), with 
locations of the northern (1) and 
southern (2) localities of the 
REE mineralization originally 
described by Goddard and Glass 
(1940). The samples pictured 
in Fig. 1 and analyzed for this 
paper come from the northern 
locality
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microprobe at the University of Colorado-Boulder. It is a 
four-spectrometer instrument equipped with argon X-ray 
detectors (P-10 mixture) on spectrometer 1 and 2 (PET and 
TAP crystals), and xenon X-ray detectors on spectrometers 
3 and 4 (LiF crystals). Operating conditions using a W-cath-
ode were 15 KV accelerating potential with a 20 nA probe 
current. A 5–10 µm beam was used to obtain the analysis on 
the biotites. F was analyzed at the beginning of the analysis 
sequence to minimize devolitization.

Results

Petrochemistry

Table 1 presents the average major and trace-element com-
positions for samples of Longs Peak-St. Vrain granite and 
granitic pegmatite samples collected in close vicinity to the 
northern REE-mineralized locality, for aplites, for the cores 
and rims of the REE-rich segregations, for the total bulk 
segregations as estimated in the proportions 55 wt % cores 
and 45 wt % rims, and for the composition of bulk samples 
of aplite and isolated globular REE-rich segregations. Com-
positions of individual samples of the different rock types 
are recorded in tables stored within the Electronic Supple-
mentary Materials (ESM).

The two-mica Longs Peak-St. Vrain granite from the 
vicinity of the REE-mineralized localities has coarse por-
phyritic texture, with relatively large euhedral crystals 
of orthoclase perthite in a holocrystalline groundmass of 
hypidiomorphic quartz, Na-rich plagioclase  (Ab90−98), bio-
tite, muscovite, and minor apatite, zircon and opaques. Gra-
nitic pegmatites have similar mineralogy as the granite, but 
with greater proportions of quartz, alkali feldspar and mus-
covite, along with occasional garnet and tourmaline. Biotites 
in the granite and pegmatites have 19.5–27.0 wt% FeO and 
8.0–3.0 wt% MgO, with atomic Fe ≫ Mg, and 0.7–2.1 wt% 
F (ESM Table 1). The granites and pegmatites have low 
CaO and MgO contents (Table 1 and EDM Table 2) and 
Al/(Ca + Na + K) > 1.0 consistent with their classification 
as peraluminous granites similar to other Proterozoic Silver 
Plume-type intrusions (Anderson and Thomas 1985). Gran-
ites are LREE-enriched with average (La/Yb)N = 44 and a 
significant negative Eu anomaly (Fig. 3). The pegmatites 
have lower LREE and average (La/Yb)N = 5.1, but similar 
large negative Eu anomalies.

Aplites, in contrast to the granites, exhibit a distinc-
tive fine-grained equigranular texture (Fig. 4), dominated 
by more Ca-rich plagioclase  (Ab70−85), along with minor 
quartz, alkali feldspar and small amounts of more Mg-rich 
biotite, as well as occasional monazite and allanite. No 
systematic spatial variations in mineralogy, modal mineral 
abundance or grain size have been observed in the aplites, 

but modal proportions of biotite vary from 0 to 5 vol% and 
plagioclase varies from less than to greater than 50 vol% 
in different samples. The biotites in aplite have 11.8–18.8 
wt% FeO and 16.5–10.2 wt% MgO, with atomic Fe < Mg, 
and 2.2–2.5 wt% F (ESM Table 1). Aplites have lower  SiO2 
and  K2O and higher  Na2O,  Al2O3 and CaO than the gran-
ites (Table 1 and ESM Table 3), which is reflected in their 
mineralogy and mineral chemistry by a greater abundance 
of more An-rich plagioclase relative to quartz and alkali 
feldspar. Further, the aplites have higher LREE content than 
the granites, but slightly lower HREE, and therefore, higher 
average (La/Yb)N = 127, and no significant negative Eu 
anomaly (Fig. 3).

The cores of the REE-rich segregations have much lower 
 SiO2,  Al2O3,  Na2O and  K2O than the aplites, and higher 
CaO,  P2O5, F, and REE (Table 1 and ESM Table 4). How-
ever, they have similar average (La/Yb)N = 113 compared to 
the aplites and also lack a negative Eu anomaly (Fig. 3). The 
allanite ± monazite rims of the REE segregations (Zones #1 
and #2) have  SiO2,  Al2O3, CaO,  P2O5 and total REE inter-
mediate between the aplite and core compositions, but have 
a distinctly higher Fe content and higher average (La/Yb)N 
= 209 (Fig. 3; Table 1 and ESM Table 4). This is consistent 
with the rims not being a reaction zone between the cores 
and aplite, but instead having crystallized from the same 
REE-rich melt as which also formed the cores, as concluded 
previously by Allaz et el. (2015).

Table 1 also presents a calculated composition of a total 
REE-rich segregation prior to the separation of the allanite 
rims from the core, assuming weight proportions of 45% rim 
and 55% core. These weight proportions are based on (1) 
measurements of average rim thicknesses of typically 1 mm 
relative to a total segregation diameter of typically 11 mm 
(Fig. 1a), which then corresponds to the rims forming ~ 45% 

Fig. 3  Chondrite normalized REE contents (Table 1) of average gran-
ites, pegmatites, aplites, the cores, rims and total (45 wt% rims + 55 
wt% cores) of the REE-rich segregations, and the hypersolvus magma 
as represented by bulk rock analysis of aplites containing isolated 
globular segregations such as the sample pictured in Fig. 1a
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of the total volume of the segregations; and (2) our calcula-
tion, based on average mineral proportions and densities for 
both the rim and the core domains of the REE segregations, 
of similar approximate rim and core densities of between 4.0 
and 4.2 g/cm3, consistent with the higher REE-content of the 
core being balanced by the presence of low-density miner-
als such as fluorite and quartz. The composition of a total 
REE-rich segregation so calculated is similar to the analysis 
of one total segregation (sample REE4 in ESM Table 4).

The average composition (Table 1) of five bulk rock sam-
ples representative of the total composition of aplite + REE 
segregations (ESM Table 5) is andesitic, with ~ 5.5% total 
REE, (La/Yb)N = 162 and no significant negative Eu anom-
aly (Fig. 3).

Nd‑isotopic ratios

Nd-isotopic ratios were measured for two Proterozoic 
Idaho Springs Formation metamorphic country rocks, two 
granites, one pegmatite and two minerals (garnet and pla-
gioclase) separated from a pegmatite located close to the 
REE-rich mineralization, and for two aplite and six miner-
alized samples (Table 2). For the latter, three samples are 
allanite-rich samples from the rims of the segregations, and 
three are samples from the core of the segregation. Two 
of these samples S1(Y) and SL1-3 are from the southern 
locality (2 in Fig. 2). S1(Y) is allanite, similar in chemistry 
to the rims of segregation from the northern locality, and 
SL1-3 is composed essentially of fluorbritholite-(Ce) (> 50% 
modal), fluorite (10–25%), monazite (10–15%), and quartz 
(5%) similar to the cores of segregations from the northern 
locality. The other four, as well as both aplite samples, are 
from the northern locality. Initial εNd1.42Ga values for the 
granites, pegmatites, aplites and REE-rich segregations were 
all calculated at 1422 Ma, and εNd1.42Ga for the metamorphic 
country rocks were also calculated at 1422 Ma to compare 

with the granites, aplites and REE-rich segregation at the 
time of their formation.

Initial εNd1.42Ga values for the granites and pegmatites 
range from − 3.3 to − 4.7 (Fig. 5) and average − 3.9 for five 
samples, below the low end of the range 0.0–− 3.0 deter-
mined for three samples of Silver Plume-type granites from 
Colorado by DePaolo (1981). In contrast, the aplite, and 
REE-rich segregations from both the northern and southern 
localities, have εNd1.42Ga which range from − 1.0 to − 2.2 
(average − 1.6; Fig. 5), similar to each other but different 
from and higher than those of the granites and pegmatites. 
Initial εNd1.8Ga for the metamorphic country rocks calculated 
at 1800 Ma range from 1.5 to 1.6, which is slightly below 
the range 2.5–4.5 determined for other Proterozoic meta-
morphic rocks from Colorado by DePaolo (1981). Calcu-
lated at 1422 Ma the εNd1.42Ga values for the metamorphic 
rocks range from − 2.4 to − 3.5 (average − 3.0; Table 2), 
close to the range of the granites and consistent with similar 
metamorphic rocks possibly being the source from which the 
granites formed by partial melting (DePaolo 1981; Anderson 
and Thomas 1985; Smith et al. 1999).

Discussion

The geochemical data indicate that the aplite dikes and REE-
rich segregations on the one hand, and the Longs Peak-St. 
Vrain granite and pegmatites on the other, had different 
sources with distinct isotopic and geochemical signatures. 
First, the average initial εNd1.42Ga values of the granites and 
associated pegmatites (− 3.9) differ significantly from that of 
the aplites and REE-rich segregations (− 1.6; Fig. 5). These 
isotopic differences imply that crystal-liquid fractionation 
could not have produced the aplites and REE-rich segre-
gations from the granites as suggested previously by God-
dard and Glass (1940) and Allaz et al. (2015). Second, the 
aplite and the granite display very different (La/Yb)N ratios 

Fig. 4  Photomicrograph of a 
aplite sample JR-13 in plane 
polarized light, with a small 
amount of dark allanite-(Ce) 
in the lower right side of the 
sample; and b sample SK11 
under crossed nicoles at higher 
magnification showing the 
distinctive granular texture in 
the dominantly plagioclase-rich 
 (Ab70−85) aplites
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and only the granitic materials show a negative Eu anomaly 
(Fig. 3). In contrast, the aplite and the REE-rich segregation 
have the same εNd1.42Ga and (La/Yb)N ratios despite very dif-
ferent REE contents, and both lack negative Eu anomalies, 
consistent with them being co-genetic.

We interpret the textural evidence for agglomeration, 
coalescence and deformation of the REE-rich globules 
in some sections of the aplite dikes (Fig. 1) to suggest 
that these globules and the aplites were both liquid at the 
time of intrusion, and that flow during the intrusion of 
these dikes acted to agglomerate, coalesce and deform 
the globule segregations within the aplite magma. Based, 
therefore, in part on their globular texture, as well as the 
textural and geochemical evidence that they co-existed as 
two co-genetic liquids prior to their crystallization, we 
suggest that the REE-rich segregations formed within an 
initially homogeneous magma due to the separation by 
liquid–liquid immiscibility of a fluoride + phosphate-rich 
melt from a silicate-rich aplitic melt fraction, the former 
partitioning most of the REE. Formation of the globular 

Fig. 5  Initial Nd-isotopic compositions (Table 2) versus 147Sm/144Nd 
of granites (triangles) and associated pegmatites (diamonds) com-
pared to aplites (squares) and REE-mineralized segregations (circles)

Table 2  Nd-isotopic data

Total procedural blanks averaged ~ 100 pg for Nd during study period
Analyses were dynamic mode, three-collector measurements. Thirty-two measurements of the La Jolla Nd
Standard during the study period yielded a mean 143Nd/144Nd = 0.511840 ± 1 (2-σ µean)
εNd (0) are measured (present-day) values, initial εNd calculated at T = 1422 Ma
a Isotope dilution concentration determinations accurate to 0.5% for Sm and Nd
b Measured 143Nd/144Nd normalized to 146Nd/144Nd = 0.7219
c εNd values calculated using a present-day 143Nd/144Nd (CHUR) = 0.512638

Sample Sm (ppm)* Nd (ppm)a 147Sm/144Nd 143Nd/144Ndb (m) εNd (0)c εNd (T)c

Longs peak granite
 JR-3 11.3 70.1 0.0978 0.511540 ± 15 − 21.4 − 3.4
 JR-11 4.40 19.5 0.1362 0.511859 ± 7 − 15.2 − 4.2

Country rock schist (1.8 GPa Idaho Springs Fm.)
 JR-9 5.99 31.5 0.1150 0.511754 ± 10 − 17.2 − 2.4
 JR-10 21.7 140 0.0942 0.511503 ± 13 − 22.1 − 3.5

Pegmatite
 JR-8 8.87 28.2 0.1901 0.512406 ± 9 − 4.5 − 3.3
 JR-18 feldspar 55.8 287 0.1177 0.511662 ± 18 − 19.0 − 4.7
 JR-18 garnet 31.6 160 0.1194 0.511707 ± 11 − 18.2 − 4.1

Aplite
 SK-11 36.9 273 0.0818 0.511473 ± 9 − 22.7 − 1.8
 JR-12 55.0 464 0.0717 0.511380 ± 8 − 24.5 − 1.8

REE-rich segregations
 C1 core 11,280 90,100 0.0757 0.511455 ± 7 − 23.1 − 1.0
 A1 core 11,013 84,671 0.0787 0.511464 ± 6 − 22.9 − 1.4
 SK15 rim 2715 34,070 0.0482 0.511136 ± 10 − 29.3 − 2.2
 A1 rim 6585 55,224 0.0721 0.511398 ± 11 − 24.2 − 1.5
 S1 (Y) rim 1811 16,461 0.0666 0.511348 ± 10 − 25.2 − 1.4
 SL1-3 core 26,811 154,955 0.1047 0.511714 ± 10 − 18.0 − 1.3
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REE-rich segregations by crystal-liquid fractionation of 
the aplite is inconsistent with the high modal proportion 
of plagioclase in the aplite and the lack of a negative Eu 
anomaly in the REE-rich segregations (Fig. 3). Also, the 
presence of K-feldspar along with minor monazite and 
allanite in the aplites (Fig. 4) would reduce the poten-
tial for crystal-liquid fractionation concentrating the REE 
greater than 100-fold into a residual melt as is required 
to produce the compositions of the observed REE-rich 
segregations.

We propose that immiscible separation took place as the 
hypersolvus magma, which had an andesitic composition 
(Table 1) and an independent origin from the granite, rose 
from its source and intruded, cooled, and decompressed 
near the roof of the Longs Peak-St. Vrain granite pluton. 
The presence in some section of the aplite dikes of iso-
lated spherical globules of different sizes (Fig. 1a) sug-
gests that these formed and solidified in situ, not at depth 
during uprise prior to intrusion, as they would then likely 
be deformed during the intrusion processes. Crystalliza-
tion of the aplite and REE-rich segregations following 
immiscible separation must, therefore, have been relatively 
rapid for these samples that preserve isolated undeformed 
globulars (Fig. 1a). In contrast, the occurrence of larger 
pods and lenses formed by agglomerated, coalesced and 
flow-deformed globules (Fig. 1b–d) indicate that in other 
instances the aplite and globular REE-rich segregations 
remained in a liquid state longer during the intrusion and 
immiscible separation process. Ultimately, the F-,  P2O5- 
and REE-rich liquids, that segregated from and in some 
cases coalesced within the aplite, crystallized progres-
sively inward from the relatively Fe-rich allanite-(Ce) rims 
as described by Allaz et al. (2015).

The lack of post-crystallization hydrothermal alteration 
allows for the determination of the distribution coefficients 
(D = concentrations in the segregations/concentrations 
in the aplites) for both REE (Fig. 6) and other elements 
(Table 3), between what we propose to be the naturally 
occurring immiscible fractions, and for the comparison of 
these D values with those determined experimentally by 
Veksler et al. (2005, 2012) for both fluoride–silicate and 
phosphate–silicate systems. The D values determined for 
the REE and Y from both the natural and experimental sys-
tems are generally similar and all greater than two orders of 
magnitude (Fig. 6). For  Fe2O3, Cs, Rb, Nb, Zr, Hf and U, 
the D values in the natural system fall in the range between 
the experimentally determined values in the fluoride–silicate 
and phosphate–silicate systems, in general being somewhat 
more similar to those in the fluoride–silicate system as are 
the D values for the REE and Y. However, D values for  TiO2, 
 Al2O3, CaO, MgO,  Na2O,  K2O, Ba and Sr are all lower, and 
for Th higher in the natural system than either of the experi-
mental systems. In the natural system there is also significant 

solubility of  SiO2 in the F-rich phase, but relatively little 
F in the silicate-rich aplite (Table 3), which contrasts with 
the results obtained in this system by Veksler et al. (2005, 
2012), but  P2O5 is similarly distributed in both the natural 
and experimental systems.

Veksler et al. (2012) suggest that some of the variations 
in their experimentally determined distribution coefficients 
in the fluoride–silicate system, for example, Zr, Hf and Nb 
(Table 3), may reflect different starting melt compositions. 
The differences in D values in the natural and experimen-
tal systems for the elements noted above may also possibly 
reflect the significant differences in the compositions of 
the hypersolvus melts, which in the experimental systems 
involved on the one hand > 27 wt% F in a  P2O5-free sys-
tem, and on the other hand 30 wt%  P2O5 in an F-free sys-
tem, and with up to 10 wt%  H2O. The naturally occurring 
hypersolvus melt from which we propose that the aplite and 
globular REE-rich segregations separated contained much 
lower F and  P2O5 (< 0.5 wt% each). Unfortunately, there 
are no experimental data available concerning immiscibility 
for  SiO2 + F + P2O5 mixtures to compare directly with the D 
values in the more complex natural system.

The naturally occurring hypersolvus melt also apparently 
contained little  H2O, much less than in the experimental 
systems, as indicated by its low LOI (Table 1), low abun-
dance of biotite, and absence of both other hydrous phase 
in the aplites and of any aqueous fluid inclusions in either 
the aplite or the REE-rich segregations (Allaz et al. 2015). 
Further complicating the differences between the natural and 
experimental systems is the presence of small amounts of 
bastnäsite-(Ce), synchysite-(Ce), and pyrite in the REE-rich 
segregations (Allaz et al. 2015), indicating that the hyper-
solvus melt also contained a small amount of S and  CO2, 

Fig. 6  Distribution coefficients D for REE and Y between the aplites 
and globular REE-rich segregations (black circles and heavy solid 
line; Table  3) compared to experimentally determined D values for 
silicate–fluoride (runs RQ-17 and RQ-19), silicate–phosphate (run 
C3-13) and silicate–sulfate melt immiscibility (Veksler et  al. 2005, 
2012)
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which partitioned into the F-,  P2O5- and REE-rich phase. It 
is unlikely that the small amount of carbonate in the hyper-
solvus melt affected the elemental distribution between the 
aplite and REE-rich segregations, since for carbonate–sili-
cate immiscibility the REE concentrate into the silicate 
phase and D values vary significantly between LREE and 
HREE (Veksler et al. 2012). No experimentally determined 
D values for sulfide–silicate immiscibility have been pub-
lished. In the natural system, F + P2O5 + S were then fur-
ther concentrated, possibly by a second stage of immiscible 

separation, into small rounded fluorite + monazite-rich blebs 
surrounded by pyrite (see Fig. 5 in Allaz et al. 2015), which 
occur within the cores of the REE-rich segregations.

Dolejš and Baker (2007a, b) investigated the compo-
sitional limits of fluoride–silicate liquid immiscibility in 
granitic systems and found that the miscibility gap was 
restricted to very high F contents. However, the naturally 
occurring hypersolvus melt from which we propose that the 
aplite and globular REE-rich segregations separated has low 
F content and is significantly different in composition than 

Table 3  D’s determined 
from the natural system and 
experimental Si-P and Si-F 
systems

a D in the natural system calculated as the total segregations/aplites from Table 1
b Runs from Veksler et al. (2012)

System Naturala Si-P Si-F Si-F Si-F Si-F
Runb C3-13 C4-43 RQ-7 RQ-17 RQ-19

SiO2 0.35 0.10 0.01 0.04 0.02 0.02
TiO2 2.65 33.3 6.75
Al2O3 0.33 0.89 1.65 0.99 1.41 1.52
Fe2O3 9.58 76.7 5.18
MnO 29.4
MgO 2.31 87.4 93.8
CaO 4.08 102 69.2 94.8 121 99
Na2O 0.02 5.95 2.58 4.18 2.83 2.95
K2O 0.04 1.48 0.34 0.26 0.15 0.15
P2O5 22.1 17.3
F 24.4 5.15 5.74 4.62 4.90
Cs 0.38 0.66 0.07
Rb 0.12 0.78 0.12
Ba 0.15 126 17.7
Sr 0.76 122 29.6
Nb 1.06 32.0 3.71 0.45 0.58 0.45
Zr 0.71 49.7 6.40 0.36 1.08 0.97
Hf 6.80 45.3 3.94 0.21 0.69 0.58
Th 114 67.8 49.0
Pb 15.7
U 69.0 57.8 13.0
La 140 120 93.5 110 215 147
Ce 211 118 92.1 83.4 179 122
Pr 158 128 109 76.7 170 134
Nd 162 119 103 74.9 179 118
Sm 163 122 90.0 67.8 173 139
Eu 121 122 105 59.4 154 130
Gd 135 122 90.3 63.5 166 147
Tb 133 120 94.6 51.5 145 136
Dy 131 118 85.2 45.1 130 120
Y 160 114 103 60.2 161 153
Ho 137 117 89.4 42.1 125 129
Er 126 106 87.8 37.8 118 117
Tm 133 115 95.5 31.9 106 116
Yb 136 111 79.8 28.2 100 108
Lu 138 106 89.5 26.2 93.6 103
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a granite. Gramenitskii and Shchekina (1994, 2005) and 
Veksler et al. (2012) demonstrated that the region of liquid 
immiscibility in the fluoride–silicate system expands greatly 
in the presence of Li. We have not analyzed for Li, but have 
not observed any Li-bearing phases in either the aplite or 
REE-rich segregations.

Neither the aplite, REE-rich segregations nor the pro-
posed hypersolvus magma from which they separated has 
a negative Eu anomaly, which precludes significant crystal-
liquid fractionation involving plagioclase either at depth or 
during uprise of the hypersolvus magma. Its low  H2O and 
F content implies that to rise from lower crustal or upper 
mantle depths of > 45 km (see further discussion below) as a 
liquid, as suggested by our interpretation of the textural data 
(Fig. 1), it would have been relatively hot, the anhydrous 
liquid’s temperature of andesitic magma at 15 GPa being 
> 1100 °C (Stern et al. 1975). Although there are no experi-
mental data concerning the effects of pressure on immisci-
bility in the  SiO2 + F + P2O5 (+ S + CO2) system, we specu-
late that pressure inhibits immiscibility, favoring the denser 
one-phase as opposed to the unmixed two-phase state, and 
that decompression played a significant role in maintaining 
the hypersolvus magma as a homogeneous liquid prior to 
its uprise, intrusion and cooling near the roof of the Longs 
Peak-St. Vrain batholith at approximately 6 km depth.

The origin of the  H2O-poor hypersolvus melt is uncertain. 
Calculated at 1422 Ma, the εNd1.42Ga values for the older 
quartz-feldspathic Idaho Springs Formation metamorphic 
rocks into which the Longs Peak-St. Vrain granite intruded 
average − 3.0, close to the range of the granites and con-
sistent with similar metamorphic rocks possibly being the 
source from which the granites formed by partial melting 
(DePaolo 1981; Anderson and Thomas 1985; Smith et al. 
1999). However, these values are not consistent with these 
upper crustal quartz-feldspathic metamorphic rocks being 
the source of the hypersovus magma from which the aplites 
and REE-rich segregations formed, since the latter have 
higher εNd1.42Ga values (Fig. 5).

These higher εNd1.42Ga values for the aplites and REE-rich 
segregations are interpreted as evidence either of a contribu-
tion to the hypersolvus magma of mafic mantle-derived melt, 
or anatectic melting of mafic rather than quartz-feldspathic 
crustal lithologies. The latter is an attractive possibility given 
that the presence of mafic xenoliths, entrained in the Devo-
nian Colorado-Wyoming State Line kimberlites, demonstrate 
that the lower continental crust in this region is Paleoprote-
rozoic in age and dominantly mafic in composition, consist-
ing of two-pyroxene (± amphibole), two-pyroxene-garnet 
and clinopyroxene-garnet granulites (Bradley 1985; Farmer 
et al. 2005). In addition, the εNd values at 1.4 Ga of the acid-
leached mafic xenoliths (Farmer et al. 2005) overlap those of 
the aplite and REE segregations, ranging from − 2.7 to 0.6. 
The high (La/Yb)N of the hypersolvus magma also suggests 

greater proportion of garnet in the source compared to that 
of the granite, and the high Sr and lack of a negative Eu 
anomaly suggests that this source lacked significant amounts 
of plagioclase, also consistent with a lower crustal garnet 
granulite source. Similar mafic lower crustal lithologies have 
also been suggested as the source of F-rich Tertiary topaz 
rhyolites from the Western USA (Christiansen et al. 2007; 
Jacob et al. 2015). However, we also can not preclude a 
metasomatized, subcontinental mantle potential source for 
the hypersolvus granitic melt, as suggested for very large 
REE deposits elsewhere (Smith et al. 2016), given that man-
tle xenoliths entrained in the State Line diatremes suggest 
that a thick mantle lithospheric keel likely existed beneath 
this region during the Precambrian (Eggler et al. 1987).

Conclusions

Bowen (1928) concluded that “the association basalt-rhy-
olite, without intermediate types, cannot constitute a pair 
of immiscible liquids.” However, he acknowledged the 
possibility of immiscibility in “highly specialized” silicate 
melt compositions. Veksler (2004) outlined experimental 
evidence for immiscibility in such specialized systems with 
high concentrations of B, F, Cl, P, C and S. The forma-
tion of quartz-tourmaline orbicules in S-type granites by 
the separation of an immiscible hydrous borosilicate melt 
from the granitic host magmas is an example where immis-
cibility has been invoked to explain the formation of some 
unusual orbicular, globular, and or ellipsoidal-shaped petro-
logic features observed in igneous rocks (Sinclair and Rich-
ardson 1992; Trumbull et al. 2008; Drivenes et al. 2015). 
The F-, REE-, and HFSE-rich ellipsoidal-shaped inclusion 
in the peralkaline Strange Lake granite pluton, Canada, is 
another example, this being attributed to silicate–fluoride 
melt immiscibility (Vasyukova and Williams-Jones 2016).

Here we suggest that the unusual F-, P-, and REE-rich 
globular segregations in aplite dikes within the Longs Peak-
St. Vrain granitic pluton near Jamestown, Colorado, also 
have formed by silicate–fluoride + phosphate (+ S + CO2) 
liquid immiscibility from an initially homogeneous hyper-
solvus silicate magma as it intruded, cooled and decom-
pressed near the roof of this pluton. This suggestion hinges 
in large part on our interpretation of the textural evidence 
(Fig. 1) for the aplites and the REE-rich segregations hav-
ing been co-existing liquids at the time of their cooling and 
crystallization.

The aplites and REE-rich segregations, neither of which 
have been recrystallized or chemically modified by sub-
sequent hydrothermal alteration, deformation, uplift and 
exposure, provide a unique opportunity to compare D val-
ues of REE between naturally occurring immiscible frac-
tions with those determined experimentally by Veksler et al. 
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(2005, 2012). Veksler et al. (2005, 2012) demonstrated that 
silicate–fluoride and silicate–phosphate immiscibility can 
increase the REE concentration in the F- and  P2O5-rich rela-
tive to the silicate-rich immiscible fraction by greater than 
two orders of magnitude. D values for REE determined from 
the naturally occurring samples we have described are simi-
lar to those determined by Veksler et al. (2012), although 
they reflect immiscible segregation of melts in a more 
complex F + P2O5 + S + CO2-bearing system, for which no 
experimental data are available. Nevertheless, they support 
the suggestion that immiscibility may play a significant role 
in concentrating REE to potentially economic values in mag-
matic systems.
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