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Radioactive decay of 40K within the continental crust produces a unique Ca isotopic reservoir, with 
measurable radiogenic 40Ca excesses compared to Earth’s mantle (εCa = 0). Thus, igneous rocks with 
values of εCa > 1 unambiguously indicate a significant old, crustal contribution to their source magma. 
At our current level of analytical precision, values of εCa < 0.5 are indistinguishable from mantle-
like Ca isotope compositions. So, whereas 40Ca excesses clearly define crustal contributions, the source 
contributions of igneous rocks with mantle-like Ca isotopic composition are less certain. The calcium 
in these rocks could be derived from partial melting of: young crust, crust with mantle-like K/Ca 
compositions, or the mantle itself. Here we present Ca isotopic measurements of intermediate to felsic 
igneous rocks from the western United States, and two crustal xenoliths found within the Fish Canyon 
Tuff (FCT) of the southern Rocky Mountain volcanic field (SRMVF), USA. Their isotope geochemistry is 
used to explore their source compositions and to help distinguish new mantle-derived additions to the 
crust from reworked older crust.
Irrespective of age or tectonic setting a majority of the intermediate to silicic igneous rocks studied 
exhibit mantle-like Ca isotope compositions. Mantle-like Ca isotopic data for leucogranites associated 
with the beginning of Rio Grande rifting in Colorado indicate that felsic melts were generated from 
newly formed lower crust related to earlier calc-alkaline magmatism. These data also indicate that the 
Nd isotopic signature in early rift magmas is controlled by the lithospheric mantle, even if the major 
mantle source reservoir is the asthenospheric mantle.
The two crustal xenoliths found within the 28.2 Ma FCT yield εCa values of 3.6 and 7.0, respectively. 
The 40Ca excesses of these Precambrian source rocks are supported by K–Ca geochronology. However, 
like several other ignimbrites from the SRMVF and from Yellowstone, USA, the FCT (εCa ∼ 0.3) has a Ca 
isotope composition that is indistinguishable from the mantle. Nd isotopic analyses of the FCT imply that 
it was generated from 10–75% of an enriched component, and so the Ca isotopic data appear to restrict 
that component to newly formed lower crust, low K/Ca crust, or enriched mantle. Contrary to these 
findings, several large ignimbrites and one granitoid from the SRMVF show significant 40Ca excesses. 
These tuffs (Wall Mountain, Blue Mesa, and Grizzly Peak) and one granitoid (Mt. Princeton) are sourced 
from near, or within the Colorado Mineral Belt. Collectively, these data indicate that felsic, Precambrian 
crust likely contributed less than 50% of the material to the petrogenesis of many of the large ignimbrites 
that have erupted across the western United States. However, the crustal components that contributed to 
magmas in the Colorado Mineral Belt have 40Ca excesses; consistent with felsic, Precambrian crust.

© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Oceanic igneous rocks have compositions and isotopic signa-
tures that indicate they are derived from partially melting mantle
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sources. The sources of felsic magmas erupted through, or em-
placed in continental crust are less clear. Evidence for crustal cal-
cium in some oceanic island arcs has been reported in the early 
studies of Marshall and DePaolo (1989), but resolved at levels that 
were near the analytical capabilities available at that time. The pet-
rogenesis of felsic magmas in the continental crust can involve, 
le under the CC BY-NC-ND license 
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in addition to melting of mantle rocks, partial melting of existing 
crust, fractional crystallization, magma mixing, and assimilation 
(bulk and selective). The relative importance of these different pro-
cesses can vary during magma genesis in part due to differences 
in the thermal structure of the crust and the mass influx from 
the underlying mantle (DePaolo, 1981; Jellinek and DePaolo, 2003;
Annen et al., 2006). It is important to understand how these differ-
ent processes operate in order to develop planetary differentiation 
models that accurately account for the formation of new crust 
and crust-mantle interactions as continents age. Also, looking at 
younger systems, which generally have been affected less by meta-
morphic processes, is useful for establishing guidelines that can be 
applied to older, less well-preserved rock sequences.

Trace element radiogenic isotopes (namely Nd, Sr, and Pb) 
have long been used to assess the sources of magmas and the 
role of assimilation–fractional crystallization (i.e. AFC) processes in 
magma differentiation. In fact, a Nd crustal index (NDI) that calls 
upon the strength of thermal and mass influx has been proposed 
(Perry et al., 1993). Significant isotopic variability may (e.g., Gray 
et al., 2008) or may not (e.g., Coleman et al., 1992) be present in 
compositionally diverse magma systems. At a larger scale, regional 
trends can be strong (Farmer and DePaolo, 1983) and likely tied 
to large tectonic features and crust of different ages. The addition 
of Os isotopic data has been useful for working on these problems 
because it can indicate lower crust involvement in magma gene-
sis (Hart et al., 2003). Hafnium isotopes have also proven to be 
useful for direct comparison to Nd, and Hf in zircon (Kemp et al., 
2007) is useful when whole-rock compositions are disturbed (cf. 
Stelten et al., 2013; Simon et al., 2014). However, given all these 
tools, there are still many unresolved issues regarding the petro-
genesis of felsic magmas, with a principal one being the ability 
to distinguish the contributions of mantle sources in magmas that 
clearly have a large component derived from preexisting continen-
tal crust.

Of the major elements in igneous rocks, calcium is unique be-
cause its most abundant isotope (40Ca) is one of the two daugh-
ter products from the branched decay of 40K, another major ele-
ment. Thus, measuring the 40Ca enrichment in felsic igneous rocks 
can help assess the involvement of older, K-rich crustal rocks in 
the petrogenesis of magmas without relying on knowledge of the 
trace element behavior (e.g., distribution coefficients for Rb and 
Sr). In addition, because 87Rb/87Sr (parent/daughter) is approxi-
mately 30,000 times 40K/40Ca (parent/daughter), the Rb–Sr system 
has much more variability, which is useful for analyzing diversity, 
but creates complexities when distinguishing mantle from crust, 
and necessitates very accurate age corrections for high Rb/Sr rocks. 
Combining Nd isotopic ratios with Ca isotopic ratios is useful be-
cause whereas non-radiogenic Nd can be indicative that either old 
continental crust or lithospheric mantle was involved in the pet-
rogenesis, Ca isotopes can potentially distinguish between crustal 
and lithospheric mantle sources (Fig. 1).

This contribution builds on work from Marshall and DePaolo
(1989), which used the K–Ca system to trace crustal recycling in 
felsic magmas from the western United States. Here we report an 
expanded data set obtained from felsic volcanic and plutonic rocks 
from the western United States. In addition, we present documen-
tation of a well-defined offset between the standard reference ma-
terial for Ca (SRM 915a) and rocks representative of Earth’s mantle, 
as well as new methods for analysis of 6 Ca isotopes by Thermal 
Ionization Mass Spectrometry (TIMS) with long-term external re-
producibility of <0.5ε (2σ ) on the 40Ca/44Ca measurement.

2. Methods

Calcium isotopic measurements reported here are from un-
spiked samples using TIMS. Approximately one-third of the data 
Fig. 1. Schematic diagram illustrating potential Ca and Nd isotopic signatures from 
the asthenospheric mantle, lithospheric mantle, and crust. Colored lines show hy-
pothetical magma generation paths and the large yellow arrows show that with Nd 
isotopes it is often difficult to distinguish lithospheric mantle from crust. The com-
bined usage of Ca and Nd isotopes provides greater clarity into the involvement of 
old felsic crust. (For interpretation of the colors in the figure(s), the reader is re-
ferred to the web version of this article.)

collected for this study were obtained at UCB employing the sam-
ple handling and mass spectrometry described in Simon et al.
(2009). Significant effort has been made to improve upon these 
methods and to accurately integrate the data from UCB with those 
obtained at NASA Johnson Space Center (JSC), Fig. 2.

2.1. JSC sample digestion and Ca purification methods

Whole-rock samples (∼50 mg) were powdered with an agate 
mortar and pestle and dissolved in a combination of concentrated 
HNO3 and HF in pressurized dissolution vessels at 180 ◦C for 48 
to 72 h. After pressurized dissolution the acid-sample mixtures 
were dried and dissolved in HNO3, if any insoluble material was 
present the mixture was evaporated to dryness again and dissolved 
in HNO3; and this process was continued until all material was in 
solution. A portion of this solution was then evaporated to dryness 
and dissolved in dilute HNO3 and Ca was purified with cation ex-
change chromatography using a vacuum box following procedures 
similar to Pourmand and Dauphas (2010). Ca blank introduced dur-
ing dissolution and column chemistry was approximately 50 ng, 
approximately 1/20th to 1/30th of this is loaded for an individual 
run (∼3 μg of sample to ∼2 ng of blank per run). Loading blank 
was less than 1 ng. Thus, the total Ca blank is not affecting the 
isotope measurements of the unknowns at our level of precision.

Samples were analyzed using Thermo-Finnigan Triton multi-
collector mass spectrometers at the University of California at 
Berkeley (Simon et al., 2009) and at the Lyndon B. Johnson Space 
Center in Houston (see Table S1).

2.2. JSC mass spectrometer and data reduction methods

During loading, a parafilm “dam” was used to tightly con-
trol the location of the sample on the filament. Phosphoric acid 
was first applied to the center of Re filaments and dried, then 
approximately 3 μg of Ca in dilute HCl was applied to the fila-
ment and dried, finally another application of phosphoric acid was 
applied and dried. Filament configuration consisted of two fila-
ments (ionization and evaporation) in face-to-face geometry. Ion-
ization filament temperature was continually monitored and kept 
as close to 1450 ◦C as possible (±5 ◦C). These conditions are criti-
cal to ion beam stability, removal of volatile K, and staying below 
source temperatures where Ti ionizes. Evaporation filament current 
ranged from 1800 to 2200 mA.

Multidynamic analyses involved measurement of 39K, 40Ca, 
42Ca, 43Ca, 44Ca, 46Ca, and 48Ca, in three different lines (Table S1) 
using Faraday collectors with 1011 � resistors. 47Ti was measured 
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Fig. 2. ε40Ca for the standard SRM 915a from 2007 through 2013.

Table 1
Calcium isotope data.

Sample Material Location of analyses n Age 
(Ma)

K/Ca ε40Ca/44Caa ε40Ca/44Cab ε40Ca/44Cac 2σ 2σ d MSWD

Ultramafic and mafic rocks
TP-12 Peridotite JSC 8 −0.64 0.06 0.25 0.47 0.3
Mantle Basalts and peridotites JSC and UCB 23; 5 samples −0.70 0.00 0.51 1.0

Felsic rocks
Colorado
MPRM-15 Wall Mountain Tuff JSC 4 37 6.50 1.58 1.47 0.36 0.47 5.7
MPRM-17 Quartz monzonite JSC 2 35 1.35 1.02 0.99 0.44 0.47 4.3
MPRM-23 Leucogranite JSC 3 30 9.73 0.20 0.03 0.23 0.47 1.6
MPRM-37 Leucogranite JSC 2 31 8.73 −0.42 −0.58 0.49 4.7
MPRM-38 Leucogranite JSC 3 31 8.20 0.05 −0.10 1.38 63.4
GU15-08 Grizzly Peak Tuff JSC 3 34 2.50 1.42 1.37 0.17 0.47 1.0
MLX-3 Granitic xenolith JSC and UCB 4 1000 2.37 6.99 0.54 6.6
MLX-8 Granitic xenolith UCB – 4 isotope 3 1.67 3.58 0.94 25.1
Tsag-2g Saguache Creek Tuff UCB – 4 isotope 2 32 9.77 0.33 0.17 0.64 0.67 7.5
Tbm-5B Blue Mesa Tuff UCB – 4 isotope 3 29 8.93 2.15 2.00 1.04 9.5

Wyoming
LCT-3a Lava Creek Tuff UCB – 4 isotope 4 0.6 8.40 0.32 0.32 0.61 0.67 9.6
HRT-2 Huckleberry Ridge Tuff UCB – 4 isotope 1 2 3.33 −0.11 −0.11 0.17 0.67
YCV14 Dry Creek flow UCB – 4 isotope 3 0.16 1.23 1.23 0.45 0.67 3.5
YCV09 West Yellowstone flow UCB – 6 isotope 2 0.12 1.99 1.99 1.26 1.35 8.0
YCV04 Solfatara Plateau flow UCB – 6 isotope 2 0.11 0.39 0.39 1.80 1.4
YCV12 Pitchstone Plateau flow UCB – 6 isotope 3 0.07 −0.37 −0.37 1.67 4.4

Reference material
SRM 915a Carbonate standard UCB – 4 isotope 34 0±0.67 (2σ )
SRM 915a Carbonate standard UCB – 6 isotope 31 0±1.35 (2σ )
SRM 915a Carbonate standard JSC – 6 isotope 34 0±0.47 (2σ )

a Referenced to SRM 915a.
b Referenced to mantle as defined by ultramafic rocks and oceanic basalts; 0.7ε less than SRM 915a.
c Age-corrected values.
d Uncertainty used if sample uncertainty was lower than standard reproducibility.
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to monitor potential 48Ti interferences on a fourth line using a 
SEM. Evaluating and eliminating interferences at mass 48 are crit-
ical for mass dependent double tracer (42–48) work (e.g., Simon 
and DePaolo, 2010; Simon et al., 2017) and astromaterial studies 
that seek to assess isotopic anomalies (e.g., Simon et al., 2009;
Moynier et al., 2010; Dauphas et al., 2014; Schiller et al., 2015). 
40Ca/44Ca values were normalized using a 42Ca/44Ca value of 
0.31221 (Russell et al., 1978). 7 blocks of 15 cycles were col-
lected during a given run. Approximately 3 to 5 standards (SRM 
915a) were run per sample wheel of 21 loads. Unknowns were 
referenced to the average 40Ca/44Can of the SRM 915a values for 
the sample wheel. The reproducibility of the standard per wheel 
is approximately ±0.5ε (2SD, n = 34) (Fig. 1). Unknowns were 
generally run between 2 and 4 times. Unknowns are directly com-
pared to the 3 to 5 SRM 915a analyses on each sample wheel. 
Both the weighted means along with the uncertainties on the 
weighted means are reported in Table 1. By reporting the data 
in this manner, the relative uncertainties from counting statistics 
are still important but the absolute magnitudes of the uncertain-
ties on individual analyses have little leverage on the weighted 
mean and the uncertainty on the weighted mean. The individual 
uncertainties do become significant for the mean square weighted 
deviation (MSWD) values shown in Table 1. The primary control of 
the uncertainty on the weighted mean is the reproducibility of the 
n replicates.

3. Results

3.1. Calcium isotopic data

Calcium isotopic data presented for 17 samples (Table 1). The 
results are displayed in ε notation using the following equation (1).

εCa = 104
( 40Ca/44Casample

40Ca/44Castandard
− 1

)
(1)

All samples except the Huckleberry Ridge Tuff (HRT), Wyoming, 
were analyzed multiple times, ranging from 2 to 8 replicates. The 
2σ uncertainty on the weighted mean is shown for all samples 
with replication, and the in-run precision is shown for the HRT. 
If the uncertainty is less than the reproducibility of the standard 
(0.47ε) then the uncertainty of the standard is used for the sample. 
A MSWD is presented for all samples that were analyzed more 
than once.

Calcium isotopic results are reported as weighted means of 
n replicate analyses with the 2σ uncertainty on the weighted 
mean (Table 1). The unknowns are referenced to Earth’s mantle 
(i.e. ε = 0). From 8 analyses of the Trinity Peridotite (TP-12; sam-
ple from Stein Jacobsen, Harvard University) an offset in εCa with 
SRM915a of 0.64 ± 0.47 (2sd) was determined. Combining those 
data with data from 4 oceanic basalts from Simon et al. (2009) we 
obtain a 0.7 ±0.5 (2sd; n = 23) difference in εCa between Earth’s 
bulk silicate mantle and SRM 915a (Fig. 3). This offset is consistent 
with values from Simon et al. (2009) that show a similar offset 
between SRM 915a and achondrite meteorites and measurements 
from He et al. (2017) who reported a difference of 0.79 between 
basalts and peridotites and SRM 915a. A similar difference was also 
reported by Yokoyama et al. (2017). Thus, this offset between the 
commonly used carbonate standard and bulk silicate planetary ma-
terials is found in four different laboratories, on five different TIMS 
instruments, using different standard and rock powders suites, and 
by distinct analytical procedures including both static and multi-
dynamic approaches.
Fig. 3. Plot of ε40Ca showing the carbonate standard (SRM 915a) and materials that 
should approximate the lowest ε40Ca in the solar system. Data from the Trinity 
peridotite (this study) and data from Simon et al. (2009) for oceanic basalts are 
combined to give the zero-value defined as bulk silicate Earth (vertical green band 
matches the uncertainty in our bulk silicate Earth estimate). The SRM 915a data 
from this study is 0.7 ε-units higher than bulk silicate Earth. He et al. (2017) re-
ported a difference of 0.79 ε-units between SRM 915a and mean of their basalt and 
peridotite measurements. Data from Caro et al. (2010) and He et al. (2017) from 
rocks that should represent 0 ε40Ca are also plotted. Only samples with at least 3 
replicates were plotted from Caro et al. (2010). Uncertainties for samples from Caro 
et al. (2010) are calculated following methods outlined in Simon et al. (2009) using 
a student-T multiplier. If those calculated uncertainties were lower than the repro-
ducibility of the standard then the reproducibility of the standard was used: 0.47 
ε-units (this study), 0.61 ε-units (Simon et al., 2009), and 0.34 ε-units (Caro et al., 
2010).

3.2. Colorado

Two granitic xenoliths extracted from the Fish Canyon Tuff 
(28.2 Ma) that may represent Precambrian basement source com-
ponents (Bachmann, 2001) have large 40Ca excesses with εCa val-
ues of 3.58 and 6.99 (Table 1, Fig. 4). In hand sample, they exhibit 
a mildly penetrative petrofabric defined by a ∼1–5 mm-sized gra-
noblastic mineral assemblage of feldspars, quartz, amphibole, and 
oxides. Coordinated K–Ca geochronology indicates that one of the 
xenoliths (MLX-3) is approximately 1 Ga (supplemental material) 
which is consistent with ages of other Precambrian granitoids in 
central Colorado (e.g. Pikes Peak Granite, Marshall and DePaolo, 
1982). The εCa values of these crustal xenoliths clearly show the 
effects of 40K decay, but their high K/Ca ratios may not be repre-
sentative of the bulk of the lower half of the continental crust. 
For comparison, we note that typical granodioritic crustal rocks 
with K/Ca ratios in the range 0.3 to 1.0 and ages of about 1.8–2.0 
Ga might typify the basement rocks under most of Colorado, and 
would have had εCa values of about 0.6 to 2.2 at the time of for-
mation of the Fish Canyon Tuff, but also would have had higher Ca 
concentrations than the xenoliths.

In contrast to the granitic xenoliths, and the other estimates for 
crustal rocks, the Fish Canyon Tuff (εCa(t) = 0.27 ± 0.61; Simon 
et al., 2009) does not have elevated εCa. The Saquache Creek Tuff 
(32 Ma; Lipman and McIntosh, 2008; Simon, 2000), another large-
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Fig. 4. (A) Plot of ε143Nd vs ε40Ca. (B) Plot of 87Sr/86Sr(i) vs ε40Ca. Basalt data are from Simon et al. (2009). Epsilon values for Nd were calculated using 143Nd/144Nd (CHUR, 
0 Ma) = 0.512638 and 147Sm/144Nd(CHUR, 0 Ma) = 0.1967.
volume ignimbrite from the central San Juan volcanic field gives 
similar results, with εCa(t) = 0.17 ± 0.64.

Other ignimbrites from Colorado (Table 1, Fig. 4) show larger 
40Ca enrichments, relative to the Fish Canyon and Saquache Creek 
tuffs. The Grizzly Peak Tuff (34.3 Ma; McIntosh and Chapin, 2004), 
which erupted from the Grizzly Peak Caldera inside the Col-
orado Mineral Belt gives an εCa(t) value of 1.37 ± 0.47. The Wall 
Mountain Tuff (37.2 Ma; Zimmerer and McIntosh, 2012) which is 
thought to originate from the Mount Princeton area (Lipman, 2007)
also shows significant 40Ca excess (εCa(t) = 1.47 ± 0.47). The Blue 
Mesa Tuff, likely sourced from the western San Juan volcanic field 
also shows a 40Ca excess (εCa(t) = 2.00 ± 1.04).

For comparison, four plutonic rocks from the Mount Prince-
ton batholith were also analyzed for Ca isotopes. A quartz mon-
zonite (35.4 Ma; Mills and Coleman, 2013) is enriched in 40Ca with 
an εCa(t) value of 0.99 ± 0.47. Three ∼30 Ma leucogranites from 
the batholith (Zimmerer and McIntosh, 2012; Mills and Coleman, 
2013) all have similar calcium isotopic compositions, and all of the 
values within uncertainty of Earth’s mantle (Table 1, Fig. 4).

3.3. Wyoming

We present data for six volcanic rocks from the Yellowstone 
caldera system, USA. Samples from the Lava Creek Tuff (627 ka, 
Mark et al., 2017) and the Huckleberry Ridge Tuff (2.1 Ma, Ellis et 
al., 2012) are within uncertainty of the mantle for εCa. However, 
there is diversity in the 4 samples from the Central Plateau Mem-
ber post-caldera lavas, with εCa(t) ranging up to 2 ± 1, although 
there are elevated uncertainties on 3 of the 4 samples (Table 1, 
Fig. 4).

4. Discussion

4.1. Offset between Ca isotope ratio in Earth’s mantle and SRM 915a

It has been reported (Caro et al., 2010) that the SRM915a 
(CaCO3) standard is not enriched in 40Ca relative to bulk Earth, 
even though those authors claimed to have measurement precision 
that could detect small differences. Our results, however, indicate 
that SRM 915a (at least two batches used previously at UC Berke-
ley and JSC, both measured in this study) contain a measurable
40Ca excess when directly compared to natural silicates used to 
define planetary values, i.e., bulk silicate Earth. Our determination 
of a 0.7±0.5ε difference between Earth’s mantle and the standard 
used by most analysts (SRM 915a) is consistent with a 0.79ε differ-
ence reported in He et al. (2017). The elevated 40Ca/44Ca of SRM 
915a has implications for recent Ca isotope work, and allows for 
more direct comparison between different laboratories. Caro et al.
(2010) present their data as individual measurements, and present 
replicate measurements for most samples. For samples that have 
at least 2 replicates their normal reproducibility is similar to ours, 
with 2SE uncertainty on the weighted means ∼ ±0.5ε. Recasting 
their results for oceanic basalts, harzburgite, achondrites, and lunar 
samples with the 0.7ε offset from SRM 915a shows (Fig. 3) that 
most of the results of Caro et al. (2010) appear to be shifted to 
higher εCa values, very similar to SRM 915a. However, their sam-
ples that arguably best approximate Earth’s mantle are also within 
error of our preferred reference point (i.e. εCa = 0).

The fact that the offset we report here, consistent with He et 
al. (2017), has been found at multiple facilities employing different 
Triton TIMS instruments, implies that a reevaluation of the dataset 
of silicates, carbonates, seawater, river water, and extraterrestrial 
material presented in Caro et al. (2010) may be prudent. The dif-
ference between Earth’s mantle and SRM915a we present could 
change the main conclusion of Caro et al. (2010) that the oceanic 
Ca cycle is minimally affected by Ca from the continental crust 
over geologic history. Likewise, this shift explains the anomalous 
meteorite compositions of a recent study that reports εCa values 
lower than SRM915a by ∼0.5 to 1.0ε (Yokoyama et al., 2017).

Additionally, relatively small differences in the “normal”
40Ca/44Ca values used in the data reduction calculations of mass 
dependent Ca isotope studies could produce resolvable differences. 
For example, the ∼0.7ε difference reported here leads to a sys-
tematic shift of ∼0.07� in a computed δ40Ca/44Ca value, which is 
similar to the apparent discrepancy between the average “plane-
tary” or bulk silicate Earth values reported by recent UC Berkeley 
and Harvard studies (e.g., Simon and DePaolo, 2010 and Huang and 
Jacobsen, 2017). Mass dependent fractionation studies (e.g., Valdes 
et al., 2014) employing sample standard bracketing that only mea-
sure other calcium isotopes (i.e., 42Ca, 43Ca, and 44Ca) are immune 
to the excess 40Ca in SRM915a issue.

4.2. Assessing crustal recycling versus mantle additions in continental 
felsic magmatism

Continental felsic magmas are, in general, mixtures of recycled 
crust (partial melting) and additions of new melts from the mantle. 
Understanding the relative proportions of new and recycled crust 
is a long-standing unknown in geological research (e.g. Perry et 
al., 1993). In this section we discuss the roles of mantle and crust 
in felsic magmatism from select locations across the western US 
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Fig. 5. (A) Plot of ε143Nd vs ε40Ca with four reference mixing models plotted. The 
end-members for the mixing models are athenospheric mantle [ε143Nd = 8, ε40Ca 
= 0, [Ca] = 11.3 wt%, [Nd] = 11 ppm], lithospheric mantle [ε143Nd = −2, ε40Ca 
= 0, [Ca] = 11.3 wt%, [Nd] = 11 ppm], old felsic crust [ε143Nd =-17.6, ε40Ca =
3.6, [Ca] = 3.6 wt%, [Nd] = 27 ppm] [ε143Nd = −15.6, ε40Ca =7.0, [Ca] = 3.6 wt%, 
[Nd] = 27 ppm]. Ticks on mixing models mark 25% mixing intervals. (B) Plot of 
ε143Nd vs ε40Ca with four reference mixing models plotted. The end-members for 
the mixing models are asthenospheric mantle [ε143Nd = 8, ε40Ca = 0, [Ca] = 11.3 
wt%, [Nd] = 11 ppm], lithospheric mantle [ε143Nd = −2, ε40Ca = 0, [Ca] = 11.3 
wt%, [Nd] = 11 ppm], old high-silica crust [ε143Nd =-17.6, ε40Ca = 3.6, [Ca] =
1.0 wt%, [Nd] = 27 ppm] [ε143Nd = −15.6, ε40Ca = 7.0, [Ca] = 1.0 wt%, [Nd] =
27 ppm]. Ticks on mixing models mark 25% mixing intervals. Basalt data are from 
Simon et al. (2009).

using whole-rock Ca isotopic data combined with whole-rock Nd 
isotopic data.

Several isotopic mixing models (Fig. 5) were generated in or-
der to investigate the relative contributions of old, felsic crust 
and lithospheric and asthenospheric mantle components. Calcium 
and Nd data for the Precambrian xenoliths from this study were 
used as the isotopic end-members for old, felsic crust. If esti-
mated lower crustal rock compositions were used, the mixing lines 
would be slightly different. In our model, there is no difference in 
εCa between the different mantle reservoirs (asthenosphere and 
lithosphere). We use εNd of +8 for the asthenospheric mantle 
(Hofmann, 1997) and −2 for the lithospheric mantle, which is a 
reasonable estimate for the lithospheric mantle under Colorado 
Fig. 6. Map of southern Rocky Mountain volcanic field and surrounding magmatic 
features in Colorado and northern New Mexico (after Lipman, 2007). Sample loca-
tions are listed with numbers; 1= Grizzly Peak Tuff (GU15-08), 2 = Mt. Princeton 
batholith samples (MPRM-17, -23, -37, -38), 3 = Wall Mt. Tuff (MPRM-15), 4 =
Blue Mesa Tuff (Tbm-5B), 5 = Saguache Creek Tuff (Tsag-2g), 6 = granitic xenoliths 
(MLX-3, -8).

(Jacob et al., 2015). The other variables of the mixing models are 
the [Ca] and [Nd] for the crust and the mantle. We used two dif-
ferent values for the crust, one is average continental crust (CaO 
= 3.59 wt%, Nd = 27 ppm; Rudnick and Gao, 2003) and the 
other is a high-silica composition with CaO = 1 wt% and Nd =
27 ppm. Large database analysis of igneous rocks (Glazner et al., 
2015) show more scatter in [Nd] for high-silica rocks, but the av-
erage is near continental crust value of Rudnick and Gao (2003), 
thus 27 ppm is used for consistency. For the mantle we used Ca 
= 11.3 wt% and Nd = 11 ppm (Hofmann, 1988). Hence the man-
tle magma Ca/Nd ratio is roughly 8 to 25 times higher than that 
of the crustal rock compositions we are using for the models. It is 
important to note that old crust with higher CaO concentrations 
(e.g. average continental crust) would have lower εCa due to lower 
bulk K/Ca.

The Tertiary felsic rocks analyzed in this study are interpreted 
to be the result of mixing between mantle and the old crust as 
defined by our analyses of Precambrian xenoliths (Fig. 5). The εNd
values of our Tertiary felsic rock samples are all substantially lower 
than that estimated for the lithospheric mantle component (Jacob 
et al., 2015), but higher than the values for the xenoliths, and the 
values estimated for the crustal provinces they occur in (Bennett 
and DePaolo, 1987), which are in the range −12 to −15. Three 
of the rocks, however, have εNd values that are quite close to the 
values estimated for the crust, which then raises the question of 
whether there is evidence that mantle magma was involved in 
their generation.

4.2.1. Magmatism in the southern Rocky Mountain volcanic field
The mid-Tertiary southern Rocky Mountain volcanic field (Fig. 6) 

contains magmatic centers that are dominated by large, caldera-
forming ignimbrites (Lipman, 2007). Our data for four large ign-
imbrites and one granitoid, combined with data for two additional 
ignimbrites in the region (Simon et al., 2009) show interesting spa-
tial variability. Three ignimbrites sourced from close to the NE–SW 
trending Colorado Mineral Belt (CMB) (Fig. 6) and one granitoid 
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within the CMB have εCa(t) that is clearly resolvable from and 
higher than the value for Earth’s mantle. Ignimbrites SE of the 
CMB, including the Fish Canyon Tuff, have εCa(t) within uncer-
tainty of the mantle. Calcium isotope data for USGS rock standard 
GSP-2, granodiorite sampled from the Silver Plume Quarry inside 
the CMB, shows a high εCa of 4.04 ± 0.15 (relative to SRM 915a; 
He et al., 2017), as expected for a Precambrian, felsic igneous rock 
(∼1.4 Ga).

In order to evaluate this spatial variability, it is important to un-
derstand how the CMB may have formed. The two main hypothe-
ses for the generation of the CMB are: 1) magmas were localized 
along Precambrian shear zones (Tweto and Sims, 1963) and 2) a 
leaky transform in the underlying flat slab (Farallon plate) provided 
fluids and heat which melted a linear portion in the overlying 
lithosphere (Barker and Stein, 1990; Chapin, 2012). Whereas there 
are local shear zones associated with much of the CMB, young 
(<75 Ma) structures and distinct magmatic sources between areas 
north and south of the CMB suggest Precambrian structures cannot 
solely account for the CMB (Chapin, 2012). Neodymium isotopic 
data support a model where CMB magmas between 75 and 30 Ma 
were generated by partial melting of Precambrian felsic and mafic 
lower crust (± mantle), with more metasomatized mafic crust be-
ing the early dominant component (75–45 Ma; Stein and Crock, 
1990). Calcium data presented here point to the reworked felsic 
Precambrian crust as a significant component to the magmas gen-
erated in close proximity to the CMB; magmas generated farther 
to the SE (e.g. Fish Canyon Tuff) appear to have less of that com-
ponent based on Ca isotopes, but still have low εNd values that 
require substantial contributions from crustal source rocks.

Based on likely mixing scenarios (Fig. 5), the Nd and Ca iso-
topic data suggest that the high εCa felsic magmas from near 
the CMB contain 50–70% Precambrian crust and the felsic mag-
mas generated farther to the SE contain smaller fractions, in the 
range 30–50% Precambrian crust. It should be noted that Perry et 
al. (1993) recognized a temporal change in the fraction of crust 
involved in the formation of large volume Cenozoic ignimbrites 
in the western U.S. Those tuffs with the highest crustal fractions, 
which include the Grizzly Peak Tuff, are in the range 35–30 Ma, 
older than the 28 Ma Fish Canyon Tuff. The 37 Ma Wall Moun-
tain Tuff studied here also appears to have a large crustal fraction 
based on both Nd and Ca isotopes.

4.2.2. Yellowstone caldera
The varied εCa values for the Central Plateau Member (CPM) 

lavas compared to the uniform values for the Lava Creek Tuff and 
Huckleberry Ridge Tuff (Fig. 7) suggest that generation of felsic 
magma with relatively protracted shallow crustal residence life-
times (CPM, Vazquez and Reid, 2002) may preserve isotopic di-
versity from crustal source regions, but the large-volume felsic 
magmas in the area show a dominant lower crustal or mantle 
component. This is in general agreement with Bindeman and Val-
ley (2000), who showed the preservation of oxygen isotopic di-
versity in xenocrysts and antecrysts (crystals carried over from 
previous generations of felsic crustal magma), that is not evident 
in whole rock samples. The data are also consistent with the idea 
that isotopic effects are being governed by the dynamics between 
magma crustal residence time scales and mantle input, as has been 
suggested for Long Valley, California, another well studied caldera-
forming system (Simon et al., 2007, 2014). Another possibility is 
that the lavas and the large volume tuffs were sourced from differ-
ent reservoirs, with genesis of the effusive lavas occurring mostly 
in the felsic, mid- to upper-crust and genesis of the large volume 
tuffs involving larger proportions of melting of lower crust (e.g. 
Sisson et al., 2005). Yellowstone may be unique in that the mantle 
plume source provides a high mantle magma flux that can poten-
tially produce a large volume ignimbrite with a smaller admixture 
Fig. 7. Plot of ε40Ca vs age for volcanic rocks from the Yellowstone caldera.

Fig. 8. Plot of ε40Ca vs age for granitoids and ignimbrites from the Sawatch Range 
in central Colorado.

of lower crustal melting. The other ignimbrites erupting from lo-
cations away from the Colorado Mineral Belt (above), suggest that 
large eruptions that have εCa near zero might have assembled by 
amalgamation of diverse magma batches, some could have had el-
evated εCa, but that the majority of the Ca in the magma batches 
is dominated by Ca from the lower-K/Ca source rocks either in the 
lower crust or underlying mantle (e.g., Nash et al., 2006).

4.2.3. Felsic magmatism during the onset of continental rifting
Plutonic and volcanic rocks from the Sawatch Range in cen-

tral Colorado document the onset of lithospheric thinning during 
the initial stage of Rio Grande rifting (Figs. 6, 8). The Wall Mt. 
Tuff (37.3 Ma; Zimmerer and McIntosh, 2012), the Mt. Princeton 
Quartz Monzonite (35.4 Ma; Mills and Coleman, 2013), and the 
Grizzly Peak Tuff (34.3 Ma; McIntosh and Chapin, 2004) record 
the calc-alkaline magmatism thought to be related to subduc-
tion prior to rifting. The Ca and Nd isotopic data (Fig. 5) indi-
cate that these magmas are a mixture of mantle (likely litho-
spheric) and continental crust; with εCa values above 1 and εNd 
between −9 and −13. This differs from the 31–30 Ma leucogran-
ites from the Mt Princeton batholith, thought to represent mag-
matism associated with early Rio-Grande rifting (Shannon, 1988;
Mills, 2012), which have εCa values of 0 and εNd of ∼−10. The 
lack of elevated εCa in the leucogranites, combined with a negligi-
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ble shift in εNd from the earlier calc-alkaline magmatism suggests 
that the crustal component of the leucogranites is different than 
the crustal component of the calc-alkaline magmas, and that the 
Nd isotopic budget during early continental rifting is dominated 
by the lower crust/lithospheric mantle.

We suggest that new lower crust was produced during the ear-
lier calc-alkaline magmatism (37–34 Ma), and partial melts of that 
new crust are the main source for the leucogranites. Another piece 
of support for this model is the occurrence of mineralization as-
sociated with the leucogranites (Mutschler et al., 1981). The high 
volatile content needed for the mineralization would have been 
available in the newly generated lower crust. A simpler model 
to explain the isotopic data of the leucogranites would be that 
the lack of an old felsic crustal component in the leucogranites 
is due to chemical and isotopic diversity in the basement rocks 
and that the crustal source for the leucogranites was old mafic 
crust. This model does not explain the high volatile content of the 
leucogranite system and would require that felsic melts could still 
be generated from mafic crust that had already been subjected 
to partial melting during earlier magmatism in the area. Finally, 
any partial melt of the asthenospheric mantle that was involved in 
the petrogenesis of the leucogranites did not alter the Nd isotopic 
signature; this would be expected due to the relative neodymium 
concentrations of the two mantle reservoirs (i.e., [Nd]astenosphere <

[Nd]lithosphere).

4.3. Implications for the generation of large ignimbrites

There is considerable on-going debate about where in the crust 
the chemical differentiation that produces large bodies of dacitic 
to rhyolitic magma occurs.

1. Epsilon Ca of close to zero for some ignimbrites strongly sug-
gests that the parental magma originated from mantle. The 
Ca isotopic composition is not sensitive to an admixture of 
crustal rock, but Nd isotopic compositions suggest that these 
tuffs may contain about 30% or more crustal material.

2. Ignimbrites from near the CMB, all of which are in the older 
(Oligocene) grouping of Perry et al. (1993) have much larger 
components of old, felsic crust, mostly greater than 50%.

3. Small volume additions to large ignimbrite magmas may be 
isotopically diverse but their signal is extremely muted in the 
final product.

5. Conclusions

Calcium isotopes from felsic igneous rocks show varied enrich-
ment of 40Ca from decay of 40K. Igneous rocks with large excesses 
(>1 ε-unit) are from continental interiors, where large portions of 
old crust were recycled during their magma genesis. However, fel-
sic magmas from continental interiors can show no excess 40Ca, 
indicating that those magmas involved addition of new mantle de-
rived material to the crust during genesis, or they partially melted 
mafic lower crust. These results show that in the continental in-
terior some magmatic systems recycled up to 70% old crust and 
some recycled less than 30%, likely depending on the thermal 
regime and/or chemical composition of the lower crust, and the 
flux of magma provided from the mantle.
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