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ABSTRACT

New SHRIMP-RG (sensitive high- resolution 
ion microprobe–reverse geometry) data con-
fi rm the existence of Archean components 
within zircon grains of a sample from the 
orthogneiss of Angel Lake, Nevada, United 
States, previously interpreted as a nappe 
of Archean crust. However, the combined 
evidence strongly suggests that this ortho-
gneiss is a highly deformed, Late Creta-
ceous monzogranite derived from melt-
ing of a sedimentary source dominated by 
Archean detritus. Zircon grains from the 
same sample used previously for isotope 
dilution–thermal ionization mass spectrom-
etry (ID-TIMS) isotopic work were analyzed 
using the SHRIMP-RG to better defi ne the 
age and origin of the orthogneiss. Prior to 
analysis, imaging revealed a morphological 
variability and intragrain, polyphase nature 
of the zircon population. The SHRIMP-RG 
yielded 207Pb/206Pb ages between ca. 2430 and 
2580 Ma (a best-fi t mean 207Pb/206Pb age of 
2531 ± 19 Ma; 95% confi dence) from mostly 
rounded to subrounded zircons and zircon 
components (cores). In addition, several 
analyses from rounded to subrounded cores 
or grains yielded discordant 207Pb/206Pb ages 
between ca. 1460 and ca. 2170 Ma, consistent 
with known regional magmatic events.

All cores of Proterozoic to latest Archean 
age were encased within clear, typically low 
Th/U (<0.015), oscillatory zoned, mostly 
euhedral, Late Cretaceous zircon. The 
younger zircon yielded essentially concor-
dant 206Pb/238U ages between 72 and 91 Ma, 
consistent with magmatic ages from Lamoille 
Canyon to the south. An age of ca. 90 Ma is 

suggested, the younger 206Pb/238U ages result-
ing from Pb loss. The Cretaceous and Pre-
cambrian zircon components also have dis-
tinct trace element characteristics, indicating 
that these age groups are not related to the 
same igneous source.

These results support recent geophysi-
cal interpretations and negate the conten-
tion that the Archean-Proterozoic boundary 
extends into the central Great Basin area. 
They further suggest that the world-class 
gold deposits along the Carlin Trend are not 
underlain by Archean cratonal crust, but 
rather by the Proterozoic Mojave province 
and Neoproterozoic and Paleozoic metasedi-
mentary sequences dominated by detritus 
derived from Late Archean sources rather 
than Proterozoic sources, as is evident far-
ther to the south in the Ruby Mountains.

INTRODUCTION

The Ruby Mountains and their northern 
extension, the East Humboldt Range, of north-
eastern Nevada, United States (Fig. 1) are the 
result of Late Cretaceous to mid-Tertiary core 
complex formation and Basin and Range exten-
sional tectonism that is active today (Howard, 
1966, 2003; Howard et al., 1979; Snoke et al., 
1997). In these ranges, contrasting migmatitic, 
mid-crustal level basements form the core com-
plex infrastructure. To the north, Precambrian 
and early Paleozoic metamorphic rocks are 
deformed, metamorphosed, and intruded by sev-
eral generations of Late Cretaceous to Eocene 
plutonic rocks. To the south, Neoproterozoic 
to Late Devonian strata form the infrastruc-
ture for essentially the same suite of plutonic 
rocks. The plutonic rocks range from gabbro 

(although very minor) to pervasive swarms of 
two-mica monzogranite and leucogranite, often 
containing abundant muscovite, sillimanite, 
garnet, and monazite. Several quartz dioritic 
to granodioritic bodies are exposed in both the 
northern (East Humboldt Range) and southern 
(Ruby Mountains) ranges. New U-Pb SHRIMP 
(sensitive high-resolution ion microprobe) ages 
identify four pulses of magmatism within the 
Ruby Mountains–East Humboldt Range during 
the Late Jurassic (ca. 155 Ma), early Late Creta-
ceous (ca. 90 Ma), Late Cretaceous (ca. 69 Ma), 
and Eocene–Oligocene (ca. 40–29 Ma).

Previously, workers have proposed the exis-
tence of Archean crust in the core of a nappe 
in the Angel Lake area of the northern East 
Humboldt Range (Lush et al., 1988), based on 
a U-Pb zircon age of 2520 ± 110 Ma for the 
orthogneiss of Angel Lake (sample RM-9, col-
lected by Jim Wright). However, this age was 
obtained using the isotope dilution– thermal 
ionization mass spectrometry (ID-TIMS) 
method on fi ve multi-milligram size fractions 
that yielded very discordant results, leading to 
a signifi cant uncertainty in the reported age. 
Petrographic analysis of the zircon populations 
revealed abundant inherited cores, interpreted 
by Lush et al. (1988) as one of the major causes 
of discordance. High uranium concentrations in 
the zircons (1000–2500 ppm) further increased 
the likelihood of lead (Pb) loss.

It is important to establish an accurate age for 
this piece of proposed Archean crust to ascer-
tain the true extent of Archean cratonic crust in 
the subsurface southwestward from exposures 
in Wyoming. Some past studies proposed that 
the Archean extends as far west as northeast-
ern Nevada, generally near the Carlin Trend 
(e.g., DePaolo and Farmer, 1984;  Bennett and 
DePaolo, 1987; Wright and Wooden, 1991; Tos-
dal et al., 2003; Mueller and Frost, 2006). Recent 
studies have questioned the existence of Archean 
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Figure 1. Generalized geologic map of the East Humboldt Range (EHR), Wood Hills (WH), and Ruby Moun-
tains (RM), Nevada, showing the approximate location of RM-9, the analyzed rock sample. A.L.—Angel Lake; 
S.V.—Secret Valley. The inset map shows the locations of RM, EHR, WH, and Pequop Mountains (PM) with 
respect to large-scale tectonic features in the region (after Snoke et al., 1990; Wright and Snoke, 1993). 
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crust at preestablished exposures in the Farming-
ton Canyon Complex near Salt Lake City (Nel-
son et al., 2002; Stroud et al., 2007). However, 
most investigators agree that Archean rocks are 
exposed in the Grouse Creek–Albion–Raft River 
Ranges of northwestern Utah–southern Idaho 
(Egger et al., 2003). The distribution of Archean 
crust has important implications for gold metal-
logeny in the Great Basin because such rocks 
can be auriferous (e.g., Cameron, 1988).

Determination of the age(s) of zircon 
population(s) in the Angel Lake orthogneiss 
may aid in identifying whether the Winchell 
Lake nappe is indigenous to Laurentia, possibly 
linking it to an existing regional province (e.g., 
the Wyoming Province), or whether it is related 
to some other Archean craton, now rifted away, 
or something else. The answer has important 
implications for tectonic models regarding the 
crustal evolution of the southwestern margin of 
North America.

One method that is often employed to inves-
tigate complex zircons is the SHRIMP, which 
uses a small beam (~10–35 mm in diameter) to 
measure the U-Pb isotopic systematics within 
highly localized and reasonably well defi ned 
areas of the zircon crystal (e.g., Davis et al., 
2003). Thus, areas of inheritance and Pb loss 
can be identifi ed.

GEOLOGY

The Ruby Mountains–East Humboldt Range 
uplifts, located in northeastern Nevada (Fig. 1), 
together form one of many North American 
Cordilleran metamorphic core complexes (Crit-
tenden et al., 1980; Howard, 2000), and by defi -
nition expose middle-crustal metamorphic rocks 
as a result of extensional, low-angle, normal 
faulting. In many cases, the low-angle faulting 
is plastic to brittle in nature, and well-developed 
mylonites are common.

The pre-Quaternary rocks of the Ruby 
 Mountains–East Humboldt Range can be 
divided into the following generalized groups: 
(1) nonmetamorphosed to low-grade Triassic, 
Paleozoic, and Neoproterozoic miogeoclinal 
rocks, (2) an igneous-metamorphic and mig-
matitic complex composed of mostly upper 
 amphibolite-grade metasedimentary rocks 
intruded by late  Mesozoic–Tertiary granitic 
rocks, (3) Eocene granitic plutons, (4) broad 
zones of mylonitic to submylonitic rocks involv-
ing all of the above groups to some degree, and 
(5) Tertiary volcanic and sedimentary rocks 
(Snoke et al., 1990; Wright and Snoke, 1993; 
Fig. 1). In the northern Ruby Mountains and 
East Humboldt Range, Late Cretaceous crustal 
shortening, metamorphism, and magmatism are 
evidenced by an early thrust system, the develop-

ment of fold nappes, widespread migmatization, 
injection of monzogranitic and leucogranitic 
magmas, and accompanying sillimanite-grade 
metamorphism (Snoke et al., 1997). This con-
tractional tectonism was followed by a pro-
tracted, Late Cretaceous–Eocene, extensional 
deformation, followed by late Eocene–Oligocene 
monzogranitic to leucogranitic magmatism, and 
the formation of a west-directed, extensional 
shear zone responsible for Oligocene–Miocene 
core complex exhumation (Snoke et al., 1997). 
More detailed geologic descriptions and expla-
nations can be found in Sharp (1942), Howard 
(1966, 1980, 2003), Wright and Snoke (1993), 
and Snoke et al. (1997).

Angel Lake Area

Rocks interpreted as Archean basement are 
exposed in the core of a large-scale recum-
bent fold called the Winchell Lake nappe in 
the Angel Lake area of the East Humboldt 
Range, and include orthogneiss, paragneiss, and 
amphibolite—the metamorphic suite of Angel 
Lake (Lush et al., 1988; Fig. 2). The orthogneiss 
is highly deformed and K-feldspar porphyro-
clasts are locally common. The paragneiss was 
once a heterogeneous siliciclastic sedimentary 
sequence, but now consists of pure to impure 
quartzite and psammitic to pelitic schist, and is 
highly deformed (Lush et al., 1988). Late Pro-
terozoic–Cambrian impure quartzite and schist, 
and early Paleozoic dolomitic and calcitic mar-
ble, quartzite, and calc-silicate rocks, also crop 
out in the Angel Lake area. Deformed and meta-
morphosed hornblende-biotite quartz diorite to 
monzogranite (now orthogneiss) intruded much 
of the Paleozoic section (Fig. 2).

PREVIOUS GEOCHRONOLOGY

Zircons from the orthogneiss of Angel Lake 
were previously analyzed using ID-TIMS meth-
odology. The interpretation based on analysis 
of fi ve multi-milligram size fractions was an 
Archean concordia upper-intercept age of 2520 
± 110 Ma and accompanying lower-intercept 
age of 196 ± 32 Ma (Lush et al., 1988). The U-
Pb results are, however, very discordant (~50% 
and greater). Lush et al. (1988) acknowledged 
that the isotopic data could be interpreted to 
suggest a Mesozoic emplacement age for the 
orthogneiss, with an older inherited Archean 
zircon component.

Other dates from samples of the East Hum-
boldt Range include U-Pb monazite and zir-
con ages between ca. 85 and 29 Ma for quartz 
dioritic to monzogranitic orthogneisses that 
were interpreted as crystallization ages (Wright 
and Snoke, 1993). Most of these bodies occur 

as sills or dike-like intrusions (Lush, 1982; 
McGrew, 1992; Wright and Snoke, 1993). A 
syntectonic leucogranite from the hinge zone of 
the large-scale recumbent fold of the Winchell 
Lake nappe yielded a mean 207Pb/206Pb age of 
84.8 ± 2.8 Ma (McGrew et al., 2000) on zir-
con. Samples of quartz dioritic and granodior-
itic orthogneiss yielded U-Pb zircon concordia 
lower-intercept ages of 40 ± 3 and 35 ± 3 Ma, 
respectively, with an average age of inheritance 
suggested to be 2390 ± 40 Ma (Wright and 
Snoke, 1993). In addition, quartz dioritic dikes 
yielded U-Pb zircon ages of 38 ± 2 Ma (concor-
dia lower intercept; Wright and Snoke, 1993) 
and 39 ± 0.5 Ma (SHRIMP; Premo, 2008, per-
sonal observ.), and initial εNd values of −16.5 
and −17.0, respectively. Xenocrystic zircon 
within some grains from the former sample 
yielded an ill-defi ned upper-intercept age of 
ca. 2300 Ma. U-Pb ages for monzogranitic 
orthogneiss ranged from ca. 32 Ma (zircon) to 
29 ± 0.5 Ma (monazite) with initial εNd values 
of −24.5 and −25, and an average age of 2430 
± 40 Ma for a premagmatic zircon component 
(Wright and Snoke, 1993).

ANALYTICAL METHODS

SHRIMP procedures used in this study are 
similar to those reported in Williams (1997). 
Zircons handpicked from the same popula-
tion separated for ID-TIMS work and chips of 
zircon standard R33 were mounted in epoxy, 
ground to nearly half their thickness using 
1500 grit, wet-dry sandpaper, and polished 
with 6 and 1 mm grit diamond suspension abra-
sive. Transmitted- and refl ected-light photos 
were taken of all mounted grains. In addition, 
cathodoluminescence (CL) images of all zir-
cons were prepared prior to analysis and used 
to reveal internal zoning related to chemical 
composition in order to avoid possible prob-
lematic areas within grains. The mounts were 
cleaned in 1N HCl and gold coated for maxi-
mum surface conductivity. The U-Th-Pb analy-
ses were made using the SHRIMP-RG (reverse 
geometry) housed in Green Hall at Stanford 
University, California, and co-owned by the 
U.S. Geological Survey. The primary oxygen 
ion beam operated at ~4–6 nA and excavated an 
area of ~25–35 μm in diameter to a depth of ~1 
μm. Data for each spot were collected in sets of 
six scans through the mass range. The reduced 
206Pb/238U ratios were normalized to zircon 
standard R33 (monzodiorite, Braintree Com-
plex, Vermont; 419 Ma, Black et al., 2004) and 
CZ3 (550 ppm U; Pidgeon et al., 1994); these 
standard values are based on conventional U-Pb 
dating of replicate isotope dilution analyses of 
milligram-sized fragments. Analyses of samples 
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and standard were alternated for the closest con-
trol of Pb/U ratios. U, Th, and Pb concentrations 
are reproducible on the gem-quality standard at 
~10% (2σ) and include real heterogeneity in the 
standard. Age-data reduction follows the meth-
ods described by Williams (1997) and Ireland 
and Williams (2003), and SQUID (version 1.08) 
and ISOPLOT (version 3.00) software (Ludwig, 
2002, 2003) were used.

La to Yb and Hf were measured at the same 
time as the U-Th-Pb analyses as additional 
masses on each pass through the mass range. 
La to Yb and Hf concentrations are calibrated 
against CZ3 and are reproducible at 2%–4% 
(1σ), except for La (15%) because of its typical 

very low concentration (30 ppb). Absolute con-
centrations of CZ3 were derived by doping syn-
thetic zircons with concentrations high enough 
to be measured by the electron microprobe and 
comparing these synthetic zircons to CZ3 on the 
ion microprobe.

SHRIMP-RG, U-Pb ZIRCON 
GEOCHRONLOGY

Zircons from the orthogneiss of Angel Lake 
were supplied by J.E. Wright, Geoscience 
Department of the University of Georgia, from 
the same sample (RM-9; Fig. 2) previously ana-
lyzed using ID-TIMS methodology.

Zircon Imaging and Morphologies

Transmitted light (TL) images of zircons from 
sample RM-9 are shown in Figure 3. Based on 
their morphologies, we subdivided the grains 
into three main groups: (1) grains that are small 
to medium size, rounded to subrounded, clear to 
cloudy (e.g., grains 1, 4, 5, and 9); (2) grains that 
are similar to group 1 grains except more elon-
gate (e.g., grains 2, 3, and 13); and (3) grains 
that are clear, euhedral to subhedral, mostly 
elongate, with dark to almost clear, rounded 
cores (e.g., grains 5–8, 11, 12, 15, 17, 18, and 
20). Data were obtained on both the mostly 
darker cores and the outer clear rims, and we 

RM-9RM-9

Figure 2. Generalized geologic map of a portion of the northern East Humboldt Range, modifi ed from Lush (1982) and A.J. McGrew 
and A.W. Snoke (unpub. mapping). RM-9 indicates locality of analyzed orthogneiss sample (after Lush et al., 1988).
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Figure 3. Transmitted light images of zircons separated from sample RM-9, orthogneiss of Angel Lake. Numbers correspond to grain num-
ber for sensitive high-resolution ion microprobe spot data in Table 1 and rare earth element data in Table 2. Note rounded dark (metamict) 
cores within some clear, euhedral to subhedral zircon grains. Other rounded to subrounded to elongate grains vary from clear (transparent) 
to semi-opaque. 

have subdivided these results as groups 3A and 
3B, respectively.

CL imaging (Fig. 4) refl ects the zoning seen 
in TL. In general, the zircon grains have lighter, 
interior regions and darker (higher large ion 
lithophile element [LILE] content, including 
uranium) outer regions. The lighter, interior 
regions of group 1 and 2 grains may or may not 
exhibit oscillatory zonations; however, most 
appear to be magmatic in origin. Group 1 grains 
(rounded to subrounded “seeds”) have thin to 
nonexistent dark rims, suggesting that they were 
somehow isolated from the magma in which the 
large overgrowths evident on most of the other 
grains formed. Group 2 grains have interior 
regions that are either as light as group 1 grain 
interior regions or noticeably darker, although 
not as dark as most exterior regions (Fig. 4), 
suggesting a difference in LILE contents. Group 
2 grains also appear to have interior regions 
that exhibit some disruption or convoluted zon-
ing (e.g., Hoskin and Black, 2000). Group 3A 
is characterized by rounded to subrounded 
cores with variable CL shades from very light 
(white) to dark (although none is truly black), 
whereas group 3B exhibits oscillatory zona-
tions indicative of magmatic growth. Group 3B 
is also typically darker in CL, indicating higher 
LILE concentrations.

U-Pb Geochronology

SHRIMP spot locations were mainly deter-
mined from CL imaging because it elucidates 
various growth stages. These analyses, there-
fore, should represent the U-Pb isotopic system-
atics of zircon formation for specifi c portions of 
each grain analyzed. Many of the analyses are 
concordant and represent closure of the U-Pb 
system at that age. The SHRIMP-RG U-Th-Pb 
analytical data are given in Table 1.

The lighter interior regions or cores of group 
1 and 2 grains consistently yielded the very 
latest Archean–earliest Proterozoic 207Pb/206Pb 
ages between 2434 and 2579 Ma (Table 1; red 
and blue solid ellipses, Figs. 5A, 5B). Of 12 
analyses (including all group 1 grains), 9 defi ne 
a discordia with an upper-intercept age of 2531 
± 19 Ma and a lower-intercept age of 108 
± 91 Ma (mean square of weighted deviates, 
MSWD = 5.1). These results are comparable 
to the ID-TIMS results, shown as open cir-
cles, that yield an upper-intercept age of 2526 
± 22 Ma (recalculated from Lush et al. [1988] 
using Ludwig [2003]) and a lower-intercept 
age of 200 ± 22 Ma (MSWD = 529, assuming 
correlation coeffi cient, ρ = 0.98). The same 
9 SHRIMP analyses yield a mean 207Pb/206Pb 
age of 2516 ± 17 Ma (2516 ± 22 Ma for all 
12 analyses).

Three analyses from group 2 grains do not 
conform to this regression. One of these analy-
ses plots to the right of the discordia, toward an 
older 207Pb/206Pb age of 2579 ± 8 Ma. The other 
two analyses yield younger 207Pb/206Pb ages of 
2434 and 2470 Ma (Table 1; Figs. 5A, 5B).

Group 3A analyses yield very discordant 
results with 207Pb/206Pb ages between ca. 1455 
and ca. 2170 Ma (Figs. 5C, 5D), and may indi-
cate multiple Pb-loss histories from the original 
Archean zircon ages. Alternatively, these analy-
ses could represent younger zircon inheritance, 
because all of the younger 207Pb/206Pb ages of 
ca. 1450, ca. 1600, ca. 1800–1900, ca. 1950, and 
2150 Ma are within the ranges of known wide-
spread magmatic episodes in North America.

Fourteen analyses from oscillatory zoned, 
clear, euhedral, exterior regions (group 3B) 
yielded 206Pb/238U ages between 91 and 72 Ma 
(Table 1 and Fig. 6). The age data are not con-
centrated at any one age, but almost evenly 
distributed along concordia. There is no simple 

explanation for this isotopic behavior, and we 
cannot correlate these young ages with any other 
parameter (e.g., U content or percent common 
Pb). The weighted mean age for all 14 is 81.0 
± 3.4 Ma (MSWD = 285), although there is little 
confi dence that the real age might be within such 
a small error. We tentatively suggest that the 
true age is closer to the oldest analyses, perhaps 
ca. 90 Ma, and that the other analyses exhibit 
younger 206Pb/238U ages probably as a result 
of Pb loss. The previously determined mean 
207Pb/206Pb age of 84.8 ± 2.8 Ma (McGrew et al., 
2000) on zircon from a syntectonic leucogranite 
of the recumbent fold of the Winchell Lake nappe 
would tend to support such an  interpretation.

Trace Element Data

All of the Precambrian zircons, cores or 
otherwise, exhibited high common Pb (mostly 
>2.5% of 206Pb), but with variable U contents 
(~450 to over 3500 ppm; Table 1 and Fig. 7A). 
In contrast, the clear exterior regions exhibited 
even higher U contents (3000–4800 ppm), but 
relatively low common Pb values (<0.5% of 
206Pb). These trace element characteristics cer-
tainly distinguish these groups as unrelated, a 
conclusion that is further illustrated by a plot of 
U versus Th concentrations (Fig. 7B) that show 
that the groups are reversely correlated, exactly 
opposite of typical magmatic trends in zircon 
(e.g., Hoskin and Schaltegger, 2003).

Rare earth element (REE) patterns from data 
taken concurrently with the U-Th-Pb isotopic 
data indicate subtle differences between zir-
cons from the different groups (Fig. 8). The 
two major features are: (1) the uniformity 
exhibited in the group 3B REE patterns com-
pared to the patterns of the other group, and 
(2) the relative depletion of the light (L) REEs 
in the group 3B grains compared to the other 
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TABLE 2. CHONDRITE-NORMALIZED RARE EARTH ELEMENT DATA FROM  
ZIRCONS FROM THE ORTHOGNEISS OF ANGEL LAKE, EAST HUMBOLDT RANGE, NORTHEASTERN NEVADA     

Spot name La Ce Pr Nd Sm Eu Gd Dy Er Yb Ce/Ce* Eu/Eu*
Group 1      
RM-9-B1 2.16 7.83 5.02 7.65 45.43 0.58 270.9 749 1871 2816 2.38 0.01
RM-9-B4 2.18 19.44 1.96 1.85 9.37 4.75 59.0 187 533 966 9.42 0.20
RM-9-B10 0.24 4.20 0.66 1.09 11.59 0.30 93.8 355 1083 1809 10.57 0.01
Group 2      
RM-9-B2 4.29 47.50 11.83 19.64 65.93 38.02 263.4 444 854 1138 6.66 0.29
RM-9-B3 0.99 5.78 1.24 1.38 14.32 0.48 115.1 420 1222 2015 5.21 0.01
RM-9-14 10.35 3.70 2.93 1.56 3.88 1.69 28.4 216 857 2103 0.67 0.16
RM-9-16.1 2.40 7.60 1.10 0.75 4.59 3.42 48.7 225 551 686 4.67 0.23
Group 3A      
RM-9-B5 8.59 18.89 5.12 3.95 22.03 1.22 135.2 445 1241 2086 2.85 0.02
RM-9-B6 5.73 5.86 2.40 1.56 8.08 0.41 81.1 253 409 482 1.58 0.02
RM-9-15.2 22.34 10.08 4.92 2.31 6.09 2.36 47.9 277 956 1754 0.96 0.14
RM-9-21.2 4.92 5.45 2.32 1.59 9.71 1.12 79.7 317 684 861 1.61 0.04
RM-9-22.2 5.73 6.96 2.75 1.91 11.36 4.79 84.7 260 447 536 1.75 0.15
Group 3B      
RM-9-5.2 0.55 1.20 0.23 0.15 2.20 0.45 29.3 239 807 1571 3.38 0.06
RM-9-6.2 0.35 1.37 0.20 0.15 2.42 0.31 31.1 234 599 717 5.25 0.04
RM-9-B8 0.08 1.23 0.15 0.20 1.96 0.90 29.9 255 1562 6166 11.57 0.12
RM-9-15.1 0.40 1.27 0.32 0.28 2.24 0.22 32.8 282 973 1271 3.56 0.03
RM-9-17.1 4.05 1.61 0.50 0.18 2.48 0.50 30.1 249 839 1300 1.12 0.06
RM-9-18.1 0.15 1.80 0.17 0.19 2.82 0.39 41.8 324 1008 1354 11.36 0.04
RM-9-19.1 0.18 1.60 0.16 0.16 2.52 0.42 35.9 300 939 1286 9.26 0.04
RM-9-20.1 0.22 1.25 0.15 0.12 2.39 0.25 29.5 242 835 1591 7.02 0.03
RM-9-21.1 0.23 1.11 0.17 0.15 2.26 0.29 30.2 219 621 766 5.62 0.03
RM-9-22.1 2.93 1.88 0.99 0.57 2.88 1.18 27.2 232 1265 3030 1.10 0.13
% error ± 1σ 15 4 4 4 4 4 4 3 2 2 10 4

groups. For example, the cerium content of 
the group 3B grains is on average one order 
of magnitude less than that seen in the other 
groups. This fact is further illustrated on a Ce/
Sm versus Dy/Sm diagram that compares the 
steepness of the LREE pattern to that between 
the LREEs and the heavy (H) REEs (Fig. 9), 
and shows not only the uniformity of the LREE 
behavior of the Cretaceous group 3B grains 
(Ce/Sm = 2.0–2.7 and Dy/Sm > 130), but also 
the contrasting variability of the Precambrian 
zircon components (Ce/Sm = 0.7–8.5 and Dy/
Sm <95). Once again, these trace element char-
acteristics indicate that these groups are not 
derived from the same igneous source.

The trace element characteristics of zircon are 
not likely to be altered during metamorphism 
unless their U-Pb ages are also reset. Therefore, 
the compositional differences between the Cre-
taceous and Precambrian age zones refl ect the 
composition of zircon grown at the U-Pb ages 
of the zircon domains. The oscillatory zoning 
typical of magmatic growth is usually lost when 
zircons are recrystallized or dissolved, and 
regrown during metamorphic events.

DISCUSSION

The SHRIMP-RG data confi rm the existence 
of Archean zircon grains or Archean compo-
nents within zircon grains of this sample, but 
the combined evidence strongly suggests that 
this orthogneissic unit is a highly deformed, 
Late Cretaceous monzogranite derived from 
melting of a source containing detritus with an 

abundance of Archean zircons. These new data 
negate the existence of Archean crust within the 
Winchell Lake nappe.

Evidence that the Precambrian Grains Are 
Detrital

(1) We interpret the morphologies of group 1 
grains and group 3 cores to be detrital in nature 
(Figs. 3 and 4); particularly grain 9, which is 
well rounded with the original magmatic oscil-
latory zonations truncated by abrasive action 
during sediment transport. This grain also does 
not contain an overgrowth, and several other 
Archean grains have only thin overgrowths 
(e.g., grain 2 and possibly 13; Figs. 3 and 4). 
These observations indicate that some of the 
Archean grains were protected from the Cre-
taceous melt, likely in xenocrystic clots of the 
country rock that was not entirely digested by 
the Cretaceous melt. (2) There is a wide range 
of 207Pb/206Pb ages (~140 m.y.) in the earliest 
 Proterozoic–latest Archean grains (Fig. 5B) 
that is certainly suggestive of multiple sources, 
and is signifi cantly greater than typical external 
errors of SHRIMP 207Pb/206Pb data for zircon 
from Early Proterozoic and Archean igneous 
rocks (e.g., <4% at 2500 Ma; i.e., the age varia-
tion is real, and not analytical).

(3) Although highly discordant, Proterozoic 
ages were also obtained from the rounded to 
subrounded cores of zircon grains with Late 
Cretaceous outer zones (Fig. 4). These analyses 
yielded ages that coincide with known regional 
magmatic events in North America: ca. 1615 Ma 

(late Mazatzal); 1850 and 1880 Ma (Trans-
 Hudsonian); 1960 and 1990 Ma (Penokean); 
2140 and 2170 Ma (Selway, or similar to ages 
for mafi c dike intrusions throughout the Wyo-
ming and Superior Provinces); and one at 
1460 Ma (Fig. 5D). Some of these Proterozoic 
ages are similar to those found in zircons ana-
lyzed from Late Cretaceous–Oligocene plutons 
to the south in Lamoille Canyon (Fig. 1; Premo, 
2008, personal observ.). They exhibit a similar 
Mesoproterozoic–Paleoproterozoic and Late 
Archean detrital zircon inheritance, evidence 
that supports the contention that the sedimen-
tary sequences (Neoproterozoic–Paleozoic) 
between the East Humboldt Range and the 
Ruby Mountains are related, although the East 
Humboldt Range sequences appear to be domi-
nated by Archean detritus, and the Ruby Moun-
tains appear to be dominated by detritus from 
Proterozoic sources.

(4) The variations in the REE patterns and 
other trace element data from zircon compo-
nents of groups 1–3A (Figs. 7–9) indicate that 
most of these zircons are not from the same 
igneous source, further evidence that they are 
detrital in origin. Likewise, the uniformity of the 
REE patterns and other trace element correla-
tions in the Late Cretaceous rims indicates that 
they are related and most likely from the same 
or similar igneous source.

Age and Source of the Detritus

Judging from this sample’s Nd isotopic sig-
nature of −34.6 (at 35 Ma; Wright and Snoke, 



Premo et al.

970 Geosphere, December 2008

F
ig

ur
e 

4.
 C

at
ho

do
lu

m
in

es
ce

nc
e 

im
ag

es
 o

f 
zi

rc
on

s 
se

pa
ra

te
d 

fr
om

 s
am

pl
e 

R
M

-9
, o

rt
ho

gn
ei

ss
 o

f 
A

ng
el

 L
ak

e.
 O

vo
id

s 
in

di
ca

te
 l

oc
at

io
ns

 o
f 

sp
ot

 c
ra

te
rs

 (
an

al
yz

ed
 a

re
as

).
 

N
ot

e 
th

at
 in

ne
r,

 n
on

zo
ne

d 
ar

ea
s 

ar
e 

bo
th

 U
 p

oo
r 

(l
ig

ht
-c

ol
or

ed
) 

an
d 

U
 r

ic
h 

(d
ar

k)
, a

nd
 y

ie
ld

 P
ro

te
ro

zo
ic

–L
at

e 
A

rc
he

an
 a

ge
s,

 w
he

re
as

 o
ut

er
 o

sc
ill

at
or

y 
zo

ne
d 

ar
ea

s 
yi

el
d 

L
at

e 
C

re
ta

ce
ou

s 
ag

es
.



Zircon from the Angel Lake orthogneiss, Nevada

 Geosphere, December 2008 971

1993), the sedimentary source could have been 
composed entirely of Archean crust with an 
average age of ca. 3.05 Ga, even though no zir-
cons older than 2.6 Ga were found in this sam-
ple. The average 2.54 Ga age for the Archean 
zircon components in this sample suggests 
a source very similar to rocks in the Grouse 
Creek–Albion–Raft River metamorphic core 
complex of northwestern Utah, ~250 km north-
east of the Ruby Mountains–East Humboldt 

Range. Some recently reported SHRIMP U-Pb 
zircon ages from plutonic rocks are similar to 
the age data from the monzogranitic orthogneiss 
of Angel Lake, yielding lower-intercept ages 
between 80 and 100 Ma, and upper-intercept 
ages of ca. 2550 Ma (Strickland et al., 2007). 
However, Strickland et al. (2007) interpret the 
younger age as representing secondary zircon 
growth during the Late Cretaceous and the 
older age as the basement protolith age.

The depositional age of the sediment cur-
rently remains elusive and could be earliest 
 Proterozoic to Cretaceous, although it is likely 
to be Late Proterozoic to earliest Paleozoic, as 
are many of the oldest exposed siliciclastic detri-
tal packages in this region of the Great Basin. If 
one can believe the youngest provenance age 
indicated by inherited zircon from this sample, 
an upper limit of ca. 1450 Ma might be applied 
to the age of deposition for the sediment.
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Implications for the Timing of Late 
Cretaceous Magmatism

The SHRIMP-RG age data for the ortho-
gneiss of Angel Lake (Fig. 6) is interpreted with 
confi dence as Late Cretaceous, but cannot be 

more precisely defi ned with this data. The very 
high U concentrations (>3000 ppm) of the Late 
Cretaceous magmatic rims undoubtedly have 
caused some crystal lattice deformation and 
indicate the likelihood of small percentages of 
Pb redistribution, which may result in the poor 

U-Pb isotopic behavior exhibited in these analy-
ses. Nonetheless, we speculate that the protolith 
igneous age of this orthogneiss is ca. 90 Ma and 
that the slightly younger 206Pb/238U ages are the 
result of Pb loss. This interpretation is supported 
by the occurrence of another orthogneiss at 
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Figure 6. (A) Tera-Wasserburg plot of analyses from oscillatory zoned magmatic rims (Figs. 3 and 4) indicating a range of near-con-
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Figure 7. (A) U (ppm) versus percent common 206Pb for all zircon components analyzed. Note the scatter in groups 1 and 2 (red 
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groups. (B) Th (ppm) versus U (ppm) for all the zircon grains analyzed. Note the scatter in groups 1 and 2, and the relative uniformity 
of groups 3A and 3B, which are low in Th relative to U (Th/U <0.1), indicating a melt very likely derived from a metamorphic fl uid. 
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Thorpe Creek in Lamoille Canyon to the south 
(Fig. 1) that yielded a dominant 206Pb/238U age of 
92 ± 1 Ma and the mean 207Pb/206Pb age of 84.8 
± 2.8 Ma (McGrew et al., 2000) on zircon from 
a syntectonic leucogranite of the recumbent fold 
of the Winchell Lake nappe.

These ages are similar to recently reported 
SHRIMP U-Pb zircon ages from plutonic rocks 
of the Grouse Creek–Albion–Raft River meta-
morphic core complex of northwestern Utah 
that yield lower-intercept ages between 80 and 
100 Ma (Strickland et al., 2007). The combined 
results support the occurrence of a plutonic 
event ca. 90–95 Ma in this region (Du Bray, 
2007), an event that is well documented in Late 
Cretaceous magmatic arcs farther west.

Age of Orthogneiss Formation

Other U-Pb ages in the Angel Lake area are 
notably younger and include a U-Pb zircon age 
of 40 ± 3 Ma for a quartz dioritic orthogneiss 
just south of Angel Lake as well as a U-Pb mon-
azite age of 29 ± 0.5 Ma from a biotite mon-
zogranitic orthogneiss at Angel Lake (Wright 
and Snoke, 1993). Most dated samples of Late 
Cretaceous–mid-Tertiary monzogranitic to leu-
cogranitic magmatic rocks (between ca. 90 and 
29 Ma; Wright and Snoke, 1993) contain some 
degree of mylonitic or related deformational 
fabric such that mylonitization associated with 
core complex formation either was concurrent 
with or postdated the youngest magmatic events 

at ca. 29 Ma. These ages are also comparable to 
ages for samples from rocks of similar composi-
tion from the Grouse Creek–Albion–Raft River 
metamorphic core complex (Egger et al., 2003; 
Strickland et al., 2007).

Implications for the Distribution of 
Archean and Proterozoic Basement

Previous studies in northeast Nevada have 
delineated Precambrian crustal basement based 
on signifi cant changes in the Pb, Sr, Nd, or O 
isotopic compositions of whole rocks or miner-
als from Mesozoic and Tertiary plutonic rocks 
(Kistler and Peterman, 1973, 1978; Farmer and 
DePaolo, 1983, 1984; DePaolo and Farmer, 
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1984; Bennett and DePaolo, 1987; Wright and 
Wooden, 1991; Wright and Snoke, 1993; Farmer 
and Ball, 1997; Wooden et al., 1998; Tosdal et 
al., 1998, 2003; Vikre, 2000; King et al., 2004) 
or by geophysical methodology (Allmendinger 
et al., 1987; Grauch et al., 2003; Rodriguez 
and Williams, 2008, 2008). Wright and Snoke 
(1993) proposed that the Archean-Proterozoic 
boundary crossed the East Humboldt Range 
based on distinct differences in Nd signatures 
from samples within the East Humboldt Range 
as opposed to samples from the Ruby Moun-
tains to the south; the former exhibits initial ε

Nd
 

values of <−20, indicating the probability of a 
major Archean crustal component in their pro-
duction. However, it is possible that sediments, 
largely derived from Archean crust, can exhibit 
these same isotopic signatures and infl uence the 
isotopic signatures of plutonic rocks derived 
from or assimilating signifi cant amounts of sed-
iment with Archean signatures.

While previous researchers have identifi ed 
the orthogneiss of Angel Lake (and particularly 
the sample, RM-9) as the best candidate for an 
Archean rock in the East Humboldt Range, our 
new age data indicate that there are no Archean 
crustal rocks exposed in the East Humboldt 
Range. If this is so, then the Archean-Proterozoic 
boundary does not exist in the Ruby Mountains–
East Humboldt Range. This contention is sup-
ported by new two-dimensional resistivity mod-
eling of magnetotelluric sounding profi les that 
suggest that the Archean-Proterozoic boundary is 

~50 km to the northeast of the Ruby Mountains–
East Humboldt Range and trends to the northwest 
across the  Goshute-Toano Ranges and the Pequop 
Mountains (Rodriguez and Williams, 2008).

If the geophysical interpretation is correct, 
then the gneisses at Angel Lake in the East 
Humboldt Range are probably underlain by 
the Mojave Province and Neoproterozoic and/
or Paleozoic siliciclastic sedimentary sequences 
derived primarily from either the Wyoming 
Province or the Grouse Creek–Albion–Raft 
River complex, or both. Farther south, in the 
Ruby Mountains (Lamoille Canyon), a greater 
proportion of the detrital zircon present in Late 
Cretaceous–Oligocene plutons was derived 
from Proterozoic rocks (Premo, 2008, personal 
observ.).

Implications for the Origin of Carlin-Type 
Gold Deposits

Howard (2003) suggested that rocks simi-
lar to the deep crustal rocks exposed in the 
Ruby Mountains–East Humboldt Range may 
have underlain the Carlin Trend during the 
mid-Tertiary, and therefore may represent the 
source rocks for the gold deposits. With the 
apparent absence of Archean crust in the Ruby 
 Mountains–East Humboldt Range, it becomes 
more probable that some of the gold in mid-
Tertiary hydrothermal deposits of the world-
class Carlin and Battle Mountain–Eureka trends 
and neighboring mining districts in Nevada was 
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leached from Neoproterozoic and Paleozoic 
siliciclastic sediments derived from crystalline 
rocks of the Archean and Proterozoic craton.

SUMMARY

(1) The protolith of the orthogneiss of Angel 
Lake was a Late Cretaceous (ca. 90 Ma) mon-
zogranitic igneous body that was derived from 
melting of an older sedimentary sequence 
dominated by Archean detritus. These rocks 
were later folded and metamorphosed during 
Late Cretaceous–mid-Tertiary tectonic activity 
probably related to core complex formation. 
While these new SHRIMP age data negate the 
existence of Archean crust in the Winchell Lake 
nappe, they do not preclude the possibility that 
Archean crust exists at depth within this region. 
However, the geophysical data suggest that this 
region is underlain by crystalline rocks of the 
Mojave Province.

(2) If it is correct that rocks now exposed in 
the Ruby Mountains–East Humboldt Range 
may have underlain the Carlin gold trend, as 
suggested by Howard (2003), then our new age 
data would suggest that the gold source is not 
intact Archean crust, but probably Neoprotero-
zoic and/or Paleozoic sediments derived primar-
ily from Archean crust in some strata and Pro-
terozoic crust in others.
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