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makes it desirable now to re-evaluate the age 
and structure of the continents (compare with 
Nelson and DePaolo, 1985). 

In this work, we have attempted to take the 
methods of crustal isotopic mapping a step 
further by focusing on the nature and geometry 
of crustal age province boundaries as deter-
mined by Sm-Nd isotopic patterns and by inte-
grating data from a variety of generations of 
igneous and metamorphic rocks in the same re-
gion. The results of this work demonstrate how 
isotopic data can be used to determine crustal 
ages and how the delineation of age province 
boundaries can contribute to the understanding 
of crustal evolution in the Precambrian and to 
the detection of large-scale structures that may 
be indiscernible by other means. 

Sm-Nd SYSTEMATICS 
AND CRUSTAL AGES 

Model ages (TDM) are calculated based on a 
semi-empirical model illustrated in Figure 1. A 
reasonably well defined curve can be established 
for the time evolution of the e^d value (defined 
in Table 1; eNd refers to the initial, chondrite-
normalized l43Nd/144Nd isotopic ratio; eNd(O) 
to the measured isotopic ratio) of the parts of the 
mantle that have been involved in the produc-
tion of continental crust (DePaolo, 1980,1983; 
Nelson and DePaolo, 1984,1985; Jacobsen and 
Wasserburg, 1984). If "primitive original crust" 
is defined as continental crust derived from the 
mantle with no admixture of older crust, then 
the Nd isotopic evolution of that crust must 
begin from a point along the mantle evolution 
curve corresponding to its age. This time is re-

ferred to as the "crust-formation age" (TCF)-
The subsequent isotopic evolution of this crust 
can be predicted from the empirically deter-
mined distribution of fsm/Nd values (defined in 
Table 1) in the crust (for example, Haskin and 
others, 1966; Ben Othman and others, 1984) 
(inset of Fig. 1) and has been confirmed by var-
ious studies (for example, DePaolo, 1980; Nel-
son and DePaolo, 1985; McCulloch and 
Wasserburg, 1978). The bulk of the continental 
crust has fsm/Nd values that are -40% lower 
than those of chondritic meteorites, and so the 
«Nd values in the crust diverge from those of the 
mantle as the crust ages. Some parts of the crust 
are more mafic and have fsm/Nd values that are 
closer to those of chondritic meteorites, but on 
the basis of the existing data, these are assumed 
to make up a relatively small proportion of the 
crust. 

+ 10 

•Nd 

- 1 0 

Man TL F 

c o 
o 

o 
i -

PRIMITIVE 
ORIGINAL CRUST 

oO^'cP^* 

I 
Today T 

AVERAGE | 
CRUSTAL EVOLUTION 

CRUSTAL ROCKS 

-0 .6 - 0 . 4 - 0 . 2 

f s m / N d 

M 2 M 1 X CF 

Age 

Figure 1. Model for Nd isotope systematics of an average crustal segment. Primitive crust having low Sm/Nd is formed at TCp from a 
depleted mantle source and evolves toward negative ê d values. Parallelograms represent the possible range of initial ê d for granitoids formed 
at magmatic events TMI and TMJ. The shaded regions show the narrow range of values observed in strongly peraluminous granites. This 
demonstrates how the isotopic evolution of a crustal segment may be determined by sampling basement rocks and crustally derived rocks of 
different ages. Substantial additions (>30%) of new crustal material having higher Sm/Nd may alter the crustal evolution path, as indicated by 
the dashed arrow at TMI. The inset shows the distribution of fsm/Nd values in rocks of the continental crust as compiled in Ben Othman and 
others (1984). 
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Sm stays in mantle, so crust poor in 147 Sm, so production of 143 Nd lower in crust than mantle (note that ENd is time-dependent).
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Simple diagram showing how ENd would still follow same path if reworked by igneous processes within the lithosphere.
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whole-rock Pb isotopes to map crustal boundaries.
They divided the region into theMojave andArizona
provinces, which broadly agree with the provinces
defined by Bennett and DePaolo (1987). Wooden and
DeWitt (1991) also delineated a 75-km-wide bound-
ary zone within which Pb isotope ratios show mix-
ing relationships between the two provinces (shaded
bluearea infig. 2B;MojaveandArizonaprovincesare
west and east of the transition zone, respectively).
Their Arizona province is equivalent to the Yavapai
province of other studies (e.g., Hoffman 1988; Karl-
strom and Bowring 1988, 1993; Karlstrom andHum-
phreys 1998; Whitmeyer and Karlstrom 2007; Due-
bendorfer 2015). In this article, we use the term
“Arizona province” when referring to the province
defined by Nd and Pb isotopes and the term “Yava-
pai province” when referring to the tectonic evolu-
tion of Paleoproterozoic crustal blocks. Several stud-
ies (Duebendorfer et al. 2006; Duebendorfer 2015)
have proposed that this transition zone represents
the rifted leading edge of the Mojave block, devel-
oped in response to slab rollback in a subduction

zone farther west, prior to the accretion of the Ya-
vapai arc.

On the basis of regional variations in isotopic and
geochronologic data, the following tectonic prov-
inces have been proposed for the western United
States (fig. 3): (1) the Archean Wyoming craton,
which has protoliths and deformation ages between
3500 and 2500 Ma; (2) the Mojave province, which
consists of pre–1800 Ma crustal material; (3) the
Yavapai province, a 1760–1720 Ma juvenile arc ter-
rane; and (4) theMazatzal province, formedby1700–
1650 Ma supracrustal rocks on unknown basement
(fig. 3; Hoffman 1988; Karlstrom and Bowring 1988,
1993; Karlstrom and Humphreys 1998; Whitmeyer
and Karlstrom 2007). Bennett and DePaolo (1987)
assigned a TDM of 2300–2000Ma to theMojave prov-
ince (their province 1) and 1800 Ma or younger to
the Yavapai province (their province 3).

These terranes, known as the Transcontinental
Proterozoic provinces,were amalgamated during the
Proterozoic, between 1800 and 1600 Ma, through a
process that involved accreting arcs to the stable Ar-

Figure 1. Map of the United States showing the distribution of anorogenic plutons: 1.34–1.41 Ga (gray dots) and
1.41–1.49 Ga (black dots). Average ages of plutons are shown in bold, and average ages of crustal province are shown in
italics. The sources for the ages and descriptions of the plutons are from Anderson (1983). Bold lines represent the edge
of autochthonous North America. In the western United States, the boundary of the North American craton is de-
fined by the 87Sr/86Srinitial p 0.706 isopleth (Kistler and Peterman 1973). In the eastern United States, this boundary is
defined by rocks associated with the Grenville orogeny. Dashed lines represent boundaries between age provinces.
Areas with an X pattern represent Archean cratons (Anderson 1983). Dotted lines and italic numbers represent the Nd
provinces of Bennett and DePaolo (1987). The box shows the location of figure 2. Gray areas represent the Great
Lakes. Figure is modified from Anderson (1983).
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Dots here are “anorogenic” granites, 1.31-1.41 in gray, 1.41-1.49 in black. Note the numbering of provinces (1 is Mojavia as defined earlier, 2 is Yavapai, 
3 is Mazatzal
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“Mojavia”
TDM 2.0-2.3 Ga

U-Pb ages ~1.7 Ga

dashed lines crystalization ages, dotted lines lead isotopes, Nd isotopes solid lines
Note region 1 to north has been discredited as having the same characteristics as Mojavia (Nelson et al., Geosphere, 2011) and they suggest edge of Archean is actually near Idaho 
line and difference between regions 1 and 2 is amount of sediment shed onto paleoproterozoic.



Holland et al., Precamb. Res., 2018“Mojavia”
TDM 2.0-2.3 Ga

U-Pb ages ~1.7 Ga

isotopically juvenile 1.840 Ga Elves Chasm gneiss in Grand Canyon
which has been interpreted as an older arc-related substrate upon
which the 1.750–1.741 Ga Vishnu Schist was deposited (Babcock et al.,
1979; Hawkins et al., 1996; Ilg et al., 1996; Holland et al., 2015).
Further west, the oldest known rocks are metasedimentary schists and
gneisses whose protoliths were deposited between ∼1.79 and 1.75 Ga.
Detrital zircon age populations in these rocks range from 3.3 to 1.75 Ga
(Barth et al., 2000, 2009; Strickland et al., 2013; this study), like those
found in the Vishnu Schist in Grand Canyon (Shufeldt et al., 2010).
Associated with metasedimentary rocks are amphibolites with tholeiitic
bulk compositions, modestly enriched in large ion lithophile elements,
and modestly depleted in high field strength elements (Miller and
Wooden, 1992; Barth et al., 2009). These amphibolites may be as old as
1.81 Ga based on Nd-isotope systematics (Coleman et al., 1999) and
have been interpreted to indicate that Mojave province metasedimen-
tary rocks were deposited in part on oceanic crust (Barth et al., 2009),
or in a marginal marine arc environment (Wooden et al., 2012). Al-
ternatively, amphibolites may be tectonic slices of submarine basalt of
magmatic arc origin imbricated during orogenesis (Ilg et al., 1996).

Synchronously with, and outlasting, the deposition of metasedimentary
protoliths, a suite of calc-alkaline plutonic bodies intruded and became
imbricated in the Mojave province from 1.79 to 1.73 Ga (Wooden and
DeWitt, 1991; Ilg et al., 1996; Hawkins et al., 1996; Barth et al., 2009).
During and after peak deformation and metamorphism from 1.71 to
1.68 Ga, plutonism was dominated by more evolved potassic melts
enriched in high field strength elements from 1.69 to 1.65 Ga (Wooden
and Miller, 1990; Barth et al., 2009). This later magmatism has been
interpreted to reflect crustal melting in response to crustal thickening
(Karlstrom et al., 2003; Barth et al., 2009).

Multiple episodes of deformation and magmatism have been iden-
tified throughout the Mojave province. Two main regional deforma-
tional and metamorphic episodes are summarized below. A well-de-
veloped shallowly-dipping S1 fabric is recorded in central Arizona
(Karlstrom et al., 1987), the Grand Wash Cliffs (Albin and Karlstrom,
1991), Grand Canyon (Ilg et al., 1996), and the Cerbat Mountains
(Duebendorfer et al., 2001). The S1 fabric and F1 folds are overprinted
by a penetrative subvertical northeast-striking S2 fabric, which is the
dominant fabric across much of southwestern Laurentia (Whitmeyer

Fig. 2. Simplified regional geologic map of the study area showing sample locations and a compilation of all existing geochronologic data discussed in this paper. Metasedimentary
samples from this study (triangles) are shown with their maximum depositional ages (see text for discussion), with letters in parentheses keyed to age spectra in Fig. 3. Plutonic samples
(stars) are shown with numbers in parentheses keyed to Table 2. Major structures are shown as solid black lines. Dip-slip sense shear zones are shown with teeth on the upper plate, and
strike-slip sense is indicated with arrows. GCsz=Gneiss Canyon shear zone, Csz=Crystal shear zone, Chsz=Chaparral shear zone, Ssz= Shylock shear zone, MGsz=Moore Gulch
shear zone. Circled numbers show the general locations of previous geochronologic studies of the region. Citations are as follows: 1) Barth et al., 2000; 2) Barth et al., 2009; 3) Bryant
et al., 2001; 4) Chamberlain and Bowring, 1990; 5) Doe, 2014; 6) Duebendorfer et al., 2001; 7) Hawkins et al., 1996; 8) Holland et al., 2015; 9) Karlstrom et al., 2003; 10) Shufeldt et al.,
2010; 11) Spencer et al., 2016; 12) Strickland et al., 2013; 13) Wooden et al., 2012. Locations mentioned by name in the text or references listed above, and their abbreviations on the
map are: AC=Ashford Canyon, BL=Baldwin Lake, BM=Black Mountains, BH=Bullfrog Hills, CM=Cerbat Mountains, CwC=Cottonwood Cliffs, EM=Eagle Mountains,
GWC=Grand Wash Cliffs, HH=Halloran Hills, HM=Hualapai Mountains, IH= Ibex Hills, IM= Ivanpah Mountains, JC= Jerome Canyon, Jmd=Jerome mining district,
JP= Jubilee Pass, NYM=New York Mountains, NR=Nopah Range, OWM=Old Woman Mountains, PR=Panamint Range, PoM=Pinto Mountains, PiM=Piute Mountains,
VM=Virgin Mountains.
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Note range of plutonic ages (Starred) reported from Mojave



Garnet gneisses of New York Mtns.
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Crusts 1 and 2 are juvenile at T1 and T2.  Crust 3 is assumed mix of 1 & 2 at time T2.  TSED for next plot. TDM (model ages for crust 3) meaningless. 3a 
and 3b are for different initial Sm/Nd ratios. When these all back project together you get the time of creation (though can be from mixing).
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Approach proposed to separate mixing from juvenile crust.  In this plot, juvenile crust on line 2, reworked old crust on 1, mix in between.  Line 3 would be 
a uniform mix that then evolves so at TSed you get a tilted line for sediments.



values of the cratonic rocks at 1.7 Ga (cf. Wooden
and Miller, 1990). These range from –1.6
(LTG-367) to –6.3 (DVB119a). TDM ages of the
cratonic samples range from 2.05 Ga (LTG-338)
to 2.72 Ga (DVB122a) and average 2.31 ± 0.16
Ga. The two extremes, however, are for samples
with exceptionally low and high Sm/Nd ratios,
respectively, and are not likely to be meaningful
crust-formation ages. Samples with 147Sm/144Nd
ratios between 0.10 and 0.14 have TDM ages
between 2.12 and 2.59 Ga and average 2.29 ± 0.12
Ga; this range can be considered meaningful in
terms of protolith history on the basis of previous
research in Mojavia and the western United States.

Compared to the intermediate and silicic cra-
tonic rocks, the two amphibolites have quite dif-
ferent Nd isotopic compositions. Amphibolite
from the Halloran Hills (LTG-347) has
147Sm/144Nd of 0.157, εNd (at 1.7 Ga) of +0.8,
and TDM of 2.16 Ga. Amphibolite in the Bullfrog
Hills (DVB119b) is strongly enriched in the
LREEs (147Sm/144Nd = 0.105) and has εNd (at 1.7
Ga) of +11.6 and TDM of 1.17 Ga. These data
suggest that the Halloran Hills amphibolite be-
longs to the craton; the Bullfrog Hills amphibo-
lite was differentiated from the mantle at a much
later, presumably Late Proterozoic, time. The
1.35 Ga porphyritic granite (DVB122b) has an
Early Proterozoic Nd isotopic signature with εNd
(at 1.7 Ga) of –2.7 and TDM of 2.29 Ga. These
values are compatible with a cratonic crustal pro-
tolith (cf. Anderson and Bender, 1989). The
sillimanite-grade metasedimentary rock from the
Funeral Mountains (DVB118) is, with εNd (at 1.7
Ga) of –1.1 and TDM of 2.09 Ga, similar to the
Pahrump Group schists in the Funeral Mountains
(see Farmer and Ball, 1997). Our data thus sug-
gest that some of the sillimanite-grade metasedi-
mentary rocks in the Funeral Mountains might
actually be high-grade metamorphic equivalents
of the Pahrump Group, and not part of the craton.

DISCUSSION
The εNd (at 1.7 Ga) values of the cratonic rocks

from southern Death Valley and vicinity range
from –1.6 to –6.3 and show that these rocks were
not derived from a protolith with uniform Nd iso-
topic composition. At face value, the model ages
suggest Early Proterozoic (ca. 2.1 Ga) to Late
Archean (ca. 2.6 Ga) overall sources. The Nd iso-
topic compositions of the samples are shown in an
εNd vs. 147Sm/144Nd diagram (Fig. 3A), along
with data on the Archean Wyoming craton and the
Proterozoic Nd provinces of Bennett and DePaolo
(1987). The cratonic rocks of southern Death
Valley plot between the Archean data and the
best-fit lines of the Proterozoic provinces. This
finding suggests that the southern Death Valley
rocks represent mixtures of an Archean compo-
nent and a younger component (or components).
Figure 3A further shows that the 1.35 Ga granite,
the Halloran Hills amphibolite (LTG-347), and
the Funeral Mountain metasedimentary rock are
province 1 type, whereas the Bullfrog Hills
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Figure 2. Chemical composition of rocks analyzed from southern Death Valley and vicinity
shown in Na2O + K2O vs. SiO2 diagram. Data (Table A; see footnote 1) normalized to 100%
anhydrous for plotting.

Figure 3. A: Nd isotopic compositions of cratonic rocks analyzed in this study. Data on 36 sam-
ples from Archean Wyoming craton (Bennett and DePaolo, 1987; Koesterer et al., 1987;Wooden
and Mueller, 1988; Geist et al., 1989; Frost, 1993) and best-fit lines of data on the three crustal Nd
provinces of southwestern United States (see Bennett and DePaolo, 1987; Farmer and Ball, 1997)
are shown for reference. B: εNd (at 1.7 Ga) vs. A/CNK diagram; A/CNK is molecular Al2O3/(CaO +
Na2O + K2O) (data in Table A; see footnote 1).

Rämö and Calzia, 1998

INTRODUCTION
Using Nd isotopic data on various Precam-

brian, Cretaceous, and Tertiary lithologic assem-
blages, Bennett and DePaolo (1987) showed that
the crystalline bedrock of the western United
States comprises three Proterozoic crustal
provinces with distinct Nd isotopic signatures.
The provinces flank the southern margin of the
Archean Wyoming craton and register decreasing
depleted-mantle model ages (TDM; DePaolo,
1981) with increasing distance from the craton.
Province 1 of Bennett and DePaolo (or the Mojave
province; Condie, 1992) has the oldest character
with TDM of 2.0 to 2.3 Ga and εNd (at 1.7 Ga) val-
ues on the order of –3 to +1. Bennett and DePaolo
also recognized a unique crustal segment of prov-
ince 1 type bedrock in eastern California and adja-
cent Nevada, coined it Mojavia, and related it to a
large-scale, left-lateral, north-trending offset in
the Proterozoic basement rocks (see also Farmer
and DePaolo, 1984; DePaolo et al., 1991).

The Precambrian evolution of the southern part
of Mojavia has been extensively studied in the
Mojave Desert region (e.g., DeWitt et al., 1984;
Wooden and Miller, 1990; Martin and Walker,
1992; Farmer and Ball, 1997; see also Condie,
1992). Wooden and Miller (1990) assessed the
Early Proterozoic evolution of the eastern Mojave
Desert and recognized a series of tectonothermal
events between 1.76 and 1.64 Ga, including the
1.70 Ga Ivanpah orogeny. They also found zir-
cons with Pb-Pb ages of 2.0 to 2.3 Ga, which are
thus compatible with the TDM ages of province 1.
Martin and Walker (1992) showed that province 1
type basement extends to the western Mojave
Desert. The origin of the Nd isotopic character of
province 1 rocks has been a matter of some
debate. Bennett and DePaolo (1987) favored a
model that involves mixing of depleted mantle-
derived magmas with sedimentary detritus from
an Archean craton along a convergent zone,
whereas Wooden and Miller (1990) were more in
favor of an in situ ≥2.0 Ga crust to account for the
2.0–2.3 Ga zircons. Condie (1992) suggested that

the Mojave province is allochtonous relative to
the Wyoming craton, and may represent a micro-
craton accreted at ca. 1.7 Ga.

Our research involves the origin of cratonic
rocks of the southern Death Valley region, Cali-
fornia. Here we report Nd isotopic data on 30
cratonic rocks exposed over a 15 000 km2 area
between Death Valley and the Providence Moun-
tains (Fig. 1). Our data indicate a larger Archean

component in the cratonic rocks than so far
reported for Nd province 1, extend the province 1
model ages in Mojavia to 2.6 Ga, and show that
the Archean component was introduced as sedi-
mentary detritus.

GEOLOGIC SETTING AND SAMPLES
The southern Death Valley region hosts a com-

plicated lithologic assemblage ranging from
Early Proterozoic cratonic rocks to Miocene
granites and supracrustal rocks (e.g., Calzia,
1990; Troxel and Calzia, 1997). Early Protero-
zoic cratonic gneisses, schists, and migmatites
are unconformably overlain by the Middle
Proterozoic Pahrump Group. These rocks are cut
by ca. 1100 Ma diabase dikes and are uncon-
formably overlain by an ~3500-m-thick sequence
of Late Proterozoic and Paleozoic miogeoclinal
rocks. The cratonic rocks, Pahrump Group, and
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Nd isotopic composition of cratonic rocks in the southern Death Valley
region: Evidence for a substantial Archean source component in Mojavia
O. Tapani Rämö Department of Geology, University of Helsinki, P.O. Box 11, FIN-00014, Finland
James P. Calzia U.S. Geological Survey, 345 Middlefield Road, Menlo Park, California 94025

Data Repository item 9884 contains additional material related to this article.

ABSTRACT
Thirty Early Proterozoic intermediate to silicic metasedimentary and metaigneous rocks

in the southern Death Valley region and vicinity show εNd values of –1.6 to –6.3 at 1.7 Ga and Nd
model ages of 2.1 to 2.6 Ga. These cratonic rocks thus reveal an older signature than so far
reported for Nd province 1 of the western United States; as much as 30%–40% of their mass
may be Archean crustal material. The Archean component was introduced in the form of sedi-
mentary detritus that was probably subducted and mixed with juvenile material at a convergent
margin. Three younger Precambrian rocks associated with the cratonic rocks also have a Nd iso-
topic composition of province 1 type.
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Figure 1. Geologic sketch map and distribution of initial εNd values of Early Proterozoic cratonic
rocks in southern Death Valley region, California. Inset shows area relative to southern California
as well as sample location outside southern Death Valley. Numbers beneath εNd values denote
sample numbers in Table 1 and Table A (see footnote 1). Compiled after Jennings et al. (1962),
Jennings (1973), Streitz and Stinson (1974), and Bortugno and Spittler (1986).

A: Nd isotopic compositions of cratonic rocks analyzed in this study. Data on 36 samples from Archean Wyoming craton (Bennett and DePaolo, 1987; Koesterer et al., 1987; Wooden and Mueller, 1988; Geist et al., 1989; Frost, 1993) and best-fit lines of data on the three 
crustal Nd provinces of southwestern United States (see Bennett and DePaolo, 1987; Farmer and Ball, 1997) are shown for reference [1 is Mojavia]. B: εNd (at 1.7 Ga) vs. A/CNK diagram; A/CNK is molecular Al2O3/(CaO + Na2O + K2O) (data in Table A; see footnote 1). 
These Mojavia rocks extend the range of “Province 1” (Mojavia) to TDM of 2.6 Ga and the range of ENd indicates a non-uniform source (i.e., this was no juvenile 2.3 Ga crust).



the plutons prior to zircon crystallization. Para-
gneisses from the IvanpahMountains (IM in fig. 2B)
have detrital zircon age populations of 2150–
1800 Ma and metamorphic zircon ages of 1760–

1670 Ma (Strickland et al. 2013), consistent with
this inferred history.
Group 2 granites from Gold Butte record a youn-

ger episode of plutonism at ∼1370 Ma. Gold Butte

Figure 5. Plot of 147Sm/144Nd versus ɛNd showing data from this and other studies. Colors show province affinity: red
symbols represent the Wyoming province (data from Frost 1993), yellow symbols represent the Mojave province, blue
symbols represent the transition area proposed in this study that is north of the Mojave, and green symbols represent
province 3 of Bennett and DePaolo (1987; shown in fig. 1 and equivalent to the Arizona province of Wooden and
DeWitt 1991). The circled green triangle represents the anomalous sample from the Dead Mountains, California. The
half-green/half-blue triangle represents the sample from Bagdad, Arizona (Bennett and DePaolo samples 10 and 23,
respectively, in table S1). The provinces more or less follow trends that correspond to their respective model ages
(illustrated as model isoage lines that radiate from modern depleted mantle). The black square corresponds to mod-
ern depleted mantle (ɛNd p 10 and 147Sm/144Nd p 0.2137; White 2014). Model isoage lines are calculated using 6.54 #
10212 as the decay constant for 147Sm (Lugmair and Marti 1978).
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Two intriguing new insights emerge from our
data. First, the geometry of the boundary lines de-
fined by Nd and Pb isotopes resembles that of the
87Sr/86Srp 0.706 isopleth (red line in fig. 2B), which
is considered the edge of Proterozoic North Amer-
ican continental lithosphere (Kistler and Peterman
1973). The Pb and Nd boundaries that we propose
here are located to the east of this feature. The con-
figuration of the Pb boundary is simpler than that of
the Nd boundaries. The present locations of these
isotopically defined features were affected by re-
gional crustal shortening and extension during the
Mesozoic and Cenozoic, respectively. Deformation
would have been distributed in a nonuniform man-
ner, thus altering the spatial relationship between
these lines. However, the difference in complexity
between thePb andNd lines prior to thedeformation
would be preserved. Moreover, the observation that
Pb isotopes for some samples indicate province 1
(Mojave) affinity whereas Nd isotopes indicate prov-

ince 3 (Arizona) affinity suggests that the extent of
mixing in the Pb and Nd systems may have varied
geographically. Examples of this are Gold Butte,
whichhasDJeromep7.35–8.24butTDMp1750Maand
initial ɛNd p 20.5 to 21, and the Bennett and De-
Paolo (1987) samples from Bagdad, Arizona (sam-
ples 20 and 23 in table S1). These samples lie within
the Pb boundary zone of Wooden and DeWitt (1991)
in an area with DJerome between 4 and 8. One of the
samples, however, has Nd isotopic characteristics
that places it in province 3 (Arizona;TDMp 1750Ma
and initial ɛNdp 4.02), and a second sample has aTDM

that corresponds to province 2.
TheGneissCanyon andCrystal shear zones (GCSZ

and CSZ in fig. 3), both exposed in the Grand Can-
yon, have been interpreted as the Mojave-Yavapai
crustal boundary in western Arizona (Wooden and
DeWitt 1991; Karlstrom and Humphreys 1998; Hol-
land et al. 2015). However, despite excellent expo-
sure and subvertical orientation in the canyon itself,

Figure 7. A, Map of figure 2 showing the crustal boundaries proposed in this study (marked as purple lines), based on
Nd and Pb isotopic characteristics. For reference, the red line is the 87Sr/86Srinitial p 0.706 isopleth from Kistler and
Peterman (1973), usually assumed to be the edge of autochthonous North America. B, Map of the southwestern
United States showing the main isotopic boundaries inferred from this study (marked as purple lines) and previous
studies. Dotted lines represent boundaries for crustal provinces proposed by Bennett and DePaolo (1987) based on Nd
isotope measurements. Their proposed province numbers are circled. The shaded blue area represents the Pb isotope
province boundary zone suggested by Wooden and DeWitt (1991), and the orange line represents the Pb crustal
boundary proposed by Chamberlain and Bowring (1990). Samples are color coded as in figure 5 (yellow p Mojave;
greenp Arizona; bluep transition area). The yellow outline corresponds to samples from Ramo and Calzia (1998), all
of which correspond to the Mojave province. Faults: GF p Garlock fault; SAF p San Andreas fault. In both maps,
shaded gray areas are outcrops of Proterozoic crystalline rocks. States (in italics): AZ p Arizona; CA p California;
NV p Nevada; UT p Utah. Figure is modified from Karlstrom and Humphreys (1998).
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Left is Almeida’s new interpretation, right has the older lines for comparison. In particular, they interpret the northern boundary of Mojavia as a subduction 
zone. ∆Jerome, which is expressed as 100 times the difference between the measured 207Pb/ 204Pb and a modeled 207Pb/204Pb value that is calculated 
on the basis of the measured value of 206Pb/204Pb and the 1700 Ma isochron that passes through the Pb isotopic values of galenas from a mine in 
Jerome, Arizona
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Finland (Anderson1983), is a specialvariantofA-type
granite, with large, zoned feldspar phenocrysts. Ra-
pakivi granites are argued by some to have been pro-
duced by partial melting of the crust in the vicinity of
mantle melts and by others to have been derived ex-
clusively from previously depleted crustal sources
(Creaser et al. 1991). In North America, a belt of gran-
ites, considered to be A-type, extends for 3,500 km
from Labrador to southern California (Anderson
1983; Anderson and Bender 1989) and has long been
thought to represent the stabilization of the North
American continent at 1450–1400 Ma (Silver 1978;
Anderson 1983).

Recent studies have refined the timing of oro-
genic and basin-forming events recorded by Prote-
rozoic rocks of the southwesternUnited States (e.g.,
Jessup et al. 2006; Jones et al. 2010, 2011; Doe et al.
2012; Daniel et al. 2013), highlighting a more com-
plex tectonic evolution than the first-order scheme
reviewed above, especially during the anorogenic
period of plutonism. The more recent studies sug-
gest an interval of clastic deposition at ∼1450 Ma,
coeval with or closely followed by a span of meta-
morphism and ductile deformation and consistent
with the existence of a long-lived active accretion-
ary margin (Jessup et al. 2006; Jones et al. 2010,

Figure 3. Map showing the location and ages of the various tectonic belts amalgamated during the Paleoproterozoic
in the southwestern United States. Lines with teeth are sutures with teeth on the upper plate. Gray lines are from
Karlstrom and Humphreys (1998). The bold black line represents the new northern boundary of the Mojave micro-
plate proposed in this study. This boundary does not correspond to any particular structure in the field, and the teeth
on the line suggest the direction of subduction based on the location of the arc. Black dots represent sample locations
used in Farmer and DePaolo (1984; table S1). The dashed line represents the outline of the Colorado Plateau. Shaded
gray areas are outcrops of Proterozoic rocks. Outcrops in central Nevada and Utah are primarily Neoproterozoic
sedimentary rocks. Figure is modified from Karlstrom and Humphreys (1998), Condie (1992), and Holland et al. (2015).
CSZ p Crystal shear zone; GCSZ p Gneiss Canyon shear zone.
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Fig. 7. Detrital zircon 207Pb/206Pb ages from zircon interiors from five samples of paragneiss from the Ivanpah Mountains. Analyses that are greater than 15% discordant are
not  shown. Inset shows two  representative zircon grains that have oscillatory zoned cores with thin, grey, metamorphic rims.

the garnets, and the garnets do have crude pressure shadows of
quartz and biotite. These observations are taken to indicate that the
garnets in this sample are late syn-deformational with respect to
the main foliation, which is likely a composite foliation that trans-
posed earlier fabrics. Metamorphic overgrowths on detrital zircons
from sample IV41 have 232Th/238U ratios of 0.01–0.48 (Appendix 2),
and 207Pb/206Pb ages range from 1774 ± 10 to 1658 ± 14 Ma.  The
analyses cluster onto two groups at 1760–1730 and 1710–1680 Ma
(Fig. 8B), which may  reflect two periods of metamorphic zircon
growth. However, no robust age determinations could be made.

IV46 is from the garnet–biotite paragneiss collected from the
southern Ivanpah Mountains where it was found cut by an unde-
formed, leucocratic dike (sample IV45) (Fig. 2C). Sample IV46 has
the same mineral assemblage and texture as IV41. Analyses of
metamorphic zircon overgrowths from sample IV46 form a pop-
ulation with a concordia intercept age of 1702 ± 7 (MSWD  = 0.77)
with two older and one younger analyses excluded (Fig. 8C). The
232Th/238U ratio of these analyses is very low and ranges from 0.2
to 0.02 (Appendix 2), which is indicative of metamorphic growth.

Samples IV63 and IV65 are garnet–biotite gneisses from the
central Ivanpah Mountains (Fig. 1). Both samples contain garnet,
biotite, K-feldspar, plagioclase, quartz, cordierite and fibrolitic silli-
manite. Samples IV63 and IV65 are from the same outcrop and
represent more leucocratic and restitic versions of the migmatitic
layering, respectively. Twenty-six analyses of zircon overgrowths
from sample IV63 produced a spread of concordant ages from
1647 ± 13 to 1765 ± 22 Ma  (Fig. 8D). The 232Th/238U ratios of the
zircon overgrowths from sample IV63 range from 0.02 to 0.73
(Appendix 2). The majority of the zircon analyses are ∼1.70 Ga,
however, the concordia diagram shown in Fig. 8D illustrates the
continuous spread of zircon overgrowth ages from 1647 ± 13 to
1765 ± 11 Ma  in this sample. Therefore, a single robust age deter-
mination was  not made.

Sample IV65 is the leucosome-poor, biotite-rich, restitic ver-
sion of the garnet–biotite gneiss that was collected less than 1 m
from sample IV63 (Fig. 1). U–Pb analyses of zircon overgrowths
from IV65 mostly fall into one cluster on a concordia diagram

(Fig. 8E), and 13 out of 16 analyses of overgrowths yield a con-
cordia intercept age of 1665 ± 9 Ma  (MSWD  = 0.79). Three analyses
of zircon overgrowths are slightly older and range from 1700 ± 19
to 1758 ± 10 Ma.  The 232Th/238U ratios of the zircon overgrowths
from sample IV65 range from 0.04 to 0.49 (Appendix 2).

Sample IV67 is a coarse grained version of the garnet–biotite
gneiss from the central Ivanpah Mountains (Fig. 2C). Twenty-five
analyses of metamorphic overgrowths from IV67 are shown in
Fig. 8F, and 19 analyses define a liner array with an upper inter-
cept at 1738 ± 20 Ma  (MSWD  = 3.9). The remaining six analyses
define a concordia intercept age of 1659 ± 23 (MSWD  = 2.1). No dif-
ference between the two  populations was  noticeable in CL. The
232Th/238U ratios of the ca. 1.74 Ga zircon are restricted to a nar-
row range of 0.03–0.11, whereas the younger population of zircon
has 232Th/238U ratios that range from 0.03 to 0.77 (Appendix 2).
In contrast to the other metasedimentary samples, analyses of zir-
con overgrowths from this sample indicate two distinct periods of
metamorphic zircon growth.

Fig. 9A shows a histogram and probability density curve of
207Pb/206Pb ages from zircon overgrowths from the paragneisses
of the Ivanpah Mountains (N = 113). Analyses that are greater than
10% discordant were excluded. The ages are spread over more than
100 million years with poorly defined peaks ca. 1.73, 1.71, and
1.68 Ga. Due to the precision of these analyses, typically on the
order of ±10–15 m.y. (2!), many of the zircon ages are overlapping
in uncertainty.

6.3. Monazite in the paragneisses

Monazite is a useful chronometer because it participates in
metamorphic reactions from greenschist to granulite facies and
will grow during metamorphism at far lower temperatures zircon.
Monazite is well known for its ability to preserve multiple age
domains and for it’s ability to dissolve and reprecipitate during
metamorphic reactions among other phases or ductile deformation
(Pyle and Spear, 2003; Kohn and Malloy, 2004). The paragneisses
from the Ivanpah Mountains contain abundant monazite often

Ivanpah Mtns (Mojavia) paragneiss detrital zircons

Strickland et al., 2013

These authors think this looks a lot like NAM zircon populations, so propose that this is island arc system near NAM, but note that others argue for AUS for 
stuff to east.
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Fig. 7. Detrital zircon 207Pb/206Pb ages from zircon interiors from five samples of paragneiss from the Ivanpah Mountains. Analyses that are greater than 15% discordant are
not  shown. Inset shows two  representative zircon grains that have oscillatory zoned cores with thin, grey, metamorphic rims.
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the main foliation, which is likely a composite foliation that trans-
posed earlier fabrics. Metamorphic overgrowths on detrital zircons
from sample IV41 have 232Th/238U ratios of 0.01–0.48 (Appendix 2),
and 207Pb/206Pb ages range from 1774 ± 10 to 1658 ± 14 Ma.  The
analyses cluster onto two groups at 1760–1730 and 1710–1680 Ma
(Fig. 8B), which may  reflect two periods of metamorphic zircon
growth. However, no robust age determinations could be made.

IV46 is from the garnet–biotite paragneiss collected from the
southern Ivanpah Mountains where it was found cut by an unde-
formed, leucocratic dike (sample IV45) (Fig. 2C). Sample IV46 has
the same mineral assemblage and texture as IV41. Analyses of
metamorphic zircon overgrowths from sample IV46 form a pop-
ulation with a concordia intercept age of 1702 ± 7 (MSWD  = 0.77)
with two older and one younger analyses excluded (Fig. 8C). The
232Th/238U ratio of these analyses is very low and ranges from 0.2
to 0.02 (Appendix 2), which is indicative of metamorphic growth.

Samples IV63 and IV65 are garnet–biotite gneisses from the
central Ivanpah Mountains (Fig. 1). Both samples contain garnet,
biotite, K-feldspar, plagioclase, quartz, cordierite and fibrolitic silli-
manite. Samples IV63 and IV65 are from the same outcrop and
represent more leucocratic and restitic versions of the migmatitic
layering, respectively. Twenty-six analyses of zircon overgrowths
from sample IV63 produced a spread of concordant ages from
1647 ± 13 to 1765 ± 22 Ma  (Fig. 8D). The 232Th/238U ratios of the
zircon overgrowths from sample IV63 range from 0.02 to 0.73
(Appendix 2). The majority of the zircon analyses are ∼1.70 Ga,
however, the concordia diagram shown in Fig. 8D illustrates the
continuous spread of zircon overgrowth ages from 1647 ± 13 to
1765 ± 11 Ma  in this sample. Therefore, a single robust age deter-
mination was  not made.

Sample IV65 is the leucosome-poor, biotite-rich, restitic ver-
sion of the garnet–biotite gneiss that was collected less than 1 m
from sample IV63 (Fig. 1). U–Pb analyses of zircon overgrowths
from IV65 mostly fall into one cluster on a concordia diagram

(Fig. 8E), and 13 out of 16 analyses of overgrowths yield a con-
cordia intercept age of 1665 ± 9 Ma  (MSWD  = 0.79). Three analyses
of zircon overgrowths are slightly older and range from 1700 ± 19
to 1758 ± 10 Ma.  The 232Th/238U ratios of the zircon overgrowths
from sample IV65 range from 0.04 to 0.49 (Appendix 2).

Sample IV67 is a coarse grained version of the garnet–biotite
gneiss from the central Ivanpah Mountains (Fig. 2C). Twenty-five
analyses of metamorphic overgrowths from IV67 are shown in
Fig. 8F, and 19 analyses define a liner array with an upper inter-
cept at 1738 ± 20 Ma  (MSWD  = 3.9). The remaining six analyses
define a concordia intercept age of 1659 ± 23 (MSWD  = 2.1). No dif-
ference between the two  populations was  noticeable in CL. The
232Th/238U ratios of the ca. 1.74 Ga zircon are restricted to a nar-
row range of 0.03–0.11, whereas the younger population of zircon
has 232Th/238U ratios that range from 0.03 to 0.77 (Appendix 2).
In contrast to the other metasedimentary samples, analyses of zir-
con overgrowths from this sample indicate two distinct periods of
metamorphic zircon growth.

Fig. 9A shows a histogram and probability density curve of
207Pb/206Pb ages from zircon overgrowths from the paragneisses
of the Ivanpah Mountains (N = 113). Analyses that are greater than
10% discordant were excluded. The ages are spread over more than
100 million years with poorly defined peaks ca. 1.73, 1.71, and
1.68 Ga. Due to the precision of these analyses, typically on the
order of ±10–15 m.y. (2!), many of the zircon ages are overlapping
in uncertainty.

6.3. Monazite in the paragneisses

Monazite is a useful chronometer because it participates in
metamorphic reactions from greenschist to granulite facies and
will grow during metamorphism at far lower temperatures zircon.
Monazite is well known for its ability to preserve multiple age
domains and for it’s ability to dissolve and reprecipitate during
metamorphic reactions among other phases or ductile deformation
(Pyle and Spear, 2003; Kohn and Malloy, 2004). The paragneisses
from the Ivanpah Mountains contain abundant monazite often

Ivanpah Mtns (Mojavia) paragneiss detrital zircons

Strickland et al., 2013

Ivanpah Mountains were noted by Strickland et al. (2013) to resemble
those of the Vishnu Schist. Recently, Spencer et al. (2016) reported a
detrital-zircon age population from a metasandstone in Jerome Canyon
with an age distribution nearly identical to that of the Vishnu Schist,
and proposed that the entire region from Jerome Canyon to Grand
Canyon, and correlative units in the Hualapai block (Karlstrom and
Bowring, 1993) comprise a single tectonostratigraphic terrane. This
proposition is supported by a new sample of mica schist of interpreted
sedimentary origin from the Hualapai Mountains that yields a detrital-
zircon age and Hf-isotope signature comparable to those of the Grand
Canyon and Mojave province metasedimentary rocks (Fig. 6) (Doe,
2014).

We suggest that metasedimentary rocks across the southern Mojave
province were deposited in the same regionally extensive basin system,
which we call the Vishnu basin. The detritus supplied to the Vishnu
basin was derived from predominantly 2.0–1.8 and 2.7–2.4 Ga crust.
Both detrital zircon populations display a broad range of 176Hf177Hf(t)
values (> 10 epsilon units) indicating that the crust which provided the
source of the Vishnu basin detritus was a mixture of juvenile and re-
cycled crust (Fig. 4). The sediments of the Vishnu basin are distinct
from those deposited in parts of the Yavapai and Mazatzal provinces.
Younger, ∼1.7–1.65 Ga sediments in the Yavapai and Mazatzal pro-
vinces are characterized by strongly unimodal detrital zircon ages that
reflect the age of the basement upon which they were deposited (Jones
et al., 2009, 2011; Doe, 2014; Daniel et al., 2013). Available Hf-isotope
data from detrital zircon grains in Yavapai province metasedimentary

rocks indicates that they are also more isotopically juvenile in nature
(Doe, 2014; Bickford et al., 2008). The differences in detrital zircon age
populations and Hf-isotope compositions suggest that the Vishnu basin
system was separated in both time and space from the basins of the
Yavapai and Mazatzal provinces.

5.1.1. Timing of deposition in the Vishnu basin
Determining the timing of deposition of metasedimentary rocks

across the Mojave province is important for understanding the history
and tectonic significance of the Vishnu basin. Previous field and geo-
chronologic studies have shown that metasedimentary schists and
gneisses are older than associated plutonic rocks (Wooden and Miller,
1990; Ilg et al., 1996; Hawkins et al., 1996; Barth et al., 2000, 2009;
Duebendorfer et al., 2001). Thus, the timing of deposition of Vishnu
basin sediments is best constrained by the plutonic rocks that cross cut
them. However, some of the metasedimentary rocks sampled in this
study had contacts that were not exposed, or were ambiguous due to
tectonic interleaving. Therefore, we compare maximum depositional
ages from our detrital zircon geochronologic results to a compilation of
crystallization ages from plutonic rocks that intrude metasedimentary
schists and gneisses across the Mojave province.

It has been suggested that the most statistically robust estimate of a
maximum depositional age from detrital zircon geochronologic data is
determined by a weighted mean of the youngest cluster of ages that
overlap within 2-sigma uncertainty (Dickinson and Gehrels, 2009).
However, discordance in detrital zircon populations can easily

Fig. 4. Comparison of U-Pb-Hf isotopic data from metase-
dimentary rocks of the Mojave province with the Vishnu
Schist of Grand Canyon. A) 176Hf/177Hf(t) vs. 207Pb/206Pb
age for detrital zircon grains. Only Hf isotope analyses
from>90% concordant grains are plotted. Heavy black
lines indicate the Chondritic Uniform Reservoir (CHUR) of
Bouvier et al. (2008), and the depleted mantle (DM) evo-
lution of Vervoort and Blichert-Toft (1999). Dashed gray
lines show εHf values relative to CHUR in increments of±
4 ε units. The average 2-sigma uncertainty of Hf isotopic
analyses of detrital zircon reported in this study is shown,
and equates to approximately± 2 εHf units. B) PDD
of> 90% concordant 207Pb/206Pb detrital zircon ages from
samples analyzed in this study. C) PDD of>90% con-
cordant 207Pb/206Pb detrital zircon ages from the Vishnu
Schist (Shufeldt et al., 2010; Holland et al., 2015).
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same as Vishnu Schist 
(Grand Canyon)?

These authors think this looks a lot like NAM zircon populations, so propose that this is island arc system near NAM, but note that others argue for AUS for 
stuff to east.
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argues against a substantial Laurentian cratonic 
source. Mueller et al. (2011) recognized this 
dilemma and suggested that the Mojave Prov-
ince may have evolved independently at 2.5 Ga, 
which was similarly proposed by Whitmeyer 
and Karlstrom (2007), and might seem sup-
ported by the presence of ca. 2.5 Ga lithosphere 
in the Mojave Province (Lee et al., 2001) and 
inherited zircons of the same age in plutons west 
of Crystal shear zone (see following).

Source of Inherited Zircons

Understanding the history of the inherited 
grains in the plutons is of key importance for 
evaluating crustal evolution models (Hawkes-
worth and Kemp, 2006). With the exception of 
the Elves Chasm basement, the plutons in Grand 
Canyon intrude the Vishnu Schist such that 
inherited grains could plausibly be assimilated 
from Vishnu Schist wall rocks. The similar-
ity between U-Pb-Hf characteristics of Vishnu 
detrital zircons and inherited grains in plutons 
might suggest that this is the case. Alternatively, 
since petrogenetic models for granodiorites and 
other granitoids invoke preexisting crustal con-
tributions by partial melting of mafic lower crust 
(Jung et al., 2009), assimilation and fractional 
crystallization (Jung et al., 2015), and/or magma 
mixing in the lower crust (Koteas et al., 2010), 
inherited grains may reflect the age of older 
lower-crustal igneous material similar to that 
representing the provenance for the metasedi-
mentary grains. Recent models that emphasize 
the potential importance of sedimentary recy-
cling via relamination (Hacker et al., 2011) 
allow for a hybridized possibility whereby 
xenocrystic grains are inherited from recycled 
lower crust composed of a relaminated Vishnu-
like source.

Internal textures of inherited zircons as 
revealed by CL and BSE imaging primarily 
show igneous growth zoning, but textures vary 
even within the same pluton. The inherited cores 
of the Boucher pluton range from rounded and 
homogeneously CL-dark (K12–96.2L-1C) to 
almost euhedral with complex igneous zoning 
(K12–96.2L-17C). Similar to the Boucher plu-
ton, the Tuna Creek pluton yielded an inherited 
core overgrown by a young rim (K05–100.5–1). 
In contrast, however, many of the inherited 
grains in plutons west of Crystal shear zone 
show no rims and range from euhedral to 
rounded (Fig. 9). Rounded cores or xenocrysts 
may suggest a detrital origin; however, partial 
resorption of igneous grains can yield a similar 
morphology. In addition, many zircons found in 
igneous or meta-igneous granulite-grade lower-
crustal xenoliths display rounded morphologies 
and irregular internal textures (Hanchar and 
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Figure 10. Compiled Vishnu Schist U-Pb-Hf data show that the Vishnu Schist was derived 
from an Archean craton characterized by extensive crustal reworking at ca. 1.8 Ga, ca. 
2.5 Ga, and ca. 3.2 Ga. DM—depleted mantle; CHUR—chondritic uniform reservoir.
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Figure 11. Synthesis of all U-Pb-Hf data from plutonic and detrital samples in Grand Can-
yon. Vishnu Schist is shown in blue, plutons east of the Crystal shear zone (Csz) in green, and 
plutons west of the Crystal shear zone in red. The dramatic difference in plutonic zircons 
is apparent. Paradoxically, the plutonic data suggest a suture across the shear zone, but the 
detrital zircon data do not. DM—depleted mantle; CHUR—chondritic uniform reservoir.

Vishnu Schist seems to have seds from pC crust with major additions c. 1.8, 2.5, 3.2 Ga.  The range at the left edge looks a lot like what is seen in Mojavia, 
suggesting to these authors that Vishnu sourced to the (modern) west from Mojavia and something more ancient.  This leads us to..what was there?



Vishnu basin suggest that this older crust may have been part of the
Mawson continent. Early arc plutons are isotopically evolved due to
recycling of Vishnu basin sediments and/or older crust (Fig. 13). As slab
rollback continues to extend the back-arc, plutonic rocks become pro-
gressively more isotopically juvenile through space and time (Fig. 9).
Juvenile arc plutons are typified by 1.74–1.71 Ga granodiorite plutons
that intrude the Vishnu Schist in the Grand Canyon (Holland et al.,
2015). This trend towards more juvenile melts is evident in all
1.79–1.73 Ga Mojave province plutons (Fig. 8), and is mimicked in
detrital zircon from Death Valley metasedimentary rocks, and the
Vishnu Schist (Fig. 13). Back-arc extension reached its maximum by
∼1.75 Ga, and closure began by 1.74 Ga as evident in the development
of the shallow S1 fabric attributed to west-vergent thrusting in the
Cerbat Mountains (Duebendorfer et al., 2001), and continued devel-
opment of S1 until as late as 1.71 Ga in the Grand Wash Cliffs (Albin and
Karlstrom, 1991) and the Grand Canyon (Ilg et al., 1996). Syn-to-post

tectonic granites are as in Model 1. When considered with the isotopic
trends observed throughout the Mojave province, this late stage plu-
tonism may be analogous to the third phase of an orogenic cycle that
resembles the tripartite association of S-type, I-type, and A-type gran-
ites described in the Tasmanide orogenic system (Collins and Richards,
2008; Kemp et al., 2009).

6. Conclusions

U-Pb and Lu-Hf geochronologic analysis of zircon from
Paleoproterozoic metasedimentary and plutonic rocks across the
Mojave crustal province provide insights into lithospheric growth in
southwestern Laurentia. We propose the existence of a regionally ex-
tensive sedimentary basin composed dominantly of turbidites and other
immature clastic sedimentary rocks, which we name the Vishnu basin.
The Vishnu basin received isotopically evolved detritus from a 2.0–1.8

Fig. 13. Possible tectonic models for the Mojave province. Model 1 portrays terrane accretion of a juvenile 1.84 arc (Elves Chasm pluton) to Mojave ∼1.8 Ga followed by accretion of the
juvenile Yavapai province ∼1.75–1.70 Ga. Model 2 portrays a single subduction system that evolves through slab roll back, back arc extension, and instigation of the Yavapai orogeny by
arrival of an oceanic plateau into the subduction system. Diamonds represent data from this study and Holland et al. (2015), circles are data from Wooden et al. (2012).
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Possible tectonic models for the Mojave province. Model 1 portrays terrane accretion of a juvenile 1.84 arc (Elves Chasm pluton) to Mojave ∼1.8 Ga followed 
by accretion of the juvenile Yavapai province ∼1.75–1.70 Ga. Model 2 portrays a single subduction system that evolves through slab roll back, back arc 
extension, and instigation of the Yavapai orogeny by arrival of an oceanic plateau into the subduction system. Diamonds represent data from this study 
and Holland et al. (2015), circles are data from Wooden et al. (2012).



7. The conjugate of the rifted southern mar-
gin of North America may be the Sveconorwe-
gian orogen in southern Sweden and Norway 
and its continuation in the Scandinavian Cale-
donides (B? at the bottom of Fig. 3). Gower 
(1985) connected the Sveconorwegian orogen 
with the northeastern end of the Grenville, 
partly in order to match the polarities of the 
orogens. The Grenville belt is truly two-sided, 
however (Culotta et al, 1990), making polarity 
matching ambiguous. This alternate hypotheti-
cal Precambrian Laurentia-Baltica join has an 
added attraction: the 200-km-long Proterozoic 
Jotun mafic-ultramafic nappe complex in the 
Norwegian Caledonides finds a place along 
strike from the mafic-ultramafic complexes of 
Dronning Maud Land. 

8. The proposed ANTALITH geotraverse 
(I.W.D. Dalziel, 1990, personal commun.) 
would traverse the East Antarctic ice sheet along 
the 60° E meridian (Fig. 3). If either the 
Grenville-Mazatzal or the Wopmay-Wyoming 
province boundary extends beneath the ice as 
suggested in Figure 3, the ANTALITH traverse 
might detect it by its gravity and magnetic 
signature. 

9. The 3-km-high Gamburtsev Subglacial 
Mountains (Drewry, 1983) (Figs. 2 and 3) 
are located along the projection of the hypoth-
esized boundary between the "Grenville-
Albany/Frazer" and "Wopmay-Yavapai/ 

logical Survey of Canada, 1989), and it has a 
distinctive gravity signature as well (Sharpton et 
al., 1987). If it is present beneath the ice of East 
Antarctica, then it might appear on geophysical 
maps. 

4. The dates of 1.8 Ga on metamorphic rocks 
in the Nimrod Glacier region (Gunner and 
Faure, 1972) and of 1775 Ma in the Shackleton 
Mountains (Pankhurst et al., 1983) imply that 
the Yavapai-Mazatzal orogen extends into those 
regions. It is possible that the Yavapai-Mazatzal 
and Wopmay orogens contact each other under 
the East Antarctic ice sheet. The Mazatzal-
Grenville boundary extension may go between 
the Shackleton Mountains and Dronning Maud 
Land. 

5. The 800-1400 Ma Precambrian sedimen-
tary rocks of the Belt-Purcell supergroup of 
Montana-Canada and equivalents in the Uinta 
Mountains, Death Valley, may have counter-
parts in the Transantarctic Mountains (although 
the Ross and Beardmore orogenies make de-
tailed correlation highly problematic). Neverthe-
less, the Precambrian Patuxent Formation of the 
Pensacola Mountains region, consisting of thou-
sands of metres of graywacke and argillite, intra-
formational conglomerate, and basaltic flows 
and pillow lavas (Schmidt et al., 1965), is remi-
niscent of units such as the Kingston Peak Forma-
tion of Death Valley. 

6. The "ophiolitic" rocks of Liitzow Holm 
Bay and Dronning Maud Land compare in age 
and characteristics with those of the Yavapai-
Mazatzal region (Moores, 1976; Dann et al., 
1989). This implies the existence of an extensive 
ophiolite belt of ca. 1.7-2.0 Ga age. 

M 0.8 -1.4 Ga sedimentary rocks 
mm (Belt & equivalent) 
| | 0.8-1.5 Ga 

• 1.5-2.1 Ga • >2"1Ga 

m Mafic complexes & anorthosites 

H H Ophiolites (?) 

S Suture (?) 

Hr- Trend Lines 

Figure 3. Cartoon showing gener-
alized Precambrian features of 
part of Gondwana and North 
America, and their possible corre-
lations. AF—Albany-Frazer belt; 
AL—Adélie area; ANTALITH— 
line of proposed ANTALITH geo-
traverse; B?—Baltic shield?; 
DML—Dronning Maud Land; / 
DV—Death Valley, California; ' 
EL—Enderby Land; G—Gawler craton; GSM—Gamburtsev Subglacial Mountains; K—Krylen Mountains; KG—King George V area; 
LH—Liitzow-Holm Bay; M—Montana; N—Nimrod Glacier; P—Pensacola Mountains; PC—Prince Charles Mountains; R—Racklan; SH— 
Shackleton Mountains; SP—South Pole; SR—Sor-Ronning Mountains; U—Uinta Mountains; W—Wohlthat Mountains. Modified after many 
sources; see text for discussion. 

Mazatzal" belts. Possibly this boundary played 
some role in the location of these mountains. 

10. Boundaries of Precambrian orogenic 
belts constitute piercing points along the edges of 
cratons that may provide, given the problems 
with paleomagnetic information, a superior 
means of reconstructing Precambrian continen-
tal configurations. 

11. Figure 3 implies that Gondwana and 
Laurentia rifted away from each other in late 
Precambrian time only to collide on their oppo-
site margins some 300 m.y. later to form the 
Appalachian Mountains. One can infer that, in 
the process, a Pacific-sized ocean probably 
disappeared. 

POSSIBLE TESTS OF THE 
HYPOTHESIS 

1. Detailed magnetic and gravity surveys, 
particularly in areas of relatively thin ice 
(e.g., Shackleton Range-Dronning Maud Land, 
Gamburtsev Subglacial Mountains, just east of 
the Transantarctic Mountains), might reveal the 
presence of geophysically prominent sutures 
along province boundaries. 

2. Careful stratigraphic comparisons between 
late Precambrian and early Paleozoic age rocks 
of the Transantarctic Mountains and of the 
United States might shed light on the question 
of their original continuity. 

3. Comparative petrologic and tectonic stud-
ies of "ophiolitic" and other mafic-ultramafic 
rocks in Antarctica and in the Yavapai-
Mazatzal-Penokean belts of the United States 

426 GEOLOGY, May 1991 Moores, 1991

“SWEAT” hypothesis

SWEAT = SW US + East Antarctica



“AUSWUS”

Burrett & Berry, 2000

to the Wyoming craton around 1.7 Ga. Similarities between Mojavia and
Broken Hill–Olary include the following.

1. There are Nd model ages of 2.6–2 Ga in Mojavia (Ramo and Calzia,
1998) and 2.2–2 Ga in Broken Hill (McCulloch, 1987), and both terranes
have metamorphic rocks with Archean and Early Proterozoic detrital zircons
(Wooden and Miller, 1990; Cook et al., 1994; Nutman and Ehlers, 1998).

2. Preorogenic and postorogenic granitoids have very similar ages

(Nutman and Ehlers, 1998; Wooden and Miller, 1990). Statistical compar-
isons between the postorogenic granitoids of the two blocks show that the
means (Mojavia weighted mean is 1668 Ma; Broken Hill is 1687 Ma) are
not different at the 10% significance level (t-test) and that at the 5% level of
significance the variances are not demonstrably different (F-test).

3. The ages of the main deformations are very similar. The Olary orog-
eny is about 1.69 Ga in Broken Hill based on dating of a postorogenic mafic
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Figure 1. Best-fit solution
of Laurentia against Aus-
tralia (Australia–western
United States [AUSWUS]).
Laurentia rotated to Aus-
tralia in present coordi-
nates about Euler pole at
50.5°N,111.6°E, rotation
= 111.6°. Terranes, ages,
and lineaments are based
on numerous sources
(mainly Bain and Draper,
1997; Condie, 1992;
Doughty et al., 1998; Hoff-
man, 1988; Reed et al.,
1993; Ross, 1991; Shaw et
al., 1996). Light dashes in-
dicate main structural
trends. Colors are chosen
to depict dominant cra-
tonization age or, for epi-
cratonic sequences and
Tasmania, major age
range of deposition (dates
in Ga). Sequence A—epi-
cratonic sedimentary se-
quences between 1.8 and
1.1 Ga; sequence B—epi-
cratonic sedimentary se-
quences between 1.1 Ga
and 800 Ma (Young, 1992).
Black arrows indicate pos-
sible source areas for de-
trital zircons: Papua New
Guinea (PNG) 2.78 Ga zir-
cons (Baldwin and Ire-
land, 1995) were sourced
from Nova domain, Can-
ada (2.81 Ga) and Tasman-
ian zircons (Black et al.,
1997) were sourced from
southern Laurentian ter-
ranes. Belt-Purcell basin
zircons (Ross et al., 1992)
were possibly derived from
northern Queensland ter-
ranes (Blewett et al., 1998).
Numbers in circles are
granite intrusion dates
from central Australia.

Numbers are Nd model ages. Australia-WUS. more detailed map includes Grenville, so c. 1100 Ma



intrusion as 1.69 ± 11 (Donaghy et al., 1998), and the age of the Ivanpah
orogeny in Mojavia is 1.696 Ga, based on youngest small zircon (Wooden
and Miller, 1990).

4. A deformation event took place at 1.64 Ga in southeast Mojavia and
at 1.65 ± 10 at Broken Hill (Wooden and Miller, 1990; Donaghy et al., 1998).

5. There are widespread diabase and basalts of about 1.2–1.1 Ga
(Hammond, 1986; Ellis and Wyborn, 1984) and anorogenic granites of 1.5–
1.3 Ga (in Mojavia) and 1.49 Ga (Mundi Mundi and Champion type gran-
ites in Broken Hill, Stevens and Stroud, 1982).

6. Wooden and DeWitt (1991) defined distinctive lead isotope prov-
inces in the western United States (see Fig. 2A) with a straight and wide
north-northeast–trending boundary between the distinctive Pb provinces of
Mojavia and Arizona–Colorado–New Mexico. Wooden and Miller (1990)
showed that the Pb isotopes in Proterozoic ores are closely similar to co-
provincial Proterozoic granite Pb isotopes (Fig. 2B). If this similarity is also
true for Australian ore Pb, then Broken Hill and the eastern belt of Mt. Isa
(Pegmont) have Mojavia province Pb values (Hobbs et al., 1998).

In the AUSWUS reconstruction the major Proterozoic fold trends are
brought into crude alignment. Those in Broken Hill are mainly northeast-
southwest (Webster, 1996), those in Mojavia are mainly north-south
(Wooden and Miller, 1990), and those in the Mt. Isa region are mainly
north-northwest–south-southeast (Shaw et al., 1996). On the AUSWUS re-
construction these trends form a slightly east bowing arc (Fig. 2A).

CANADIAN-AUSTRALIAN SIMILARITIES
The numerous 1.8–1.9 Ga terranes of Canada are placed nearer to the

similar geological history terranes (Compston, 1995) of the North Australia
megaelement, which were dominantly cratonized during the Barramundi
orogeny at about 1.87 Ga.

The 1.58 Ga Arkara Gneiss in Queensland (Blewett et al., 1998) is
brought to within 150 km of the 1.58 Ga Priest River Complex gneisses in
British Columbia (Doughty et al., 1998) (A and P in Fig. 1). The recently re-
dated Proterozoic terranes in northern Queensland (Blewett et al., 1998)
may be similar in age to those in the Proterozoic terranes in British Colum-
bia and Idaho and provide a suitable source for the otherwise enigmatic de-
trital zircons in the 1.47–1.36 Ga Belt basin (Ross et al., 1992). In this re-
construction the terranes were separated by <150 km.

The AUSWUS reconstruction also provides a suitable, nearby, source
terrane (the 2.8 Ga Canadian Nova terrane) for the 2.78 Ga detrital zircons
found in Papua New Guinea (Baldwin and Ireland, 1995).

TASMANIAN-MEXICAN CONNECTION
The Mexican terranes have been restored with respect to Laurentia fol-

lowing Anderson and Schmidt (1983) and Stevens et al. (1992), whereas Karl-
strom et al. (1999) place some Mexican terranes between Mojavia and Bro-
ken Hill. In the AUSWUS reconstruction (Fig. 1), western Tasmania is placed
close to Mexican terranes with similar Nd model ages (Centano-Garcia,
1997). It also brings the 777 Ma King Island Granite of Tasmania close to the
similar age granites (ca. 710 Ma) of the Caborca-Hermosillo terrane
(Campa–Uranga, 1997) and provides a suitable source terrane (from Caborca-
Hermosilla; see Fig. 1) for the dominantly 1.7, 1.8, and 1.4 Ga age detrital zir-
cons found in the Mesoproterozoic metasandstones in Tasmania (Black et al.,
1997). There is no evidence of the Grenville orogeny in Tasmania and wide-
spread siliciclastic sediments were probably deposited ca. 1.15–1.1 Ga in a
foreland basin at the same time as deformation occurred farther west. We en-
visage the Grenville orogen as trending from Texas, through the Sierra Madre
Oriental terrane, and then continuing to the south.

CONCLUSIONS
In the AUSWUS reconstruction, the northern part consists of island arcs

and microcontinents (Hoffman, 1988) amalgamated between 1.9 and 1.8 Ga
around the north Australian, Superior, and Wyoming cratons. Between 1.78
and 1.6 Ga island-arc, backarc basin terranes accreted to the south of the

Wyoming craton (Condie, 1992) and against the eastern margins of the con-
tinental blocks of the South Australian megaelement and Mojavia. Rifting
events rejuvenated the northern parts of the supercontinent, leading to an au-
lacogen closing in the Mt. Isa region between 1.6 and 1.52 Ga and the forma-
tion of the economically important Macarthur (1.8–1.6 Ga) and Belt-Purcell
basins (1.47–1.36 Ga). The linear, continental margin Grenville orogen
(1.33–1 Ga) includes southern United States and some Mexican terranes.
Chemically similar dolerite dike swarms were intruded at about 1.12 Ga,
north of the Grenville front, across much of Laurentia(Hammond, 1986) and
eastern Australia (Ellis and Wyborn, 1984).

An analysis of the Proterozoic paleomagnetic data for Laurentia and
Australia (see footnote 1 and Karlstrom et al., 1999) shows that AUSWUS
cannot be distinguished paleomagnetically from SWEAT. For the period
1750–1600 Ma, there is slightly more overlap between the Laurentian and
Australian poles on the AUSWUS reconstruction.

The AUSWUS reconstruction has obvious economic implications. For
example, the Proterozoic of eastern Australia contains several world-class
ore deposits, and we suggest that the Mojavia is a suitable area to search for
distinctive ore deposit types such as the Broken Hill–style Pb-Zn-Ag depos-
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Figure 2. A: Reconstruction of Mt Isa–Broken Hill–Mojavia connection
assuming closest possible fit. Granite belts are from Wooden and De-
Witt (1991) (generalized), Stevens and Stroud (1982), and Wyborn
(1992). Numbers are neodymium model ages of crustal blocks (McCul-
loch, 1987; Bennett and DePaolo, 1987; Ramo and Calzia, 1998). EFB—
Eastern Fold Belt; WFB—Western Fold Belt. Ore deposits shown as
stars. B: Lead isotope arrays for Mojave terrane and central Arizona
(Wooden and Miller, 1990). Ore Pb isotopes are shown as stars. Jerome
and Bagdad massive sulfides are in Arizona. North Haulapai Mountain
deposit is in wide boundary zone between two Pb provinces (see A).
Australian ore Pb values are from Hobbs et al. (1998).

“AUSWUS”

Burrett & Berry, 2000

to the Wyoming craton around 1.7 Ga. Similarities between Mojavia and
Broken Hill–Olary include the following.

1. There are Nd model ages of 2.6–2 Ga in Mojavia (Ramo and Calzia,
1998) and 2.2–2 Ga in Broken Hill (McCulloch, 1987), and both terranes
have metamorphic rocks with Archean and Early Proterozoic detrital zircons
(Wooden and Miller, 1990; Cook et al., 1994; Nutman and Ehlers, 1998).

2. Preorogenic and postorogenic granitoids have very similar ages

(Nutman and Ehlers, 1998; Wooden and Miller, 1990). Statistical compar-
isons between the postorogenic granitoids of the two blocks show that the
means (Mojavia weighted mean is 1668 Ma; Broken Hill is 1687 Ma) are
not different at the 10% significance level (t-test) and that at the 5% level of
significance the variances are not demonstrably different (F-test).

3. The ages of the main deformations are very similar. The Olary orog-
eny is about 1.69 Ga in Broken Hill based on dating of a postorogenic mafic
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Figure 1. Best-fit solution
of Laurentia against Aus-
tralia (Australia–western
United States [AUSWUS]).
Laurentia rotated to Aus-
tralia in present coordi-
nates about Euler pole at
50.5°N,111.6°E, rotation
= 111.6°. Terranes, ages,
and lineaments are based
on numerous sources
(mainly Bain and Draper,
1997; Condie, 1992;
Doughty et al., 1998; Hoff-
man, 1988; Reed et al.,
1993; Ross, 1991; Shaw et
al., 1996). Light dashes in-
dicate main structural
trends. Colors are chosen
to depict dominant cra-
tonization age or, for epi-
cratonic sequences and
Tasmania, major age
range of deposition (dates
in Ga). Sequence A—epi-
cratonic sedimentary se-
quences between 1.8 and
1.1 Ga; sequence B—epi-
cratonic sedimentary se-
quences between 1.1 Ga
and 800 Ma (Young, 1992).
Black arrows indicate pos-
sible source areas for de-
trital zircons: Papua New
Guinea (PNG) 2.78 Ga zir-
cons (Baldwin and Ire-
land, 1995) were sourced
from Nova domain, Can-
ada (2.81 Ga) and Tasman-
ian zircons (Black et al.,
1997) were sourced from
southern Laurentian ter-
ranes. Belt-Purcell basin
zircons (Ross et al., 1992)
were possibly derived from
northern Queensland ter-
ranes (Blewett et al., 1998).
Numbers in circles are
granite intrusion dates
from central Australia.

Numbers are Nd model ages. Australia-WUS. more detailed map includes Grenville, so c. 1100 Ma
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Figure 1. 1250–1100 Ma intracratonic structures and basins: 1.25–1.1 Ga sedimentary basins (gray), tectonic elements, and magmatic rocks (black) provide a record of 
assembly of Rodinia and inboard stresses related to Grenville convergence. Light gray represents hypothesized area of inferred intracratonic seaway at ca. 1250 Ma, based 
on lithologic correlation of age-equivalent carbonate sequences in the Southwest (Unkar, Apache, Castner, and Allamoore; located by stars). Inset shows alternate Rodinia 
reconstructions: AUSMEX reconstruction (Wingate et al., 2002), AUSWUS (Brookfi eld, 1993; Karlstrom et al., 1999; Burrett and Berry, 2000), and SWEAT (Moores, 1991). 
All ages are in billions of years. Map modifi ed from Timmons et al. (2001).

Numbers are Nd model ages. Australia-WUS
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a Proterozoic multipolar to a Phanerozoic dipolar geometry for 
the surface magnetic field. Bono et al. (2019) concluded that 
the field generated a strong dipolar dynamo upon nucleation of 
the inner core after the field nearly collapsed from an ultraweak 
condition in late Ediacaran time. Meert et al. (2016) concluded 
that a strong GAD-dominated magnetic field generated an Edi-
acaran magnetosphere that shielded Earth from ultraviolet-B 
(UV-B) radiation, preparing the way for the Cambrian meta-
zoan explosion.

Here, I offer a new perspective on the possible nature of 
the Proterozoic dynamo by mapping site-mean paleomagnetic 
data onto a robust, geology-based, Siberia-Laurentia Proterozoic 
continental restoration model (Fig. 1). Rather than assuming, a 
priori, a GAD dynamo to construct the ancient continent from its 
pieces, I suggest that the geologically precise reconstruction may, 
instead, constrain the Proterozoic magnetic field. If geologically 
correct, the reconstruction provides a continental-scale field test 
for the surface geometry of the dynamo from ca. 1700 Ma, when 
the continent would have been assembled, to the Ediacaran and 
early Paleozoic, when it would have broken apart.

The site-mean paleomagnetic data from Siberia and Lau-
rentia plotted on the Siberia-Laurentia reconstruction of Figure 1 
imply that the Proterozoic magnetic field may have been multipo-
lar, dominated by quadrupolar geometry. Although the variability 
in the spherical harmonic description of a magnetic field could 
create a specific surface field geometry that could correspond to 
any chosen tectonic reconstruction, the general correspondence 
of the quadrupole geometry to the site-mean Proterozoic field 
data for the Siberia-Laurentia connection of Figure 1 may imply 
its dominance over higher-order terms.

GEOLOGY-BASED SIBERIA-LAURENTIA 
CONNECTION

Sears and Price (1978, 2003) presented a model that con-
nected the northern and eastern rifted margins of the Siberian 
craton to the southwestern rifted margins of Laurentia in a tight, 
spoon-in-spoon geographic fit along the 3000 km length of a zig-
zag conjugate rift (Fig. 1). The fit seamlessly joins more than 
a dozen crisscrossing Proterozoic to Cambrian geologic trends. 

Figure 1. Siberia-Laurentia connection model of Sears and Price (2003). Color patterns represent various tectonic trends that smoothly cross 
the proposed Siberia-Laurentia conjugate margins. Sears and Price (2003) provided detailed discussion of the tectonic elements. Inset shows 
location of Siberian craton within the USSR (Russia) (after Sears and Price, 2003). Tectonic provinces: 1—1.8 Ga Fort Simpson-Angara 
belt; 2—2.0–1.8 Ga Thelon-Aldan collisional belt; 3—1.8 Ga Snowbird-Kotuykhan shear zone and anorthosite belt; 4—Archean Medicine 
Hat–Hapshan province; 5—1.8–1.7 Ga Great Falls–Aekit tectonic zone; 6—ca. 1.5 Ga Belt-Anabar dike-sill swarm; 7—Archean Wyoming-
Botomga province; 8—1.8–1.7 Ga Cheyenne-Akitkhan belt; 9—1.73–1.70 Ga Colorado-Ulkan magmatic arc and quartzite belt; 10—1.2–1.0 Ga 
Grenville basin/shelf with 1.1–1.0 Ga mafic sills and detrital zircon; 11—1.5–1.4 Ga Belt-Anabar sedimentary basin; 12—1.38 Ga Salmon-
Chieress mafic complex and 650–500 Ma central Idaho–Olenek alkalic belt; 13—diamondiferous pipes in thick Archean crust. For the recon-
struction, Siberia was rotated 81° clockwise toward North America around an Euler pole at 61°N, 317°E. 

Downloaded from http://pubs.geoscienceworld.org/books/edited-volume/chapter-pdf/5676289/spe553-17e.pdf
by University of Colorado Boulder user
on 19 January 2024

Siberia

Sears still likes this in 2022 but has to invoke a quadrupole field to get around paleomag…
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Fig. 10. Summary of core and overgrowth U-Pb-Hf isotopic
systematics compared to U-Pb-Hf data from detrital zircons.
Colored diamonds represent the arithmetic mean
176Hf/177Hf(i) values from the main magmatic populations
of zircon in plutonic rocks. Inherited zircon cores and xe-
nocrysts are shown as colored circles, color coded to match
the diamonds. Gray diamonds are U-Pb-Hf isotopic data
from>90% concordant detrital zircons analyzed in this
study. A summary of all> 90% concordant ages from in-
herited cores or xenocrysts is shown as a PDD in red, and
compared to the PDD of detrital zircon from Vishnu basin
metasedimentary rocks, shown in gray. Bulk-rock Nd iso-
topic data from Ramo and Calzia (1998), projected onto Hf-
isotope space based on the linear relationship defined by
Vervoort et al. (2011) are shown as colored squares. The
bulk-rock Nd-isotope data are more isotopically evolved
than the average zircon Hf-isotope data from all Mojave
province plutons. Gray arrows schematically show the de-
pleted mantle contributions evident from the average
change in 176Hf/177Hf(i) values through time (Fig. 8). Thus,
mixing of depleted mantle melts and partial melts of Vishnu
basin metasedimentary rocks is a possible explanation for
the evolved isotopic signature of the oldest Mojave province
plutons. Black diamonds are Mojave province plutons
without inherited zircon components (note change in scale
to better show the increase in plutonic 176Hf/177Hf(i) values
through time. (For interpretation of the references to color
in this figure legend, the reader is referred to the web ver-

sion of this article.)

Fig. 11. Possible plate reconstruction of Australia, Antarctica (Mawson), and Laurentia in Nuna from 1.8 to 1.6 Ga. Australian cratons are shown as depicted in Betts et al., 2016.
BO=Barramundi Orogen, MP=Mojave province, NC=Nimrod Complex, NAC=North Australian Craton, SR= Shackleton Range, SvC=Slave Craton, SC=Superior Craton,
TA=Terre Adélie Craton, WO=Wopmay Orogen, WC=Wyoming Craton.

M.E. Holland et al. 3UHFDPEULDQ�5HVHDUFK�������������²��

��Their caption: Fig. 11. Possible plate reconstruction of Australia, Antarctica (Mawson), and Laurentia in Nuna from 1.8 to 1.6 Ga. Australian cratons are shown as depicted in Betts 
et al., 2016. BO=Barramundi Orogen, MP=Mojave province, NC=Nimrod Complex, NAC=North Australian Craton, SR=Shackleton Range, SvC=Slave Craton, SC=Superior Craton, TA 
= Terre Adélie Craton, WO = Wopmay Orogen, WC = Wyoming Craton.


