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Cordilleran metamorphic core complexes:
Cenozoic extensional relics of Mesozoic compression
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ABSTRACT

Cordilleran metamorphic core complexes form a belt of
uplifted metamorphic rock that extends from southern Canada to
northwestern Mexico just west of, or astride, the foreland thrust belt
of the North American Cordillera. During the past several years the
age and tectonic significance of the core complexes have been a topic
of considerable controversy. Some geologists view the complexes as
an uplifted orogenic core zone that formed behind the thrust belts

mainly during Mesozoic regional compression. An opposing view is'

that they are mainly Tertiary in age and of extensional origin. We
support a model that unifies these seemingly inconsistent views

by suggesting that Mesozoic crustal telescoping resulted in an
overthickened plateaulike crustal welt along the Cordilleran
hinterland. During Cenozoic time this gravitationally unstable mass
spread laterally, resulting in deep-seated crustal extension. The
extension was aided by a thermal pulse of Cenozoic magmatism that
reduced crustal viscosity and by a lowering of intraplate convergent
stress fields due to changing plate kinematics. The chief advantage
of the model is that it reconciles opposing views as to the age and
tectonic significance of the complexes and places them in a more
comprehensible setting amid Mesozoic-Cenozoic Cordilleran
thermotectonic history.

PROBLEM _

Cordilleran metamorphic core complexes (Crittenden et al., 1980;
Coney, 1979, 1980; Davis and Coney, 1979; Armstrong, 1982) form a
discontinuous sinuous belt along the eastern part of the North American
Cordillera from southern Canada to northwestern Mexico (Fig. 1). Dur-
ing the past several years the core complexes have been a topic of con-
siderable controversy (DeWitt, 1980; Thorman, 1977; Brown and Read,
1983; Davis et al., 1980, p. 122-126). The principal debate has been
about their age and tectonic significance. Age controversy (Armstrong,
1982, p. 132) derives from the fact that evidence for timing of deforma-
tion is contradictory in that structural elements thought to relate to one
episode of deformation in one complex are shown to be of a different age
in another. Controversy surrounding tectonic significance is similar in
that structural features that have been interpreted by some geologists as
compressional have been interpreted by others as extensional. Thése con-
tradictions have resulted in two somewhat polarized and opposing views
as to the origin, history, and tectonic significance of Cordilleran meta-
morphic core complexes.

The first perception (Misch, 1960; Armstrong and Hansen, 1966;
Price and Mountjoy, 1970) of Cordilleran metamorphic core complexes
was that of an infrastructuraljorogenic core zone in the hinterland behind
the foreland thrust belts To the east. Within the more modern concept of
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collisional tectonics, models for the Canadian complexes have recently
appeared (Monger et al., 1982; Brown and Read, 1983) that invoke ob-
duction of accreted terranes over the North American margin followed
by postobduction telescoping extending into the foreland. Although these
models vary in detail and emphasis, a commonality lies in the idea that
the uplifted metamorphic core zone is related tectonically to the thrust
beltsMe east and, therefore, that the metamorph:c core zone and the

‘main structural and metamorphnc featur&s of the complexes are compres-
sional in origin. —
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Figure 1. Major regional tectonic features of early and middle Tertiary
post-Laramide, pre-Basin and Range time. From Coney (1978, 1980).
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A recent perception, which incidentally has caused most of the con-
troversy, is that the metamorphic core complexes are mainly Tertiary in
age and extensional in origin (Davis and Coney, 1979; Coney, 1979).
This view grew out of arguments for Cenozoic listric normal (denuda-
tional) faulting in the Great Basin, from a realization of very you
deformation and isotopic “cooling” ages for metamorphic rocks in the

i (Armstrong, 1972; Anderson, 1971; Coney, 1974; Davis,
1973, 1975; Moores et al., 1968; Damon et al., 1963), and from evi-
dence presented by Davis (1973, 1975, 1977) and Davis et al. (1975)
that the mylonitic _gneissic foliation and lineation characteristic of the
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metamorphic Core in southern Arizona complexes were extensional in
origin, showing that the Cenozoic extensional process was deep-seated
and crustal in scale.

In retrospect it can be said that the compressional models empha-
sized the Mesozoic compressional aspects of the complexes and either did
not recognize or chose to minimize the evidence for younger Tertiary ex-
tension. Likewise, the Tertiary extensional models either interpreted most
features of the complexes to be due to Tertiary extension or chose to
minimize the evidence for Mesozoic compression. In many cases it was
a question of e'mphasis_:Both positions are historically and conceptually
understandable=——="

Against these prevailing ideas of genesis of Cordilleran metamorphic
core complexes one must consider several regional relationships. First,
the age of extension recorded in the complexes i$ diachronous) Those
north of the Snake River Plain are mainly of Eocene_age, whereas south
of the plain they are mainly of Oligocene-Miocene age (Coney, 1980).
Furthermore, the extensional events in both areas occurred during a co-
eval period of spatially much more widespread volcanic eruptions and
emplacement of shallow plutons (Coney, 1980; Dickinson, 1981; Elston,
1976) (Fig. 1). This magmatic pulse is part of a complex pattern of post-
Laramide igneous activity that swept generally southwestward across the
Cordillera from the Eocene Challis-Absaroka activity in the north to the
Oligocene-Miocene “ignimbrite flare-up” of the Great Basin and Ameri-
can Southwest (Armstrong, 1974; Lipman et al., 1971; Coney and Rey-
nolds, 1977).

The regional tectonic setting of the complexes is also problematical.
From southeastern California-southern Nevada northward, the com-
plexes lie just west of the thrust belts (Fig. 1). Thus, despite the evidence
for Cenozoic extension younger than the thrusting, why is this belt of
post-thrusting extension so systematically deployed directly behind the
thrust belt? In contrast, the Arizona and Sonora complexes lie astride a
wide belt of mainly Laramide deformation.

Finally, middle Tertiary extension in the core complexes apparently
began 10 to 30 Ma before initial contact between the Pacific and North
America plates and resulting growth of the San Andreas—Basin and
Range transform-extensional rifi regimen (Atwater, 1970). Thus, it oc-
curred in a period that falls after the high stress and high rates of conver-
gence of the Laramide but before extinction of subduction in the fate
Tertiary (Coney, 1978, 1980; Engebretson et al., 1982).

ANALYSIS
In order to cut through this controversy, we have conducted a re-
gional analysis that attempts on a broad scale to quantify the tectonic his-
tory of Cordilleran core complexes in terms of amount of extension and
its resulting effect on crustal thickness as a function of ttme, We think
that on a scale of western North America and over the iimes involved,
intraplate continental deformation is essentially penetrative and approxi-
Haes pure shear (Englind, 1982); that upper-crusial teléscoping or ex-
Jlension was matched by commensurate crustal thickening or thinning.
Restoration of extension values and related crustal attenuation yields, on
palinspastically restored base maps, what might be termed paleocrustal
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Figure 2. Present crustal isopachs and Basin and Range extensional
province. Contours show present crustal thickness (km) on present-
day base map. Cross-hatch pattern indicates area of Basin and Range
extension. .

isopach maps at the beginning of Basin and Range time (about 17 Ma)
and at the end of Laramide time just prior to the initiation of Cenozoic
extension (about 50 Ma).

We are fully aware of weaknesses inherent in both the method and
the data bases used. Extension values applied in the analysis are certainly
not applicable to ground truth at any specific point. We suggest, how-
ever, that the approach yields reasonable results that are representative of
the pattern of crustal conditions at Cordilleran scale.

Basin and Range Extension

Late Tertiary Basin and Range extension (Fig. 2) was averaged east-
west across the width of the province, using equations presented by Wer-
nicke and Burchfiel (1982) and LePichon and Sibuet (1981). These
equations derive from geometric models relating postextension fault sepa-
ration and fault-block tilts (see also Stewart, 1980b) to the amount of
extension. The procedure yielded a province-wide average o@%
extension. Where possible, domains of greater or lesser extension within
the province were identified from regional analyses (Yerrington,
Nevada—Proffett, 1977, southern Nevada—Wernicke et al, 1982;
southeastern Oregon—Lawrence, 1976) and were used to modify the
40% average. Using these values we palinspastically reconstructed the
pre-Basin and Range Cordillera in two dimensions by removing horizop-
tal extension from the domains defined, and in the third dimension by

thickeni,flgih%r_afﬂm)r of the reciprocal of the extension. Present
—crustal thickness used is shown in 1gure 2 (compiled from Smith, 1978;

Monger and Price, 1979; Stickney and Sheriff, 1983; Allenby and
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SchnetzJei, 1983). The resulting pre-Basin and Range palinspastic paleo- _sequence must have been at least 10 km thick. Assuming complete tec-
crustal thickness map is shown in Figure 3. Note that restoration of crus- tonic stripping of at least 10 km of upper-crustal section, we find that ex-

tal thinning in domains of extension documented to be greater or less tensional values of m—é@m not unreasonable (Wernicke, 1981).
than the average results in a fairly uniform crustal thickness of 35-40 km Restoration of extension using this value results in a palinspastic and
prior to Basin and Range deformation and yields an average extension of  paleocrustal thickness map representative of conditions just prior to

40% across the width of the Basin and Range province. Cenozoic extension and just after Sevier-Columbian-Laramide compres-

sion (Fig. 4). The principal feature of this map is an overthickened crus-

Early to Middle Tertiary Extension tal w the trend of the core complex belt. We freely Tecognize
Quantification of extension represented by core complexes is less mﬁﬁmm&.Edma Palinspastic recon-
well documented mm, how-  struction will necessarily result in thickening exactly where extensional
ever, that exposure of crystalline infrastructure is the result of tectonic features are restored. However, we suggest that thxs\clrcﬁlhngy‘;dos not
stripping of at least one conm of the original sedimentary- dismiss the significance of the Cordilleran crustal welt that the recon-
volcanic cover. We observe that in manymxes representativés of structions indicate must have existed prior to mid-Tertiary extension.
nearly complete Phanerozoic sections are found in the hanging walls of

decollements and denudational faults, In several complexes, extreme at- Mesozoic-Early Tertiary Compression

tenuation of the original stratigraphic sequence has brought lithologic It is our thesis that the overthickened crustal welt shown in Figure 4
units once very high in the original cover sequence into contact with is the result of mainly Middle Jurassic to early Tertiary.crustal telescop-

decollement surfaces (Compton et al., 1977 Davis, 1975). It is not un- Lng_ig_qn_d_bg_@g__the Cordillera thrust belt.and within the metamorphic
common to find Tertiary rocks brought down into tectonic contact with hinterland. A full quantitative analysis of this telescoping would entail re-
the basement terrane. Estimation of the origina! thickness of this cover is constructions of the metamorphosed and ductilely deformed hinterland,
fraught with problems; however, we suggest that the Phanerozoic cover for which estimates of shortening would be prohibitively complex. Ne-
\————-—-\~..._. vertheless, the telescoping must have been significant. Estim of shor-
tening within rust belts that are available range ﬁ'gg‘g% Jin the
iap and Idaho-Wyoming thrust belts (Pice and Mountjoy, 1970;
Royse et al, 1975) through 30% in southwestern Arizona (Davis, 1979).
These amounts, particularly when combined with comparable shortening
in the hinterland, are ample to produce the 50~ to 60-km-thick crustal,__
welt shown in Figure. 4 1r6m a precompressional crustal thickness of 30
to 40 km (see Coney; 1979, p, 2122, and Fig. 6). We think that Arm-
strong’s.(L983) Sugpestions that the so-Gilled fWo-hice granits|typical of |
/ the Cordilleran hinterland—core complex belt (Coney, 1980), the major- ™~ ;
( ity of which are Cretaceous to early Tertiary in age, are produced by i

melting in overthickened crustal roots are. entirely supportive of what we //

\ € proposing here.
T NIC IMPLICATIONS T

The principal result of this analysis is that an overthickened crustal
welt 50 to 60 km thick formed in the metamorphic hinterland behind, or
astride, the belt of Middle Jurassic to early Tertiary thrust faulting of the
North American Cordillera. This welt became the site of deep-seated
crustal extension in core complexes during Eocene to Miocene time. We

suggest that core-complex extension took place only when a sharp pulse
of W@w welt during‘E_,g‘oe“ne time in the
north and Oligocene- ne time QM@_@Me propose that these

varied tectonic responses of compression, extension, and magmatism are
related; the compressional crustal thickening caused the later extension
triggered by the magmatic pulse and a rw intraplate
stress.
" Several workers have recently suggested that overthickened conti-
nental crustal welts produced by intraplate telescoping will spread later-
ally because of gravitational instability if there is sufficient topographic
"head and sufficient Towering of viscosity (England, 1982; Molnar and

St

Chen, 1983). Presumably the fiow can 6¢cur only if the welt is not later-
ally confined by stronger regions or under high compressive boundary
stress resulting from convergent plate margin and/or intraplate dynamics.

Figure 3. Pre-Basin and Range/post-mid-Tertiary palinspastic and
paleoisopach reconstruction. Base map shows a palinspastic recon- .
struction with efiects of Basin and Range extension removed. Paleo- We would propose that an overthickened crustal welt was produced

crustal thickness contours (km) result from restoration of crustal in the Cordilleran hinterland by intraplate crustal telescoping mostly dur-
thinning that accompanied extension and show that intermediate ing Creta to early Tertiary time. It is important to realize that i
crustal thicknesses extended throughout the Cordillera preceding t_lzigﬁ- ngc:}??&o]:;n%ﬁﬁ sty:ythrust bel:smosI:oof the dee :: crl:s:ll]e

Basin and Range deformation. Patterned area is region that had been . X X
affected by early to mid-Tertiary core-complex extension (cross hatch  thickening took place behind the foreland fold and thrust areas
= 50% extension; stipple = 209) on restored base. whete thrusting was more profotiid and mvolved the crystalline base-
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Figure 4. Post-Laramide palinspastic and paleoisopach reconstruction
and resulting crustal welt. Crustal thickness contours (km) and palin-
spastic base derived from restoration of early and mid-Tertiary exten-
sion and crustal thinning. Welt of overthickened crust (strippled area),
which was the consequence of Sevier-Columbia-Laramide tele-
scoplng, runs down axis of Cordillera and coincides with locus of later
core-complex extenslon.

ment, such as in the Laramide belt of Arizona, infrastructural frastructural thickening

—took place within and beneath the telescoping and not behind it. It is sig-

nificant that the welt may not have forméd everywhere at the same time.
For example, in Utah-Nevada it was probably mostly Cretaceous (Sev-
ier) in age, whereas in southern Canada it was Late Jurassic—Cretaceous
and early Tertiary (Columbla.n-l.ara.mjde), and in Arizona it was Late
Cretaceous to early Tertiary (Laramide). Regardless, the unstable crustal
ww Mwered by post-Laramide
m/agniaue patterns and the fegional intraplate Stres Stress was” rédﬂmd at the

post-l.axamjde magmatlc patterns have been interpreted to be due to the
collapse and steepening of a previously shallow-dipping Laramide Beni-
off zone (Coney and Reypolds, 1977), which may in itself have reduced
stress in the region and even made it extensional (for example, see Dick-
inson, 1981, Fig. 10; Coney, 1980, p. 27). Under these conditions the
welt spread laterally toward the coast in the direction of least resistance,
reversing earlier compression and producing the superposition of Tertiary
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extensional tectonic fabrics on earlier structural and metamorphic fabrics
of Mesozoic—early Tertiary crustal shortening.

This model reconciles many of the points of controversy that have
raged around the complexes. For example, the age and compression-
extension debates are resolved; the complexes formed first as compres-
sional infrastructural crustal welts, which then suffered later extension
and denudation. Structural and metamorphic relics of both phases are no
.doubt preserved within and flank the oomplexs and will not always be
easy to separate. The location of the complexes within the Cordillera is
also clarified; ds is their relationship to Cenozoic magmatism. The posi-
tion we take is essentially similar to one implied by Armstrong (1982,
p- 146) in his recent excellent review of Cordilleran metamorphic core
complexes.

Finally, since the model of crustal spreading due to thickened crust
is so sensitive to the topographic head, does it imply that the Cordilleran
hinterland was a vast Tibetan or Andean altiplanolike plateau prior to
1id ension? We think there is evidence for this.
Cretaceous to ea:ly Temary sediments or volcanic rocks are sparse
throughout the hinterland (for example, see Stewart, 1980a, Fig. 38).
Widespread erosion surfaces evolving just prior to middle Tertiary vol-
canism and extension have been documented (Armstrong, 1968; Epis
and Chapin, 1975). In contrast, Eocene and Oligocene-Miocene sedi-
ments and volcanics are widely preserved throughout the hinterland,
generally tilted to high angles (e.g., see Stewart, 1980a, Figs. 46, 47;
Eberly and Stanley, 1978). This suggests a major drainage reversal at
the-time of initiation of regional extension as the hmterland began its
-Cenozoic collapse. T
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