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from Nd Isotopes 
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Neodymium (Nd) isotopic data show consistent patterns in the sources of 
sedimentary rocks in North America at a continental scale. Between 600 and 
450 million years ago (Ma), ancient continental shield sources dominated. 
Around 450 Ma, detritus from the Caledonian-Appalachian mountains over- 
whelmed sediment from all older sources, and is documented over large areas 
of the southern, western, and northern margins of North America. This material 
continued t o  dominate the sediment supply unt i l  about 150 Ma, probably due 
t o  cannibalistic recycling of sedimentary rocks formed earlier. Around 150 Ma, 
the rising western Cordillera delivered new and different detritus t o  the sed- 
imentary system. 

Radiogenic isotopic data for the rare earth 
element Nd have been applied for the past 
15 years to study the provenance of clastic 
sedimentary rocks (1:  2). The utility of this 
isotopic system is twofold: the parent Sm 
and daughter Nd are largely unfractionated 
by clastic sedimentary processes, and the 
measured isotopic compositions are an in- 
tegrated average of the isotopic composi- 
tion and crust formation age of the source 
area. Fine-grained clastic sedimentary 
rocks (shales) are preferred, as they repre- 
sent a more finely comminuted average 
sediment. Crustal provenances with differ- 
ent average ages can be distinguished be- 
cause the parameter E,, (3) is more nega- 
tive in older crust (for example, for Arche- 
an crust, E,,  < -20) and is less negative, or 
even positive, in younger crust (for exam- 
ple, for recent island arc volcanic rocks: 
s,, > 2). Here we use extensive Nd isoto- 
pic data from clastic sedimentary sequences 
around North America, from the southern 
United States to western Canada and the 
Arctic margin of Canada, to assess sedi- 
ment sources and dispersal paths through 
the Phanerozoic. 

An extensive Nd isotopic database has 
been developed (4-8) for sedimentary rocks 
in cratonic and syn-orogenic sequences 
around North America (Fig. 1; most locations 
are shown in Fig. 2). We age-conected the 
data to reflect the Nd isotopic values of the 
rocks at their approximate time of deposition. 
Samples of sediments older than 450 Ma, 
namely Late Proterozoic, Cambrian, and Ear- 
ly Ordovician in age, define &,, values that 
mostly lie below -12 (Fig. 1). These values 
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reflect the isotopic composition of Archean 
and Proterozoic basement rocks in North 
America. Such cratonic domains were the 
main available sediment sources before 
the existence of the Caledonian-Appalachian 
mountains. 

The Nd data show regional variations in 
these cratonic signatures (Fig. 1). Sedimen- 
tary rocks in regions of North America 
where the continental crust is older show 
more negative E,, values. For example, 
Cambrian and Lower Ordovician samples 
from the Innuitian Province in the Arctic 
Islands, where the neighboring shield areas 

are dominated by Archean [2.5 billion 
years ago (Ga) and older] crust: have E,, 

values ranging from -17 to -26. On the 
other handy i n t h e  southern United States, 
where the craton consists of Proterozoic 
rocks (1.9 to 1.3 Ga), the pre-Appalachian 
sediments have less negative E,, values, 
ranging from -12 to -17. In the eastern 
United States, the local cratonic basement 
belongs to the Grenville orogenic belt (1.4 
to 1.0 Ga). As a result. Cambrian to Lower 
Ordovician sedimentary rocks have even 
less negative E,, values, between -3 and 
-13 at the time of sedimentation (7) .  

This regional pattern of E,, values in 
sediments seems to disappear around 450 
Ma, coincident with the onset of the Cale- 
donian-Appalachian orogeny. In all areas, 
post-450 Ma sedimentary rocks have E,, 

values of -5 to -13 (Fig. 1). Thus, sedimen- 
tary rocks in all areas except the eastern 
United States show a jump in s,, of about 
eight units. The E,, values in the range -5 
to -13 would correspond to continental 
crust with Nd model ages of 1.0 to 1.6 Ga. 
This is the range of model ages usually 
shown by rocks of the Grenville Orogenic 
Belt (4, 5, 9). The actual source of the 
sediment lies in Paleozoic fold belts, not in 
the Grenville Province proper [for example, 
see (4)]. The Grenville signature predomi- 
nates because it appears that the sedimen- 
tary formations that make up most of the 
Appalachian orogen inherited the average 
Nd signature of Grenville-belt crust. The 
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Fig. 1. Values of E,, at the time of sedimentation for clastic samples (shales and fine- to 
medium-grained sandstones) from North America. There are two fields of Nd isotopic data for each 
region, representing signatures before and after the onset of Caledonian-Appalachian mountain 
building. Before 450 Ma, all clastic samples seem to have been derived from the erosion of cratonic 
rocks, and there are regional variations due to the ages of cratonic hinterlands (E,,  evolution for 
cratonic crustal regions of two prevalent ages is shown). Around 450 Ma, there was a jump in F,, 
in all areas except the eastern United States. This jump corresponds in timing with the earliest 
tectonic phases of Caledonian-Appalachian orogenesis. The new values of F,,, averaging -8, 
persisted through the remainder of Paleozoic time and up to the Late Jurassic in Alberta and British 
Columbia (BC). 
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Grenville orogeily was the 111ost recent oro- 
genic e\.ent preceding formation of the Ear- 
ly Paleozoic Iapetus Ocean, and Grenl-il- 
lian terrain bordered the ocean all along its 
v-estern. and part of its eastern: margin. 
Thus there is no substantial change in s,,, 
\.slues at 450 Ma in the eastern United 
States, where the local basenlent as well as 
both pre-450 Ma and post-450 Ma sedi- 
mentary roclcs all have the Grenville Xd 
signature (4 .  7, 8 ) .  

The fact that the De~ronian-to-Pen~~sylva- 
nian sequences of the central and southern 
United States ultimately deli\-e from Appala- 

Fig. 2. The regions stud- 
ied for N d  evolution in  

chian sources is well established (10-12). 
The Nd results (4) sho~t- that the Appalachian 
detritus over~vhelmed cratonic sources as 
soon as it appeared. The Xd data also show 
that sources lying ultiinately in the Cale- 
donian orogen of northeast Cireenland and 
other Arctic regions fed a dynainic sedimen- 
tary system that carried clastic material all the 
v,ay across the Canadian Shield into the Cor- 
dilleran lnargin of Canada (Fig. 2). Large 
amounts of sediment were transported into 
the Early and mid-Paleozoic deep-water 
trough of nolthern Greenland and the Cana- 
dian Arctic Islands, after the onset of oro- 

sed~ments In Nor th  Amer- 
Ica (boxed squares) (4-8) 
and the large-scale fea- 2" 2777 
tures o f  sed~ment  move- 
ment  Inferred The trans- 
p o t  o f  sedmentary ma- 
t e r ~ a l  f rom Caledon~an Q 

mountains ~ n t o  the Fran- 
k l ~ n ~ a n  oroaen of the In- 
nuitian province took place 
in  Silurian t ime, but  oth- 
erwise the diagram shows 
geography and sediment 
transport in  Late Devoni- 
an time. Transport systems 
on the western miogeo- 
cline were st i l l  active, 

and persisted in to Penn- 
sylvanian t ime in the east- 
ern and southern United 
States. The dotted region 
represents the present-day 
occurrence of Late De- 
vonian clastic sedimen- 
tary rocks; real deposition- 
al edges probably extended ///////, 
beyond the present-day 1000 krn 

zero edges. N o  jump in E,, 

values occurred in the 
eastern United States be- ' 

cause the presence of Grenville-age cratonic basement there caused the pre-450 Ma sedimentary rocks 
t o  carry the same N d  values as the post-450 Ma samples. 

w i th  the same directions, 
during Mississippian t ime 

Fig. 3. Evolution of s,, 
in sedimentary rocks In 
the Cordilleran miogeo- 
cline and foreland in Al- 
berta (5). Pre-C, Pre- 
cambrian. The signature 
of Paleozoic fold belts, 
w i th  average tlNd of -8, 
persists unt i l  Late Juras- 
sic t ime. Its persistence 
is terminated by the ar- 
rival of detritus f rom 
the upl i f t ing Cordillera. 

M Sedimentary sequence . . . .  . .  . . .  . .  . 
: ; : i i iJuvenIe arcsources I j j . . . . .  . . .  , . ,  in Alberta 600-75 Ma : .  . . 

I V Cordilleran source 

This material is more l" 800 700 600 500 400 300 200 loo o 
heterogeneous, showing 
evidence of at least t w o  Stratigraphic Age (Ma) 
discrete contributions: 
eNd around zero, corresponding t o  juvenile igneous sources, and sNd = -12 or lower, corresponding 
t o  sources in Cordilleran terranes w i th  older continental components. The western Cordillera has 
not  yet evolved sufficiently t o  produce a single range of average cNd values in  its erosion products. 

genesis in the Caledonian belt at or shortly 
before 450 Ma [see references in ( h ) ] .  This 
coinpoilent of the Ilnl~litiail Province, first a 
deep-water trough, later a mountaiil belt 
(Fig.  2). is called the Franklii~ian orogen. 
Paleocul.rents were firmly toward the 
southlvest [see (6)  and references therein]. 
As soon as the Franl<linian sequence itself 
began to be deformed and uplifted, a \.cry 

thick shallow-marine-tosubaerial foreland 
sequence was deposited in the present-day 
region of the southern Arctic Islands. It is 
of mid- to Late Devonian age, approximate- 
ly 8 kin thick, with a further 4 l<m having 
probably been removed by erosioil (13).  
Paleocurrent data show that sediment was 
transported southwest toward the Cordille- 
ran miogeocline (Fig. 2). The Imperial As- 
semblage. 2000 nl of clastic sediment in the 
northern Yukon that lies in the Cordilleran 
i~liogeocline and is Ianonn to have been 
derived from the direction of the Franl<lin- 
ian orogen, has shd values that correspond 
closely to those of the Devonian Arctic 
foreland wedge (5 ) .  From that region. fa- 
eies relationships and infcrred transport di- 
rections 114) indicate that detritus was car- , . 
ried south toward Alberta. There may have 
been direct across-craton transport (Fig. 2). 
Thus. the signature of the Caledonian oro- 
gel1 in the Arctic was carried to the Cana- 
dian Cordilleran margin, where it immedi- 
ately doininated the elastic sediment bud- 
get. in exactly the same way as in the 
eastern and souther11 United States. 

Age constraillts on the timing of the jump 
in sNd vahlcs vary in precision. In Alberta, 
latest Ordovician tlu.ough mid-De~:onian rocl<s 
are illissing fso111 the studied sequence, so 
these the constraint is poor. In the Arctic 
Islands. the jump is constrained by graptolite 
index fossils to Late Ordovician tiine, but the 
number of mid-Ordovician to Early Silurian 
Nd samples is small. In the southern United 
States, better constraints are available. The 
Caledonian-Appalachian signature was al- 
ready established in the southeill Appala- 
chians by about 460 Ma, corresponding to the 
arrival of clastic sediments deposited during 
the onset of Appalachian orogenic events (8 ,  
15). In the Ouachita region. sediment with an 
Appalachian signatl~re is first detected at 157 
bla. and a seetioil within the Clinltrcogrn11t~r.c 
bicornis zone oscillates between s,, values 
o f 1 3  and-6 (15). indicating that a con~plete 
shift to the Appalachian signature inay have 
taken several inillion years. 

In both the Canadian Arctic and the 
southern United States. rhe provenance of 
clastic sediment changed during deposition 
of deep-water shale sequences when sedi- 
inentation rate was low (4 .  6).  Large 
ainounts of clastic sediment, in the form of 
turbidites, arrived only sonle 20 to 30 mil- 
lion years after the change in provenance. 
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Thus far-traveled hemipelagic mud, de
rived from erosion of the Caledonian-Ap
palachian mountains, reached deep-water 
depositional sites long before the arrival of 
prograding abyssal turbidite fans. 

In the southern and eastern United 
States, the westerly dispersal of Appala
chian detritus was impeded by the Trans
continental Arch (Fig. 2). No such topo
graphic barrier was present between the 
Canadian Arctic and regions to the south 
and west. Transport may have been associ
ated with a south and southwesterly slope 
away from the Innuitian Province (Fig. 2), 
similar to the modern Amazon transconti
nental drainage. An additional component of 
tilt may have been added by dynamic topog
raphy in the craton created as a consequence 
of convection in the mantle (16) or the sub-
duction of cold lithosphere (17). 

The data show that detritus from the 
Caledonian-Appalachian mountains over
whelmed cratonic sources on a continent-
wide scale as soon as it was available after 
the first tectonic pulses around 450 Ma. 
This can only have occurred if the detritus 
from the Paleozoic fold belts was far great
er in volume than cratonic sediment. Mod
els of rates of erosion and transport from 
mountainous regions are consistent with 
domination of the sediment supply by 
mountain belts (18-22). According to the 
equations of Pinet and Souriau (21), an 
orogenic belt younger than 250 Ma at an 
average elevation of 2000 m would be 
eroded down at a rate of 0.6 m per 1000 
years, whereas a crustal region older than 
250 Ma at an average elevation of 300 m 
would be denuded 30 times more slowly. 
These elevation differences correspond 
roughly to those that exist between the 
present-day Cordillera and the craton, and 
the same would be expected in Late Paleo
zoic time between Caledonian, Appala
chian, or Franklinian mountains and the 
craton. Under these circumstances, sedi
ment derived from young mountains, which 
is 30 times greater in production rate than 
any sediment from the craton, has no trou
ble dominating the clastic budget. 

In Alberta, data are available for the 
entire miogeoclinal sequence, up to and 
including a partial sampling of Late Juras-
sic-to-Cretaceous sequences representing 
foreland deposition from the Cordilleran 
orogen (Fig. 3). Here the clastic material 
that arrived around 450 Ma from the Frank
linian and Caledonian belts continued to 
dominate the sedimentary system until it 
was overwhelmed by Cordilleran detritus 
around 140 Ma. Pennsylvanian through Ju
rassic clastic sediments of Alberta were 
probably derived from the east [for exam
ple, see (23)]. The fact that the present-day 
zero edge of Devonian strata lies only 400 

km east of the Cordilleran deformation 
front may imply that a reservoir of sedi
mentary rocks with the post-450 Ma eNd 

signature covered the Canadian interior far 
more extensively than it does today. This 
cover would have been removed slowly 
through Late Paleozoic and Mesozoic time. 
Devonian limestone xenoliths in Jurassic 
kimberlite pipes of the Slave province have 
been taken to indicate that the northern 
Canadian Shield was covered by 800 m of 
sedimentary rocks in the Jurassic (24). The 
presence of this thickness in one region is 
consistent with our Nd isotopic data and 
has implications for long-term models of 
continental freeboard and cratonic sedi
mentation (25). 

Our Nd isotopic results therefore show 
that provenance can be expected to be dom
inated by mountain belts and the sediments 
derived from them for extended periods fol
lowing orogenic events, up to 300 million 
years in the present case. The production of a 
substantial sedimentaiy cover on the craton 
causes dominance of the sedimentary budget 
by material originally sourced in orogenic 
highlands to continue long after those high
lands have been eroded down and until the 
next major mountain-building event affects 
the continent. 

Cordilleran detritus would be distin
guished by more juvenile isotopic parameters 
such as sNd, as compared even to Cale
donian-Appalachian sediment, because it 
contains juvenile arc volcanic components 
(Fig. 3). More outboard portions of the Cor
dillera that did not contribute to the foreland 
sequence in Alberta contain large terranes 
with positive sNd (26). A clear Cordilleran 
influence over the whole continent has not 
yet been achieved because (i) Cordilleran 
tectonic events are far from complete, and the 
maximum supply of sediment has not yet 
been delivered onto the North American cra
ton; and (ii) the heterogeneous sNd values 
delivered from different terranes (Fig. 3) have 
not yet been homogenized into a single aver
age. In the geologic future, North American 
sediment will probably be dominated by a 
distinctive average Cordilleran clastic signa
ture, perhaps with an sNd value as high as 
zero (26). 
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