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Abstract

The Concord intrusive complex, Cabamrs County, North Carolina, consists of a large
gabbro stock enveloped by a horseshoe-shaped syenite ring dike. The complex is clearly
delineated from surrounding rocks by magnetic and radioactivity anomalies. Gravity
modeling suggests that the gabbro pluton extends to a depth of about 6 km and that the
syenite ring dike dips steeply outward at an angle of 78" on the west side and dips vertically
on the east side. A Sm-Nd mineral isochron for gabbro and a Rb-Sr isochron for syenite
indicate that the two lithologies were emplaced contemporaneously -405 m.y. ago. Initial
Nd and Sr isotopic compositions of gabbro and syenite in this complex overlap, suggesting
the two rock types may be related through closed-system fractional crystallization.

Three gabbroic rock types are distinguished, based on the presence ofdifferent cumulus
minerals: olivine-plagioclase, olivine-clinopyroxene-plagioclase, and clinopyroxene-pla-
gioclase. Some magnetite and ilmenite occur as inclusions in these early phases and are
probably cumulus as well. A11 gabbros contain postcumulus orthopyroxene and hornblende
(tclinopyroxene), as well as minor biotite, sulfides, and apatite. The syenite is a seriate
porphyry with megacrysts of perthitic feldspar in a groundmass of albite, microcline,
clinopyroxene, amphibole, biotite, quartz, Fe-Ti oxides, pyrite, apatite, zircon and
monazite. Mafic mineral compositions in gabbro and syenite indicate that fractionation
involved only limited Fe-enrichment.

Geochemical modeling of major and trace element variations indicates that the Concord
syenite could have been produced by fractionation of olivine, plagioclase, clinopyroxene,
and minor Fe-Ti oxide minerals, of the same compositions as observed cumulus phases in
the Concord gabbro, from a basaltic parental magma similar in composition to the Concord
gabbro. This gabbro-syenite trend probably represents differentiation of a tholeiitic
basaltic melt near a thermal divide along the critical plane of silica undersaturation. This
fractionation took place in a magma reservoir at depth, before intrusion of the syenitic
residual liquid into the fractured region between previously intruded gabbro and country
rock.

Introduction

The Concord intrusive complex in Cabamrs County,
North Carolina, offers the best exposure of the gabbro-
syenite association in the southern Appalachian Pied-
mont, among the several examples previously described
from this region (Medlin, 1968; Wilson, l98l). This com-
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plex consists of a large gabbro pluton partially enclosed
by a ring dike of syenite. This paper will demonstrate that
these intrusive bodies are related temporally as well as
spatially. It has been inferred previously (e.9., Butler and
Ragland, 1969) that the syenite is a later differentiate of
the same parental magma that produced the gabbro; this
study substantiates that idea using petrologic observa-
tions, chemical models, and isotopic constraints.

The Concord intrusive complex has been a focus of
geologic interest for many years. The rocks of the Con-
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cord area were first described by Watson and Laney
(1906) in a report on the ornamental and building stones of
Cabamrs and Mecklenburg counties. Preliminary geolog-
ic maps of the Concord complex were prepared by White
and Mundorff (1944), LeGrand and Mundorff (1952), and
Bell (1960); the latter study also described the economic
potential of the area. Airborne magnetic and radioactivity
surveys ofthe Concord area were conducted by Johnson
and Bates (1960), and Morgan and Mann (1964) reported a
detailed gravity study of the area. Bulk chemical analyses
of Concord gabbro samples were given by Cabaup (1969),
and average analyses of gabbro and of syenite were
reported by Butler and Ragland (1969). Price (1969)
analyzed trace elements in both gabbro and syenite
samples. The crystallization age of the Concord syenite
was measured by Fullagar (1971). These geophysical and
geochemical studies will be reinterpreted in light of new
field, petrologic, and geochemical data presented here.

Analytical techniques and sources of data

Thin sections of Concord gabbro (10fi) points) and
syenite (500 points) were point-counted for modal analy-
ses. In order to distinguish plagioclase from alkali feld-
spar, the syenite thin sections were stained with sodium
cobaltinitrate solution. Modal percentages are reported in
Table 1. The minimum error of the modal determinations
ranges from l-llVo relative using the chart of Van der
Plas and Tobi (1965); actual analytical error may be
greater due to relationships between adjacent grains and
to layering (Neilson and Brockman, 1977).

Mineral compositions were determined using an auto-
mated MAC 4005 electron microprobe at the University
of Tennessee, utilizing the correction procedures of
Bence and Albee (1968) and the data of Albee and Ray
(1970). Analyses using a slightly defocussed electron
beam (-5-15 g.m diameter) were performed on minerals
in 9 polished thin sections. Operating conditions were set
at 15 kV and 0.03-0.05 g,a. beam current, depending on
the mineral to be analyzed. For amphibole analyses Fe3*
was calculated using the method of Leake (1978), and for
oxide analyses Fe3* was calculated based on stoichiom-
etry. Representative analyses of major minerals are pre-
sented in Table 2; a complete compilation of microprobe
analyses can be found in Olsen (1982).

Bulk chemical analyses for major elements in 40 Con-
cord gabbro samples were obtained from an unpublished
thesis by Cabaup (1969). Butler and Ragland (personal
communication, 1980) supplied individual bulk chemical
analyses for major elements for 7 Concord syenite sam-
ples and 6 Concord gabbro samples (previously published
in summary form by Butler and Ragland, 1969), and
chemical analyses for trace elments on the same samples
were taken from an unpublished dissertation by Price
(1969). All bulk analyses reported total Fe as Fe2*; for
normative calculations FezOl/(FeO+FezO:) ratios for av-
erage gabbro (0.24) and average syenite (0.45) taken from

Nockolds (1954) were used to correct the Fe values in the
analyses.

One fresh sample of gabbro containing abundant clino-
pyroxene (CFG-5 in Table l) was selected for age-dating
by the Sm-Nd mineral-isochron method. After crushing
and sieving to obtain a 25-1fi) @ size fraction, crude
separation ofplagioclase and pyroxene was effected using
a Frantz magnetic mineral separator. 130 mg of pyroxene
and 240 mg of plagioclase were hand-picked from these
separates for analysis. Only clean, inclusion-free plagio-
clase was accepted. Some opaques were unavoidably
included in the clinopyroxene fraction due to the intimate
intergrowth of these two minerals, but material contain-
ing inclusions of any other mineral was avoided. After
washing in 2.5 N HCI for one hour the separates were
dissolved in an ultra-pure HF-HNOTHCIO+ mixture,
and a split of the dissolved material was spiked for
isotope-dilution determination of Sm and Nd concentra-
tions. lfi) mg each of powdered whole-rock gabbro CG-5
and syenite CS-0 were also dissolved for analysis. Sepa-
ration of Sm and Nd followed a two-column cation-
exchange technique described by Zindler et al. (1979).
Analyses were performed on the f-inch automated mass
spectrometer at the Massachusetts Institute of Technolo-
gy.Nd isotopic composition measurements were made on
the unspiked fraction of samples. Procedural blanks for
this method are less than 0.1 ng for both elements, and no
blank corrections were required for any of the measure-
ments. Analytical precisions as judged by replicate analy-
ses of standards are 0.5Vo for SmA.{d ratios and 0.003-
0.004% 1or tr3tr167r++19d. values of r43Nd/r4Nd reported
here are relative to 0.512630 for U.S.G.S. standard rock
BCR-1.

Field relationships

The Concord intrusive complex occurs within the
Charlotte belt of the southeastern Piedmont. The rocks of
the Charlotte belt have experienced Paleozoic regional
metamorphism of greenschist to amphibolite facies grade
and are intruded by a bimodal suite of gabbroic and
granitic plutons. According to Bell (1960), the Concord
pluton is surrounded by "massive and foliated dioritic
and mafic rocks", with "granitic and granodioritic
gneisses" in contact with the syenite body on the east and
west. Outcrops of country rocks near the complex are
extremely scarce, but observations of saprolite indicate
Bell's map units to be generally correct.

The Concord complex consists of a discontinuous
syenite ring dike with varying thickness that partially
encircles a gabbro body of roughly oval shape. Both
lithologies are cut by numerous small pegmatite and less
abundant diabase dikes. Field mapping of the Concord
area was carried out using portions of the Concord,
Southeast Concord, Kannapolis, and Harrisburg Quad-
rangle U.S.G.S. I :24,fi)0 scale topographic maps. Figure
1 is a geologic map based on this work and modified from
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Table l. Modal variations (volume %)

3r7

7irSerchlB i oHblP I g
Concord Gabbro

Opq Cpx Opx Olv Apa Serp

L U - 4  0 4 .  |  5 . 5

cG-5  55 .8  2 .5
cG-6  69 .5  7 .1
cG-9 52.1 24.7
CG- l0a  51 .3  ?9 .6
CG-]0b 46.9 26;3
c G - l t  6 1 . 6  5 . 0
cG-22 45.2 36.6
cG-23 52.1 30.3
cG-25 57.3 24.1
cG-26 47.2 33.3
cG-27  58 .9  l t . 7
cG-33 59.3 20.2
cG-47 46.2 36.8
cG-50 68.9 4.0
cG-53 62.8 5.6
cG-54 47.5 16.7
r , u - c /  o 5 . J  d . u

cG-58 65.8 3.7
cG-73  62 .4  1 .9
cG-74 64.9 7.3
cG-81 58.5 7.9
cG-84 65.5 3.4
cG-87 64.5 14.7
cG-90 64.s 10.4
cG-92 62.2 15.8
cG-98 58.4 4.2
cG-  102  50 .6  17  .6
cG-104 53.0 25.8
cG-105 5 i  .0  21.3
CG-106a 53.9 16.2
cG-106b 54.3 24.4
cG-]07 51.8 23.7

1 . 4  
. | 6 . 1  

1 0 . 9  -  0 . 7  0 . 4
6 . 9  1 5 . 8  1 2 . 1  -  0 . 4  0 . . l
2 . 7  5 . 5  7 . 9  5 . 0  0 . 2  0 . 4
5 . 9  0 . 7  |  0 . 3  2 . 7  0 . 6
2 . 2  5 . 1  7 . 2  3 . 0
' t . l  1 8 . 5  s . 8  -  0 . 4  0 . 4
4 . 3  L 2 . 8  1 4 . 0  1 . 0  0 . 3  0 . 3
5 . 5  0 . 6  4 . 5  0 . 1  0 . 7  0 . 1
2 . 5  3 . 0  8 . 8  0 . 9  0 . 4
3 . 0  1 . 8  9 . 6  3 . 0  0 . 3  0 . 1
3 . 3  2 . 7  1 0 . 8  1 . 5
' 1 . 9  

0 . r  1 3 . 8  ' 1 2 . 4  0 . 3  0 . 2
2 . 4  ? . 2  9 . 1  1 . 7  -  0 . 2
3 . 2  0 . 7  l l . 8  -  0 . 2
2 . 3  3 . 0  3 . 6  i 6 .  l  0 . . l  0 . 5
? . 2  2 . 9  1 0 . 5  1 3 . 4  0 . 2  0 . 4
4 . 5  2 . 6  1  1 . 4  1 4 . 6  0 . 2
3 . 5  0 . 8  1 2 . 8  6 . 2  0 . 3
3 . 2  1 2 . 9  7 . 4  4 . 9  -  0 . 1
4 .0  14 .2  7 .2  7  . 4  -  0 .1
5 . 6  1 0 . 2  6 . 9  0 . 9  0 . 2  0 . 4
5 . 2  1 2 . 2  1 1 . 8  -  0 . 3
5 . 5  6 . 0  1 5 . 3  3 . 5  0 . 3  0 . 1
4 . 4  1 . 0  1 0 . 8  2 . 7  0 . 1  0 . 2
2 . 8  0 . 2  1 3 . 7  5 . 1  0 . 2
2 . 7  6 . 6  7 . 7  2 . 9
8 . 2  1 0 . 8  1 1 . 2  6 . 4  -  0 . 4
3 . 5  1 2 . 2  1 0 . 7  4 . 7  -  0 . 1
2 . 4  0 . 4  1 5 . 0  0 . 4  0 . 3  0 . 5
2 . 3  8 . 9  1 5 . 7  -  0 . 3
3 . 9  1 4 . 9  ] 0 . 5  -  0 . 4
5 . 2  4 . 7  1 0 . 5  -  0 . 4
6 . 5  1 7 . 7  8 . 9  -  0 . 2  0 . 1

0 . 4
4 . 6
0 . 6
0 . 9

0 . 3
0 . 7
0 . 7
. l . 9

0 . 9
0 . 2
0 . 6
2 . 8
1 . 8
0 . 3
0 . 5
0 . 2
'| .6
0 . 4
0 . 5
0 . 1
0 . 4
0 . 5
0 . 5
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0 . 3
0 . 1
0 . 3
0 . 8
1 . 2
0 . 4
0 . 4
0 . 3

0 . 4
u .  I

0 . 5

0 . 6

0. . |
0 . 2
0 . 1

0 . 4

1 . 5
l . b

4 . 5
. l . 3

1 a

J ,  I

4 . 0

1 . 6

l . )

0 . 2
u .  I

0 . 3  0 . 1
0 . 2
0-7
0 . 4
0 . 1
2 . 9
-  0 . 1

0 . 3
0 . 6
0 . 5
0 . ?
0 . 3
1 . 0
0 . 4
0 . 5
n ?

0 . 2
0 . 9
0 . 2

-  0 . 1
0 . 6  0 . 2
0 . 3
0 . 2

0 . 3
0 . 2
0 . 1
0 . 1

0 . 5

2 . 0
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CS-20a 4.8
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3 . 1  0 . 2

0 . 4  0 . 4
-  1 . 8
. | . 0  

0 . 6

3 . 4  8 2 . 4  2 . 6

3 . 1  7 7 . 0  4 . 0
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1 . 8  6 8 . 5  3 . 9
' f  

. 5  7 9 . 8  3 . 2

n 6

0 . 4  0 . 4
0 . 4

' I  . t  0 .9  0 .9
0 . 4  0 . 6
1 . 0  0 . 8  0 . 2

2 . 6
a . t

t o
, | . 8

3 . 0

2 . 6
4 . 2

E 1

2 . 7
4 . 2
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Bell (1960), White and Mundorff(1944), and LeGrand and
Mundorff (1952). The latter maps, which show the syenite
body to be continuous at the surface across the northern
end of the pluton, are in disagreement with the map of
Bell (1960), which denotes a parentheses shape for the
syenite body, open at the northern and southern ends.
Syenite outcrops and quarries occur at the nothern end,
confirming the horseshoe shape described earlier by
White and Mundorff (1944).

The Concord gabbro is exposed as large, spheroidally
weathered, black boulders. The syenite occurs mainly as
pedestal-shaped boulders, and quarries provide abundant
fresh samples. The syenite outcrops are much larger than
the gabbro boulders and are more highly weathered. Due
to the paucity of outcrops, lithologic contacts have not
been observed, but can be fixed rather closely because
the syenite forms a distinct topographically high area
(-100 ft. in reliefl relative to gabbro and country rocks.
These two units can also be recognized from saprolite:
the gabbro forms dark gray soils of the Mecklenburg and
Iredell soil series, whereas light-colored arkosic soil is
produced from weathering of syenite. There is additional
geophysical evidence which is useful in determining the
location of contacts at the surface, as well as suggesting
the geometry of the pluton at depth.

Geophysical expression

The results oftwo geophysical studies conducted in the
Concord area are available for comparison with the

mapped outcrop pattern of the complex. The first is an
aeromagnetic and aeroradioactivity survey of the Con-
cord quadrangle by Johnson and Bates (1960). On their
magnetic map, a group of closely-spaced contours coin-
cides with the inner boundaries of the syenite body. The
cause of the 45fi) gamma anomaly that surrounds the
gabbro is not clear, though Johnson and Bates suggested
that magnetite might be concentrated along the contacts
between the gabbro and syenite. Three smaller gabbro
bodies extending out from the southern end ofthe pluton,
the northernmost of which is shown in Figure 1, also
coincide with magnetic anomaly patterns. Johnson and
Bates' radioactivity map shows the syenite body outlined
by two parenthesis-shaped areas of high radioactivity on
the eastern and western margins. This feature undoubted-
ly influenced Bell's (1960) interpretation of the syenite
outcrop pattern, and may suggest that the syenite to the
north of the Concord gabbro is much thinner.

The second geophysical report is a detailed gravity
study of the Concord Quadrangle by Morgan and Mann
(1964). This work included calculations of Bouguer anom-
alies, which were displayed on maps showing the simple
Bouguer anomaly and the residual anomaly; appropriate
portions of both maps are shown in Figure 2. On the
simple Bouguer anomaly map (Fig. 2a),the gabbro intru-
sion shows a pronounced increase in Bouguer value,
reaching a maximum of +35.5 milligals in the center. The
simple Bouguer anomaly map reflects large-scale regional
trends and deep-seated mass distributions and can be

Table 2. Representative microprobe analyses of minerals

Gabbro
Cl i nopyroxene

cG-10 t51  cG-s0 t6 l

Sy eni te
C l i nopyroxene

cs-12  t51  CS-51 ts l

Gabbro
0rthopyroxene

cG-33 t71  CG-9 t81

Gabbro
0 l i v i

cG-9  t 8 l cG-73 t41

s i 0 2  5 1 . 3 ( 6 )  5 1 . 3 ( 1 2 )
T i02  0 .59 (5 )  

' , I . 03 (32 )

A 1 2 0 3  2 . 2 e ( 2 0 )  3 . 7 6 ( 6 0 )
FeO 8 .51 (26 )  6 .71 (62 )
M n O  0 . 3 7 ( 4 )  0 . 1 4 ( l )
P l s 0  1 5 . 0 ( 2 )  1 5 . 6 ( 4 )
caO 21 .1 (2 )  21 .3 (7 )
N a 2 0  0 . 5 0 ( 2 )  0 . 5 2 ( 1 1 )

To ta l  99 .72  100 .36

Cat i  on
B a s i s  ( 0 )  6  6

si  1 .917 1.  888
T i  0 . 0 1 6  0 . 0 2 8
A l  0 . 1 0 0  0 . 1 6 3
Fe 0.265 0.206
M n  0 . 0 1 1  0 . 0 0 3
Mg

Na

5 3 . 1 ( 4 )  s 3 . 7 ( 4 )
0 . 5 9 ( 2 3 )  o . z L ( z \
1 . 3 6 ( i l )  0 . 6 4 ( 6 )
8 . 7 0 ( 3 5 )  1 0 . 4 ( 2 )

r . 3 2 ( 2 )  1 . 8 7 (  l 3 )

l s . 1 ( 3 )  1 2 . 2 ( 2 )

l s . 4 ( 2 )  1 e . 8 (  1 )

0 . 6 9 ( 3 )  1 . 4 3 ( 6 )

t 00 .26  100 .20

6 6

1 . 9 6 9  2 . 0 1 3

0 . 0 1 6  0 . 0 0 5

0 .059  0 .027

0.269 0.326

0 . 0 4 1  0 . 0 5 9

0 . 8 3 2  0 . 6 8 1

0 . 7 7 0  0 . 7 9 4

0 .049  0 .  103

5 3 . 8 ( 4 )  5 4 . 4 (  4 )

0 . 0 8 ( 2 )  0 . r 2 ( ? )

1  . 3 8 (  7 )  1  . 4 e (  e )

1 6 . 4 ( 1 )  1 5 . 6 ( 2 )

0 . 4 8 ( 2 )  0 . 4 1 ( 3 )

2 6 . 5 ( 3 )  2 7 . 6 ( 2 )

1 . 0 0 ( e )  0 . 8 2 ( r 3 )

0 . 0 3 ( 1 )  0 . 0 3 ( 2 )

99 .72  100 .38

6 6

' I  
. 958  1 .953

0 .00?  0 .003

0 . 0 5 9  0 . 0 6 2

0 .  500  0 .467

0 . 0 1 4  0 . 0 1 1

t . 437  1  . 475

0 .038  0 .030

0 .002  0 .002

3 7 . 4 ( 2 ) 37 .8 (  4 )

2 6 . 5 ( 2 )  2 3 . 6 ( 1 )
o . 5 o ( 4 )  0 . 5 7 ( 3 )

3 5 . 4 ( 3 )  3 8 . 1 ( 2 )

4 4

0 .996  6 .989

9 9 . 8 0

0 . 5 9 1

0 .  0 1 1

1 .404

100. 07

0 . 5 1 6

0 . 0 1 2

1 .4890 .833  0 .854

0 .  845  0 .839

0 .  035  0 .037
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Table 2 (continued)

3 1 9

Gabbro Gabbro
Amphibole Amphibole

cc - so t3 l  cG-73 t41  CS-43 [6 ]  CS-51 t51

Gabbro
Bi  ot i  te

cG-5 t41  CG-73 t41

Syeni te
Biot i  te

cs-51 t51 c s - 1 2 [ 5 ]

si  02

Ti  02

At 
"0^

*Fero,

Fe0

Mn0

Mso

Ca0

NaZ0

Kzo

Total

Ca t i on  Bas i s
(  0 ,0H ,  F  )

5 l

I l

A1

f e
t +

f e

Mn

i\49

Na

K

4 1  . 6 ( 2 )  4 l  .  s (  2 )
3 .  l  s (  1 0 )  4 . 0 4 (  1  1  )

' | r . e ( 2 )  1 r . e ( t )
4 . 7 0  |  . 7 0
4.95(2d e .63(2e)
0 . 1 8 ( 3 )  0 . 2 r ( 2 )

l s . 6 ( 3 )  1 3 . 3 ( 1 )
1 r . 8 ( 2 )  1 1 . 5 ( 1 )
2 . 6 4 (  1 o )  2 . 4 1 ( 1 1 )
0 . 8 4 ( 1 )  1 . 1 3 ( 5 )

4 e . 6 ( 6 )  5 0 . 8 ( 4 )
' 1 . 2 8 ( 1 7 )  

0 . e 2 ( 6 )

3 .  e3 (  7 )  3 .  09  (  2 )

1 0 . 3  9 .  3 4

3 . 5 8 ( 2 e )  3 . 1 s ( i l )

1 . s 0 (  1 0 )  1 . 7 6 ( 7 )

16 .1 (  3 )  16 .7 (2 \

1 0 . 3 ( 4 )  e . 8 4 ( r 4 )

1 . e 3 (  1  6 )  2 . 4 1 (  r 0 )

0 .56 (4 )  0 .67 (21

99 .12  98 .75

. J  I J

7 .076  7 .297

0 .137  0 .068

0 .660  0 .475

0. 109 I  .067

0 .427  0 .381

0.181 0.261.

3 . 4 1 1  3 . 4 5 1

7 . 5 7 6  1 . 5 0 7

0 .534  0 .596

0 .102  0 .109

37 .4 (22 )  37 .6 (6 )

6.84(22) 3.76( 38)

1 4 ' 1 ( 2 )  1 6 . 4 ( e )

l i  . 4 (2 )  7  . e0 (  60 )

o .  05  (4 )  o .  oo

l s . s ( 3 )  l e . 2 (  l o )

o . 2 o ( 4 )  o . s s (  1 6 )

9.5s( 7_) 8.73(74\

95 .08  94 .23

1 l  I l

z ,  t o z

0 .376

r . 229

0 .699

0. 002
' I  

.706

0. 028

0. 898

2 .735

0 .205

t . 407

0 .479

0,000
2 .077

0. 081

0.808

4 0 . 4 ( 8 )  3 8 . e ( 1 2 )
2 . 1 0 ( 2 3 )  5 . 1 r ( 1 4 )

1 1 . 5 ( 4 )  1 2 . 8 ( 4 )

97 .29

23

6 .072

0. 346

2.048

0 .516

0 .604

0,022
J .  J Y J

I  .840

0 .747

0 . 1 5 6

97.24

Z J

5 . 1 3 9

0 .450

2 .073

0 .189

L . \ t z

0.026

2.932

1  . 861

0.692

0.2I3

1 2 . e ( 6 )
0 .61(  s )

1 8 . 1 ( 4 )

94.76
'I 
I

2.997

0 . 1 1 5

I .000

0  . 798

0. 037
1 .999

1 4 . 3 (  2  )
0 .35 (  4  )

16 .0 (  3 )

vb .5u

I l

2 .850

0. 280

1 .  108

0 .87  4

0 .021

1  . 743

o . o e ( 1 )  0 . 1 4 ( 3 )
9.12(24) e.0s(39

0 .013  0 ,019

0 .861  0 .846

Gabbro
Pl  agi  oci  ase

Syeni te Syeni te
Pl  agi  oc1 ase Perth i  te

cG-50t71  CG-s te l cs -12 t51  CS-43t71

Gabbro
P I eonaste

Gabbro Gabbro
Magnet i  te I lmeni te

cG-5 t3 l L U - 9 t 3 tL U - C  T J J

s i 0 2  s 1 . 4 (  r 2 )

A 1 2 0 3  3 i , i ( 6 )

FeO 0 .20 (3 )

cao  12 .8 (8 )

Na20  4 .02 (55 )

K .0  0 .13 (2 )
a -

Tota l  99 .67

Cati on
B a s i  s  ( 0 )  8

se.  1 (  2o)
25.2(s)
0.21(4)

7 . 6 3 ( t 3 e )

o . o r (  y J ,

0 . 5 7 ( 1 6 )

99.29

8

a , o a I

0 ,008

0.367

0 .  575

0 . 0 3 1

T i02

Al  ̂ 0^
a 3

Cr^0"
Z J

*Fer0,

Fe0

Mn0

Mso
Tota l

Ca t i on
Bas i s  ( 0 )

2 .341

t . o o /

0 .006

0 ,622

0 .3s4

0 .006

8

2 .877

1 .  1 1 7

0 .010

0 .  1 3 1

0 .825

0 . 0 1 4

8

2 .996

1 .000

0 .005

0 .008

0 .401

0 . 5 7  6

0 . 1 3 ( 3 r )
o z , o t  I  t . ,
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Fig. l. Geologic map of the Concord intrusive complex, a compilation of this work and that of White and Mundorff(1944), LeGrand
and Mundorff(1952), and Bell (1960). The inset map shows the location of the complex within the Charlotte belt in the North Carolina
Piedmont.
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used to estimate the shape of the body at depth. The
residual anomaly map (Fig. 2b) represents the gravitation-
al distribution of local, shallow geologic structures. The
contours shown on this map roughly outline the shape of
the pluton at the surface. The trend of isolated gabbro
bodies extending from the open southern end of the
complex is reflected in both gravity maps, suggesting
these satellite intrusions are related to the main gabbro
body at depth.

The detailed nature of this gravity study provides an
opportunity to construct a gravity profile and propose a
simple model of the geometry of the pluton at depth. An
observed gravity profile was constructed along line A-A',
shown on the simple Bouguer anomaly map in Figure 2a.
This particular line was chosen because it produced the
most symmetrical profile (Fig. 3). Using the Talwani 2-D
Gravity Program No. W9206 (Talwani et al., 1959),
several theoretical gravity profiles were constructed by
varying the dip angle and direction of the syenite dike and
the depth to the bottom of the pluton. Figure 3 illustrates
the profile that most closely resembles the observed
gravity profile along A-A'. The model which produced
this profile depicts a steep-walled syenite ring dike with
an outward dip of 78' on the west side and vertical dip on
the east side, and a depth ofabout 6 km to the bottom of
the complex. An even more refined fit might be obtained

r l
A  - - - - - - - -  I

Horizonlol  Dir toncr (3 Km Inrorvolr )

Diorilic And
Mofic Rockr

Fig. 3. Comparison between observed and calculated gravity
profiles along section A-A' in Figure 2a. The calculated profile
assumes the geometry and rock densities indicated.
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Fig. 4. Sm-Nd mineral isochron for Concord gabbro, defined
by plagioclase and clinopyroxene sepaxates and whole rock
(wR).

if the syenite were modeled as a wedge thickening down-
ward rather than as a plate of uniform thickness.

Age dating and isotopic constraints

The three samples (clinopyroxene and plagioclase sep-
arates, whole rock) used to date the gabbro by the Sm-Nd
technique give a near-perfect isochron age of 407-+36
m.y. (1o error, York, 1966), as shown in Figure 4.
Sneeringer (1981) has measured diffusion rates of Sm in
clinopyroxene which show that difusive exchange of
rare-earth elements involving this mineral (the major host
of REE in the gabbro) is unlikely below magmatic tem-
peratures. Closure temperatures above 850'C are indicat-
ed even for improbably slow cooling rates. We therefore
interpret the mineral isochron age as the emplacement
age of the gabbro. Rb-Sr whole-rock dating of the sy-
enite, which also gives an emplacement age, was reported
by Fullagar (1971) at 404-r2l m.y. (recalculated using
).Rb : 1.42 x l0-rl/yr) and is identical within error to our
result for the gabbro. Measurements are given in Table 3.

An important finding is that the Nd initial ratios as
taken from the gabbro isochron (Fig. a) and calculated for
the syenite using the published Rb-Sr age are indistin-
guishable. The same is true for Sr initial ratios (Fullagar,
1971). These observations are consistent with a closed-
system relationship between the gabbro and syenite and
are strong evidence that the syenite was not derived by
assimilation of any significant amount of crustal rock by
magma similar in isotopic composition so that which
formed the Concord gabbro. Such a process would result
in elevation of initial 87srf6sr of syenite relative to
gabbro if typical older intermediate to upper crustal rocks
were involved. Isotopic composition of potential lower
crustal contaminating material may be inferred from
Hercynian granitic rocks of the Charlotte belt, which
probably derived a significant portion, if not all, of their
mass from the lower crust. Published tTSr/eSr values for

E
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Table 3. Results of isotopic analyses

Sampl e ( la3Ha/laato) neasured ( la7sr/ laha) { l43*a/l44Nd)rnrar", "*o( 
t) r

Concord gabbro CG-5

p lag ioc l ase

whole rock

cl i nopyroxene

Concord syenlte CS-o

.512453  +  17

.512650  +  18

.512749 + 17

.512595 + 20

.512328 + 25

.5 l 2318  +  372

+4 .4  +  0 .5

+4 .2  +  O .g2

.0504

. 1 ? 1 2

,157  4

.1049

l .  e , , ( t )  -  . ( 143n4 / l 44Ha)r' eNd\e' = tilTilF4?il1 sampre, t -
CHUR, t

2.  Error  lncorporates l -o errOr in Rb/Sr age.

l l  x  l 0 4 Parameters used for  calculat ing CHUR evolut ion:

l47rrr l44ro = .1967 ( l43na/l44na)to day 
=-.512622

All  other errors are 2-o.

these plutons (Fullagar, 1971; Jones and Walker, 1973;
Fullagar and Butler, 1979) indicate that Sr isotopes would
be a poor indicator of crustal contamination at depth,
since several of them have low initial ratios, some very
close to the value for the Concord gabbro/syenite. Inves-
tigation of Nd isotopic composition of the granitic plutons
has shown them to have strong "crustal" signatures, with
average initial eN6 = 2.5 (Sando and Hart, 1982). This
requires a lower crust at least as depleted as these values
with respect 1o tar5167t+a51d and is consistent with calcu-
Iations of lower crustal isotopic composition based on
probable age of the crust and reasonable guesses about its
Sm/Nd. These values are quite diferent from those
measured in the Concord rocks; assimilation of lower
crustal material would thus lower the l43Nd/l4Nd of an
assimilating magma with isotopic composition like that of
the gabbro. Nd concentrations measured in the gabbro
(40 ppm) are probably lower than those of the potential
crustal contaminant, Even for the case where they are
equal, calculations using the granitoid isotopic composi-
tion for the contaminant result in a upper limit of 20%
assimilated material when errors in our initial ratio deter-
minations are taken into account. The limit is conserva-
tive, since the isotopic contrast between crust and gabbro
may be greater, and because of the assumptions of equal
concentrations. The combined use of the Nd and Sr
isotope systems therefore permits both upper and lower
crustal contamination of the Concord parental magma to
any large extent to be ruled out.

A model for emplacement of the complex

The identical crystallization ages for the Concord gab-
bro and syenite indicate that these units were associated
in time as well as space. A reasonable sequence ofevents
that would produce the structure of the Concord complex
begins with the intrusion of mafic magma to form a
gabbro stock. This pulse of magma would be derived from
a large reservoir of magma at depth prior to significant

fractionation. The syenitic magma was not produced at
the present erosional level, because no intermediate
rocks occur, but could have formed by fractionation of
the source magma body at depth. A fractured region
around the contact between the gabbro and country rock
was subsequently intruded by this syenitic magma. As
noted by Morgan and Mann (1964), the syenite ring dike
probably did not form as a result of subsidence of a
central gabbroic block into syenitic magma, because the
magnitude of the residual gravity anomaly is inconsistent
with this geometry and because subsidence of many
kilometers of the steep-walled gabbro stock would be
required to provide room for a ring dike of the observed
width. The incompleteness of the ring dike may be related
to the presence of small, satellite gabbro bodies extending
from the open southern end ofthe pluton. The geophysi-
cal maps suggest that these bodies may be continuous at
depth with the Concord gabbro body, possibly represent-
ing outcrops of a dikelike projection of gabbro. Subsol-
vus crystallization of alkali feldspars in the syenite
indicates the complex was emplaced at depths of approxi-
mately 15 km or greater. We will now examine the
petrographic and geochemical characteristics of gabbro
and syenite in order to devise and test a fractionation
model relating the two lithologies, as proposed above.

Petrology of the gabbro

Concord gabbro samples are medium-grained meso-
and orthocumulates consisting primarily of plagioclase,
olivine, clinopyroxene, orthopyroxene, and amphibole,
with lesser amounts of biotite, oxide and sulfide minerals,
apatite, and alteration products. Three major gabbroic
rock types are distinguished by the presence of different
cumulus minerals. (Cumulus is used here only as a
textural term to describe discrete crystals and does not
necessarily imply settled crystals (Irvine, 1982)). The first
type contains cumulus olivine and plagioclase poikilitical-
ly enclosed by postcumulus orthopyroxene, clinopyrox-
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ene, and hornblende (Fig. 5a); this type is referred to as
olivine-plagioclase cumulate (OPC) gabbro. The second
gabbroic rock type is a clinopyroxene-plagioclase cumu-
late (CPC) in which these phases are poikilitically en-
closed by postcumulus orthopyroxene and hornblende
(Fig. 5b). In this rock type clinopyroxene does not occur
as oikocrysts. Samples which contain all three cumulus
phases are olivine-clinopyroxene-plagioclase cumulates
(OCPC) and are rather uncommon. Areal distributions of
OPC, CPC, and OCPC samples within the pluton appear
to be non-systematic (Olsen, 1982).

Modal proportions of the major phases (Table 1) can be

compared using the classification diagrams devised by
Streckeisen (1973). The gabbroic rocks are norites and
gabbronorites, according to modal clinopyroxene/ortho-
pyroxene ratios (Fig. 6). CPC and OCPC samples general-
ly plot within the gabbronorite field of Figure 6, whereas
OPC samples plot as norites and gabbronorites. For
simplicity only the term gabbro with appropriate mod-
ifiers to indicate cumulus phases will be used here for
classification. because the identification of cumulus
phases is central to reconstructing fractionation patterns.

Plagioclase is the dominant mineral in gabbro samples.
Individual grains are normally zoned and partially altered

2 mm.
Fig. 5. Photomicrographs of samples from the Concord complex in cross-polarized, transmitted light. (a) Cumulus olivine and

plagioclase in OPC gabbro. (b) Cumulus clinopyroxene and plagioclase and postcumulus amphibole in CPC gabbro. (c) Zoned
perthite phenocryst with augite and Fe-Ti oxide inclusions in syenite. (d) Porphyritic texture in syenite, with perthite phenocrysts
and groundmass ofplagioclase, microcline, quartz, and interstitial augite, amphibole and oxides.
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Fig. 6. Modal variations in gabbroic rocks. Nomenclature is
that of Streickesen (1973).

to sericite. Plagioclase in the gabbro pluton ranges in
composition from An77_31, but the range is much more
restricted within any specific sample (Fig. 7). The most
calcic plagioclase occurs in OPC gabbros, and the least
calcic in CPC gabbros.

Olivine within the gabbro ranges in composition from
Foze-zo (Fig. 8), but grains have uniform composition
within any one specimen. Olivine in OPC gabbros is more
magnesian than that in OCPC gabbros. Most grains are
subhedral to anhedral and are replaced along fractures by
magnetite and serpentine. Some grains are rimmed by
orthopyroxene and hornblende.

Clinopyroxene occurs as oikocrysts surrounding pla-
gioclase and olivine in OPC gabbro, and as discrete
subhedral to anhedral grains in CPC and OCPC gabbros.
This mineral is diopsidic augite (Fig. 8), and grains within
the same section all have the same composition. Clino-
pyroxene contain$ exsolution lamellae of orthopyroxene
parallel to (100), as well as thin platelets of magnetite and
ilmenite parallel to (010).

Orthopyroxene occurs as large oikocrysts in all gabbro-
ic rock types. These bronzites (Fig. 8) are homogeneous

in composition but contain exsolution lamellae of clino-
pyroxene along (100). Orthopyroxene also forms thin
reaction rims around some olivines and symplectic inter-
growths with magnetite and ilmenite. This symplectite
normally occurs at the edges of olivine grains that are
surrounded by hornblende, an indication that the inter-
growth is a result of reaction between olivine and residual
melt (Ambler and Ashley, 1980; McSween, 1980). Plate-
like lamellae of ilmenite oriented along (010) also occur in
the orthopyroxene. In OPC and OCPC'gabbros, ortho-
pyroxene is more magnesian than in CPC gabbros.

Large oikocrysts of hornblende are strongly pleochroic
from reddish-brown to tan. Compositions of amphiboles
in terms of Ca, Mg and Fe are shown in Figure 8.
According to the classification system of Leake (1978),
the gabbroic amphiboles are pargasites and magnesio-
hastingsites. These amphiboles appear to have formed
primarily by late-magmatic replacement of postcumulus
pyroxenes.

Biotite occurs as tabular sheaths or as rims around
oxide minerals. Gabbroic biotites appear to show sympa-
thetic enrichments of Ti and Fe (Fig. 8).

Magnetite and ilmenite occur as interstitial subhedral
grains or as euhedral to subhedral inclusions in cumulus
and postcumulus minerals. Thus some oxide grains may
be cumulus phases. Composite magnetite and ilmenite
grains are commonly joined by a boundary, along which a
thin discontinuous rim of pleonaste is found. Some mag-
netite grains contain thin straight lamellae of ilmenite.
Compositions of typical grains are shown in Table 3.

Fig. 7. Molar compositions offeldspars in Concord gabbro and
syenite. Individual zoned plagioclase core and rim compositions
in gabbro samples are joined by tie-lines along the Ab-An join. A
key for symbols for different gabbro types is given in Fig. 6. Bulk
perthite compositions in syenite (large open circles) arejoined to
corresponding lamellae and host compositions by tie lines along
the Ab-Or join. Groundmass feldspars in syenite plot near Ab or
along the Ab-Or join.
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Fig. 8. Molar compositions of ferromagnesian silicates in the

Concord gabbro and syenite. Minerals (clinopyroxene,
hornblende, orthopyroxene, olivine, biotite) coexisting in the
same samples are joined by tieJines. All of these phases are
homogeneous.

Sulfide minerals occur as round blebs in gabbroic
samples. Pyrrhotite, the dominant sulfide phase, is asso-
ciated with lesser amounts of pyrite, chalcopyrite and
pentlandite.

Other accessory minerals include apatite, which forms
euhedral laths and prisms, mostly interstitial, but also as
inclusions in feldspars. Minute zircon inclusions in biotite
produce pleochroic haloes. Plagioclase grains contain
veinlets and patches of sericite as an alteration product,
and chlorite and serpentine are present as alteration
products of pyroxene and olivine.

Petrology of the syenite

The Concord syenite is a coarse-grained, seriate por-
phyry containing large phenocrysts of perthite and anti-
perthite (Fig. 5c) in a groundmass of perthite, plagioclase,
microcline, clinopyroxene, biotite, amphibole, quartz,
oxide and sulfide minerals, zircon, apatite and monazite
(Fig. 5d). Modal proportions of the major minerals (Table
1) fall within the syenite field of the I.U.G.S.-approved
classification diagram (Streckeisen, 1973).

Feldspar megacrysts range up to 2 mm in length and
commonly stand out in relief on weathered surfaces of
syenite. Perthite and antiperthite can be distinguished in
stained syenite thin sections and slabs, but in unstained
samples it is dfficult to determine which component is the

host mineral and which is the exsolved phase. Some
perthitic feldspars are strongly zoned, with perthitic cores
surrounded by bands of sodic plagioclase, followed again
by perthitic rims. Many megacrysts contain dusty zones
of sericite and clay inclusions. Clinopyroxene, apatite
and oxide minerals are present as inclusions. The bulk
compositions of perthite and antiperthite megacrysts (de-

termined by averaging a number of defocussed beam
analyses) are joined to their corresponding lamellae and
host compositions by tie lines in Figure 7. The composi-
tions of alkali feldspar and sodic plagioclase are similar in
perthites and antiperthites.

Feldspars in the groundmass are plagioclase (Anr-ro)

and microcline. The compositions of these phases (Fig. 7)
are similar to those in perthitic megacrysts. Quartz occurs
within the groundmass, mostly as myrmekitic inter-
growths with albite. However, one analyzed sample (CS-

88. Table 1) contains sufficient anhedral quartz grains to
be classified as granitic.

Mafic and opaque minerals in the syenite tend to occur
as intergranular clusters between megacrysts. Clinopyr-
oxene grains are anhedral, fractured, and commonly
rimmed by brown amphibole. A green amphibole occurs
as discrete anhedral to subhedral grains. Syenite clino-
pyroxenes are more Fe-rich than those in gabbros, and
syenite amphiboles have lower Ca contents than the
corresponding phases in gabbros (Fig. 8). These amphi-
boles are magnesio- and actinolitic hornblendes in the
terminology of Leake (1978). Biotite is present in small
amounts as ragged flakes clustered with other mafic
minerals. Biotite in the syenite is pleochroic in shades of
reddish-brown to brown or pale green to green; only the
reddish-brown variety occurs in gabbro' Biotite in syen-
ites is more Fe-rich and Ti-poor than in gabbro (Fie. 8).
Anhedral magnetite, ilmenite and pyrite grains are also
associated with mafic clots, along with accessory apatite,
zircon. and monazite.

Crystallization history of the complex

In OPC gabbro, cumulus olivine and plagioclase are
enclosed by postcumulus orthopyroxene, clinopyroxene
and hornblende. Clinopyroxene joined the other crystal-
lizing cumulus phases in OCPC gabbro. With further
fractionation olivine ceased to crystallize because of a
reaction relationship with the melt to form orthopyrox-
ene. In CPC gabbro, clinopyroxene and plagioclase are
cumulus minerals, surrounded by postcumulus orthopyr-
oxene and hornblende. This textural sequence implies
formation of cumulate rocks in the following order: OPC,
OCPC, CPC. This sequence is corroborated by Fe-
enrichment trends in ferromagnesian minerals and Na-
enrichment trends in plagioclase cores (Figs. 7,8).

This evidence indicates that olivine and plagioclase
were the first minerals to crystallize from the parental
magma. Inclusions of Fe-Ti oxides within cumulus phases
imply that these may have also crystallized early. The
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crystallization sequence was joined later by clinopyrox-
ene. Postcumulus material crystallized to form oikocrysts
of clinopyroxene and orthopyroxene in early cumulate
rocks, or orthopyroxene only in later cumulates. Horn-
blende probably formed by late magmatic replacement of
postcumulus pyroxene. Biotite also crystallized from the
magma late in the sequence, or by reaction of oxides with
residual melt.

If the Concord gabbro formed from magma tapped from
a larger reseryoir at depth before significant fractionation
had occurred, the gabbroic crystallization sequence re-
flects the subsequent crystallization sequence in the
larger chamber as well. The fractionation of this parental
magma thus may have been controlled by crystallization
of plagioclase, olivine, and clinopyroxene, possibly with
minor oxide phases. Because most samples (OPC and
CPC gabbros) contain only two of the three major cumu-
lus phases it is difrcult to estimate the relative propor-
tions of these three minerals in the fractionating assem-
blage. The average modes for each rock type and for all
gabbro samples are presented in Table 4; however, it is
uncertain whether an average mode for all samples
weighs the various types of cumulates in their proper
volumetric proportions. Olivine and clinopyroxene occur
approximately in a cotectic ratio (Table 4), but plagio-
clase is overabundant. It is clear that some of the plagio-
clase is postcumulus, formed as zoned overgrowths on
cumulus crystals or as crystals nucleated from intercumu-
lus liquid. The proportions of the fractionating phases
may be better estimated from the geochemical arguments
that follow.

Fractionation of major elements

The following necessary assumptions underlie conclu-
sions drawn from this and the following sections: (l) The

OPc cPc ocPc
Modes (20) Modes (7) Modes (6)
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Table 4. Relative proportions of cumulus minerals

Concord syenite was not derived by fractionation from
the Concord gabbro in situ, but both may have been
derived from a common parental magma at depth. It is
assumed that the magma that formed the gabbro was
extracted from such a chamber before significant frac-
tionation occurred. Thus the identity and compositions of
the cumulus minerals in the Concord gabbro would be the
same as those in the larger fractionating parental magma
chamber, in the absence ofsignificant pressure effects. (2)
It is assumed that the averages of all analyzed samples of
gabbro and of syenite represent the bulk compositions of
these two magmas. Because the gabbro samples are
cumulate rocks, this approximation is not rigorously
correct, especially for trace elements.

In any chemical fractionation diagram relating Concord
gabbro and syenite, there is a gap between clusters of
points because there are no samples with intermediate
compositions. For this reason the exact diferentiation
path between gabbro and syenite cannot be determined.
However, the identification of crystallizing phases that
may have dominated the fractionation sequence can be
estimated from major element chemistry and mineralogy
of the two end-members. Four representative two-ele-
ment variation diagrams are illustrated in Figure 9 (a-d),
using average gabbro and syenite compositions (Table 5).
These variations have been interpreted using the extrac-
tion method of Cox et al. (1979). Average mineral compo-
sitions for olivine and clinopyroxene and the average
plagioclase composition from the samples with the most
calcic plagioclase (Table 5) were used to construct the
extract polygons (triangles in Figure 9, a-d). The average
syenite composition can be produced by fractionation of
plagioclase + olivine * clinopyroxene, as the extract
composition in each of these diagrams falls within the
polygon they define, but syenite cannot be produced by

Avg. I  Cotect ic  ,  Extract  i  Mix ing ,
Modes' Proportions' Diagrams" Progran'

Plag 86 81 84

0 1 v  7  -  l l

Cpx *5 18 5

84 5s-60 57-61 57

5  1 0 - 1 5  1 3 - 2 5  1 9

25-30 I  5-30 18

M t  0 . 5

I l n  0 . 5

0 . 9

0 . 3

0 . 1

0 . 1

'10

0 . 7

0 . 3

4

z

uni ts in O represent number of  samples point-counted.  values are recalculated to 100%,
'1.  

Average modes are weighted averages of  a l l  gabbro point  counts.

2.  Cotect ic  proport ions f rom McCaIIum g!  a l ,  ( ' |980).

3.  Ranges of  mineral  proport ions est imated f rom FiEure l ' le .

4.  Computed mineral  proport ions f rom the petro logic mix ing calculat ion (Table 6) .

*Al I  Cpx in oPC gabbro is  post-cunulus.
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Fig. 9. (a-d) Four representative two-element variation diagrams showing the inferred gabbresyenite fractionation trends (solid

arrows). In each diagram this trend can be produced by extracting (dashed lines) mixtures of plagioclase, clinopyroxene, and olivine
with the same compositions as observed cumulate gabbro phases. Compositions of average gabbro, syenite, plagioclase,

clinopyroxene, and olivine used in constructing these diagrams are given in Table 5. (e) Estimation of the relative proportions of
plagioclase, clinopyroxene and olivine required to produce the gabbro-syenite trend in eight extraction diagrams. The region in which

the lines intersect (shaded area) represents the range of mineral proportions in the assemblage most likely to have produced this

fractionation pattern.
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Table 5. Average compositions (weight Vo oxides) ofConcord gabbro and syenite and presumed cumulus phases used in
geochemical computations

Syenite

Gabbro

0 l i v i n e

Pl  ag ioc lase2

Plas  (An 70)3

Plas  (An 39)3

Cl i nopyroxene

Itlagneti te

Ilmeni te

2.26(1 .21' , )

r 0 .47 (1 .02 )

11.76

14 .04

7 .63

2 t  . 23

1 7 . r 0 ( 0 . 4 0 )
' 17 .59 ( l . 80 )

29.45

3 l  . 39

25.20

3 . 1 9

0 . 7 7

0 .09

60.8(2 .20)  98 .48

4 6 . 9 ( r . 5 0 )  9 8 . M

37.54 100.05

5 3 .  1 9  9 9 . 3 0

50.01  99 .04

59.07 99.29

50.95  100.05

-  9 5 . 3 2

-  96 .58

0 . ' r 9 (0 .02 )  3 .95 (1 .0s )  4 .41 (1 .23 )

0 . r 4 ( 0 . 0 3 )  e . 7 3 ( 1 . 8 8 )  O . 3 l ( 0 . 1 9 )

0 .49  23 .95

-  0 .24  0 .23
-  0 .23  0 .08
-  0 .21  0 .57

0.46 ' t  .43

- 90.51

-  + t . o o

r . 0s (0 .29 )  7 .45 (0 .49 )  1 .27 (0 .64 )

r . 20 (0 .38 )  2 . s ' , r ( 0 .2e )  9 .59 (2 .00 )

38.07

4 . 4 3

3 . 2 9

6 . 6 l

0 . 5 50 . 8 5

3 . 5 4

5 1 . 9 2

l 5  . 39

0 .50

2 .91

Average syen i te  and gabbro  va lues  f rm data  o f  cabaup (1969)  and But le r  and Rag land (1969) .  un i ts  in  O represent  one s tandard  dev ia t ion .

Average mineral cmpositions from electron microprobe analyses (0lsen, l9g2).

l. Total Fe as Feo.

2 .  Average o f  p lag ioc lase  ana lyses  f rom sample  w i th  most  ca ' l c ic  p lag ioc lase  (used in  F . igure  l l ) .

3 .  Most  sod ic  and ca lc ic  p lag ioc lases  measured (used in  the  pe t ro log ic  mix ing  prcgram,  Tab le  6 ) .

fractionation of any two of these phases. This conclusion
is in agreement with previous textural evidence that
suggested all three minerals are cumulus phases in the
gabbro. The extraction diagrams are also consistent with
fractionation of a four-phase assemblage plagioclase +
olivine t clinopyroxene + orthopyroxene, but this frac-
tionation is not considered plausible because orthopyrox-
ene in the Concord gabbro is postcumulus and probably
was never of major importance in the crystallizing assem-
blage.

Each extraction diagram gives a range of proportions
for each mineral in the crystallizing assemblage. Figure 9e
illustrates the proportional ranges given by 8 such varia-
tion diagrams. This figure was constructed by determin-
ing the range of extract compositions given by each
extraction diagram, and plotting each range on an equilat-
eral plagioclase-olivine-clinopyroxene triangle. The re-
gion in which lines intersect (shaded) is taken to be the
range of mineral proportions in the assemblage most
likely to produce the gabbro-syenite fractionation.

The validity of this fractionation model was put to a
more quantitative test using the least squares petrologic
mixing calculations described by Wr.ight and Doherty
(1970). Average compositions of gabbro and syenite and
the same compositions of clinopyroxene and olivine used'
above (Table 5) were employed in the calculations. The
plagioclase composition was allowed to "float" between
the most calcic (An 70) and the most sodic (An 39)
observed values in the gabbro (Table 5). Addition of Fe-
Ti oxides to the calculation resulted in an improved fit;
textural evidence has already been cited that these may
have been cumulus phases as well. The computed solu-
tion (Table 6) calls for removal of 95% by weight of a

cumulate assemblage consisting of 57% plagioclase (aver-
age An 62), 19% olivine, 18% clinopyroxene, 4Vo magne-
tite and 2Vo ilmenite from the average gabbro composition
to produce a residual melt ofthe average syenite compo-
sition. The sum of the squares of the residuals (0.053) is
low, and the error values are reasonable. The largest
error is in the Na2O value (Table 6). To balance Na2O, the
fractionating plagioclase should be more calcic. This
small imbalance is produced by the inability to balance
SiO2, possibly because of an analytical error in SiO2 or
Na2O. The proportions of cumulus phases given by this
method compare well with the values determined from
major element extraction diagrams and, considering the
uncertainties in these calculations, differ little from cotec-
tic proportions (Table 4).

Fractionation of trace elements

Figure l0 presents average trace element contents and
standard deviations for 6 gabbro and 7 syenite samples
(Price, 1969) versus Diferentiation Index, D.I. (norma-
tive Q + Or + Ab + Ne + Lc). It is difficult to specify
how fractionation afected these trace element contents
because the concentrations in the original liquid are not
precisely known. The average Concord gabbro trace
element contents are taken to approximate those of the
parent magma. We attempt here only to determine if trace
element patterns are qualitatively consistent with the
fractionation model discussed above.

In Figure 10, Zr and the alkalis K, Rb and Li are
enriched in the syenite relative to the gabbro, whereas all
other analyzed trace elements are depleted. Fractionation
of a spinel phase and a sulfide phase are suggested by
depletion of Cr and V, and of Cu and Zn, respectively.
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Table 6. Solution to the petrologic mixing problem

0bserved Calculated
Syeni te 0 l iv ine Cl inopyroxene l4agnet i te l l reni te Plagioclase Gabbro Gabbro Residuals

329

s i02  61 .86

Al zog I 7.40

Feol 4.oz

Mgo 1 .30

Cao 2 .30

NaZo 7.58

u0 4.4e

T i 0 2  1 . 0 7

37.71

0 .00

24.06

38.24

0.00

0.00

0.00

0.00

5 l . l 6

3 . 2 1

7 ,47

I  5 .46

21.32

u . 3 0

0.00

0.86

0.00

0.81

94.96

0.  53

0.00

0.00

0.00

3 . 7 ?

0.00

0 . 1 0

43.  14

3.02

0.00

0.00

0.00

53.76

52.78

3 0 . 1 0

0 . 2 3

0.00

12.54

A  1 a

0 . 2 1

0.00

47 .72

1 7 . 9 0

9.90

9 . t o

I 0 . 6 6

? . 5 6

u . 5 z

1 . 2 3

47.62

1 7 . 8 6

9.86

9 . 7 6

1 0 .  6 7

2 , 7 5

0.34

L l 8

0 . 1 0

0.04

0.05

0 . 0 1

-0 .01

- 0 . 1 9

-0 .02

0.05

Total 100.02

So lu t ion  5 .01

Er ror2  I . l

Composit ion of
curnulate Fractionr

I  00 .01

1 8 . 1 l

U . J

l 9

I 00.04

17.46

0 . 7

i 8

I  00 .02

? 2 4

0 . 1

4

I  00 .02

I  . 5 9

0 . 2

z

100.03  100.0s

54.50  (An 62)

0 . 7

100.04  [12= 0 .0533

1

z .

J .

Total Fe as Feo.

Error est imated by empir ical procedure of Wright and Doherty (1975).

Composit ion recalculated to I001.

Gobbro D.l, Syenifc

Fig. 10. Trace element variations between average Concord
gabbro and syenite versus Differentiation Index (D.I.) Data
obtained by Price (1969) were averaged and tabulated by Olsen
(19E2). Vertical and horizontal bars represent one standard
deviation.

That a spinel phase was part of the fractionating assem-
blage is suggested from textural observations and petro-
logic mixing calculations. The bleb-shaped clusters of
sulfide phases in gabbros suggest that an immiscible
sulfide phase may have separated from the liquid at an
early stage as well.

Two simple models describing the behavior of trace
elements during fractional crystallization, Rayleigh (or
perfect) fractional crystallization and equilibrium crystal-
lization, have been used to constrain the degree of
fractional crystallization and the identity and proportions
of crystallizing phases required to produce a particular
residual melt. The Rayleigh fractional crystallization
equation produces a straight line on a logarithmic plot
comparing two trace element concentrations, and the
equilibrium crystallization equation produces a curved
line.

In Figure 1l(a,b), logarithmic plots of Rb versus Sr and
Rb versus Zr in Concord gabbro and syenite are present-
ed. In both cases the gabbro-syenite trend coincides with
the calculated vector along which a melt fractionating
plagioclase, olivine, clinopyroxene, and magnetite by
Rayleigh fractional crystallization occurs. The least
squares fractionation calculation indicated that 95Vo frac-
tionation by weight of the given cumulus assemblage was
required to produce a melt of average syenitic composi-
tion from the average gabbro composition. The vector
lengths for Rayleigh fractionation in Figure I I (a,b) are in
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qualitative agreement, indicating degrees of fractionation
of 85% and80Vo, respectively. An even better agreement
with calculations for major elements may be obtained if
fractionation is modeled as some combination of Rayleigh
and equilibrium processes (the latter produces shorter
vectors at9lVofractionation). Although a small amount of
biotite fractionation is permitted from trace element data,
it seems unlikely because all biotite in the gabbro is
postcumulus and syenite contans very little biotite. Thus

trace element concentrations in gabbro and syenite are
qualitatively consistent with the proposed fractionation
model derived from petrography and major element
chemistry.

Parental magma and fractionation path

In order to understand the fractionation scheme that
relates the Concord gabbro and syenite, it is important to
estimate the composition of the parental magma. The

(o)

o Gobbro * 3yonite

O Avoro3ro Gobbro fAvrroge Syrnite
Fig' ll. (a) Rb-Sr and (b) Rb-Zr variation diagrams (ppm) for individual samples and average values of Concord gabbro and

syenite. The vector diagrams to the right show the efects of crystallizing the assemblage plagioclase + olivine + clinopyroxene *
magnetite in the proportions indicated by the petrologic mixing program (Tabte 6), as well as the effects ofother possible fractionating
phases. Both Rayleigh and equilibrium fractionation trends, calculated using the equations ofGast (1968) and Greenland (1970), are
illustrated for the proposed fractionating assemblage. Distribution coefficients for Rb, Sr, and Zr for various phases depend on liquid
composition; for these vector calculations an average value for silica (55Vo) intermediate between that for average gabbro (487a) and
syenite (61%) was chosen. These values (Arth, 1976; Cox et al., 1979;Pearce and Norry, 1979) are as follows:
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Concord gabbro samples almost certainly represent cu-
mulate rocks (albeit containing significant postcumulus
material), so it is unlikely that whole rock analyses
precisely represent liquid compositions. This can be seen
in Figure 12, in which calculated norms of 45 analyzed
gabbro samples (data from Cabaup, 1969 and Butler and
Ragland, 1969) do not fall within the circled fields of
either alkaline or tholeiitic basalts. Fractionation of oliv-
ine * plagioclase * clinopyroxene will displace these
samples relative to the Ol-Di join in this figure, along
which many of them presently cluster. Therefore, it
seems likely that the parental liquid must have been
tholeiitic, although picritic or transitional basalt composi-
tions cannot be ruled out.

Morse (1980), in a discussion of what he termed the
"syenite problem", questioned the ability of a basaltic
liquid with composition even slightly deviant from the
critical plane of silica undersaturation (FeDi-Ab) in the
normative basalt tetrahedron to produce a trachytic (sy-
enitic) liquid. In the system NaAlSiO+-KAlSiOa-SiO2 at
low pressure, a basalt of critical plane composition will
fractionate to a syenitic liquid near the feldspar minimum,
which is actually a narrow thermal maximum relative to
the nepheline and silica minima. Morse suggested that a
slight deviation from the critical plane composition
should cause the liquid to migrate down one of the steep
liquidus slopes to either side of this thermal maximum,
producing phonolitic or rhyolitic residual liquids, respec-
tively. However, Cox et al. (1979) argued that during
fractionation of basalts lying slightly to either side of the
thermal divide, the residual liquids are sufficiently en-
riched in alkalis to become trachytic long before the
ultimate phonolitic or rhyolitic residues can be produced
(Fig. l3). This appears to support the suggestion by
Morse (1980) that the feldsparjoin ofpetrogeny's residual
system may be more accurately represented by a thermal
plateau than by a sharply defined saddle. It is also

Fig. 12. Expanded normative basalt tetrahedron showing
calculated values for znalyzed Concord gabbros. Normative
calculations are tabulated in Olsen (19E2). Most compositions are
tholeiitic, but many cluster about the Di-Ol join, the boundary
between the tholeiitic and alkali basalt fields. Circled areas are
compositional limits for flows (magma compositions) from
typical basalt provinces.

o
9 r o
+
o
0

2 5

. concord Gobbro 
Stoz

t C*ord SlFnil.

Fig. 13. Alkalis versus silica (wt.%) for Concord gabbro and
syenite samples. The projection of the plane of critical silica
undersaturation is represented by the dashed line (Ol-Cpx-Pl at
the basaltic end, Ab-Or at the trachytic end, after Cox et al.,
1979). Basalts with compositions lying close to either side of this
line (schematically represented by large dots) may fractionate to
produce trachyte before "falling off' this thermal divide towards
the phonolite or rhyolite minima.

possible that the thermal maximum in this simple experi-
mental system may disappear at high pressure or when
additional components are added.

The absence of any rocks of intermediate composition
indicates that fractionation to form the syenitic liquid
occurred at depth. Similar bimodal distributions are com-
mon in extrusive basalt-trachyte provinces (e.g', Upton,
1974). One possible explanation for the missing interme-
diate rocks is that intermediate liquids may be more
viscous, i.e., less mobile, than basaltic and syenitic
liquids (Upton, 1974). Another possibility is that a fairly
flat portion ofthe liquidus trajectory between gabbro and
syenite at high pressure might cause a large degree of
fractionation over a small temperature interval, so that
not many rocks of intermediate composition would be
produced.

Conclusions

(l) Geophysical modeling suggests the Concord com-
plex consists ofa 6 km-deep gabbro pluton surrounded by
a steep-walled syenite ring dike, dipping outwardly at an
angle of about 78' on the west side, with a vertical dip on
the east side. This configuration probably resulted when
the syenitic liquid intruded the fractured contact region
between the gabbro body and the surrounding country
rock.

(2) Gabbro and syenite crystallized nearly contempora-
neously at 405 m.y. ago. Initial ETSr/86Sr un4 t+311671e4196

ratios are consistent with the interpretation that both
lithologies are related through igneous fractionation, and
significant assimilation of crustal materials is excluded.

(3) Petrologic observations and geochemical modeling
suggest that production of the Concord syenite involved
extensive fractional crystallization of olivine, plagioclase,
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and clinopyroxene, with minor oxide and sulfide miner-
als, from a basaltic parental magma similar in composi-
tion to the Concord gabbro. This fractionation occurred
at depth before intrusion of the syenitic magma to the
present level.

(4) The Concord trend probably reflects differentiation
of a tholeiitic basaltic liquid to a syenitic residual liquid
along a path near the critical plane of silica undersatura-
tion. This trajectory may represent a thermal ridge of
sufficient width to prevent fractionating melts from de-
scending toward the rhyolite or phonolite minima before
reaching syenitic compositions, or the thermal maximum
in the analogous experimental system may have been
modified by the effects of pressure or additional compo-
nents.
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