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ABSTRACT

A swarm of Cambrian (?) diabase dikes intrude 
the 1390-1365 Ma granitoids of the eastern Arbuck-
le Mountains of Oklahoma. The dikes strike predom-
inantly N60°W parallel to the rifted margin of the 
Southern Oklahoma Aulacogen and are interpreted as 
being related to Cambrian opening of that structure. 
The dikes, referred to here as the Mill Creek diabas-
es, are olivine-normative to quartz-normative tholeiitic 
basalts. Their tholeiitic character is further indicated 
by high Fe2O3

T (total Fe), moderate to high TiO2, low 
P2O5, and low Nb/Y ratio. Mg numbers (Mg#) of 52-36 
are indicative of derivative basaltic liquids which are 
consistent with the fine-grained, equigranular mineral 
assemblage of plagioclase + augite + Fe-Ti oxides ± oliv-
ine of most diabases.

The timing and tectonic setting of the diabas-
es suggest that they were intruded in association 
with the Early Cambrian break-up of the southern 
Laurentian supercontinent. These dikes testify to 
the probable existence and subsequent break-up 
of a large igneous province (LIP) in this region and 
demonstrate that Cambrian LIPs were composi-
tionally similar to better-known break-up LIPs of 
Mesozoic and younger age. This occurrence is the 
only evidence that we can find for the presence of 
a break-up LIP in southern Laurentia, but we ar-
gue that compositional similarities with other, bet-
ter preserved LIPs warrant the conclusion that the 
Cambrian break-up LIP of the southern mid-conti-
nent was similarly extensive.

INTRODUCTION

The Southern Oklahoma Aulacogen (SOA) is a well-
known transverse structure that trends west-northwest in 
the southern North American craton. Exposures within the 
SOA reveal faults that record extension and which may 
be interpreted as related to its formation. Mesoproterozo-
ic basement underlies much of the region and ~1390 Ma 
gneiss and granodiorite and ~1365 Ma granite are exposed 
in the eastern Arbuckle Mountains (Figures 1, 2). Diabase 
dikes are widespread throughout the core of the eastern Ar-
buckles. These dikes are referred to here as the Mill Creek 
diabase dike swarm for excellent exposures in Mill Creek 
Quarry (Figures 2, 3), which is here designated as the type 
locality. In the quarry, a swarm of steeply dipping diabase 
dikes (from <1 m to several meters wide) intrudes the Troy 
Granite. The dikes strike predominantly west-northwest 
and may have been intruded along fractures co-genet-
ic with faulting and Cambrian deformation. We interpret 
these dikes as being emplaced during formation of the SOA 
and part of the Southern Oklahoma Aulacogen Large Ig-
neous Province (SOA–LIP) (Lidiak et al., 2005; Hanson 
et al., 2011, 2013). In addition, a number of diabase dikes 
may have been emplaced earlier, apparently about the time 
that the Mesoproterozoic granitoids formed. These dikes, 
along with a suite of silicic west-northwest-trending mi-
crogranite porphyry dikes, record a Mesoproterozoic struc-
tural trend that influenced Paleozoic structure. Dikes from 
the two diabase suites cannot be easily distinguished pe-
trographically but have distinct geochemical signatures as 
discussed below.

The Mill Creek diabase dike swarm occurs along the 
present northern margin of the SOA (Figure 1). Similar 
Cambrian diabase dikes crop out about 200 km to the west 
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in the Wichita Mountains (Gilbert, 1982, 1983; Price et al., 
1996) and are present in the subsurface within the confines 
of the SOA (Ham et al., 1964; Puckett, 2011; Puckett et 
al., 2011). In the eastern Arbuckles, Phanerozoic sedimen-
tary rocks lie unconformably on the basement, testifying 
to a significant amount of erosion after dike emplacement. 
The dike rocks are fine grained, suggesting that the present 
level of exposure corresponds to an emplacement depth of 
only a km or so beneath the Cambrian surface. Dike con-
tacts are sharp and rare xenoliths of granite show no reac-

tion with diabase; these two observations suggest that there 
was little contamination by the surrounding country rocks. 
These dikes must have fed a volcanic field but there are no 
known basalt flows associated with the Mill Creek diabase 
dike swarm.

REGIONAL SETTING

The late Neoproterozoic-Cambrian continental mar-
gin in the southern and eastern North American craton 
formed in a passive-margin tectonic setting in which car-
bonate-shelf facies and rifted-margin basins developed 
during the initial opening of the Iapetus Ocean (Rankin, 
1976; Rankin et al., 1989; Thomas, 1989, 1993; Viele and 
Thomas, 1989; Harry and Londono, 2004). This extension-
al episode was accompanied in the Appalachians (Rankin, 
1976) and in the SOA (Gilbert, 1983) by extensive mag-
matism. In the Appalachians there were two main episodes 
of magmatism at 615 to 564 Ma and at about 550 to 540 
Ma (Cawood et al., 2001; Puffer, 2002). In east-central 
Mexico a mafic dike swarm records a separation date of 
546 Ma (Keppie et al., 2006). Mafic igneous activity in the 
Wichitas is approximately 10 to 20 Ma younger but is well 
constrained at 534 to 528 Ma (Lambert et al., 1988; Hogan 
et al., 1995, 1996; Hames et al., 1998). These dates record 
the initial stages of rifting along the southern margins of 
the Laurentian craton. The rifting associated with the SOA 
is best exposed in southern Oklahoma (Figure 1), but this 
rifting episode affected regions far to the west-northwest 
across the Texas Panhandle and into Colorado (Hansen and 
Peterman, 1968; Olson et al., 1977). Detailed mapping in 
the Precambrian basement of the eastern Arbuckles (Den-
ison, 1973) documents the abundance of N60°W-striking 
diabase dikes. A rose diagram (Denison, 1982, 1995) and 
later measurements show the trend of 365 diabase dikes as 
measured in the field (Figure 4). This trend parallels the 
late Paleozoic structural direction of about N60°W, and we 
speculate that Ediacaran-Cambrian “SOA” rift structures 
may have controlled the development of Late Paleozoic 
“Ouachita” structures.

AGES OF INTRUSION

Table 1 lists available K-Ar whole rock dates for east-
ern Arbuckle diabase dikes (Denison, unpublished Mobil 
data). Three of the ten dates are in the expected ~500 Ma 
age range, and two others are ~1300 Ma. The other five 
samples give dates of 748, 795, 1098, 1532, and 2074 Ma; 
these dates do not correspond to ages of rocks in the Ar-
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Figure 1: A) Generalized tectonic map of Texas and 
adjacent regions of Oklahoma and New Mexico. Base 
map and Phanerozoic structures adapted from Viele 
and Thomas (1989) with additions from Ham et al. 
(1964). Precambrian boundaries and provinces adapt-
ed from (Ewing (1990, 1991) and Van Schmus et al. 
(1993). B) Main tectonic elements of southeastern 
Oklahoma adapted from Ham et al. (1964).
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buckles and may be too old, due to inher-
ited 40Ar, or too young, due to 40Ar loss. A 
concerted effort to extract and date zircons 
and/or baddeleyite from these dikes, as 
well as efforts to obtain reliable 40Ar/39Ar 
ages, is critically needed in order (1) to 
determine exactly when the inferred Cam-
brian (Mill Creek) dikes were emplaced 
in the SOA and (2) to test the idea that 
some of these Arbuckle diabase dikes are 
significantly older than Cambrian.

A Cambrian age of the Mill Creek 
diabases is suggested by the fact that di-
abase dikes in both the Arbuckle and 
Wichita areas cut the voluminous felsic 
volcanics of the Cambrian Carlton Rhyo-
lite Group (Ham et al., 1964; Gilbert and 
Hughes, 1986; Hogan et al., 1998). These 
dikes represent the culmination of Cam-
brian igneous activity in the SOA. In ad-
dition, at least another episode of diabase 
dike intrusion in the eastern Arbuckles is 
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Figure 2: Geologic map of Precambrian rocks of the eastern Arbuckle 
Mountains, Oklahoma (Denison, 1973), showing location of Mill Creek 
Quarry and location of eastern Arbuckle diabase samples studied in this 
report. Detailed sample localities are listed in Appendix 1.
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Figure 3: A) Google Earth 
image of Mill Creek Quar-
ry. B) Photograph in the 
quarry of exposed dikes 
(dark) intruding Meso-
proterozoic Troy Granite 
(light). C) Photograph in 
the quarry of cross-cutting 
diabase dikes. 
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indicated by cross-cutting diabase dikes in the Mill Creek 
Quarry (Figure 3C) and by the presence of two distinct 
geochemical suites within the diabases (discussed below). 
Indirect evidence for a significantly older (Precambrian?) 
age of one of the suites is suggested by a K–Ar date of 
1291±26 Ma (Denison, unpublished Mobil data) on biotite 
from the Tishomingo Granite that is immediately adjacent 
to a 5-m-thick diabase dike in the Harris Quarry (Taylor, 
1915). If this dike were Cambrian in age, the K–Ar date 
should be partially reset.

PETROGRAPHY AND MINERALOGY

The diabases are fine-grained rocks composed most-
ly of plagioclase, clinopyroxene, and Fe–Ti oxides with or 
without olivine. Sphene, hornblende, biotite, quartz and 
potash feldspar are found locally as trace minerals. Apa-
tite is a ubiquitous accessory mineral.  Alteration miner-
als chlorite, calcite, epidote, sericite, clays and zeolites are 
common. The average grain size varies from 5 mm to 0.05 
mm depending on the dike thickness and proximity to the 
margin. The texture varies from ophitic to subophitic to 

intersertal. Microamygdules are com-
mon in some dikes.

Plagioclase is invariably lath 
shaped and rarely occurs as phe-
nocrysts. Microprobe analyses show 
that the composition ranges from 
calcic andesine (An47) to labradorite 
(An57–An59) depending on the bulk 
composition of the rock. Andesine is 
most common in dikes with quartz and 
potash feldspar. Labradorite is charac-
teristic of olivine-bearing diabases. 
Twinning is well defined. Sericite and 

lesser clays mottle the plagioclase in most dikes.
Clinopyroxene is generally a brownish to purple-tint-

ed augite. A representative microprobe composition is 
Wo36En42Fs22. The augite forms large ophitic hosts for the 
plagioclase laths as well as smaller interlath crystals. Clin-
opyroxene mostly alters to chlorite although actinolite is 
locally common.

Microprobe analyses of Fe-Ti oxides indicate that both 
magnetite and ilmenite are present. The oxides vary from 
rounded granular shapes to highly angular crystals. The an-
gular shapes are more common in diabases showing ophitic 
textures. Iron sulfides make up a significant percent of the 
opaque minerals in some diabases.

ANALYTICAL TECHNIQUES

Twenty-eight samples of representative Mill Creek di-
abases were selected for major- and trace-element analy-
ses. An additional eighteen samples of low-Th, presumably 
older, diabases were also analyzed for trace-elements com-
positions. All samples were prepared for analysis by crush-
ing to 200-mesh in a steel mortar. Both major and trace 
elements were analyzed at the Centre for Earth Resources 
Research, Department of Earth Sciences, Memorial Uni-
versity of Newfoundland. Major elements were analyzed 
by X-ray fluorescence (XRF) using fused lithium metab-
orate-lithium tetraborate glass beads. Trace elements were 
analyzed by inductively coupled plasma mass spectrome-
try. The procedures are described elsewhere (Longerich et 
al., 1990). The analyses were run twice and compared with 
XRF data from the samples and from measured values of 
standard reference materials. The results of the major- and 
trace-element analyses of the Mill Creek samples are listed 
in Tables 2 and 3, respectively. The low-Th diabases are list-
ed in Table 4. 87Sr/86Sr was determined using the Finnigan 
MAT 261 solid-source mass spectrometer at the University 
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Table 1: Summary of K-Ar ages for eastern Arbuckle diabase dikes

ARBUCKLE DIABASE DATES
Sample # %K Sample type Age (Ma) Location
1431 0.225 whole rock 1532 C NE 3-3S-5E, ca.100 yards south of Capitol quarry
1432 0.393 whole rock 538 NE SW NE 3-3S-5E at Rock Creek crossing
1459 0.280 whole rock 795 SW SW SE SW 2-2S-5E cuts Troy Granite 
1461 0.374 whole rock 1324 C NE SW 28-3S-6E Harris quarry dike
1464 0.477 whole rock 594 NW SE SW 28-3S-6E cuts Tishomingo Granite
1474 0.360 whole rock 506 NW SE NW 1-3S-8E
1486 0.555 whole rock 748 C W1/2 SE SW 28-3S-6E
1491 0.195 whole rock 1332 C SL SW SE 16-2S-7E
1504 0.190 whole rock 2074 NW NW NW 27-2S-5E
1507 0.280 whole rock 1098 C NL NW NE 19-2S-5E

TABLE 1: SUMMARY OF K-AR AGES FOR EASTERN ARBUCKLE DIABASE DIKES

W E
60 45 30 15 Number of Measurements

N

n = 365

Fig. 4

60°

30°

Figure 4: Rose diagram showing strike direction of di-
abase dikes, eastern Arbuckle Mountains, Oklahoma 
(Denison, 1995).
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TABLE 2. MAJOR ELEMENTS AND CIPW NORMS, MILL CREEK DIABASE DIKES, EASTERN ARBUCKLE MOUNTAINS
Table 2. Major Elements & CIPW Norms, Mill Creek Diabase Dikes, eastern Arbuckle Mountains

Oxide Arb-01 Arb-09 Arb-10 Arb-11 Arb-111 Arb-12 Arb-13 Arb-14 Arb-22 Arb-26 Arb-29 Arb-32 Arb-32 1 Arb-34 Arb-36 Arb-37 Arb-42 Arb-44 Arb-48 Arb-49a
SiO2 48.60 48.20 47.89 46.19 46.50 49.13 49.32 48.54 51.86 46.70 46.96 49.11 48.80 49.26 48.70 50.38 49.49 49.47 49.51 50.23
TiO2 2.34 2.38 2.14 2.59 2.51 2.13 2.15 2.14 2.20 2.71 1.96 2.54 2.49 2.13 2.32 1.85 2.24 2.33 2.24 2.87
Al2O3 13.40 13.48 13.67 14.03 14.20 14.03 13.96 13.96 13.50 14.50 15.67 13.70 13.90 13.95 14.70 13.78 13.48 13.28 14.83 14.09
Fe2O3

T 14.90 15.32 13.46 15.55 15.10 14.07 14.14 14.98 14.75 14.77 13.36 14.65 14.50 14.27 13.86 14.19 13.58 14.54 14.80 15.40
MgO 6.10 6.22 7.07 6.17 6.25 6.57 6.48 5.79 4.26 4.84 7.04 5.64 5.54 6.56 4.98 5.22 6.15 4.43 6.52 6.22
MnO 0.19 0.19 0.19 0.21 0.20 0.19 0.18 0.21 0.20 0.17 0.19 0.19 0.17 0.18 0.20 0.21 0.19 0.23 0.21 0.20
CaO 11.20 8.80 11.69 9.38 9.28 10.45 10.43 9.33 7.10 8.22 9.11 9.65 9.54 10.39 6.40 9.43 9.76 8.25 9.81 9.23
Na2O 2.15 2.87 1.58 2.72 2.67 2.25 2.19 2.98 3.14 2.81 2.88 2.73 2.68 2.25 3.84 2.36 2.33 3.05 2.31 2.61
K2O 0.34 1.22 0.45 0.79 0.75 0.59 0.57 0.84 1.58 1.17 0.84 0.94 0.89 0.58 0.93 0.77 1.04 1.76 0.70 0.75
P2O5 0.23 0.30 0.28 0.39 0.35 0.22 0.23 0.28 0.36 0.65 0.33 0.47 0.42 0.22 0.59 0.24 0.27 0.67 0.24 0.37
LOI 0.23 0.91 1.11 1.84 1.95 0.26 0.16 0.68 0.99 2.55 1.49 0.58 0.55 0.24 2.52
Total 99.68 99.89 99.53 99.86 99.76 99.89 99.81 99.73 99.94 99.09 99.83 100.20 99.48 100.03 99.04 98.43 98.53 98.01 101.17 101.97

Mg# 44.8 44.6 51.0 44.0 45.1 48.1 47.6 43.4 36.4 39.4 51.1 43.3 43.1 47.7 41.6 42.2 47.3 37.6 46.6 44.5

3 Rhyolite Porphyry (Carlton Rhyolite?)

Major Element Compositions - Normalized to 100% Anhydrous
SiO2 48.87 48.70 48.66 47.12 47.54 49.31 49.49 49.01 52.41 48.37 47.75 49.30 49.33 49.38 50.46 51.18 50.23 50.47 48.92 49.25
TiO2 2.35 2.40 2.17 2.64 2.57 2.14 2.16 2.16 2.22 2.81 1.99 2.55 2.52 2.14 2.40 1.86 2.27 2.38 2.21 2.81
Al2O3 13.47 13.62 13.89 14.31 14.52 14.08 14.01 14.09 13.64 15.02 15.93 13.75 14.05 13.98 15.23 13.86 13.68 13.55 14.65 13.81
Fe2O3

T 14.98 15.48 13.68 15.86 15.44 14.12 14.19 15.12 14.91 15.30 13.59 14.71 14.66 14.30 14.36 14.27 13.78 14.84 14.62 15.10
MgO 6.13 6.28 7.18 6.29 6.39 6.59 6.50 5.85 4.31 5.01 7.16 5.66 5.60 6.58 5.16 5.25 6.24 4.52 6.44 6.10
MnO 0.19 0.19 0.19 0.21 0.20 0.19 0.18 0.21 0.20 0.18 0.19 0.19 0.17 0.18 0.21 0.21 0.19 0.23 0.21 0.20
CaO 11.26 8.89 11.88 9.57 9.49 10.49 10.47 9.42 7.18 8.51 9.26 9.69 9.64 10.41 6.63 9.48 9.91 8.42 9.69 9.05
Na2O 2.16 2.90 1.61 2.77 2.73 2.26 2.20 3.01 3.17 2.91 2.93 2.74 2.71 2.26 3.98 2.37 2.36 3.11 2.28 2.56
K2O 0.34 1.23 0.46 0.81 0.77 0.59 0.57 0.85 1.60 1.21 0.85 0.94 0.90 0.58 0.96 0.77 1.06 1.80 0.69 0.74
P2O5 0.23 0.30 0.28 0.40 0.36 0.22 0.23 0.28 0.36 0.67 0.34 0.47 0.42 0.22 0.61 0.24 0.27 0.68 0.24 0.36
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

CIPW Norms (normalizing fators: total oxides = 100%; Fe+3/(total Fe) = 0.15)
Qtz 1.37 0.00 1.66 0.00 0.00 0.64 1.37 0.00 3.10 0.00 0.00 0.00 0.16 0.80 0.00 4.32 1.32 0.00 0.34 1.20
Plag 44.33 45.05 42.94 47.66 48.19 45.65 45.28 47.89 45.09 48.97 52.60 45.63 46.44 45.41 54.53 44.96 43.57 44.01 46.99 45.67
Or 2.01 7.27 2.72 4.79 4.55 3.49 3.37 5.02 9.46 7.15 5.02 5.56 5.32 3.43 5.67 4.55 6.26 10.64 4.08 4.37
Di 23.44 17.92 22.82 17.10 16.25 19.85 19.61 18.67 12.58 11.24 13.08 18.70 17.88 19.74 6.69 17.11 19.63 16.42 15.54 15.34
Hy 19.31 10.97 20.95 8.94 11.88 21.51 21.43 12.36 20.21 18.12 6.21 19.57 19.99 21.75 18.39 20.15 20.10 17.80 23.83 22.67
Ol 0.00 8.85 0.00 10.75 8.75 0.00 0.00 6.74 0.00 2.99 14.40 0.16 0.00 0.00 4.39 0.00 0.00 0.54 0.00 0.00
Il 4.46 4.56 4.12 5.01 4.88 4.06 4.10 4.10 4.22 5.34 3.78 4.84 4.79 4.06 4.56 3.53 4.31 4.52 4.20 5.34
Mt 3.26 3.36 2.97 3.45 3.36 3.07 3.09 3.29 3.25 3.32 2.96 3.20 3.19 3.12 3.12 3.10 3.00 3.23 3.18 3.28
Ap 0.53 0.70 0.65 0.93 0.83 0.51 0.53 0.65 0.83 1.55 0.79 1.09 0.97 0.51 1.41 0.56 0.63 1.58 0.56 0.83
Mg#	   44.8 44.6 51.0 44.0 45.0 48.0 47.6 43.4 36.4 39.4 51.1 43.3 43.1 47.7 41.6 42.1 47.3 37.6 46.6 44.5

1 duplicate analysis
2 East Timber Hills diabase dikes (Eschberger et al., this volume)

Table 2. Major Elements & CIPW Norms, Mill Creek Diabase Dikes, eastern Arbuckle Mountains (continued)

Oxide Arb-49b Arb-50 Arb-147 Arb-192 Arb-201 Arb-202 Arb-205 Arb-206 Arb-207 Arb-208 Mean Arb. DbsStd DevMean ETH Diab 2 Std Dev. Arb-1403 Arb-1503 Arb-3363

SiO2 49.33 48.43 50.30 49.29 47.00 48.76 49.01 49.28 49.50 48.24 48.80 1.24 49.30 1.50 72.82 73.14 72.38
TiO2 2.93 2.70 2.01 2.11 2.84 2.42 2.25 2.30 2.01 3.40 2.37 0.34 2.07 0.25 0.59 0.57 0.53
Al2O3 13.26 13.30 14.26 13.49 13.70 13.87 13.90 13.78 14.54 12.50 13.89 0.58 14.81 0.94 12.83 12.91 12.73
Fe2O3

T 14.71 15.37 12.64 14.09 14.35 14.49 13.36 13.45 12.58 14.53 14.33 0.77 14.23 0.74 3.50 3.28 3.15
MgO 5.57 5.74 6.94 6.58 5.92 6.69 6.72 6.67 6.89 5.64 6.05 0.75 6.73 0.66 0.36 0.27 0.32
MnO 0.20 0.20 0.18 0.22 0.17 0.20 0.19 0.19 0.18 0.20 0.19 0.01 0.22 0.01 0.02 0.04 0.03
CaO 9.18 9.67 10.30 10.17 9.12 10.14 9.99 10.00 10.26 7.72 9.47 1.11 9.54 1.14 0.42 0.41 1.08
Na2O 2.59 2.74 2.21 2.51 2.27 2.38 2.33 2.27 2.25 2.35 2.54 0.41 2.55 0.16 3.94 3.82 3.57
K2O 0.73 0.82 0.45 0.47 0.67 0.52 0.56 0.53 0.47 1.20 0.80 0.33 1.62 0.58 4.67 4.70 4.75
P2O5 0.31 0.35 0.22 0.22 0.26 0.18 0.23 0.22 0.22 0.40 0.32 0.13 0.36 0.09 0.11 0.10 0.09
LOI 0.77 0.60 3.60 0.10 1.30 1.10 0.90 3.80 0.94 1.05 1.72 0.35 0.64 0.73 1.22
Total 98.81 100.09 99.51 99.75 99.90 99.75 99.84 99.79 99.80 99.98 99.70 0.74 103.15 99.90 99.97 99.85

Mg# 42.9 42.5 52.1 48.1 45.0 47.8 49.9 49.6 52.0 49.6 45.5 4.0 48.25 16.9 14 16.6

Major Element Compositions - Normalized to 100% Anhydrous
SiO2 49.92 48.76 50.55 49.71 48.81 48.93 49.74 49.93 50.05 50.16 49.40 48.60 73.36 73.70 73.39
TiO2 2.97 2.72 2.02 2.13 2.95 2.43 2.28 2.33 2.03 3.54 2.40 2.04 0.59 0.57 0.54
Al2O3 13.42 13.39 14.33 13.61 14.23 13.92 14.11 13.96 14.70 13.00 14.07 14.60 12.93 13.01 12.91
Fe2O3

T 14.89 15.47 12.70 14.21 14.90 14.54 13.56 13.63 12.72 15.11 14.51 14.03 3.53 3.31 3.19
MgO 5.64 5.78 6.97 6.64 6.15 6.71 6.82 6.76 6.97 5.86 6.12 6.64 0.36 0.27 0.32
MnO 0.20 0.20 0.18 0.22 0.18 0.20 0.19 0.19 0.18 0.21 0.20 0.22 0.02 0.04 0.03
CaO 9.29 9.74 10.35 10.26 9.47 10.18 10.14 10.13 10.37 8.03 9.46 9.41 0.42 0.41 1.10
Na2O 2.62 2.76 2.22 2.53 2.36 2.39 2.36 2.30 2.28 2.44 2.58 2.51 3.97 3.85 3.62
K2O 0.74 0.83 0.45 0.47 0.70 0.52 0.57 0.54 0.48 1.25 0.81 1.60 4.70 4.74 4.82
P2O5 0.31 0.35 0.22 0.22 0.27 0.18 0.23 0.22 0.22 0.42 0.33 0.35 0.11 0.10 0.09
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

CIPW Norms (normalizing fators: total oxides = 100%; Fe+3/(total Fe) = 0.15)
Qtz 2.41 0.00 2.70 0.47 1.19 0.01 1.11 1.86 1.57 3.62 0.00 0.00 29.52 30.63 29.86
Plag 44.84 45.05 46.59 45.80 46.14 45.94 46.19 45.63 47.75 41.47 46.21 45.08 34.96 33.96 35.37
Or 4.37 4.90 2.66 2.78 4.14 3.07 3.37 3.19 2.84 7.39 4.78 9.46 27.78 28.01 28.48
Di 17.72 20.20 18.13 20.68 15.73 19.46 18.56 18.62 17.67 13.44 17.33 16.95 0.00 0.00 0.11
Hy 19.80 16.77 21.73 21.42 22.08 22.09 21.81 21.63 21.96 21.83 18.91 9.62 4.48 4.04 3.99
Ol 0.00 2.42 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.00 9.96 0.00 0.00 0.00
Il 5.64 5.17 3.84 4.05 5.60 4.62 4.33 4.43 3.86 6.72 4.57 3.87 1.12 1.08 1.03
Mt 3.23 3.36 2.77 3.09 3.25 3.16 2.94 2.96 2.77 3.29 3.15 3.04 0.77 0.72 0.70
Ap 0.72 0.81 0.51 0.51 0.63 0.42 0.53 0.51 0.51 0.97 0.76 0.81 0.25 0.23 0.21
Mg#	   42.9 42.5 52.1 48.1 45.0 47.8 49.9 49.6 52.0 43.5 45.5 48.4 16.8 13.9 16.6

Table 2. Major Elements & CIPW Norms, Mill Creek Diabase Dikes, eastern Arbuckle Mountains (continued)

Oxide Arb-49b Arb-50 Arb-147 Arb-192 Arb-201 Arb-202 Arb-205 Arb-206 Arb-207 Arb-208 Mean Arb. DbsStd DevMean ETH Diab 2 Std Dev. Arb-1403 Arb-1503 Arb-3363

SiO2 49.33 48.43 50.30 49.29 47.00 48.76 49.01 49.28 49.50 48.24 48.80 1.24 49.30 1.50 72.82 73.14 72.38
TiO2 2.93 2.70 2.01 2.11 2.84 2.42 2.25 2.30 2.01 3.40 2.37 0.34 2.07 0.25 0.59 0.57 0.53
Al2O3 13.26 13.30 14.26 13.49 13.70 13.87 13.90 13.78 14.54 12.50 13.89 0.58 14.81 0.94 12.83 12.91 12.73
Fe2O3

T 14.71 15.37 12.64 14.09 14.35 14.49 13.36 13.45 12.58 14.53 14.33 0.77 14.23 0.74 3.50 3.28 3.15
MgO 5.57 5.74 6.94 6.58 5.92 6.69 6.72 6.67 6.89 5.64 6.05 0.75 6.73 0.66 0.36 0.27 0.32
MnO 0.20 0.20 0.18 0.22 0.17 0.20 0.19 0.19 0.18 0.20 0.19 0.01 0.22 0.01 0.02 0.04 0.03
CaO 9.18 9.67 10.30 10.17 9.12 10.14 9.99 10.00 10.26 7.72 9.47 1.11 9.54 1.14 0.42 0.41 1.08
Na2O 2.59 2.74 2.21 2.51 2.27 2.38 2.33 2.27 2.25 2.35 2.54 0.41 2.55 0.16 3.94 3.82 3.57
K2O 0.73 0.82 0.45 0.47 0.67 0.52 0.56 0.53 0.47 1.20 0.80 0.33 1.62 0.58 4.67 4.70 4.75
P2O5 0.31 0.35 0.22 0.22 0.26 0.18 0.23 0.22 0.22 0.40 0.32 0.13 0.36 0.09 0.11 0.10 0.09
LOI 0.77 0.60 3.60 0.10 1.30 1.10 0.90 3.80 0.94 1.05 1.72 0.35 0.64 0.73 1.22
Total 98.81 100.09 99.51 99.75 99.90 99.75 99.84 99.79 99.80 99.98 99.70 0.74 103.15 99.90 99.97 99.85

Mg# 42.9 42.5 52.1 48.1 45.0 47.8 49.9 49.6 52.0 49.6 45.5 4.0 48.25 16.9 14 16.6

Major Element Compositions - Normalized to 100% Anhydrous
SiO2 49.92 48.76 50.55 49.71 48.81 48.93 49.74 49.93 50.05 50.16 49.40 48.60 73.36 73.70 73.39
TiO2 2.97 2.72 2.02 2.13 2.95 2.43 2.28 2.33 2.03 3.54 2.40 2.04 0.59 0.57 0.54
Al2O3 13.42 13.39 14.33 13.61 14.23 13.92 14.11 13.96 14.70 13.00 14.07 14.60 12.93 13.01 12.91
Fe2O3

T 14.89 15.47 12.70 14.21 14.90 14.54 13.56 13.63 12.72 15.11 14.51 14.03 3.53 3.31 3.19
MgO 5.64 5.78 6.97 6.64 6.15 6.71 6.82 6.76 6.97 5.86 6.12 6.64 0.36 0.27 0.32
MnO 0.20 0.20 0.18 0.22 0.18 0.20 0.19 0.19 0.18 0.21 0.20 0.22 0.02 0.04 0.03
CaO 9.29 9.74 10.35 10.26 9.47 10.18 10.14 10.13 10.37 8.03 9.46 9.41 0.42 0.41 1.10
Na2O 2.62 2.76 2.22 2.53 2.36 2.39 2.36 2.30 2.28 2.44 2.58 2.51 3.97 3.85 3.62
K2O 0.74 0.83 0.45 0.47 0.70 0.52 0.57 0.54 0.48 1.25 0.81 1.60 4.70 4.74 4.82
P2O5 0.31 0.35 0.22 0.22 0.27 0.18 0.23 0.22 0.22 0.42 0.33 0.35 0.11 0.10 0.09
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

CIPW Norms (normalizing fators: total oxides = 100%; Fe+3/(total Fe) = 0.15)
Qtz 2.41 0.00 2.70 0.47 1.19 0.01 1.11 1.86 1.57 3.62 0.00 0.00 29.52 30.63 29.86
Plag 44.84 45.05 46.59 45.80 46.14 45.94 46.19 45.63 47.75 41.47 46.21 45.08 34.96 33.96 35.37
Or 4.37 4.90 2.66 2.78 4.14 3.07 3.37 3.19 2.84 7.39 4.78 9.46 27.78 28.01 28.48
Di 17.72 20.20 18.13 20.68 15.73 19.46 18.56 18.62 17.67 13.44 17.33 16.95 0.00 0.00 0.11
Hy 19.80 16.77 21.73 21.42 22.08 22.09 21.81 21.63 21.96 21.83 18.91 9.62 4.48 4.04 3.99
Ol 0.00 2.42 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 2.00 9.96 0.00 0.00 0.00
Il 5.64 5.17 3.84 4.05 5.60 4.62 4.33 4.43 3.86 6.72 4.57 3.87 1.12 1.08 1.03
Mt 3.23 3.36 2.77 3.09 3.25 3.16 2.94 2.96 2.77 3.29 3.15 3.04 0.77 0.72 0.70
Ap 0.72 0.81 0.51 0.51 0.63 0.42 0.53 0.51 0.51 0.97 0.76 0.81 0.25 0.23 0.21
Mg#	   42.9 42.5 52.1 48.1 45.0 47.8 49.9 49.6 52.0 43.5 45.5 48.4 16.8 13.9 16.6

TABLE 2. MAJOR ELEMENTS AND CIPW NORMS, MILL CREEK DIABASE DIKES, EASTERN ARBUCKLE MOUNTAINS, CONTINUED
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of Texas at Dallas (UTD). Reproducibility of 87Sr/86Sr is ± 
0.00004 for data reported here, which have been adjusted 
to correspond to a value of 0.70800 for the E&A SrCO3 
standard. 143Nd/144Nd ratios were also determined using 
the UTD Finnigan-MAT261 in the dynamic multicollec-
tor mode. Calculations of eNd(T) were made assuming Bulk 
Earth 147Sm/144Nd = 0.1967 and using values of eNd for the 
UCSD standard (-15.2) and BCR (-0.16) (Pier et al., 1989). 
A total range of ± 0.00002 observed for 143Nd/144Nd of the 
standard (mean value = 0.511868) is taken as the analytical 
uncertainty for the samples. The results are summarized in 
Table 5.

GEOCHEMISTRY

Major Elements

All of the analyzed Mill Creek diabase dikes are com-
positionally similar with restricted ranges in major-element 
compositions (Table 2). The rocks are characterized by 
SiO2 contents between 46 and 52 wt %, moderate to high 
TiO2 (1.8 to 2.9 wt %), high Fe2O3 (12.6 to 15.5 wt %), low 
Al2O3 (13.3 to 15.7 wt %), and moderately low MgO (4.3 to 
7.0 wt %). CIPW normative compositions are either olivine 
tholeiites or quartz tholeiites (Table 2). They also display 
cation-normative (Irvine and Baragar, 1971) subalkaline 
compositions. On a SiO2 vs. (Na2O + K2O) diagram (not 
shown), the diabases, typical of many continental flood ba-
salts, are transitional between subalkalic and alkalic basalts 
and contain 2.7 to 4.8 wt% Na2O + K2O.

The diabases have experienced moderate amounts of 
crystal fractionation from more primitive mantle melts. 
This is shown by whole-rock MgO compositions, Mg# 
(=100*Mg/Mg + Fe) from 52 to 36, <70 to 120 ppm Cr, 
and 20 to 90 ppm Ni. Furthermore, major- and compati-
ble-trace element variations (not shown here) define rea-
sonably coherent trends with MgO or Mg# that are con-
sistent with fractional crystallization playing an important 
role in the compositional variation.

The diabases are further characterized by high FeOT/
MgO ratios (FeOT as total Fe). All of the Mill Creek dia-
bases are high-Fe tholeiites according to the classification 
of Arculus (2003) (Figure 5). On the FeOT/MgO plot, they 
are similar to other SOA diabases in the Wichita Moun-
tains and in the nearby subsurface (Figure 5A). Further-
more, Figure 5B shows that the high-Fe character of the 
Mill Creek diabases compare closely in FeOT/MgO – SiO2 
behavior with well-known high-Ti continental flood basalt 
(CFB) provinces from the Columbia River, Deccan, Ethi-
opia, Karoo, and the Paraná regions. This strengthens our 
suggestion that the composition of Mill Creek diabases 
were feeders for an overlying LIP, which was stripped off, 
probably during Paleozoic uplift related to the Ouachita 
orogeny.

The reason or reasons of why the diabases are so frac-
tionated (low Mg#) and Fe-rich are not clear. CFBs pro-
duced by melting during decompression plume develop-
ment and lithospheric extension typically have low SiO2 

and high Fe2O3
T (Turner and Hawkesworth, 1995). A pos-

sible senario leading to development of the Mill Creek di-

TABLE 5: ISOTOPIC COMPOSITIONS OF SR AND ND IN MILL CREEK DIABASE DIKES, EASTERN ARBUCKLE MOUNTAINS

Sample Arb-‐11 Arb-‐26 Arb-‐32 Arb-‐48 Arb-‐49 Arb-‐147 Arb-‐201 Mean	  MC
SiO2 46.2 46.7 48.8 49.5 49.3 50.3 47 48.3

Mg# 44.0 39.4 43.1 46.6 42.9 52.1 45.0 44.7
K2O 0.79 1.17 0.94 0.70 0.73 0.45 0.52 0.76

Rb	  (ppm) 24.8 29.1 22.0 14.7 13.8 14.0 23.7 20.3
Sr	  (ppm) 443 882 424 363 380 360 389 463
87Rb/86Sr 0.162 0.095 0.155 0.117 0.105 0.113 0.176 0.132
Sm	  (ppm) 6.24 9.06 7.69 5.74 7.71 5.11 6.15 6.81
Nd	  (ppm) 27.2 45.1 32.7 22.3 30.9 19.4 24.4 28.9
147Sm/144Nd 0.1387 0.1214 0.1422 0.1556 0.1508 0.1592 0.1524 0.1458
87Sr/86Sr 0.70535 0.70461 0.70544 0.70481 0.70468 0.70500 0.70622 0.70516
87Sr/86Sr	  (550) 0.70408 0.70387 0.70423 0.70390 0.70386 0.70412 0.70484 0.70413
143Nd/144Nd 0.51253 0.51245 0.51256 0.51269 0.51273 0.51270 0.51264 0.51261
εNd(550) 2.0 1.6 2.4 4.0 5.1 3.8 3.3 3.2

TABLE	  5:	  ISOTOPIC	  COMPOSITIONS	  OF	  SR	  AND	  ND	  IN	  MILL	  CREEK	  DIABASE	  DIKES,	  EASTERN	  ARBUCKLE	  MOUNTAINS
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abase compositions might be the presence of low oxygen 
fugacity in the magma source that would favor the early 
crystallization of Mg-silicates and delay the crystallization 
of plagioclase and Fe-Ti oxides. A further contributing fac-
tor may have been the dense crustal root beneath the SOA 
(Keller et al., 1983; Keller and Stephenson, 2007; Hanson 
et al., 2013) that interacted with the upwelling diabasic 
magma and enhanced its fractionated character. Certainly 
the Fe-rich nature of large volumes of SOA magmas needs 
to be explained.

Trace Elements

Trace-element data (Table 3) are consistent with the ma-
jor element data in demonstrating tholeiitic affinities for the 
Mill Creek diabases. The tholeiitic character is indicated by 
moderate to high TiO2 and low P2O5 (mainly <0.4) contents 
and low Nb/Y (<1) ratio. Furthermore, the diabases display 
a characteristic within-plate smooth incompatible-element 
pattern (Figure 6A) with essentially no depletion in high-
field strength elements such as Nb, Ta, Zr, Hf, and Ti. The 
Cambrian diabases are enriched in incompatible elements 
compared to primitive mantle (Figure 6A) with strongly in-
compatible elements Nb, Ta, and the LREE being enriched 
by a factor of about 20 to 80. Incompatible-element plots 
against other normalizing parameters indicate that the dia-
bases have enriched compositions between enriched mid-
ocean ridge basalt (E-MORB) (Figure 7A) and ocean island 
basalt (OIB) (Figure 7B). Figure 7 also shows that the Cam-
brian Mill Creek diabases are distinct from their older (?) 
low-Th counterparts in containing greater abundances of Th, 
Nb, Zr, Hf, and the LREE. For example, the mean Th com-
position of the Mill Creek diabases is 1.34 ppm (Table 3) 
compared to the mean Th value of 0.24 ppm for the low-Th 
diabases (Table 4). The mean Th composition of the Mill 
Creek diabases is thus five to six times greater than the mean 
of the low-Th diabases. Of particular additional note is the 
relative depletion in Th for both the Mill Creek and the older 
(?) low-Th Arbuckle diabases (Figure 7). The depletion may 
reflect the presence of anomalously dense mantle (Keller 
et al., 1983; Keller and Stephenson, 2007; Hanson et al., 
2013) beneath the SOA and further suggest that there was 
little continental crustal contamination of Mill Creek diabase 
magma on the basis of the trace-element data.

Figure 6B shows that the Mill Creek diabase dikes 
have closely similar incompatible-element compositions 
with the extensional Ediacaran basalt and diabase swarms 
of eastern North America (Puffer, 2002). Puffer demon-
strates that two main episodes of extensional magmatism 
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occurred in the Appalachians – one 615 to 564 Ma (Mid 
Ediacaran flood basalt group) and one at about 554 to 550 
Ma (Late Ediacaran Laurentian OIB plume group). These 
dates record initial rifting along the margin of the Lauren-
tian craton. As noted previously, rift-related magmatism in 
the SOA is about 10 to 20 Ma younger. The timing and 
composition of the Arbuckle dikes are thus consistent with 
the break-up of a supercontinent along the SOA and forma-
tion of an overlying LIP in the Early Cambrian.

Further indication that the Cambrian SOA–LIP is com-
positionally similar to better known Mesozoic and younger 
LIPs is shown in Figure 8 which compares the Cambrian 
Mill Creek diabases with Phanerozic CFB and OIB prov-

inces. The Cambrian dikes are indistinguishable from most 
of these younger provinces. The minor differences in La/
Yb compared to OIB (Figure 8A) and in Th/Ta compared 
to CFB (Figure 8B) presumably represent the previously 
noted dense mantle root and absence of a significant conti-
nental crustal source beneath the SOA.

Isotopic Ratios

Sr and Nd isotopic compositions and parent-daughter 
ratios of seven Mill Creek quarry diabase dikes are listed 
in Table 5 and plotted in Figure 9. These allow initial isoto-
pic compositions to be reconstructed. 87Rb/86Sr of all seven 
dikes is low (mean = 0.13) so the initial 87Rb/86Sr is insen-
sitive to age uncertainty. Table 5 reports 87Rb/86Sr corrected 
for 550 Ma of radiogenic growth with observed 87Rb/86Sr. 
Initial 87Sr/86Sr varies between 0.70387 and 0.70484. This 
is similar to but slightly higher than initial 87Sr/86Sr of oth-
er SOA Cambrian mafic rocks (Figure 9). 147Sm/144Nd of 
the seven dikes is moderately low, 0.12 to 0.16, indicating 
modest LREE-enrichment of these dike rocks. This low 
147Sm/144Nd allows initial 143Nd/144Nd to be inferred in spite 
of some age uncertainty. Initial ƐNd is modestly positive, 
+1.6 to 5.1 (Table 5), indicating a significant contribution 
from depleted mantle. These are broadly similar to other 
continental flood basalts and LIPS (Figure 9) and further 
support the idea that these dikes are part of an earliest Cam-
brian LIP and are apparently part of the hypabyssal feeder 
system. These isotopic compositions fall within the field 
defined by dominant oceanic mantle reservoirs N-MORB, 
HIMU, EM1 and EM2 and are also broadly similar to 
sub-continental lithospheric mantle (Figure 9). It is not 
clear whether or not there is some contamination of man-
tle-derived melts by Mesoproterozoic crust like that of the 
host Troy Granite (Figures 2, 3), but if so it must be modest 
because there is no systematic variation of isotopic com-
positions with geochemical tracers of fractionation such 
as Mg# or indicators of granitic continental crust such as 
K2O or SiO2 (Table 5). Figure 10 shows a simple mixing 
diagram of ƐNd vs. K2O contents between a low–K2O Mill 
Creek diabase dike and typical Mesoproterozoic granite of 
the surrounding crust. It is not possible to show any mixing 
on this basis or to exclude <20% crustal contamination, but 
we see no convincing evidence of crustal contamination.

SUMMARY

• The geochemistry (major, trace, and isotopic ratios) 
of Cambrian Mill Creek diabases in the eastern Arbuckle 
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Mountains are remarkably similar to basalts of Large Igne-
ous Provinces (LIP).

• The apparent age and tectonic setting of Cambrian di-
abases are consistent with rifting and continental break-up 
during the Early Cambrian.

• The Cambrian diabases are the remnants of feeders to 
a LIP that formed over what is now the Southern Oklahoma 
Aulacogen (SOA).

• The Cambrian diabases show no evidence of >20% 
contamination by continental crust and may be free of con-
tamination.

The Cambrian dikes thus suggest the existence of a LIP 
in this region and demonstrate that mafic melts associated 

with the Cambrian SOA–LIP were compositionally similar 
to better-known break-up LIPs of Mesozoic and younger 
age. SOA–LIP is the only evidence that we can find for 
a break-up LIP in southern Laurentia, but we argue that 
compositional similarities with other, better-preserved 
LIPs warrant the conclusion that the Cambrian LIP break-
up of the southern mid-continent was similarly extensive. 
We note the abundance of felsic lavas within the SOA–LIP, 
a trait that differs from many other LIPs. Furthermore, the 
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presence of a suite of west-northwest-trending microgran-
ite porphyry dikes and a suite of apparently older diabase 
dikes may record a Mesoproterozoic structural grain that 
influenced structures throughout the Paleozoic era.
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Appendix 1. Sample Locations of Arbuckle Diabases, Eastern Arbuckle Mountains

Sample No. Rock Unit Rock Type Quadrangle Location/TR Location/Sect

Mill Creek Diabases:
Arb-01 Tishomingo Diabase Troy 03-3S-5E NE NE SW
Arb-09 Blue River Diabase Wapanucka S 01-3S-8E E NE SW NW
Arb-10 Burch Diabase Troy 29-3S-5E NW NE NE NW
Arb-11 Burch Diabase Troy 20-3S-5E SE NW SE SW 
Arb-12 Burch Diabase Troy 28-2S-5E SE SE SE SW
Arb-13 Tishomingo Diabase Troy 03-3S-5E NE NE SW NE
Arb-14 Tishomingo Diabase Troy 03-3S-5E NW SW SE NE
Arb-22 Burch Diabase Troy 17-3S-5E NW SW SE NW
Arb-26 Burch Diabase Troy 08-3S-5E NW NW SW SW 
Arb-29 Burch Diabase Troy 20-3S-5E NW NE NW NW 
Arb-32 Tishomingo Diabase Reagan 28-3S-6E NW SW SE SW
Arb-34 Burch Diabase Troy 07-3S-5E NW NE SE NE
Arb-36 Tishomingo Diabase Reagan 20-3S-6E NE SW SW SE
Arb-37 Tishomingo Diabase Reagan 20-3S-6E SE NE SE NW
Arb-42 Tishomingo Diabase Reagan 24-3S-6E NW SE SW NW
Arb-44 Troy Diabase Troy  (quarry) 29-2S-5E NE SW NW NW
Arb-48 Troy Diabase Troy  (quarry) 29-2S-5E NW SW NW NW
Arb-49a Troy Diabase Troy  (quarry) 29-2S-5E NW SW NW NW
Arb-49b Troy Diabase Troy  (quarry) 29-2S-5E NW SW NW NW
Arb-50 Troy Diabase Troy  (quarry) 29-2S-5E NW SW NW NW
Arb-147 Tishomingo Diabase Troy 03-3S-5E NE SW NE 
Arb-192 Tishomingo Diabase Reagan 28-3S-6E C NE SW 
Arb-201 Tishomingo Diabase Tishomingo 01-4S-5E NE SE NE 
Arb-202 Burch Diabase Troy 28-2S-5E E SE SE SW
Arb-205 Burch Diabase Troy 29-2S-5E NW SW NW SW
Arb-206 Burch Diabase Troy 09-3S-5E N NE SW NE
Arb-207 Tishomingo Diabase Troy 03-3S-5E SE SE NW SE
Arb-208 Tishomingo Diabase Tishomingo 01-4S-5E SE SE NE 

Older (?) Low-Th Diabases:
Arb-02 Blue River Diabase Connersville NE 16-2S-7E SE SW SW SE 
Arb-03 Troy Diabase Troy 30-2S-5E W SE SE NE
Arb-04 Blue River Diabase Wapanucka S 02-3S-8E S SW SE NE
Arb-05 Blue River Diabase Wapanucka S 02-3S-8E W SE SE NE
Arb-06 Blue River Diabase Boggy Depot 26-3S-9E W NW NE NE
Arb-07 Blue River Diabase Wapanucka S 02-3S-8E S SE SW NE
Arb-17 Blue River Diabase Connersville S 04-3S-7E NE NW NE NE
Arb-18 Blue River Diabase Connersville S 04-3S-7E NW SE NE SE
Arb-19 Blue River Diabase Connersville S 33-2S-7E NE SE SW NE
Arb-20 Blue River Diabase Connersville S 33-2S-7E NE NE SW SE
Arb-28 Burch Diabase Troy 17-3S-5E NW NE NW NW
Arb-31 Troy Diabase Troy 29-3S-5E CSL
Arb-38 Tishomingo Diabase Reagan 20-3S-6E NW NE NE NE
Arb-40 Tishomingo Diabase Reagan 23-3S-5E NE NE NW NE
Arb-46 Troy Diabase Troy 29-2S-5E NE SW NW NW
Arb-146 Tishomingo Diabase Troy 03-3S-5E C NE
Arb-170 Blue River Diabase Connersville NE 16-2S-7E C SL SW SW
Arb-203 Troy Diabase Troy 31-2S-5E W SE SE NE
Arb-204 Burch Diabase Troy 31-2S-5E NE NE NE NE 

Appendix 1: Sample Locations of Arbuckle Diabases, Eastern Arbuckle Mountains
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