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~BSTRACT 

GEOCHE.HISTRY OF MESOZOIC DOLE.RITES 

FROH LIBERIA, AFRICA AND SPITSBERGEN 

by 

Stephen Michael Testa 

Master of Science in Geology 

Mesozoic tholeiitic dolerite dikes that. trend north-

west--southeast intrude three geologic provinces of con-

trasting age, lithology and structure throughout northwest-· 

ern Liberia. Major- and minor-element analyses of thirty-

one representative samples show the dolerites to be predo-

minately quartz-normative tholeiitic basalts. Distinct 

geochemical differences are found to exist between the 

doleritic intrusions and the g:=ologic province which they 

intrude. Dolerite dikes that intrude the Paynesville Sa::tcl-

stone exhibit moderately smooth variation ·trends. 'l'hese 

dikes differ from dikes ·that intrude Precambrian basement. 

rock by being less mafic in character, having higher Sio2 

corrtents, and relatively lower percentages of TiO~, FeOT, 
L. . 

MnO and P 2o5 . Dikes intruding the Pan-African province 

tend to be more uniform in composition and cont.ain general·-

l''f tl~ah~- ~~-ccn~a~ea o~ ".t'l'O ~cO MnO K o· and P c) --~ .... J_ ...J .__J_ "t--"-~.J.. C.i. I....- "-j "eo...• .l.. 2 I ..L ~ T I , 2 . 2 5 l 

and generally lower percentages of Al
2

o
3 

and Sio
2

. A rela-
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tively large degree of scatter is evident for those dikes 

that. int:::·ude t:.he Liberian province. Chemical composi·tion 

of those dikes that intrude the northern Liberian province 

appear to be fairly restricted compared to their southern 

counterparts. Calculations based on assumed parent and 

daughter compositions suggest that the chemical variabili

ty of the Liberian dclerites may be explianed primarily by 

about 60% crystal accumulation of clinopyroxene. Minor 

differences in chemistry might be explained by some degree 

of crustal contamination or wall rock reaction during mag-

rna as,~ent ~ 

Nine-major- and minor-element analyses of dolerites 

representative of Mesozoic sills which intrude Spitsbergen 

and the nearby island of Wilhelmoya were also made. These 

dolerites are quartz-normative tholeiites consistirig prl

arily of plagioclase, titanaugite, pigeonite and opaque 

minerals. The most striking aspect about the Spitsbergen 

doleri.tes studies is the general chemical uniformity of 

these rocks. 

Generally, the Liberian dolerites compare well with 

other Mesozoic basalt provinces, but minor differences are 

evident and distinguish them as a distinct geochemical 

province. The Liberian dolerites do not compare well with 

more primitive eastern North American olivine-normative 

tholeii·ces. In compa.rison to t.he quartz-normative tho--

leii tes of eastern North l-u'llerica, the Liberian doleri t.es 

:--xi-



exhibit a greater degree of differentiation and Fe-enrich

ment., These differences indicate that the evolutim1ary 

course of the eastern North American and Liberian doleritic 

magmas v.Tere different during the ·time of their emplacement. 

·~xii-



INTRODUCTION 

During the Mesozoic, a state of tension existed in 

the Southern Hemisphere and in localized areas in the 

Northern Hemisphere. The tectonic environment during the 

early Mesozoic was characterized by a single great land-

mass known as Pangaea. This irregular-shaped laildmass was 

surtounded by the universal ocean of Panthalasss (the 

ance~stral Pacific) and the Tethvan Sea (the ancest.ral 

Hediterranean) , which formed a large bay separating 

Africa and Eurasia (Bullard et al., 1965; Dietz et al., 

1970}. The i1mnediate prelude to the breakup of Pangaea were 

large outpourings of basaltic rock along the continental 

margins which were associated with the rifting apart of the 

Americas 1 Eurasia and Africa. 

During Late Triassic and Early Jurassic time, exten

sive basaltic volcanism and intrusion occurred in Australia 

and 'I'asm.:=.:mia, South and \"lest Africa, eastern South America, 

eastern North America, and in localized areas in the North 

Atlantic including the eastern border of Greenland and the 

Svalbard region. Associated with the flows and intrusions 

on either side of the At.lantic Ocean are somewhat paraLLel 

set.s of doleritic dikes which exhibit a systematic pattern. 

l~hen the continents are restored to their relative position 

in the Triassic, the pattern produced by the dikes is 

rousrhly con·vergent on the Blake plateau 1 the Bahama plat-

1 



form and the western Senegal basin (Fig. 1). The pattern 

is interpreted as being in response to the crustal stresses 

accompanying the breakup of Pangaea, and the dikes the!n

selves have been intruded along the fringes of the conti

nental margins (:May, 1971). According to May (1971), where 

do1erites have not undergone differentiation as in thick 

sills and dikes, their chemical range falls within that of 

the oceanic basalts. Ragland et al. (1968), also noted 

closer compositional similarities between dolerites of 

Northern Carolina and oceanic or oceanic margin tholeiites 

than to continental tholeiites. 

In s1.unmary, Mesozoic tholeiitic doleri tes emplaced 

. as dike and sill complexes appear extensively along ·the 

continental margins bordering the Atlantic and Artie . 

Ocean. These doleritic intrusions are widely distributed 

and are tectonically related to the initiation of mid

Atlantic rifting, and their age is considered to coincide 

ltl:Lth the estimat.ed time of the breakup of Pangaea (Beh

rendt and ~'Jotorsen, 1970; Dalrymple et al., 1975; May, 

1971; Sheridan et al., 1969). 

PURPOSE 

The purpose of this investigation is twofold. The 

first is to define the main petrographic and chemical 

types of l\'lesozoic dolerites from Liberia {\·k:st Africa) 

2 
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? BAS!C DIKES 

POST· JURASSIC 
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0 iOOOkm. 

--- ----.,.----==::f 
SCALE 

Figure 1. Triassic-Jurassic diabase dikes in eastern 
·North America, West Africa, and northeastern South 
America, wit.h the continents restored to their rela
tive position in the Triassic. North arrows indicate 
present geographical direction on each continent. 
Heavy dashed lines are possible shear faults (Modified 
after May, 1971}. 
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and Spitsbergen (North Atlantic region) and their relation-

ship to other Ivlesozoic doleri tic complexes, to determine 

the spatial distribution of these types, and to investigate 

the origin and evolution of the doleritic magmas and their 

relationship to the tectonic environment. 

,Secondly, it is of special interest to compare the 

chemical composition of eastern North American (E:NA) do-

lerites with those of Liberia. Both doleritic complexes 

are of similar age, but were intruded on opposing sides 

of the mid-Atlantic ridge. Weigand and Ragland (1970) re-

po:r:ted three main types of ENA Mesozoic dolerites; olivine-· 

norma.ti ve, high-Ti02 quartz-normative, and lmv-'l'i02 quartz-· 

normat.ive. An attemp·t will be made to chemically correlate 

the. .EN.A, doleri tes with those that intrude northv.;estern 

Liberia. 

GEOLOGIC SETTING AND PREVIOUS WORK 

In the United States, diabase is an intrusive igneous 

rock whose main components are labradorite and pyroxene, 

and is characterized by ophi·tic texture. In British and 

French usage, the term dolerite is preferred and is de-

fined as an intrusive rock of the composition of diabase 

as defined in the United'States. The term dolerite will 

be used in this report. 



The most vol~minous continental lavas are basalts of 

which tholeiitic basalts are by far the most extensive. In 

the strict sense of the word, tholeiite as a rock type has 

either the essential mineral augite or a subcalcic augite, 

plagioclase (near AnSO)' and various iron oxides (Yoder 

and Tilley, 1962). Olivine is present in subordinate a-

mounts and may even be absent. The critical feature in 

this definition is the nature of the pyroxenes. Yoder and 

Tilley (1962) state that these pyroxenes may consist of 

zoned augite to subcalcic augite with pigeonite or hyper-

sthene or beth. Therefore, tholeiitic basalts can be fur-

ther subdivided into the following three types: saturated, 

oversaturat.ed (normative quartz) , and undersaturated (nor

mative olivine). Normative hypersthene is essential in all 

three typc~s of tholeiitic basalts. 

Nu.,'11erous petrological and geochemical studies have 

been made on various large Mesozoic tholeiitic complexes. 

'I'hese t:hol,:o~t:.ii tic complexes include the Karro basalts of 

southern Af:rica (Compston et al., 1968; Cox et al., 1967; 

Walker et al., 1949), the Ferrar dolerites of Victoria 

Land, Antarctica (Gunn, 1962, 1965, 1966; Hamilton, 1965), 

the Tasmanian dolerites (:tvlcDougall, 1962; Heier et al., 

1965), and the dolerite dikt:s of eastern North America 

(HermGs, 1964; Smith et al., 1975; Walker, 1940; Walker, 

1969; 1\ieigand and Ragland, 1970). 

5 



Liberia Tholeiitic dolerite dikes intrude three provinces 

of contrasting age, lithology and structure throu~1out 

north\vestern Liberia (White and Leo, 1970). Thesr-; provinces 

are west to east, the Liberian province, the Pan-African 

province, and the Paynesville Sandstone (Fig. 2). Based on 

reliable K/Ar ages, the doleritic intrusions of Liberia 

are conte!nporaneous and were intruded within the range 

173 to 192 m~Y· (Dalrymple et al., 1975). 

According to Dalrymple et al. (1975), the Liberian 

province is essentially made up of Precambrian granitic 

gneisses ranging in composition from granite to quartz 

diorite with northeast-trending belts of sedimentary rocks 

folded into the gneiss and metamorphosed t.o the amphibolite 

facie.s.a 

The Pan-African province·consist of metasedimentary 

and Inafic-rich igneous rocks that have been refoliated 

and metamorphosed to the granulite and amphibolite facies . 

. Along the coast of western Liberia 1 overlying t.he Precam

brian crystalline basement rocks, a:ce unme·tamorphosed sedi

mentary rocks considered to be early or middle Paleozoic in 

age and are referred to as the Paynesville Sandstone. The 

thickness of this unit is not known, but geologic and geo

physical evidence suggest a maximum of about 1 km. onshore 

(Behrendt and Wotorsen, 19 7 2) . The Paynesville Sands·tone 

unit lies unconformably under t.he Cretaceous Fa.rmington 

River formation, which has not been intruded by the 
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dolerites. Based on magnetic data. (Behrendt and Wctorsen, 

1972), doleritic dikes or their extrusive equivalents are 

traceable beneath the younger sedimentary rocks in the 

sedimentary basins on the continental shelf to the edge 

of the continental slope. 

Paleomagnetic investigations have been made on the 

doleritic intrusions of northwes·tern Liberia (Behrendt 

and \'Jotorsen, 1970; Dalrymple et al., 1975). To date, no 

systematic petrographic study has been made, and only 

four samples have been chemically analyzed. 'l'wo analyses 

were reported by White (1972), and samples from two other 

localities were analyzed, although the data have not been 

published (Dalrymple et al., 1975). These analyses indi

cate; that the dolerite is tholeiitic. 

~~sbergen Spitsbergen is located west of northern 

Greenland bordering the Arctic Ocean (Fig. 3). It is the 

main island group that together with Bear Island, Hope 

Island, and Kong Karls Land, forms the larger archipela

go and political area termed "Svalbard" {Harland, 1969). 

Spi·tsber:gen and its three large adjacent islands comprise 

more than 99.0% of the total land area of Svalbard and is 

the better knovm name. Mesozoic x·ocks exist on most of 

the major islands of Svalbard and together with the late 

Paleozoic strata form a single sedimentary complex of 

platform strata which overlies a basement of Devonian 

8 
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and Caledonian tectonized rocks. Tertiary strata uncon

formably overlie t.he Mesozoic rocks (Harland, 19 7 3) • 

The main phase of magmatic activity occurred during 

the Cretaceous. Magmatic events occurred at a time of re

newed continental drift in the Arctic region, but pre

ceded the formation of the neighboring oceanic basins 

(Harland, 1973). Numerous Mesozoic sills and dikes in-

truded into upper Jurassic to lower Cretaceous strata 

are found distributed throughout the Hinlopen Strait 

aLea o~ northeast Spitsbergen (Fig. 4). In the Hinlopen 

Strait, Triassic sedimentary rocks and rocks mainly 

Permo-· Carboniferous in age are intru<.led. On the island 

of Wilhelmoya in the Hinlopen Strait, the Triassic se

quence is overlain by Jurassic strata which are also in

truded by doleritic sills. These basaltic lavas are over

lain by unbaked lov.1er Cretaceous sediments (Parker, 

1966). Doleritic rocks also exist on the islands com

prising Franz Joseph Land northeast of Spitsbergen {Har

land, 1973; Fig. 3) and may correlate with the Spit.sber

gen dolerites. 

It was first suggested by Gayer et al. (1966), based 

on K/Ar ages, that the dolerite intrusions of Spitsbergen 

were of late Jurassic age (149±11 m.y.}. Parker (1966, 

. 1967) conclusively demonstrated that at least part, and 

probably most of the c1oleritic rocks were .int.ruded between 

the deposition of the Agardhfjellet formation and the 

10 
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Ruri.fjellet formation (middle Jurassic to lower Cretaceous). 

In summaryf the doleritic intrusions of Svalbard may have 

spanned a long period of time, but it appears that all the 

evidence is consistant with a middle Jurassic to lower 

Cretaceous age. 

The dolerite intrusions exposed on Spitsbergen are 

in·tru.ded as s.ills and occasionally as dikes (Halvorsen, 

1973). Thickness varies from a few decimeters to nearly 

100 meters, although most are about 10 to 30 meters thick, 

and in some cases the intrusions can be followed for long 

distances. Based on magnetic susceptibility anisotropy 

measurements, the Lomfjorden sill and the nearby doleritic 

islands in the Hinlopen Strait have been shown to be relics 

of one or more sills, and are believed to be of the same 

age (Halvorsen, 1971}. 

'l'yrrell and ·sandford (1933) made the first systematic 

petrologic study of the intrusive doleritic dike and sill 

complexes f:com Spitsbergen and grouped them .into fou:c main 

classes: 

1) Normal, medium- to fine-grained rocks which consti-· 
tute the greater part of all intrusions. 

2) Coarse gabbroidal and pegmatitic types \vhich occur 
in the interior parts of the larger sills and 
massive intrusions. 

3) Dense, slightly porphyritic, basaltoid, contact 
rocks. 

12 



4) "White-traps", endomorphic modifications due to 
intrusions into carbonaceous and calcareous rocks. 

Tyrrell and Sandford (1933) also summarized what lit-

·tle chemical data that existed at the time. No recent 

geochemical analysis on the intrusive rocks of Spitsbergen 

are known to the author. Later petrologic studies were 

made by Russian investigators. Gayer et al. (1966) dis-

cussed rather inconclusive isotopic determinations and 

Parker (1966, 1967) gave the first conclusive stratigra-

phic evidence for the age of the doleritic intrusions. 

Numerous paleomagnetic investigations h.ave been reported 

(Halvorsen, 1973; Krumsiek et al., 1968; Spall, 1968). 

During the past decade, much emphasis.has been placed on 

the structural geology and tectonic elements in the Sval-

bard region due to the increasing search for petroleurn 

prospects in the Arctic (Harland, 1969, 1973). 

13 



PETROGRAPHY 

M:ODAL ANALYSIS PROCEDURES 

Oriented cores 2.50 em. in diameter representing 

dole:rites from northwestern Liberia were collected using 

portable equipment from 31 sample localities (Appendix I) 

for a paleomagnetic study reported by Dalrymple et al., 

(1975). Core samples were obtained by Dr. Peter W. Weigand 

from Mr. Richard W. White of the U. S. Geological Survey, 

Denver, Colorado. Modal analysis of thin sections from 

21 of these cores were made using a point spacing of 1.0 

nun. and 1000 counted points. 

From each sample locality shown in Figure 2, t:wo 

core samples were available. Thin sections from both 

core snmples were studied for sample localities L7, Ll7 

and L28 ·to see if there was an appreciable amount of 

mineralogical variability that would require analysis of 

both core samples for each sample locality. Nodal analysis 

showed little mineralogical variability to exist within 

one sample locality, therefore, only one core sample was 

studied per each locality {Table la) . An-contents of the 

plagioclase feldspars were determined by the Michel-Levy 

method. 

14 



TABLE la.. MODAL ANALYSIS O:F' LIBERIAN DOLERI'l'ES ··--------,--. -·----- -------
sample Plag A~n- Augi·te Pig Hyp 01 Opacp...1e 

Content Hin:3 
----~--

______ .. _, --
L l 66.1 54 29.5 0.6 - ·- .L7 
L 2 56.6 58 34.6 0.3 - 1.7 5.4 
L 3 53.2 54 38.9 tr - - 6.5 
L 4 52.7 58 38.7 1.1 ..;. - 7.5 
L 5 47.8 55 45.6 - - 0.8 5.8 
L 6 57.5 61 37.6 tr - 3.3 1.6 
L 7a 47.7 53 46.9 2.0 - - 2.7 
L 7b 46.9 55 47.3 1.7 - - 3.1 
I. 9 49.0 63 47.0 - - - 4.0 
LlO 50.7 63 ., ..., 7 

. .:; I • 0.2 - 2.0 8.0 
Lll 67o4 56 ? ,- I""' .... o.:> 0.4 - - 2.3 
Ll2 56.8 63 31.7 0.4 - - 8.9 
L13 56.4 64 30.3 0.9 - 0.1 11.6 
Ll4 58.3 65 .3.3.1 0.7 - 0.6 5.8 
Ll5 52.9 54 34.7 tr - - 12.2 
Ll6 58.0 56 37.3 tr - 0.9 2,8 
Ll?a 50.2 55 34.6 0.9 - 3.0 10.3 
Ll7b 49.1 58 35.8 0.5 - 2.6 11.3 

---
Ll9 57.9 63 37.9 1.0 - 0.6 2.6 
L20 55.8 55 41.9 0.1 - 0.2 2.4 
L.21 36.0 52 34.5 ·- 14.4 4.5 3.4 
L22 53.6 59 38.4 0.8 - 0.7 3.3 
L23 63.1 66 27.0 1.5 1.4 0.4 3.0 
L25 46.1 58 33.2 1.8 16.2 - 2.7 

Hbl 

-
2.1 
1.4 
1 . t! 
~. -
tr 

tr 
0.5 
0.6 
tr 
0.6 
3.4 
1.9 
0.7 
1.5 
0.2 
2.7 
0.7 
0.5 

tr 
3.6 
tr 
2.8 
3.6 
tr 

Biot 

tr 
tr 
tr 

0.2 
0.2 

0.8 
tr 
tr 

tr 
0.7 
0.3 
0.2 

tr 
-

-· 

Geologic 
Province 

Liberian 

Province 

Paynesville 

Sandstone 

'!-' 
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_:JAB~?:...l~-. ( ~ont.in_u_·.e_d_· L:·----------·· ··----- . -----·-·-·---------......... -·-·-
sample 

Ll8 
L26 
I..27 
L28a 
L28b 
L29 
L30 
L3l 
L32 

P1ag An- Augite Pig Hyp 01 Opaque 
Content Mins ____ «_._, _____________ . ___ ,..___ ---

5 ~ r\ -·u 
59.2 
42 .. 2 
34.4 
36.8 
72.7 
54.6 
~::;~· 7 
...I L. • I 

50.9 

54 
6 ') ... 
61 
63 
EO 
52 
58 
59 
59 

30.6 
28.5 
34.5 
38.3 
37.0 
18.3 
35.9 
37.5 
40.9 

0.4 
0.3 
1.1 
1.5 

0.9 
1.6 
0.3 

2.2 
1.8 

1.4 

1.9 
0.7 
0.5 
1.7 
1.0 

1.8 

11.8 
7.3 

21.3 
20.6 
19.7 

5.7 
8.0 
5.3 
4.j) 

HbJ 

1.7 
1.3 
0.9 
0.5 
1.3 
3.3 
0.4 
0.5 
1.6 

Biot Geologic 
Prm.lince ·---· 

1.0 
2.6 

0.7 
0.9 

0.2 
0.6 
0.3 

Pan-African 

Province 

1-' 
C..T'>: 



'fl~,BLE lb. tvlODAL F:.NALYSIS OF SPITSBEHGEN DOLERI'l'ES 

-·----... ,..,, ..... .. --------· 
sample Plaa 

.J. 
An- Augite Pig Hyp 01 Opaque Glass Hbl Bio·t Geologic 

Content 
'" - ----·--·----·-----------

.217 57.3 61 31.4 2.4 _ .. - 8.9 - -· tr. 

223 54.3 58 35.8 1.5 - ·- 8.6 - - tr. 

257 49.1 60 40.1 0.5 - - 10.3 - - tr. Lomfjorden Sill 

260 52.5 63 34.0 2.9 - - 10.6 - - tr. 

263 53.7 62 39.5 0.5 - - 6.3 - - tr. 
-·-- -
335 48.5 64 36.6 0.3 - - 11.6 - - 3.0 

346 42.4 60 43.4 tr. - - 10.9 1.8 - 1.5 Wilhe1moya 

354 38.9 61 28.5 tr. - - 12.1 16.5 - 4.0 

356 56.9 60 32.0 tr. - - 8.9 - - 2.2 

a.ve. 
200 
series 53.4 61 36.1 1.6 8.9 - - tr. 

ave. 
300 
series 46.7 61 35.1 0.1 10.9 4.6 - 2.7 

1-' 
-...! 



1.8 

The petrologic description for the Liberian 

dolerites includes samples collected from the Liberian 

province, Pan-African province and the Paynesville 

Sandstone (Fig. 2). The samples studied are assumed 

to be representative of the doleritic intrusions 

throughout northwestern Liberia. 

·.Nodal analysis were also made of nine samples from 

tlH~ Hinlopen area of Spitsbergen (Table lb) • Samples 

SP217, 223, 257, 260 and 263 were collected from the 

Lomfjorden Sill, and samples SP335, 346, 354 and 356 were 

collected from the island of Wilhelmoya in the Hinlopen 

Strait (Figure 4) .· Rock samples were obtained by Dr. Peter 

~\I. ~\'eigand from Dr. Erik Halvorsen who collected the samples 

for a magnetic anisotropic study (Halvorsen, 1974). 

All t.he samples studied are from within l-3 meters 

of a contact zone (Halvorsen, personnal communication). 

This is intended to eliminate any effects of differentia-

t:ion due to crystal settling upon the chemistry or 

mineralogy. According to Dr. Erik Halvorsen (personnal 

communication) , width of the sill or sills from which 

the samples were obtained is about 12-16 meters. Whether 

the from Spitsbergen represent one or more sills 

is not. ki10v-Ji1 ~ 
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LIBERIA 

Hodal analysis of 33 thin sections from Liberia are 

presented in Table la. The doleritic rocks are gray, 

medhun- to fine-grained granular rocks. In thin section, 

ophitic to subophitic texture predominates. This is cha-

racteristics of doleritic rocks in which large euhedral to 

subhedral plagioclase crystals are partially to completely 

enclosed in randomly distributed augite crystals. A less 

CC>ntmon texture occurs in samples L 7 1 L9, 10 and 27 which 

are holocrystalline, fine-grained rock$ that exhibit inter-

granular ·textures with fairly large glomerocryts of lath-

like plagioclase crystals. Some of the plagioclase crystals 

exhibit concentric zoning. The opaque minerals are repre-

sented by skeletal crystals which are randomly dispersed 

throughout the slides. Alkali feldspar and quartz arE' 

conu-uonly associated and exhibit a micrographic texture • 

.l\1any ~.;orkers (i.e. Justusr 1966; Ragland et al. ,1968) 

have been aware of variations in textural zonation from 

the contact of a dike toward its center. Fine-grained, 

intergranula:r texture is common near a contact. 1 g:a1.ding 

into a coarser-grained, ophitic texture toward the center 

of the dike. It is probable that samples L7, 10 and 27 

were collected from relatively thin dikes or from near 

the ciontacts of thicker dikes. 



Plagioclase, augite and the opaque minerals are the 

main cons·tituents comprising the doleritic intrusions 

with plagioclase and augite being the most dominant. Minor 

constituents include hypersthene, pigeonite and olivine. 

Trace minerals consist of apatite, biotite, chlorite, 

hornblende, sericite and uralite. 

Plagioclase is usually more abundant that augite 

(34-72% compared to 18-47%: Table 1). Plagioclase ranges 

from .An53 to An 66 , falling within the range of babradorite. 

Plagioclase is lath-like and commonly corroded and altered 

to sericite yielding turbid laths. Albite and Carlsbad 

twins are frequently combined. Glomerocrysts of plagio

clase are co~uon in the finer-grained rocks. 

Clinopyroxene is the most comrr~n pyroxene found in 

the Liberian dolerites. Augite crystals are normally sub

hedral and randomly distributed in all the thin sections 

studied. Oval-shaped pyroxene crystals embedded within 

plagiocJ.ase sometimes show radial oriented fractures 

which may be due to differential cooling between the 

plagioclase and the pyroxene. Zoned and occasional 

twinned augite crystals occur. Extreme chemical zonation 

of the pyroxene is evident by birefringence variations 

from center t.o edge of some grains. 

20 



'l'he amount of pigeonite is variable and difficult to 

identify. It commonly occurs enveloped Ttli thin cores of 

augite with isolated grains present but rare. Pigeonite 

was distinguished from augite by its lack of: optical 

continuity with augite, it.s lower birefringence and by its 

extremely low optic axial angle. 

Hypersthene was identified in some of the Liberian 

samples. l'fnere present, it forms euhedral to subhedral 

crystals and is commonly enveloped within clinopyroxene 

grains. Based on its larger size relative to augite, 

hypersthene appears to have crystallized before augite. 

No hypersthene was noted in samples obtained from the 

Liberian province, whereas within the Paynesville 

Sandstone, 1.25 shov1s as much as 16% hypersthene (Table 1) • 

Olivine makes up only a minor constituent in the 

Liberian dolerites ranging up to approximately 3.0% 

in abundance. Olivine was ITLOSt frequently observed as 

randomly distributed, subhedral to anhedral grains. It is 

commonly enclosed within pyroxene and in some cases J..s 

highly fractu~·ed. Alteration of olivine grains in in

frequ.ent and a.ppears to com .. rnence along grain boundaries 

or fract:ure::; and proceed inwards. 
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Primary crystals of opaque minerals occur in all 

thin sections and range from about 2-12% in total volu.rne 

with two samples, L22 and 28, having opaque contents of 

20.6 and 21.3%, respectively. These two smnples may re-

present cRrnulates. Specks of opaque minerals were observed 

within some augite grains suggesting secondary opaque 

minerals due to alteration of the pyroxene. The opaque 

minerals generally form equant, subhedral to anhedral 

crystals which are randomly dispersed. According to 

Dalrymple et al. (1975), magnetite and ilmenite are the 

predominate opaque minerals in these dikes. The opaques 

commonly form skeletal aggregates, but>also appear as long 

rods or stringlets which penetrates nearby crystals. 

Dikes which intrude the Paynesville Sandstone are charac-

terized by having relatively low abundances of opaque 

minerals (2.4 to 3.3%). 

Accessory minerals consist of apatite, biotite, 

chlo:r.-ite, hornblende, sericite and urali.te. Biotite 

flakes appear to be in close association with the opaque 

minerals. Hornblende forms subhedral to anhedral grains 

and is pleochroic (yellowish-green to brown) . The presence 

of hornblende is inferred to be due to the alteration of 

pyroxene. 



Uralite, a fibrous, light blue-green amphibole, with 

the habit of a pyroxene but the structure of an amphibole, 

is present in trace amounts and is also probably due to 

the alteration of the pyroxenes. In some cases uralite 

occurs as single crystals or as an aggregate of small 

prismatic crystals. The formation of uralite is due to 

either the action of hydrothermal solutions which could 

be associated with late-stage differentiation and 

crystallization in these rocks, or to post-consolidation 

processes unrelated to igneous activity from which the 

rocks were derived (Deer et al., 1975). 

Alkali feldspar and quartz are corrunonly associated 

and exhibit a micrographic texture. Micrographic texture 

appear to be more abundant in the coarser-grained rocks. 

Interstitial quartz is present but rare. Apatite, 

although not. included in the modal analysis due to its 

small abundance, is present in trace amounts. Apatite 

is present as small acicular crystals randomly dispersed 

througho~t the slides. 

Sample L29 is strikingly different in comparison to 

other samples from dikes which intrude the Paynesville 

Sa.nds·tone. Whethe:r, or not the poorly exposed outcrop from 

which L29 was obtained is a si.ll or dike could not be 

determined in the field (Gramme', personnal communication). 
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In thin section, the gabbro is a hollocrystalline coarse-

grained rock which is more felsic in comparison to other 

Liberian dolerites. Plagioclase is abundant (72.7%) and 

appears as highly fractured tabular crystals which have 

been highly sericitized. Augite is the only pyroxene pre-

sent and occurs as subhedral, serei-tabular crystals that 

have been highly altered to hornblende, uralite and 

biotite. 

SPITSBERGEN 

The dolerites from Spitsbergen are gray, medium-

to fine-grained, granular rocks. Holocrystalline 

suboph.i tic ·texture predominates in most of the thin 

sections studied but subintersertal and intergranular 

textures are also present. Sample SP354 is unusual in 

that it consists of a dark mesotasis containing glass 

and tiny crystals of thin acicular opaque minerals. 

This texture is probably due to quenching at the marginal 

por·tion of the intrusion. Sample SP223 has a subinterser-

tal texture in which a groundrnass of fine~grainec1, 

partly altered crystalline material other than augite 

occupies the interstices between the unorient.ed feldspar 

laths. This groundmass forms a relatively small proper-

tion of the·rock. 



Plagioclase and augite are the predominate minerals, 

and plagioclase is usually greater in abundance than 

augite. Plagioclase ranges from 42 to 57% with An-conten·i::s 

ranging from An58 to .i\n64 that falling within the range of 

labradorite (Table 1) • Augite ranges from 31 to 43% in 

total volume. The opaque minerals range from 6 to 12% in 

abundance. Accessory minerals include biotite, chlorite, 

sericite and glass. 

Augite is the most common pyroxene present, and is 

characterized by violet-purple pleochroism. Although 

Tio2 content of the clinopyroxene grains was not deter

mined, the strong pleochroism noted is suggestive of 

titanaugite arid will be referred to as such. Titanaugite 

forms subhedral to anhedral, irregular, pale brownish-

purple grains that are randomly dispersed throughout the 

slides. Suboval shaped grains of augite commonly enclose 

pigeonite, whibh is distinguished from augite by its 

relatively higher birefringence, higher relief and clearer 

nature in plane light. The crystallization of augite and 

pigeonite, both becoming progressively richer in iron, is 

typical of middle levels of most sills (Charmichael et al., 

1974). 

Samples SP217, 223 and 257 shmv irregular grains of 

augite surrounded by relatively smaller grains of opaque 



minerals; Augite is commonly altered to chlorite and 

biotite around the rims of grains and along cleavage 

traces. The variations in birefringence from the center 

an an augite grain to its edge implies chemical zonation 

and F'e-enrichment. 

The abundance of pigeonite is variable from slide 

to slide and well-defined grain boundaries are noted in 

the Spitsbergen dolerites. In some cases, as in sample 

Sf'J35, augite grains enveloping the pigeonite are re

latively acicular in shape. Pigeonite is most pronounced 

i.n sample SP260 vlhere it makes up as much as 3. 0% in 

total volu.tne. Pigeonite is relatively more abundant in 

those samples from the Lomfjorden sill vicinity than 

those samples from t.he island of Wilhelmoya (TabJ_e lb). 

The abundance of opaque minerals in the Spitsbergen 

dolerites are uniformly high ranging from about 3.0 to 

6. 0% in to·t.c:l volume. In all the slides investigated, 

the opaque minerals form unoriented ~keletal acicular 

rods which pene·trate nearby crystals. Where glass is 

present, small acicular grains of opaque minerals are 

dispersed throughout the glass. 

Neither hypersthene nor olivine were noted in the 

samples studied. The iden.tification of olivine is 
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questionable due to the extreme alteration of some grains 

suspected of being olivine. 

Irregular patches of reddish-orange biotite ranging 

up to about 4.0% are found randomly dispersed throughout 

most of the thin sections studied. Biotite is more 

abundant in samples from the island of Wilhelmoya. 

DISCUSSION 

'I'he main minerals which comprise the doleri t.e 

rocks studied are plagioclase, augite (titanaugite?), 

hypers·thene, olivine and the opaque minerals. With the 

exception to hypersthene and olivine, these minerals 

make up approximately 95% total volume and their 

proportions vary from sample to sample. Mineralogical 

crj.teria consistant of tholeiitic character as reported 

by Yoder and Tilley (1962) is the presence of augite or 

a subcalcic augite, plagioclase (near An
50

) and various 

iron oxides. According to Yoder and Tilley (1962), 

pyroxenes may consist of zoned augite to subcalcic augite 

in association with pigeonite or hypersthene or bo~h. 

Olivine is present in subordinate amoun1:s and may eve:.--1 

be absent. On the basis df mineralogy, the dolerites 

from Liberia and Spitsbergen are characteristic of 

tholeiitic criteria. 
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Subophitic texture predominates but intersertal, 

intergranular and ophitic textures are also present. 

Justus (1966) described progressive textural variations 

across many North Carolina dolerite dikes regardless of 

the thickness. A moderately simplified version of this 

progression is presented below: 

Porphyr~ (contact) 

Intergranular and/or 
Intersertal 

~ 
Su.bophitic 

~ 
Ophitic (center) 

In regards to the Liberian dolerites, it is noted 

that coarser-grained.rocks have the character of thicker 

dikes as suggested by Justus (1966) and have crystallized 

toward the central portion of a dike. Likewise, fine-

grained rocks have the character of rocks that crystallized 

nearer toward the margins or crystallized in relatively 

thin dikes. Other mineralogical variations progressing 

from the contacts of a dike toward its center noted by . 

Justus (1966) include a decrease in An-content, a decrease 

in normative plagioclase, elongation and widening of 
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plagioclase laths and a slight increase in the concentra-

tion of opaque minerals. Usually more than one tex·tural 

type is present in one thin section and there is a wide 

variety in grain size. Since grain size is consistant 

with texture, these two factors can be used to determine 

the relative place within the dike from which the Liberian 

samples were obtained. 

Subophitic texture predominates and may be explained 

by the modal plagioclase/pyroxene ratio ~.vhich exceeds 

most of the Liberian and Spitsbergen samples. 

Chalcraft (1972) showed that the plagioclase/pyroxene 

ratio has an effect on the development.of subophitic 

texture. Subophitic texture is usually dominant when the 

modal plagioclase/pyroxene ratio exceeds 1. 0 _ iilhen the 

plagioclase/pyroxene ratio is less than 1.0, subophitic 

texture is rarely dominant. According to Chalcraft (1972), 

the reduction of nucleation sites for pyroxene growth 

seems to retard the crystallization of pyroxene therefore 

producing the prominen~e of plagioclase over pyroxene. 

The Liberian and Spitsbergen dolerites can be com-

pared with other major doleritic complexes which contain 

two pyroxene phases_, a calcium-:cich pyroxene (augite) 

and a calci.1.2ITI-poor pyroxene (hypersthene or pigeoni te, 

or both) , suggest,ing similarities in magma types. These 



complexes include the ENA dolerites (Ragland et al., 1968; 

Weigand and Ragland, 1970; Steele, 1971; Cha1craft, 1972), 

the Ferrar dolerites of Victoria Land, Antarctica 

(Gunn, 1966), the Karroo basalts of South Africa (Cox et 

al., 1967) and the Red Hill dike, Tasmania (McDougall, 

1962). 
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GEOCHEMISTRY 

ANALYTICAL HETHODS 

The Liberian and Spitsbergen dolerites were analyzed 

in the Department of Geoscience, California Sta-te 

Uni;;.tersity, Northridge. Concentrations of Al, Mg, Mn, Fe 

and Na were dei:ermined using an Instrumentation Laboratory 

Model 151/25]_ atomic absorption unit on 200p.i:_)ffi solutions 

prepared by normal h'F dissolving procedures. Acethylene 

was used as the fuel with nitrous oxide as the oxident 

for Al, and air as an oxident for the other elements. 

Addi.tional information concerning instrmnental paramet.ers 

and dissolving procedures is given in Appendices II and 

III. Concentrations of Si, Ti, Ca and K were determined 

on pressed-powder samples with a Norelco Universal Vacuurn"· 

Path X-ray Spectrograph equipped with a Cr tube and a PE'l' 

or LIF analyzing crystal. Instrumental parameters for 

X--·ray spectrometric analyses are given in Append.ix IV. 

The P analyses, modified after Shapiro (1975), were made 

using a Bausch and Lomb Spectronic 20 spectrophotometer. 

Information regarding analytical precision is given in 

Table 2. Duplicate samples for: P w·ere not analyzed, 

therefore, analytical precision was not determined for 

this element. 
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~I'able 2. Analytical precision. Duplicate pellets and 
solutions were prepared for each sample, and each was 
analyzed at least tv1ice for each elemen·t. Precision was 
calculated as relative standard deviation (RSD = lOOs/x) 
vJhere s is one s·tandard deviation and x is arithmetic mean 
of the weight percentage of each element. 

Oxide RSD Hethod 

Sio2 .45 XRF 

Al
2

0
3 

.92 AA. 

~~. 0 
L:l. 2 1.51 XRF 

RAO 
-- T 1.81 AA 

HgO 2.50 AA 

l"lnO 2.72 AA 

CaO 1.08 XRF 

T\'"' 0 -~~.2. 3.68 F:.A 

K 0 
2 .25 XRF 
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Calibration curves were drawn for each element 

using standard rocks selected from the following list: 

Geologic Survey standard rocks, AGVl, BCRl, GSPl and Wl; 

Japanese Geological Survey basalt standard JBl; Centre de 

Recherches Petrographiques basalt standard BR1 Queen 

Mary College basalt standard Qr-1C-I3; and University of 

North Carolina dolerite standard BDl. 
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RESUL·rs 

The major-element analyses, expressed as oxides, 

are given in Table 3. Magnesia variation diagrams (Figs. 

5 to 13) were prepared for comparitive purposes and to 

evah;;.ate compositional variations •11ithin and between the 

different dolerite groups. 

Liberia The dolerite dikes from the three geological 

provinces of Liberia exhibit dissimilar compositional 

characteristics. Dolerite dikes intruding the Pan-

African province tend to be fairly uniform in composition. 

These dolerites contain generally higher percentages of 

Tio2 , FeOT, MnO, K20 and P2 o5 , and generally lower per

centages of Al 2 D3 and Sio2 than the other Liberian daler

ites. A relatively large degree of scatter is evident for 

dikes that intrude the Liberian province. Dikes that 

intrude the northern part of the Liberian province exhibit 

a smaller range in 1>1g0 compared ·to those from the south-

ern part (5.9-7.2% versus 3.9-8.8%). Dolerite dikes that 

intrude t.he Paynesville Sandstone exhibit moderately 

smooth variation trends. These dolerites differ fro1n 

Liberian dolerites which intrude Precambrian basement. rocks 

by a higher percentage of Si02 and lower percen·tages of 

'l'iO 2 I FeO'l', MnO and P205 o 

34 



TABLE 3a. '.Ha:jor element analyses of dolerites from I .. .iberia. 
---· 

sample'"'') Ti.0
2 Al.,O~ FeOT HnO !1g0 cao Na2o K

2
0 P,ot:: total :number bl.l2 ~ .;) - J 

----------~ 

,, ___ ·- -·-----·-·---
L 1 51.88 .73 14.06 11.14 .19 5 .. 89 10.29 2.19 .74 .12 97.23 

L 2 49.82 .66 14.39 9.78 .16 7.24 11.74 1.80 .41 .08 96.08 northern 

L 3 49.69 2.22 12.59 13.51 .21 6.08 10.31 2.37 .43 .23 97.64 Liberian 

L 4 47.12 1.43 12.46 13.47 .19 6.78 9.74 2.43 .37 .12 94.11 province 

L 5 50.49 .75 13.87 10.81 .19 7.14 11.52 1.90 .46 .08 97.21 

L 6 49.25 1.80 13.26 13.28 .21 6.71 1.0.65 2.27 .31 .00 97.74 

L 7 49.83 1..73 13.47 12.84 .20 6.52 10.85 2.24 .29 .10 98.12 

L 9 50.10 .69 13.99 11.20 .18 7.41 11.69 1.83 .39 .04 97.52 

L10 .51. 28 2.42 12.94 12.39. .20 5.48 9.71 2.40 .78 .33 97.93 

L11 50.50 2.63 12.06 16.23 .23 4.30 8.62 2.36 1.05 .33 98.31 southern 

L12 49.44 3.51 12.14 14.61 .21 5.73 9.50 2.29 .93 .37 98.73 Liberian 

Ll3 50.78 3.36 12.80 13.54 .20 3.92 8.77 2.55 1.09 .47 97.48 
province 

L14 50.21 1.25 13.22 12.62 .21 5.84 11.11 2.02 .40 .10 96.98 

Ll5 51.41. 3.49 12.37 14.37 .21 4.36 8.43 2.48 1. 22 .53 98.87 

Ll6 49.80 1. 56 11.13 12.91 .21 8.75 8.79 1.92 .81 .21 96.09 

Ll7 50.13 2.15 12.97 14.35 .21 6.34 10.28 2.39 .43 .17 99.42 

w 
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'l"ABLE 3a. · (Continued) 
----

sample SiO Ti02 .i\1203 l"eO M..110 MgO CaO Na2o K
2

0 P205 total number 2 T 
----··--·--"----·· -- ·--- -- ···------

J. .. l9 54.52 2.02 12.24 12.13 .18 3.40 7.10 2.26 1. 51 .25 95.61 

L20 51.27 1.47 13.26 9.50 .17 7.09 9.94 2.14 .95 .17 95.96 

L21 50.20 .96 12.10 10.45 .16 9.15 9.80 l. 64 .67 .10 95.23 Paynesville 

1.22 50.86 1.11 12.57 9.45 .16 8.62 10.37 l. 61 .68 .17 95.60 Sandstone 

L23 52.06 1. 04 14.96 8.30 .14 6.32 10.70 2.18 .78 .08 96.56 

L24 52.80 1.16 13.65 10.23 .17 5.42 9.92 2.26 .90 .23 96.74 

L25 51.15 .82 13.87 8.34 .15 8.15 11.41 1. 82 .59 .12 96.42 

Ll8 49.02 3.59 12.62 14.53 .22 5.07 8.98 2.56 1.09 .45 98.13 

L26 48.51 4.04 11.70 15.58 .24 5.44 9.26 2.27 1.16 .79 98.99 

L27 48.16 5.29 11.72 14.48 .23 5.15 9.37 2.41 1. 07 .47 98.35 Pan-African 

L28 48.49 3.70 12.34 15.13 ') •") 
• - .c~ 5.69 9.47 2.25 1. 02 .61 98.92 province 

L29 51.06 2.75 14.78 13.78 .19 2.15 8.17 3.22 1. 08 .69 97.87 

L30 48.51 3.59 13.07 14.59 .21 5.41 !J.53 2.39 1.01 .63 98.94 

L31 50.24 2.33 12.43 13.25 .20 5.37 9.90 2.39 .84 .29 97.24 

L32 50.09 3.91 12.08 14.68 .22 4.66 9.17 2.47 .98 .47 98.73 

t!J 
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TABLE 3b. !1ajor element analyses of dole:r:ites from Spitsbergen 
-

sample Si02 Tio2 A1 203 FeOT MnO MgO CaO Na,o 1<20 P205 to·tal number .. 
----- . -

217 49.65 3.51 12.78 13.12 .20 5.59 9.70 2.32 .81 .29 98.97 

223 50.30 3.55 12.67 13.05 .20 5.64 9.78 2.47 .63 .26 98.55 

257 50.11 3.49 12.85 13.12 .19 5.50 10.00 2.40 .57 .35 9 8 . 58 I.Dmf jorden Sill 

260 50.00 3.42 12.49 12.93 .19 5.30 10.14 2.26 .55 .33 97.61 

263 49.09 3.34 12.13 12.69 .19 5.20 10.20 2.28 .54 .31 96.77 

335 49.72 3.50 12.65 12.45 .16 5.06 9.10 1.97 .78 .36 95.75 

346 50.31 3.30 12.84 13.08 .20 5.77 9.21 2.28 .83 .27 98.09 Wilhelm6ya 

354 50.21 3.41 12.61 12.58 .18 5.19 9.47 2.15 .73 ·• 33 96.86 

356 50.39 3.39 12.77 12.87 .20 5.23 9.54 2.08 .79 .35 97.61 

ave. 
20(1 49.99 3.46 12.58 12.98 .19 5.45 9.96 2.35 .62 .31 

series 

ave. 
300 50.16 3.45 12.72 12.75 .19 5.31 9.33 2.12 .78 .33 

series 
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In discussing the petrogenetic relationsh.ip among 

the dolerite suite of rocks being studied, MgO was chosen 

as an index of differentiation. Differentiation trends 

c~n be dist.inguished based on the assumption that MgO is 

the one major oxide that decreases continuously d.uring 

fractional crystallization for most mafic liquids regard-

less of the starting composition and pressure (Wright, 

1975). According to Wright (1975), MgO also does not have 

an overlapping range of values in each fractionating 

mineral phase. In the suite of rocks being studied, HgO 

has a reasonably wide range of values which also makes it 

a likely choice as an index of differentiation. The fol-

lowing observations can be made by the trends exhibited 

by the Liberian dolerites on the magnesia variation 

diagrams: 

(1) Sio2 illustrates a progressive increase with 

increasing differentiation. The trend shown 

by the dolerites from the Paynesville ~and

stone is especially noteworthy. 

(2) Tio2 increases with differentiation. Variation in 

Tio2 is strongly reflected in the modal percentage 

of the opaque.minerals, most likely ilmenite. Not 

all the 'J'i02 is attained within ·the opaque minerals. 

Sarnples that fall above i:he dashed line in Figure 

14 suggest that some Tio2 occurs in an non-opaque 

phase, almost certainly clinopyroxene. Sample L27 

stands out because of its abnormally high Tio
2 

content (5.29%) and its high concentration of 
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(magnetite). 
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opaque minerals (21. 3%) • This sample \vas collected 

from a composite dike (Gramme, personnal communica

·tion), but the reason for its unusual composition 

is not known. 

(3) FeO,r and MnO show differences but overall increases 

with differentiation. The low abundance of opaque 

minerals in the dolerites that intrude the Paynes

ville Sandstone is probably attributed to the low 

percentages of FeOT and Tio2 . 

{4) MgO decreases with increasing differentiation and 

its percent variation is attributed to olivine 

and pyroxene fractionation at low pressures du~ing 

magma ascen·t. The high contents of HgO in the 

dolerites that intrude the Paynesville Sandstone 

is probably reflected in the crystallization of 

hypersthene as well. as olivine. Samples from each 

geologic province of Liberia are highly differentia

t~d for basalts which is reflected in their low 

MgO contents (less than 5.0%). 

(5) Al 2o3 and possibly CaO shows an initial increase 

to about 7.0% MgO, then a decrease. This suggest 

that differentiation was controlled by non-Al 2o3 
bearing phases until the magmas reached a composi

tion of 7.0% MgO, after which plagioclase begins 

to affect the Al~O~ content. 
" -

(6) Na 2o exhibit an overall smooth increase with 

differen·tiation for all the Liberian samples. 
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(7) K2o has much scatter, but shows a general overall 

increase with differentiation. 

(8) Except for a few samples, P2o 5 shov7S a smooth 

increase with differentiation for the Liberian 

samples. 

Even though there is some overlap in chemical fields 

exhibited by the dolerites and ·the geologic province 

which they intrude, it is suggested by their respective 

variation trends that differences between them do exist. 

W1:1etht-~r these are real differences or are a result of 

t.he small number of samples is not known. 

Spi tsber_g:_en 'l'he most striking a3pect about the Spitsbergen 

dolerites is the general chemical uniformity of these 

rocks. Potash shows more variation than other oxides, with 

the samples from Wilhelmoya having generally higher K2o, 

and lower CaO and Na~O contents, than those from the main 
~ 

island of Spitsbergen. The higher CaO and Na
2
o contents 

in samples from the Lomfjorden sill may be reflected in 

the higher modal plagioclase, whereas the higher I<
2
o in 

the samples from ~vilhelmoya may be reflected in the 

high "L'io2 contents ranging from approxima·tely 3.3 t.o 3.5%. 

This is strongly reflected in the high modal amounts of 

opaque minerals, as well as the occurrence of brownish-

purple augite, ~.vhich is interpret:ed to be t.i taniferous. 
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This is consistent with ·the Spitsbergen samples falling 

above the dashed line in Figure 14. 

Because of the chemical uniformity, few strong varia

tion trends can be distinguished. With decreasing MgO 

content, P2o5 increases slightly, while FeOT and Na 2o 

decrease slightly. The Spitsbergen dolerites are generally 

similar in majcr and minor chemistry to the Liberian 

dolerites and especially to the Pan-African dolerites. 

CLASSIFICATION 

Besides mineralogical criteria, these are chemical 

criteria that can be used to classify basaltic rocks. 

One method is based on CIPW normative mineralogy. One 

dra\vback of this method is that iron was de'cermined in 

this study as total Fe expressed as FeOT. In order to 

calculate normative mineralogy, FeO/FeOT was averaged 

from 65 available analyses of samples across several 

tholeiitic dikes from North Carolina (Ragland et al., 

1968) which were preswned to be similar to ·the samples 

of this study. This ratio (0.31) was then used to 

calculate FeO and Fe2o3 , and CIPW norms were calculated 

using a computer progra.m modified after Bingler et al. , 

·(1976). These norms are tabulated in Appendix V . 
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Small variations in the Fe 2+/Fe 3+ ratio leads to 

small variations in normative mineralogy. The.main 

effect of increasing this ratio is to increase normative 

olivine content and decrease normative·quartz and magne

tite contents. 

Figure 15 graphically illustrates a plot of the 

normative mineralogy for the Liberian and Spitsbergen 

dolerites on a diopside-hypersthene-olivine-nepheline

quartz diagram introduced by Yoder and Tilley (1962) to 

classify basalt type. This diagram is a projection 

from plagioclase in the Di-Qz-01-Plag tetrahedron 

(Yoder and Tilley, 1962). All samples of this study 

but one are classified as quartz tholeiites. The 

exception, sample L4, contains 0.5% normative olivine. 

This is probably due to the low amount of sio2 (47.12%) 

which is lower than any other sample in this stu()y. 

Tha.t this figure.is possibly in error is supported by 

the low total (94.33%). 

The tholeiitic nature of the dolerites studied is 

confirmed on an alkali-silica diagram (Figure 16). 'I'his 

diagram was used by Tilley (1950) to distinguish alkalic 

from tholeiitic basalts from Hawaii, and all but one of 

·the samples from Spitsbergen and Liberia fall in the 

tholeiitic field. 
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AFM DIAGRAM -·-------

IJ.'he standard AFM diagram (Fig. 17) indicates that 

as a group, the Liberian dolerites have undergone Fe-

enrichment. The trend coincides with the normal 

differentiation trend of Fe-enrichment cowmonly found 

in tholeiitic basalts. The marked Fe-enrichment trend 

for the Liberian and Spitsbergen dolerites overlaps at 

least a portion of fields occupied by other basaltic 

provinces shown. A more extreme Fe-enrichment trend 

is indicated for the Liberian dolerites in comparison 

with ·the eastern North American dolerites, Tasmanian 

dolerites and the Karroo basalts. 
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DISCUSSION 

QUALITATIVE COMPARISON 

Dolerite dikes indicate crustal tension and it is 

of special interest to relate them to other basalt 

provinces and geologic features of similar age. This 

comparison also aids in the understanding of the origin 

of doleritic magmas. Figures 18 thru 24 consist of 

magnesia variation diag-rams that compare the composi·tional 

differences which exist between Liberian and Spitsbergen 

dolerites and the following Mesozoic basaltic provinces: 

1 ...... ENA dolerites (\.Veigand and Ragland, 1970, Table l) 

2. Ferrar dolerites (Gunn, 1966, Table 2) 

3. Karroo basalts (Cox et al., 1967, Table 3) 

4. Tasmanian dolerites (HcDougall, 1962,. Table 7) 

As previously noted, the composition of the 

Spitsbergen dolerites generally compare favm::a.bly with 

the Liberian dolerites. More striking similarities exist 

between the Spitsbergen dolerites and the dolerites that 

intrude the Pan-African province. In detaiJ., the 

Spitsbergen do1erites contain slightly lower percentages 

57 



54· 

53. 

~ 
521 

-ON 51 

&-
{f) 50 

49 

48 

47 

----------------. 
C) Liberian province 

r.-_j Pan-African province 

c::, Paynesville Sandstone 

c.::_-, Spitsbergen 

Q PIGEON!TE THOL. 

C_} ENA dolerites 

c::;:;> Ferrar doleri tes 

c.::::> Karroo basalts 

::·.:·:::Tasmanian dolerites 1 
·----J 

.. ~ ,, .. ,, 0 
~···. ·~'""""' 

THOL. 

\ ,~-
. \ ' ' : 

' -· ;;}., ,,, ,, 
~ I 

.( __ OLIVINE THOL. 

\ . 
·J 

~AgO,% 

Figure 18. Weight percent SiO? versus weight percent ,_ 
MgO variation diagram comparing Liberian and Spitsbergen 

dolerites with other major Mesozoic basalt provinces. 

58 



5 

4 

~ 
3 

.... 
0~ 

·-l- 2 

PIGEONITf __Q_j 
THOL. 

0 

r------------· ------
c::> Liberian province 

L• ~· Pan-African province 

( --,Paynesville Sandstone --(:-:_--:, Spitsbergen 

~~ ENA dolerites 

~ Ferrar dolerites 

c·:~ Karroo basalts 

.-·······.Tasmanian dolerites ........ · _________________________ ___J 

PROVINCE 

OLIVINE THOL . 

HYPERSTHENE THO!.. \.::t-·~ 
-------,-~,,------~""""'~"\'"""--iF""""'~~--

4 5 6 7 8 9 10 H 12 

Figure 19. Neight percent TiO~ versus weight percent 
L. 

I'1g0 variation diagram comparing J:..iberian and Spitsbergen 

dolerites with other major Mesozoic basalt provinces. 

59 



16 

~ .... 
i'f) 14 

0 
N -<,:( 

13 

121 

I 0 Liberian province ~~ 
~ Pan-African province 

· •,.,_ ... • Paynesville Sandstone I 
(:..::~ Spitsbergen I 
r~ ENA dolerites 

PIGEOi'iiTE 

TNOL 

Ferrar dolerites 

Karroo basalts 

Tasmanian dolerites 

PROVINCE 

HYPERSTHENE THOL. 

\ 
\ 
\ 
\ 

" \ 
·. ' \ \ '..._ \ 

·., ·. '\ 
~\••"'""" Poov•••• 

~---·~~----~~----·~~----~,----=¥-.,----~*~Y-P,~----

4 5 6 7 8 9 10 H 

Figure 20. Weight percent Al 2o3 versus weight percent 

Io·IgO variation diagram comparing Liberian and Spitsbergen 

doled. tes -v;i th other major mesozoic basalt provinces. 

60 



f6 

15 

14_ 

f3 

~ .. ,. ... 
0 12 
(J) 

lL 

Jf 

10 

9 

0 

0 0 

• 0 

0 0 
0 0 

0 0 

j .... 

G::) Liberian provin~e---~~-
1 

· C:.• Pan-African province 

r= =1 Paynesville Sandstone 
,---
~ _ -' Spitsbergen 

C-..::) ENA dolerites 

c=:J Ferrar dolerites 

C.) Karroo basalts 
0

:

0

::: -o:: Tasmanian doleri tes 

PROVINCE 

THOL. /~OLIVINE 
(o ..,/ 
\...----

l 
l 
J 

....,._.,......_~""""_r,.,--,-.---r ·-~- -~~~- l ·ni:i -,..-~0-~-r;.-~~ 

4 5 6 1 8 9 10 ll 12 f3 14 15 

"Aa o· 0/ 1\,.... . , lo 

Figure 21. Weight percent FeOT versus weight percent 

HgO variation diagram comparing Liberian and Spits·bergen 

dolerites with other major Mesozoic basalt provinces. 

61 



~ 
0" 
0 
0 

(_) 

13 

12 

" 
·SCUTr!ERN 

10 

9. 

... 

c::> Liberian province 

,.'"':'. Pan-African province t==) Paynesville Sandstone 

(.-_:-:., Spitsbergen 

~ ENA doleri tes 

CJ Ferrar doleri tes 

~~ Karroo basalts 
.······· . .. . . . . -. Tasmanian dolerites 

" ..... ~-' \ 
. \ 

\ 
\ 
\ 

HYPERSTHENE \ 
THOL. \ - \ / - ........ .; 

-~~ERN PROVINCE 

·-·· 0 

~~~-~--r---~----~--~----~--~~--~~---
4 5 6 7 8 9 10 If 12 

MgO,% 
Figure 22. Weight percent CaO versus weight percent 

NgO varia·tion diagram comparing Liberian and Spitsbergen 

dolerites with other major Mesozoic basalt provinces. 

62 



!.0 

2.5 

~ 
cJ / 

I' 
t\1 

0 
2 

2.0 

1.5 

c::> Liberian provinc~~ 
f.::j Pan-African province 

(...--~ Paynesville Sandstone 

~~-) Spitsbergen 

L ~ ENA dolerites 

~ Ferrar dolerites 

I 
Tasmanian dolerites__j .. ·· .... . 

~ ... . 

~~ Karroo basalts 

\ 
~ "~ 
~~ 
OLIVINE THOL. 

I 
6 

MgO,% 
Figure 23. Weight percent Na~O versus weight percent 

L. 

MgO variation diag-ram comparing Liberian and Spitsbergen 

dolerites with other major Mesozoic provinces. 

63 



~ .... 
0 

"! 

~ 

2.5.1 

2.0~ 

L5 

1.0-

0.5 

\' 

SOUTHERN 
PROVINCE 

THOL. 

c::;:::, Liberian province 

r.::;_, Pan-·African province 

,.,.,. -. Paynesville Sandstone ._ __ ., 
<.:::::• Spitsbergen 

~ ENA dolerites ~....__....... 

·c=:> Ferrar doler:ites 

c·.-:-:> Karroo basalts 

·· ···.~ Tasmanian dolerites .......... 

PROVINCE 

THOL. 

J 

'-----~,.,._,.___,...,.,.- 1 == -r----•r---~,.""----""'~"""'..-....-~ 
4 5 6 7 8 9 10 1 i 12. 

Figure 24. Weight percent K20 versus weight percent 

MgO variation diagram comparing Liberian and Spitsbergen 

dolerites with other major Mesozoic basalt provinces. 

64 



of FeOT' MnO, K2o and P2o5 • Mineralogical differences are 

also evident. The doleritic magmas of Spitsbergen crys

tallized Ti-rich augite as well as pigeonite. Pigeonite 

found in the Spitsbergen samples exhibit well defined grain 

boundaries that exist between the pigeonite and the en

veloping augite. Olivine was not noted in the Spitsbe~gen 

sample.s studied, but has been recorded in some of the 

nearby doleritic sills (Tyrrell and Sandford, 1933}. These 

intrusions that contain olivine are thought to be charac

teristic of more recent intrusions {Harland, 1973). 

Liberian dolerites 

The dolerites that intrude the Liberian province 

show a wide compositional range which overlaps almost 

all fields exhibited by other basaltic provinces T11ith 

respect to Tio2 , MgO, CaO and Na 2o. Chemical similarities 

wit.h exception to one element is noted in comparison to 

the Karroo basalts (K20), Tasmanian dolerites (Si02 ) and 

the ENA quartz-normative dolerites (Sio2 ) . Mineralogi

cally, the Tasmanian dolerites do not compare idell due 

to a higher p~rcentage of pyroxene, lower percentage of 

opaq~e minerals, presence of quartz and the absence of 

olivine. 

The hypersthene tholeiitic variety of Ferrar 
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dolerites, described by Gunn (1966), best compares to 

the Liberian dolerites, especially to those dolerites 

that intrude the Liberian province. The higher abundance 

of micrographic quartz and the lower abundance of opaque 

minerals in the Ferrar hypersthene tholeiites is attri

buted to a higher percentage of Sio2 and lower percentages 

of Tio2 and FeOT. 

Dolerites that intrude the Pan-African province 

are fairly restricted in chemistry and the low Sio2 

content distinguishes them from other basaltic provinces. 

Their close similarities in comparison to the Spitsbergen 

dolerites have already been discussed. 

The Pan-African dolerites also compare favorably 

to the Karroc northern province basalts. Chemical fields 

for both basalt provinces overlap with the exception to 

Sio2 • Slightly higher percentages of Al 2o3 , Na 2o and K20 

alcng with slightly lower percentages of FeOT and CaO 

are exhibited by the Karroo northern province basalts. 

'1'\.VO chemically distinct provinces have been distinguished 

for the Karroo basalts (Cox et al., 1967). According to 

Cox et al., (1967), a different order of crystallization 

is evident for the two basalt provinces. The more 

alruninous southern province reflects the appearance of 

plagioclase as a phenocryst phase before pyroxene. In 
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the less aluminous northern province, py:roxene appears 

before plagioclase. 

The dolerites that intrude the Paynesville Sandst.orv~ 

are similar to other basaltic provinces due to the large 

range in chemistry exhibi·ted by these rocks. These 

dolerites overlap and compare favorably to the Karroo 

southern province basalts and the ENA quartz-normative 

tholeiites. The Karroo southern province basalts 

generally have a higher percentage of Al2o 3 and slightly 

lower percentage of K2o. The ENA quartz-normative 

tholeiites also have a slightly lower percentage of 

ENA dolerites 

Dolerite dikes that intrude the Paynesville Sandstone 

and to a lesser degree the Liberian province compare 

favorably to the quartz-normative type dolerites described 

by Weigand and Ragland (1970). The Pan-African dolerites 

differ from the ENA quar-tz-normative type dolerites by 

higher percentages of FeOT and Tio2 , and relatively lower 
. 

percentages of Sio2 , Al~03 , CaO and. Na...,O. 'I'he Liberian 
L L. 

d.olerit.es do not. compare well wi·t:h the more primitive 

oli vine·-normat;i ve ENA tholeiites. 
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Mineralogical differences are also evident between 

the Liberian doleri tes and the ENA doleri tes. ENA doler·-

ites generally contain only minor amounts of opaque 

minerals on the order of 1.0 to 4.0%, rarely exceeding 

approximately 10.0% in abundance (Roberts, 1928; Lester 

and Allen, 1950; Ragland et al., 1968, Chalcraft, 1972). 

Average dolerite in the Deep River Triassic basin in 

North Carolina normally contains 15.0 to 20.0% olivine 

(Hermes, 1964). ENA dolerites also contain higher per

centages of modal olivine (olivine-normative tholeiite) 

and micrographic quartz (quartz-normat.ive tholeiite). 

In view of Figures 18 thru 24, it is obvious that the 

t.iberian dolerites have undergone a great.er deg-ree of 

differentiation in comparison to the ENA doleri·tes. On 
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the basis of Tio2 versus mafix index (MI = FeOT/{FeOT + 

MgO), the ENA quartz-normative tholeiites can be subdivided 

into either a high-Tio2 , low-Tio2 or high Pe2o
3 

type basalt 

{V'~eigand and Ragland, 1970). The trace elements Cu, Rb, 

Sr and Zr reaffirms the existence of the high-Tio
2 

and 

low-Tio2 basalt types. 

Figure 25 is a plot of mafix index {MI=.F·eOT/FeO,r-!·lv1gO) 

versus Ti02 illustrating the three quartz-normative type 

basRlts noted by vJeigand and Ragland (1970) . Also 

illustrai:ed for comparison are t.he Liberian and Spitsbergen 
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dolerites. The Liberian dolerites may possibly indicate 

a ~ontinu~~ of increasing Ti02 with respect to the mafix 

index. It is again noted that a greater degree of differ

entiation affected the Liberian dolerites moreso than the 

ENA dolerites. The high values denoting the mafix index 

for the Liberian dolerites is in part due to their low 

.HgO contents. 

In SillQmary, the Liberian dolerites as well as those 

from Spi t.sbergen are, in general terms, not unlike other.: 

Mesozoic basaltic provinces. Minor differences do exist 

and distinguish the Liberian and Spitsbergen dolerites 

from other basaltic provinces. It is also suggested that 

doleritic magmas which intruded continental crust o~ 

opposite sides of the mid-Atlantic ridge are similar but 

distinct differences also exist. ~~en the Liberian 

dolerites are compared to the three ENA quar-tz-normative 

type basalts on the basis of Tio2 cont.ent versus mafix 

index, the disimilarities that exist reaffirm and 

distinguish the Liberian dolerites ns a distinct 

geochemical basalt province. 
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CRYSTAL FRF> .. CTIONATION MODELS 

One of the striking features shown on-the magnesia 

variation diagrams is the strong distinguishable trends 

exhibited by the Liberian dolerites that intrude the 

Paynesville Sandstone. That these smooth ·trends repre-

sent differentiation trends due to the result of the 

crystallization and removal of a single mineral phase 

can be tested by a simple crystal fractionation model. 

It has been well documented by a number of studies 

on Hawaiian. basalts (Huro.ta and Richter, 1966a, b; 

¥lr.ight and Fiske, 1971; \vright, 1.971} while studying 

Hawaiian basalts, that it is possible to determine if 

a single mineral phase is controlling the chemical 

va~iation displayed by a particular suite of rocks. If . 

this process has operated, the resulting variation trend 

will extrapolate to the composition of that mineral whose 

composition is plotted on the same oxide versus oxide 

diagram. r.rhe line '#hich is extrapolated from, and 

defined by, the variation trend of a particular suite of 

rocks is termed a control line. If the control line for 

all oxide versus oxide diagrams extrapolate to the 

compositional. range of a single mineral, t.he addition or 

subtraction of that one mineral can be said to act as the 



.control of the chemical variation observed (Wright, 

1971). 

Two other conditions which could·exist are: (1) 

the mineral phase controlling the variance in chemistry 

is of variable composition or {2) that there is more 

than one mineral which controls the chemical variance. 

Ifth2 mineral attributing to the variance is of 

variable composition, then the control lines will be 

curvilinear. More commonly though, the situation arises 

in which a combination of mineral phases is involved. 

P. ... ccording to Wright ( 1971) , it is rarely possible to 

define quantitatively a multi-mineral control. Howeve:r·, 

additional mineral phases ctccounting for the variation 

in chemistry of a suite of rocks can be indicated by 
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the sense of deviation \vhich occurs from lines that 

define a single mineral control. 

Dolerites from the Liberian province and Paynesville 

Sandstone exhibit the most obvious variation trends on 

the magnesia variation diagrams and least square lines 

were calculated for these tvJO sets of rocks. Wit:h t:he 

exception of Al 2o3 , and possibly CaO , all of the control 

lines for the oxide versus MgO variations diagrams 

appear to be linear. Alumina and calcium contents 



appear to have increased during the initial stages of 

differentiation, and later stages decreased. 

Since microprobe analyses of minerals from the 

Liberian rocks were not made, representative analyses 

of phases likely to be liquidus phases were compiled 

from Deer et al (1963, Volume 2, Table 17v columns 6, 

7, 8, 10, 11, 14 and 16; Table 2, columns 10, 11, 12 

and 13), Walker et al (1973, Tables DBl and DB4) and 

Wright (1971, Figure 1, Table 15). Compositional fields 

of these phases and the least squares lines (light lines) 

are shown on magnesia variation diagrams (Figs. 26 to 

32). The extrapolation of the least squares lines 

intersect or nearly intersect the clinopyroxene composi

tion field, suggesting that the crystallization of this 

phase was a dominant process accounting for the variation 

in composition observed for the dolerites that intrude 

the Liberian province and Paynesville Sandstone. 

Since plagioclase contains little 1'1g0, ma.gnesia 

variat.ion diagrams a.re not particularly usef·ul in 

indicating whether addition or removal of plagioclase 

has an affect on the observed chemical variation. 

Variation diagrams of CaO and Al 2o
3 

versus sio2 were 

plotted (Figs. 33 and 34) to see if plagioclase would 

7.3 
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show any indication of its influence on the chemistry. 

Inspite the small range in Sic2 and the lack of well 

pronounced differentiation trends, these plots indicate 

that settling of plagioclase was not an important 

influence. 

Olivine can represent accumulate phases in the 

tholeiitic magma series (Wright, 1971; Yoder and Tilley, 

1.962). However, olivine does not appear to influence the 

chemistry of the doleritic magmas of Liberia. This is 

evident in the lack of correlation in respect to Tio2 , 

FeOT' CaO and K2o (Figs. 27, 29, 30 and 32). Combina

tions of clinopyroxene ± orthopyroxene ± pla.gioclase ± 

olivine also show a lack of correlation which is evident 

on the CaO versus MgO variation diagram (Fig. 30}. One 

exception to this is the cOinbination of clinopyroxene 

± olivine, but this combination lacks correlation on tJ:1e 

FeOT versus MgO variation diagram (Fig. 29). 

In a.n attemp·t to quantify this model, calculations 

~tv'ere made to det.ermine the absolute amount of differentia-

tion necessary to produce the observed variation trends. 

The relationship beb•/een i.:he th:cee compositions ~ 

parental magma, residual magma (daughter), and accumula

ting crystals - can be described by the following 

algebraic expression 
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X= 
lOOP- 1000 + nD 

n 

where P == parental magrna 1 D = residual liquid, X = 

accumulating crystals, and n = percent accumulation. 

Dolerites from the Paynesville Sandstone were chosen 

for these calculations because they exhibit the strong-

east variation trends. The sample with the highest MgO 

cont.ent (L21) was chosen as the parent {P) and. the 

sample t.-vith the lowest HgO content {Ll9) was chosen as 

the daughter (D) or residual liquid. It is a.ssumed here 

that the parent can yield the daughter through the 

process of fractional crystallization. With P and D 

defined, the composition of the extracted mineral {X) 

can be calculated for different amounts of accumulat.ion 

(n). Table 4 shows the results obtained from 40, 50, 60 

and 70% accunmlation. The composi·tions of D and P 

·(heavy lines}, and the subtracted material at these 

4 values of n are shown on Figs. 26 through 32. 

These calculations show that t.he var:La·tiDn of 5 

e 1e~en~~ (~1.·0 m1.'0 
.- ."l. - '-;::, •> ' 2 , .l. 2 , 

by the subtraction of about 60% of material that falls in I 

the. compositional range of clinopyroxene. This remarkable 

consistency argues strongly for the previous quantitative 

conclusion t.hat. the removal of augite is responsible for 
I 



Table 4. Calculated. parental magma composi·tions for successive 10% 
crystallization intervals. Parent composition is based on highest 
MgO content.. Daughtel.:- compcsition is based on lowest. ~1g0 cont.ent. 

% accumulation 
Oxide Parent Daughter 40 50 60 70 

·-----------·--~--·-·------· ·-----·----------------
Si02 50.20 54.52 43.70 45.90 47.30 48.30 

Tio2 0.96 2.02 -0.63 -0.10 0.25 0.51 

Al203 12.10 12.24 11.89 11.96 12.01 12.04 

Fe01l 10.71 12.43 8.13 8.99 9.56 9.97 

MnO 0.16 0.18 0.13 0.14 0.15 0.15 

MgO 9.15 3.il0 17.80 14.90 13.00 11.60 

CaO 9.80 7.10 13.85 12.50 11.60 10.96 

Na 2o 1.64 2. 26' 0.71 1.02 1.23 1.37 

K20 0.67 1.51 -0.59 -0.17 0.11 0.31 

P205 0.10 0.25 -0.13 -0.05 0.00 0.04 

I'Xl 
(.Jt 
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the variation observed for the dolerites from the Liberian 

province and the Paynesville Sandstone. On the other hand, 

the three elements that are not consistent (Al 2o3 , CaO and 

Na~O} are all important components of plagioclase, ·and 
.:. 

argues against the simple model of augite fractionation. 



87 

SP~CUI~TIVE HYPOTHESES 

The southern coast of West Africa ilas been suggested 

to correspond to a line of tension ¥thich existed during 

the early Mesozoic (Nay, 1971). Between the Ivory Coast 

and Nigeria, the continental margin tend to subparallel 

a direction of shear which is probably related to the 

Romanche fracture zone of the mid-Atlantic Ocean (Fig. 1). 

~Vith the onset of rifting the tensional fractures could 

have been coupled with a shear component due to the 

development of the Romanche fracture zone. The common 

occurrence of quartz-normative tholeiites throughout 

Liberia may be a result of fracture zones less conducive 

to magma ascension. This would allow time for differen

tiation of the doleritic ma_gmas to proceed, resulting in 

highly differentiated quartz-normative tholeiites. 

Weigand and Ragland (1970) suggest a similar situation 

for the origin of quartz-normative tholeiites in 

ConnEcticut and Pennsylvania. Therefore, the fracture 

pattern into which the dolerites have been intruded 

could possibly be a major factor contributing to the 

presence of quartz-normative tholeiites throughout 

Liberia. 
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Crystal fractionation is the dominant influence 

attributing to the variation in chemistry that is 

observed. Out of the many factors \vhich may have caused 

the minor chemical differences in the Liberian dolerites 

and the geologic province which they intrude, the follow-

ing bear further discussion. 

(1) assimilation, wall rock reaction 

(2) crustal contamination 

(3) different rates of ascent, pending 

{4) slightly different conditions 
of crystal fractionation 

{5) different parental magmas 

{6) different erosional levels exposed 

No field evidence suggesting assimilation, such as 

the presence of xenoliths, was evident, possibly due in 

part t0 poorly exposed outcrops (Sherman Gromme', personal 

<::omxnunication) . However, chemical analyses indicates t.he 

possibility that some reaction between the country rock 

and the intruding magma may have taken place. The 

Paynesville Sandstone is predominately an arenitic 

sandstone, dolerites intruding this province differ in 

chemistry from o·ther Liberian dolerites. The less ma.fic 

character, high Sio2 contents, and relatively lower 

percentages of Tio2 , FeOT, MnO and P2o 5 suggest the 
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some wall rock reaction. Likewise, the 

higner abundance of opaque minerals and higher percentages 

of Tio
2

, FeOT, MnO and P2o5 in dikes that intrude the 

Precambrian basement rocks further east could be 

a·ttributed in part to wall rock reaction or crustal conta-

mination. \Vhether different parental magma sources are re-

quired to explain these differences is difficult to 

determine with the available data. 

~fuether or not different rates of magmatic ascent 

attributes to the chemical variance observed is only 

speculative. Surely different rates of magma ascent. may 

be responsible for some of the chemical variance. The 

proP.ounced differentiation trends noted for dolerites 

that intrude the Paynesville Sandstone could possibly 

be due to a slower rate of magmatic ascent or pending, 

allowing the residual liquids more time to differentiate. 

Berhendt and Wotorsen (1972) showed that even though 

some of t~he dolerite intrusions have t.he surface 

appearance of sills, aeromagnetic and gravity data 

indicated that the intrusions must be of substantial 

vertical extent and more structurally complex at depth 

than simple sills cropping out at the surface. ~Chis 

data also indicates that some of the dikes that 

intrude the Pan-African province are of greater width at 
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dept.h, such as a cornbination of several dikes in a narrow 

zone, with bnly one of which is exposed at the surface. 

Again, ·this could influence the ra·te of magmatic ascent 

and pending which may account for ·the mafic character 

and higher percentages of Tio2 , FeOT, MnO and P2o5 in 

these dikes~ 

The mafic character of those dikes that intrude 

Precambrian basement rocks could be a result of erosion 

exposing relatively lower portions of the intrusions. 

Vertical settling of olivine or/and pyroxene ·would then 

attribute to the increase in the mafic characteristics 

of these dikes, but field relationships and the higher 

elevat.ion of exposure does not support this possibility. 



CONCLUSIONS 

The Mesozoic dolerite dike swarm of Liberia was 

intruded into fractures resulting from the rifting of 

North ll..rnerica and South America from Africa c:md Eurasia. 

These intrusive rocks are predominately quartz-normative 

tholeiites consisting primarily of plagioclase, clino

pyroxene and opaque minerals. Subophitic texture is 

dominant but intersertal, intergranular and ophitic 

textures are also present. Petrologic and chemical 

differences exist between dolerite dikes that in~rude 

different geologic provinces. Most notable are the 

differences between the dolerite dikes that intrude 

Precambrian basement rocks and those that intrude the 

Paynesville Sandstone. Dikes that intrude the Paynes

ville Sandstone are less mafic, have higher Sio2 contents, 

and relatively lower percentages of Tio2 , FeOT, YmO and 

P205. 

Crystal fractiona·tion appears to be a dominan.t 

influence attributing to the variation in chemistry 

in the doleritic magmas. Crystal fractionation models 

suggest that the chemical variance observed is due to 

crystal settling of clinopyroxene. Calculations based 

on assumed parental and daughter compositions suggest 

9'1 



tha·t about 60% accumulation of clinopyroxene would have 

to had settled in order to account for most of the 

chernical variance observed. The conclusions drawn from 

these models are tentative but appear to be consistent 

with ·the available data. 

The dolerites that intrude Spitsbergen and the 

nearby island of Wilhelmoya consist primarily of plagio-

clase, Ti-rich augite, pigeonite and opaque minerals. 

P igeoni te is commonly enveloped within augite. P lag·io-

cla.se is more abundant in those samples from the Lomfjorde.n 

sill. Pigeonite and biotite are relatively more.abundant 

in those samples that. intrude the island of Wilhelmoya. 

Hypersthene and olivine were not noted in these intru-

sions. The most striking aspect of the Spitsbergen 

dolerites is their chemical uniformity. Few strong 

differeni.:.iation ·trends can be distinguished. The 

Spitsbergen dolerites compare most closely with those 

dikes that intrude the Pan-African province of Liberia. 

The Liberian dolerites, in general terms, compare 

well with other Mesozoic basalt provinces. Minor 

differences do exist which distinguish the Liberian 

dolerites from other basalt. provinces. 'I'he Liberi::tn 

dolerites do not compare well ¥lith the more primit.:ive 

ENA olivine-normative t.holeii t;es, but compare favorably 
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with the· ENA quartz-normative tholeiites. In comparison, 

the Liberian dolerites exhibit a greater degree of 

differ"entidtion and Fe-enrichment. Disimilari ties also 

exist when the Liberian dolerites are compared to the 

ENA quartz-normative tholeiites on the basis of Ti.02 

content 7ersus mafix index (MI = FeOT/FeOT + MgO) • 

These differences reaffirm and distinguish the Liberian 

dolerites as a distinct geochemical basaltic province. 

In comparing the Liberian dolerites to those of 

eastern Nor-th America, it becomes evident that the 

evolutionary course of these two basalt provinces are 

different. The problem in understanding the intrusive 

episodes preceding the breakup of Pangaea and the initial 

stages of ocean formation will be clearer when petrologic 

and chemical data becomes available from the dolerite 

int.rusions of Sierra Leone, Mauritania and Morocco, 

West Africa. 
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APPENDIX I. Sample location of Mesozoic Liberian dikes. (Dalrymple et al., 1975). 

North Sou·th 
Site Latitude Longitude ------· ----=:--·----

L1 6.94 349.24 

L2 7.34 348.86 

L3 7.24 348.95 

L4 7.23 348.97 

L5 7.07 349.12 

L6 7.01 349.22 

L7 6.69 349.77 

L9 6.69 349.78 

LlO 6.76 349.91 

Lll 6.83 350.13 

r .. 12 6.84 350.15 

Ll3 6.85 350.16 

L14 6.88 350.27 

Ll5 6.79 350.05 

IJ16 6.78 350.05 

L17 6.78 350.01 

Locality 
Df~ ~-c r· ~.F t i. ~~e._ 

Mano River, bridge 0.3 miles east of Yoma 

Mano River at Mano Mine pumphouse 

Mano Mine Road 11. 7 miles SE of Noway Camp 

Mano Mine Road 13.4 miles SE of Noway camp 

Lofa River ~ mile east SE of Waasua Village 

1.1 miles NE of Gbama on road to Zuo 

Gibi Dike. Kakata-Totota Road, 14.4 miles 
NE of Kakata, in quarry 

0.3 miles SW of Wiala, o.3 miles N of Gibi 
dike 

2.0 miles E of Salala. Copper-bearing dike 

5.5 miles NE of Totota 

6.7 mile.s NE of Totota 

7.9 miles NE of Totota 

2.1 miles E of Ziensu 

1.2 miles S of Toto~a 

3.0 miles S of Totota 

5.1 lliiles SW of Totota, 1.2 miles S of 
CooCoo Nest 

t-' 
0 
0 



APPENDIX I. .(Continued) 

North 
Site Latitude 

Ll8 6.34 

Ll9 6.31 

L20 6.27 

L21 6.23 

L22 6.20 

L23 6.23 

L24 6.28 

L25 6.32 

L26 6.25 

L27 6.12 

L28 6.12 

L29 5.86 

L30 5.99 

L3l 6.28 

L32 6.30 

..---·-· 
South 

Long:itud~ 

349.27 

349.31 

349.28 

349.38 

349.45 

349.50 

349.23 

349.18 

349.69 

349.82 

349.87 

349.95 

349.98 

349.67 

349.68 

Locality 
Descriotions ---·1::.-·-·---

Monrovia Refining Co. 1 N side of refinery 

White Plains-Monrovia pipeline 1.05 miles 
from Tubman Boulevard 

Quarry on hill 2000 feet SW of Ehva turnoff 
Tubman Blvd. Sill overlying sandstone 

Quarry on hill 0.8 miles west NW of Duazon 

0. 35 miles E of entrance to Camp Schieffelin 

1.5 miles E of bridge at Scieffelin on new 
Roberts Field Road 

Berna.rd's Bench 

Quarry below Ducor Hotel 

3.2 miles E of bridge on Farmington River 
on road to Buchanan 

1. 5 miles W of Vahn. Composite dike in 
quarry 

200 years W of Lloydsville Church 

Gabbro ~ miles S of Lamco docks at Buchana'rl 

At b:r;idge on St. John River on Buchanan Road 

200 yard N of bridge on Farmington River 

SE end of intake dam for F'irestone power 
house on Fannington River 

!-' 
0 
!-' 



APPENDIX II. Instrumental parameters fo:e atomic abso;r.pt.ion spectx·ometric analyses 
-----.. ·-------------------·- -·-----

A.l ... 0 3 .:: - FeO 
T 

l'1n0 MgO Na2o 

-·--··-
__ , ______ .... _ 

slit vlidt.h 160 320 80 320 160 

v.ravelength 309.2 248.2 279.5 285.2 588.7 

current (H. C. ) 10 10 10 5 

volts {H. V.) 460 620 620 530 530 

in·tegration (sees) 4 4 4 4 4 

curve correct 0 0 0 0 0 

burner height 6.5 4.5 4.8 5.6 5.2 

oxidizer N'>O air air air air ... 
standards AGV AGV AGV AGV AGV 

BCR BCR BCR BCR BCR 

JB JB JB JB JB 

QNC WI QMC QHC QMC 

Wl W1 w1· Wl 

1-' 
0 
IV 



APPENDIX III. Dissolving procedure for atomic absorption 
analysis. 

1. Prepare the following solutions: 

A. 1:3 HCL:HF (50 ml/sample) 

B. 1:1:8 HCl:HN03:H20 (50 ml/sample) 

2. Weigh 0 ~50 0 gm powdered sample into teflon baker. 

3. Neasure 50 ml of solution A Into plastic graduated 
cylinder. Add 10 ml to sample, swirl to.insure 
wetting·, then add rest. 

4. Cover with teflon watchglass and heat for 12 hours 
with hotplate on a settin~ of 325. 

5. Remove vlatchglass, increase heat to just belmv 
boilinr:f po,int, and remove beaker from heat after 
sample evaporated to dryness (2-4 hours). Caution 
is to be taken not to burn sample. 

6. Measure 50 ml of solution B into graduated cylinder. 
Add 10 m.l to dried sample, wetting well, and break 
up sample with teflon rod. Add remaining solution 
while rinsing rod. 

7. Replace beaker on hotplate and evaporate to 35 ml 
(approximately 1 hour) • 

8. I,et cool, then transfer to 50 ml volumetric flask. 
Rinse beaker twice with deionized water, adding 
rinse to flask. 

9. Dilute to 50 ml with deionized water, mix well, 
and store solution in plastic bottles. 

10. Run a blank (add all reagents but no sample) 
with each set of samples. 

11. Full strength, 1% by weight, rock solutions used 
for trace-element analyses. 

12. Solut:ions diluted by 50 times (2 ml diluted ·to 10 rnl) 
used for major-element analyses. 

13. All determinations must be corrected for v.•eight by 
dividirig by the factor sample \vt • 

. 0.5000 
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APPENDIX IV. 

----· 

kv 

rna 

!base 
PHl\ I 

window 

peak 

gain 

detector 
voltage 

detector 
position 

detector 

crystal 

vacuu.~.ll 

standards 

Instrumental paramters fox: analysis by x-ray spectrometry 

-· . -
Sio2 TiO'> CaO K

2
o ... __ ... _________ ., ________ . 

~-----,-··----- -- -
45 22 25 44 

25 12 16 3.5 

46 47 18 12 

165 200 262 245 

79.27 6.70 15.24 20.73 

lx256 lxl28 lxl28 .lxl28 

1450 1480 1450 1450 

2 2 2 2 

Fr .. ow FLOW FLOW FLOW 

PET PET PET PET 

yes yes yes yes 

AGV,BCR,BD AGV,BGR,BD AGV,BCR,JB BCR,BD,BR 

GSP , ,JB, QHC BR,GSP,JB QMC,Wl JB I QMC, i.Vl 

Wl QHC,Wl 

--·----

---·-

f-J 
0 
,j::.. 



APPENDIX V. Normative mineralogy (CIPW) for the Liberian 
and Spitsbergen dolerites. 

Liberian Province (north) 

Ll L2 L3 L4 L5 L6 

Qtz 5.26 3.04 3.62 3.10 1.80 

OI: 4.49 2.52 2.59 2.31 2.97 1.87 

Al 19 .• 01 15.81 20.47 21.77 16.49 19.59 

An 27.02 31.12 22.91 23.29 28.58 25.57 

1Wo 10.24 12.03 11.59 11.29 12.31 11.82 
! 

DilEn 5.31 7.05 6.00 5.89 6.95 6.28 

Fs 4.65 4.40 5.29 5.08 4.85 5.17 

jEll 9.74 11.67 9.46 11.58 11.29 10.79 
Hyl 

IFs 8.53 7.28 8.34 9.99 7.87 8.86 

Fo .29 
01 

!Fa .28 

Mg 4.05 3.60 4.88 5.05 3.94 4.81 

I1 1.42 1.30 4.30 2.88 1.46 3.<~.8 

l',p .29 .29 .56 .30 .19 

An-
content 58.71 66.31 52.81 51.69 63.42 56.63 
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APPENDIX v. (Continued) 

Liberian Province (south) 

L7 L9 L10 L11 Ll2 L13 

Qtz 2.93 2.36 6.25 6.19 4.33 8.06 

Or 1.74 2.36 4.69 6.29 5.55 6.05 

A1 19.26 15.84 20.67 20.23 19.56 22.08 

An 26.26 29.46 22.63 19.46 20.28 21.01 

I Wo 11.59 12.35 10.11 9.05 10.37 8.51 

I En 6.17 6.95 5.30 3.65 5.37 3.88 
Dil 

Fs 5.06 4.89 4.51 5.48 4.73 4.56 i 

Hy! Eri 10.33 11.92 8.59 7.19 9.04 6.11 
l 

i Fs 8.48 8.39 7.31 10.79 7.97 7.19 

o1! 1<-.o 

I 
I Fa 

.Hg 4.61 4.05 4.47 5.83 5.22 4.91 

Il 3.34 1.34 4.68 5.06 6.73 6.53 

Ap .24 .10 .80 .79 .88 1.14 

An-
Content. 57.69 65.04 52,.26 49.03 50.91 48.75 
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APPENDIX V. (Con·tinued) 

Liberian Province {south) 

Ll4 L15 L16 Ll7 

Qtz 4.71 7.87 3.06 2.71 

Or 2.41 7.27 4.97 2.55 

Al 17.57 21.15 16.85 20.27 

An 26.54 19.17 20.08 23.46 

~vo 12.29 8.14 9.91 11.09 

En 6.16 3.78 5.79 5.64 

Di 
1;1 .... .... ;.::. 5.86 4.28 3.64 5.17 

·I Erj. 8.79 6.68 16.81 10.19 

Hy I 
Fs 8.37 8.13 10.57 9.35 

011 
Fo 

Fa 

Mg 4 .. 61 5.13 4.75 5.10 

Il 2.44 6.68 3.07 4.09 

Ap .24 1.27 .52 .40 

An-
Content 60.17 47.54 54.37 53.63 
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l~PPENDIX V. (Continued) 

Paynesville Sandstone 

Ll8 Ll9 L20 L21 

Qtz 3.58 14.37 4.90 3.89 

Or 6.54 9.31 5.84 4.15 

Al 21.99 19.94 18.82 14.53 

An 20.03 19.59 24.71 24.79 

I Wo 9.28 6.44 10.61 10.62 

En 4.60 2.69 6.49 6.62 
Di 

Fs 4.50 3.78 3.52 3.36 

I En 8.22 6.14 11.87 17.25 

Hyf 

I Fs 8.04 8.64 6.44 8.75 

Fo 

01 
, Fa 

Hg 5.24 4.49 3.50 3.89 

Il 6.92 4.00 2.90 1.91 

Ap 1.08 .62 .42 .25 

An;.· 
Conb."':nt 47.66 49.56 56.76 63.05 
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APPENDix' V. (Continued) 

Paynesville Sandstone 

L22 L23 L24 L25 

Qtz 5.39 5.61 7.77 4.01 

Or 4.19 4.76 5.48 3.61 

Al 14.22 19.06 19.72 15.94 

lm 26.15 29.69 25.20 28.91 

vlo .11.01 10.28 10.02 12.05 

En 7.01 6.25 5.35 7.74 

Di 
I Fs 3.29 3.47 4.35 3.51 

lEn 15.40 10.02 8.57 13.27 
Hy I 

Fs 7.23 5.57 6.98 6.01 

I Fo 01 

Fa 

.Mg 3.50 3.04 3.74 3.05 

Il 2.20 2.04 2.27 1.61 

Ap • 42 .20 .56 .29 

An-
Content 64.79 60.90 56.10 64.46 
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APPENDIX v. {Continued) 

Pan-African Province 

L26 L27 L28 L29 L30 L31 L32 

Qt.z 4.12 4.84 3.43 6.61 2.98 4.71 6.35 

Or 6.90 6.41 6.07 6.50 6.01 5.09 5.85 

Al 19.33 20.66 19.17 27.74 20.37 20.73 21.09 

An 18.42 18.24 20.71 23.70 22.11 21.22 19.15 

1 Wo 9.44 10.75 9.44 5.67 8.92 11.35 9.88 

Di En 4.73 5.94 4.82 1.74 4.53 5.67 4.78 

:E'B 4.51 4.40 4.39 4.15 4.17 5.44 4.94 

Hy I En 
8.91 7.05 9.46 3.71 9.04 8.04 6.94 

Fs 8.51 5.22 8.62 8.85 8.32 7.72 7 '":18 

J F'o 

01 I 
! Fa 

:t<lg 5.56 5.21 5.40 4.98 5.21 4 .. 80 5.25 

I1 7.72 10.18 7.08 5.32 6.87 4.54 7.49 

Ap 1.88 1.13 1.46 1.66 1.50 .70 1.12 

An-
Content 48.80 46.89 51.92 45.43 52.05 50.59 47.59 
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APPENDIX V. (Continued) 

Spitsbergen 

217 223 257 260 263 

Qtz 4.95 5.58 5.84 6.93 7.17 

Or 5.29 3.77 3.41 3.32 3.29 

A1 19.96 21.14 20.53 19.53 19.87 

An 22.22 21.87 22.86 22.78 21.91 

!Wo 10.35 10.64 10.44 11.02 11.75 

I 
DilEn 5 .. 64 5.85 5.65 5.90 6.29 

' ' I 

IFs 4.34 4.40 4.42 4.75 5.08 

En 8.52 8.36 8.20 7.58 7.05 
Hy 

Fs 6.55 6.29 6.42 6.10 5.69 

F'o 
01 

Fa 

Mg 4.73 4.68 4.71 4.68 4.63 

Il 6.78 6.82 6.70 6.63 6.53 

Ap .70 .62 .84 .80 .75 

An-
content 52.68 50.85 52.68 53.85 52.44 
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APPENDIX V. (Continued) 

Spitsbergen 

335 346 354 356 

Qtz 9.99 6.04 8.21 8.07 

Or 4.82 4.98 4.44 4.77 

Al 17.45 19.60 18.72 17.97 

A..'"'. 24.46 22.71 23.76 23.66 

j ~vo 8.49 9.16 9.55 9.32 

i 
Dil En 4.52 5.00 5.16 4.98 

I Fs 3.70 3.83 4.06 4.05 

• I En 7.81 9.61 8.14 8.33 tiyl 
Fs 6.38 7.36 6.41 6.78 

'Po 
01 

Fa 

Mg 4.55 4.71 4.60 4.66 

Il 6.96 6.37 6.67 6.57 

Ap .89 .65 .80 .85 

An-
cont.ent 58.37 53.67 55.40 56.81 




