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LITHOS ABSTRACT 

Comin-Chiaramonti, P., Cundari, A., Gome~.~.. C~-. Piccirillo, E.M., Censi, P. DeMin, A., Beilieni, G., 
Velazquez, V.F. and Oru~, D., 1992. Potassic dyke swarm in the Sapucai Graben, eastern. Paragaay: 
petrographical, mineralogical and geochemical outlines. In: A. Peccerillo and S. Foley (Editors), Potas- 
sic and Ultrapotassic Magmas and their Origin. Lithos, 28: 283-301. 

The western side of the Paran~ Basin of Brazil extends to central Paraguay, where repeated ~md wide- 
spread magrnatic activity developed from Lower Cretaceous to Oligocene, associated with late Mesozoic 
crustal extension trendir~g NE-SW. In central Paraguay this trend is characterized by a zone of NW-SE 
normal faults which formed the Asuncidn-Sapucai graben, up to 45 krn wide and 200 km long, where 
alkaline rocks occur as volcanic domes, complexes, lava-flows and dykes These rocks, 128 Ma aged, are 
dominantly potassic and ne-normative. 

A swarm of at least 200, mainley NW-SE trending, dykes occurs in the Sapucai region and seems to be 
formed by two main lineages: tephrite to phonoiite (and peralkaline phonolite) and alkali basalt to tra- 
chyphonolite. They are characterized by ubiquitous diopside to ferrosalite, consistently yielding AI en- 
richment trends; common olivine, Fosi-69 in tephrites and alkaline basalts, and up to Fods in phonolites; 
zoned megacrysts of hastingsitic hornblende (core) to kaersutite (rim), associated with accessory ground- 
mass pargasite in tephrites and phonotephrites; K-rich hastingsite and K-rich ferroan pargasite in the 
phonolites. Accessory groundmass mica falls in the annite-phlogopite range, and consistently yields in- 
sufficient (St + AI ) to satisfy the expected T site occupancy of 8.00 a.f.u. Fe-Ti oxides are Ti-magnetite, 
rarely ilmenite or haematite. Phenocrysta!, i.e. xenocrystal #agioclase is An?o-2o, and An?4_4~, in the te- 
phrites and phonolites, respectively: coexisting groundmass microlites are An22-,4, associated with soda- 
sanidine and sanidine. Feldspathoids include analcimized leucite and nepheline; accessories Ti-andradite 
and sphene. 

The two n~ain lineages, recognized by distinctive mineralogical variations, are consistent with the pe- 
ti'ochemical variations. Complex interaciion of discrete and independently evolving magma batches are 
indicated by intra- and/or interphase chemical variations, suggesting multiple equilibrations of the crys- 
tallizing phases under shallow level, volcanic pressure regime. The observed geochemical trends are quite 
similar to tho:m of"Roman Region type magma" with the same negative anomalies of Ta, bib, Zr and Ti. 
The most likely mantle source is a garnet-peridotite characterized by different enrichment in incompati- 
ble elements and which suffered tow degree of partial melting (3-7%), which has geochemical and iso- 
topic features distinct from those of the adjoining tholeiitic basalts ( 130 Ma) and nephelinites (61-39 
Ma). 

The similarities of the Sapucai dyke suite with Barton's "'Roman Region type magma" supports the 
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view that this magma type may not  be formed as a result of orogenic and/or subduction-driven activity 
in this region. Therefore, a causal relationship of the latter activity with "Roman Region type magma" is 
not supported and remains questionable. 

Introduction and geologic~fl setting 

The eruption of "continental flood basalts" and 
coeval alkaline magmas in western Gondwana is re- 
lated with the opening of the Atlantic Ocean and is, 
therefore, fundamental in understanding the inter- 
action between magma genesis and the dynamics of 
the lithosphere (Piccirillo and Melfi, 1988 ). 

Alkaline rocks associated with rift-graben sys- 
tems in the hinterland of the Paran/l Basin of Brazil 
are relatively minor, compared with the "flood ba- 
salt" event. However, they are important in that they 
significantly extend the petrological spectrum of 
"basaltic suites" related to the splitting of the west- 
ern Gondwana. 

The western side ofthe central Paran/~ Basin, cor- 
responding to eastern Paraguay, was the site of re- 
peated and widespread magmatic activity from 
Lower Cretaceous to Oligocene times (Comin- 

Chiaramonti et al., 1990b and references therein). 
"Landsat", aeromagnetic and gravity dam indicate 
that the eastern Paraguay region was subjected to 
NE-SW trending crustal extension during the late 
Mesozoic (Degraffet al., 1981; Degraff, 1985, Mar- 
iano and Druecker, 1985; Druecker and Gay, 1987; 
Livieres and Quade, 1987). 

The resulting faulting formed a complex NW- 
trending graben structure (25-45 km wide and 200 
km long) in the Asuncibn-Sapucai region where al- 
kaline rocks forming dykes, lava domes, lava flows 
and shallow-level intrusive complexes are uncon- 
fo~.'mable on the Silurian sandstone of the "Caacup8 
Formation". 

The alkaline rocks of the Asuncibn-Sapucai re- 
gion represent the major occurrence of K-alkaline 
magmatism in Paraguay (Palmieri, 1973; Gomes et 
al., 1989) with K20/Na:O mainly from 0.6 to 4.0. 
This region abuts Mesozoic tholeiitic volcanics of 
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Fig. 1. Map of Asunci6n-Sapucai rift, Central-Eastern Paraguay, showing major areas of outcrops of igneous rocks, simplified 
from Bitschene (1987). 
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the "Serra Geral Formation" ( 130 Ma; Bitschene, 
1987) on the eastern side and Tertiary (61-39 Ma) 
ultra-alkaline (sodic) rocks on the western side 
(Comin-Chiaramonti et al., 1991 and references 
therein). The potassic rocks ( 128 Ma; Velazquez et 
al., 1992) are close in time to continental splitting 
and rifting events which separated South America 
from Africa. 

A mainly NW-SE trending dyke swarm of at least 
200 dykes, 0.5 to 20 m thick, formed by alkaline 
assemblages, is concentrated near Sapuca~ town 
(Fig. 1 ). A systematic study of these rocks was ini- 
tiated with the view of identifying petrological fea- 
tures characteristic of magmas undoubtedly related 
to a regime of continental rifting, where subconti- 
nental mantle sources generated differentiated po- 
tassic suites of "low volcanicity", consistent with 
that of the "Serra Geral flood basalts". The origin 
and evolution of these sources may reflect specific 
geochemical characteristics of the lithospheric/as- 
thenospheric mantle. 

This paper presents essential mineralogical and 
bulk data necessary to delineate the features of the 
Sapucai dyke swarm. Detailed petrography and a 
mineral chemistry data are in Gomes et at. (1989) 
and in Comin-Chiaramonti et al. (1990a,b), or are 
available on request. 

Analytical procedures 

Mineral analyses were made on a ARL-SEMQ in- 
strument at Cagliari Universi~Ly, operating at 15 kV 
and 20 hA. The standards were of oxides or simple 
silicate compositions. Major and trace element 
analyses of whole-rocks have been earned out at the 
Trieste University by X-ray fluorescence tech- 
niques using a Philips PW/1400 spectrometer on 
pressed-powder pellets. The preparation methods 
and analytical procedures have been described by 
Beilieni et al. (1983). 

REE, Th and U of some selected samples were 
measured on a Perkin-Elmer $ciex Elan 500 mass 
spectrometer (upgrade to 5000), at CEPA s.r.i. 
(Palermo), following the procedures described by 
Alaimo and Censi (1992). Seven-point (! to 500 
ppb) multi-element calibration standard solutions 
were used to calc~ate elemental concentrations. Rh 
(210.6 ppb) was used as internal standar,5 ~ com- 
pensate for any changes in analyzed signals. 

Petrography and mineral chemistry 

Following the classification of De La Roche et al. 
(1980), the mesozoic dyke swarm of the Sapucai 
area can be divided into two main lineages (Fig. 2): 

( 1 ) a silica-undersaturated lineage ranging from 
tephrites to phonolites and peraikaline phonolites; 

(2) a silica-saturated lineage ranging from alka- 
line basalts to lrachyphonolites. 

The majority of the rock-types are notably por- 
phyritic with between 10 and 40% pheno- 
crysts + microphenocrysts set in hypohyaline to hy- 
pocrystalline groundmass. 

( 1 ) The first lineage 
The generalized mineral assemblage in tephrites 

and phonotephrites is clinopyroxene +olivine 
+ feldspars + feldspathoids (major constituents), 
Fe-Ti oxides + mica + amphibole (minor constitu- 
ents) and accessory apatite, zircon and rare carbon- 
ates. Included in this group are rare rock-types with 
seriate mica + clinopyroxene (up 2 cm across) set 
in a glassy groundmass with microlites of clinopy- 
roxene + mica + Fe-Ti oxides + feldspathoids (mi- 
nette, according to Bergman, 1987 and Le Maitre, 
1989). 

Assuming FeO/Fe203---- 0.17. Ibex: 
Minett~. MgO/(MgO + FeO ) ---- Mg# = 0.73-0.70; 

CIPW Ne=13-15%; (Na+K)/AI=0.75; K20/ 
Na20= 1.3-1.5. 

Tephrite: M g # -  0.68-0.48; CIPW Ne = 10-20%; 
(Na+K)/AI=0.65-0.75; K20/Na20=0.9-1.9. 

Phonotephrit~. Mg#=0.60-0.47; CIPW N e -  10- 
18% and CIPW Lc 0--14%; (Na+K)/AI=0.62-  
0.88; K20/Na20-  1.2-1.9. 

Phonolites have clinopyroxene + alkalifeldspar + 
feldspathoids + plagioclase + olivine + andradite 
*_ sphene set in a glassy matrix. Mica and Fe-Ti 
oxides are uncommon, amphibole is rare. They are 
distinguished in: 

A-type: pseudoleucite megacrysts; MgO > 3 wt. %; 
CIPW Ne=17-27% and CIPW Le=0-24%; 
(Na+K)/.~d=0.95-0.96; K20/Na20= 1.2-2.3 (uo 
to group Ill ultrapotassic rock-types of Foley el al., 
1987); 

B-type: plagioclase megacrysts; MgO-- 1.5-3.0 wt. 
%; CIPW Ne= !2-13%; (Na+K)/AI=0.70-0.74; 
K,O/Na20 = 1.4-2.0; 

C-O,pe. aikali feldspar and nepheline megacrysts; 
MgO< 1.5 wt. % ; CIPW Ne=22-28; (Na+K) /  
AI = 0°90-0.94; Y :O/Na20 = 0.75-0.77; 
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Fig. 2. RI-R2 plot (Rt=4Si-I 1 (Na+K)-2(Fe+Ti), R2=6Ca+2Mg+AI; De La Roche et al., 1980) with the main fields of 
potassic rock-types from the Sapucai dyke swarm. T-PAP, tephrite to phonolite (A-, B-,C-type and peralkaline phonolites) and 
AB-TP, alkali basalt to trachyphonolite lineages, respectively. 

Peralkaline: garnet and sphene micropheno- 
crysts; MgO<O.5 wt. %; CIPW Ne=29-33%; 
(Na=K) /AI=  1.1-1.3; K20/Na20 =0.62-0.71. 

(2) The second lineage 
In the alkaline basalt to trachyphonolite lineage, 

clinopyroxene is the most abundant constituent, as- 
sociated with plagioclase + alkali feldspar; olivine 
occurs in alkali basalts and in trachybasalts; mica is 
a common groundmass micrt~lite, rarely pheno- 
cryst-microphenocryst in trachybasalts and trachy- 
phonolites. Amphibole phenocrysts occur in the lat- 
ter. Fe-Ti oxides are ubiquitous microphenocrysts 
and microlites. Phenocryst-microphenocryst sphene 
occurs in trachyphonolites; apatite and zircon are 
commor~ accessories in all rock-types. 

Alkaine basalt: Mg# =0.63-0.56; CIPW Ne = 4- 
7%; '~' ~, 4aq-K)/AI=0.5:)-0.56; K 2 0 / N a 2 0 = 0 . 6 4 -  
1.54; 

Tm:hybasalt: Mg#= 0.65-0.51; CIPW Ne= 3-8; 
(Na-k K)/AI = 0.46-0.70; K20/Na20=0.65-2.50 
(up t,) group III ultrapotassic rock-types, according 
to Foley et al., 1987). 

Trachvphonolites: Mgg = 0.37-0.22; CIPW 
Ne=8-10; (Na+K)/AI=0.71-0.87;  K:O/ 
Na20= ! .00-1.90. 

Mineral  chemistry 

Clinepyroxene. Representative clinopyroxene 
analyses are given in Table 1. The higkest Ca occurs 
in clinopyroxene from the more silica undersatur- 
ated rock compositions, the late-crystallized micro- 
phenocryst and groundmass clinopyroxene forming 
a characteristic Ca- and Fe°enrichment trend (Fig. 
3). The Ti/AI ratio of the clinopyroxene from the 
minette and tephdtes (Ti/AI=0.19-0.33) vir- 
tually overlaps the corresponding range for the cli- 
nopyroxene from phonotephrites (Ti/Ai =0.14- 
0.35), the highest Ti/AI values matching the high- 
est (Na + K)/AI ratio of the bulk rocks (i.e. > 0.70). 
Clinopyroxene from single specimens often display 
the whole Ti/AI variation reported for the lephrite- 
phonotephrite elan. 

Megacryst compositions in A-phonolites are vir- 
tually identical to the above, whereas B- and C- 
phonolites contain augite (Ti/AI = 0.16-0.20 ) and 
salite (Ti/AI=0.17-0.30) megacrysts, respec- 
tively. Peralkaline phonolites are characterized by 
megacrysts similar to the latter in composilion, but 
mantled by ferrosalite rims (Ti/Al=0.1 l-0.18), 
matching the coexisting phenocrystai and ground- 



POTAY~IC DYKE SWARM IN SAPUCAI GRABEN 

Table ! - Representative compositions o f  ~linopyroxones. M, P, mP and GM : megacrystals (> !0  ram), phenocrystals (1-5 ram), 
microphenocryst~'s (0.2-1ram) and microlites, respectively. Structmal fonmdee oa the basis of  4 Cations end 6 0 x y g m s .  
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MINE1TE TEPHRITE PHONOIEPHRrI~  A-PHONOLITE B-PHONOL,'~E C-PHONOLITE 

M OM M mP GM M P mP OM ~ GM M P M GM 
m m  _ - _ 

. . . . . . . . .  m =  , ~  _ 

SiO2 $3 .5S  49.31 49.69 50.68 46.14 53.93 4 9 . 1 7  48.22 43.75 50.33 4S.W 49.76 51Al 4 6 , 5 8  0,6,57 
TiO2 0.67 1.94 1,34 1.68 2,48 026 1.72 Z16 4.70 123 3.40 1.18 0.98 1.55 1.41 
AI20 3 1,28 4.11 3.94 3.74 736 1.16 5.18 4.54 9.92 3.03 6.66 3.89 $.10 5.91 4.99 
FeOt 4.96 7.52 8.04 5.516 9.57 4~Y~ 7,36 7.30 10.91 6~1 8 ,.~ 8.21 9.19 ! 1.67 11 ,.58 
MnO O.12 0.09 O.!7 O.!8 0.22 0~00 0.44 O.18 0.24 O.14 0.24 0.42 0.10 0.47 0.52 
MgO 17 .00  14.57 14 .57  14 .57  11.94 17.79 13.43 12.99 9,'/3 14.74 11.45 14.60 13.70 9.6,$ 1 0 ~  
CaO 22.26 22,31 21~36 22 ,78  21,46 22.29 22 .21  23.0~ 20.(]g 22.91 22.14 21,I~! 2131 2222 2232 
Na2~ + 0.55 0.00 039 0.38 0.76 0.18 0.47 0~9 0:f,0 034 0,63 0.~II 0.22 0.94 0.87 

r~03 0;05 0.14 0.00 0.04 005 036 0.00 002 0~07 0.1~ 0~0 0.09 000 0.00 0.01 
100.44 99.99 ICO.O0 99 .63  99.~ 100.02 leO.CO 99.06 ICO.O0 9~81 9 9 . 2 7  1(30.01 leO.O! 9 8 . 9 9  9835 

Fe20 ~ 2.11 1.62 3.75 1.04 5.13 0A7 2.30 3.33 0,51 2,29 3.40 5.24 0.~) 5.64 6.39 

Si 1.945 1.831 1 .839 1 ,870  1.724 1,963 1.823 1.808 1.658 1,878 1.730 !,1836 1.917 1.776 1.786 
AI IV 0.055 0.169 0 .161 0.130 0.276 0.037 0 . 1 7 7  0.192 0342 0 , 1 2 2  0.270 0.164 0 . ( ~  0.22,4 0.21~ 

Z000 Z030 2 .000  2. /)00 ZO00 2.000 Z000 2-000 2,000 2 -000  Z 0 ~  2~000 2-000  Z000 2.000 

AI VI 0000 0 .011 0 .013  0.~3 0.047 O.012 0.049 0.0(~ 0.101 0.011 0026 OJ~6 0,054 0.042 0.012 
Fe-H- 0.093 O.lgg O.144 O.155 O.155 O.110 O.164 O.126 O331 0.123 O.!!t6 O.10g O.297 O.210 O.187 
Fe'H-~ 0.058 0 .045  O.104 0029 O.144 O.O13 0 . 0 6 5  O.1~ OO15 0.064 0.097 0.146 O.0130 O.162 O.lg~ 
Mg 0.920 0.806 0.803 0.801 0.664 0.965 0.743 0.726 0 . 5 5 0  0.820 0.644 0.803 0.761 0.549 0.576 
Mn 0004 0.(303 0 .005  0,006 0007 O.0~0 O.013 0.006 OB0g 0.4304 OL)~g 0013 0 .003  0 . 0 1 5  0.017 
Ti O.OI8 O.0f~  0 .037  0 ~ 7  0.070 0,007 0 . 0 4 8  0061 0.134 0 . 0 3 5  0,097 0.033 0 ,028  0 . 0 4 4  0.0~1 
Cr 0001 0 . ( ~  0.030 O ~ U !  0.001 0.010 0.~0 0.001 0~02 0 . ~ 0 2  0~00 0~03 0000 0000 0.030 
Cm 0.8456 0 .888  0 .867  O.90I  0.858 O ~  0 . 8 8 2  0.926 O`815 0.916 0`896 0~g'~ 0 .852  0 .90~  O.918 
Na O.O41 O.0f.~ 0 : ~  0,ff~7 0.0~5 O.O13 0.034 0.043 0.044 0.O25 0D46 00~6 0.016 0.070 0065 

2.(]O1 1 .999 2.(}01 2.000 2.tlOI 2.~0 2. / ]00 2.(]0! ~ Zt~O ~ 2,000 2 .001 2 . 0 0 0  2-01)0 

Ca 44.6 46.0 45.1 47.6 46.9 44.4 47.2 49.1 47.4 47.5 48.9 43`8 44.~ 49.2 48.8 
M8 ~?.4 41.~ 41.7 423 363 49.3 39.8 38.5 32.0 42.6 35.2 42.2 d0.O 29.8 30.6 
Fe** 8.O 12,2 13.2 I0.I 16+g 6.3 13.0 12,4 20.6 9.9 15.9 14.0 15.2 21.0 20.6 

mg# 0.9~ O.811 0 .848  0.838 0.811 0.898 0 . 8 1 9  0.852 0.624 0`869 0.776 O,881 0.726 0 . 7 2 3  0.755 

P ~ I N E  ALKALINE 
PHONOLITE BASALT 

TRACHYBASALT 

M P GM M G'M MI M2 P P GM GM 

TRACHYPHONOLITE 

P GM GM 

SiO2 48.02 48.67 50`85 52A5 49.43 53.58 5 1 . 5 4  50.77 ~.32 50.57 50.03 49.90 47.60 52~]0 
TiO2 1.71 0.73 2.22 0.29 1.22 O.13 0.50 0.74 0.93 0.97 1,.~ 1.42 1.89 0.45 
AI20 3 4.67 2.94 1.57 2.03 4.20 OO1 2-98 2.92 4.52 5.60 3.12 3.29 $.03 !.36 
FeO 933 17.52 24.75 4.29 9,94 8.q7 4.62 6.36 803 9~g 7.?8 9.24 11.28 15.13 
MnO 039 1.61 1.75 0.05 O.19 0.27 O.12 O.16 0.22 032 0.40 0.34 037 0.68 
MgO 12.67 6.66 1.00 16.75 13.30 14.11 15.78 14`83 1~,37 11.55 13.43 11`84 I0.12 8.55 
ClO 2 2 . 5 5  20.22 9.24 2333 21_.~0 22.70 22 .38  22.53 21.42 21.03 22.14 23.23 22.69 19.62 
Na20 035 1.58 8.47 O.00 O.12 038 0.38 0.32 0.12 1`87 0.99 0.68 0.88 2.75 

r203 031 0.02 0.00 0.80 0.11 001 0.g6 0.21 O ~  002 0~5 0.04 0.02 0.00 
10000 99 .95  99`85 99.9@ 10001 99.76 9 9 . 1 6  9 8 . 8 4  lf~Ol lO0.gg 99.99 99.98 99.88 100.54 

Fe20 ~ 4.29 6A3 18A5 1.23 1.93 1.10 O.gg 2.14 0.95 4.69 3.52 2.96 4.69 7.07 

Si 1.797 1 .882 1 .949 1 .920  1.849 1.9~ 1.904 1 ~ 1 ~ I.~54 1.883 I ~69 1.799 1.957 
AIIV 0 .203  0.I18 0 .051 O.080 0.151 0.031 0 . 0 9 6  0.106 0 . 1 3 5  0 . 1 4 6  0317 0.I31 0.20I 0.043 
Y 2.000 2 .000  2 .000  2.000 2.000 ~_.g~J9 2.{]~) 2.0]0 ~ 2.0(}0 2.000 2.000 2.(]00 2.(]00 

AI '4] 0.C03 0.017 0.020 0.007 0.034 0.000 0.034 0.022 0 .063  0.096 0019 0014 0.023 0.017 
Fe't-+ 0.171 0.388 0.261 0.098 0.257 0.237 0 .1 (~  0.I38 0.223 0.149 0.143 0..1~ 0.223 0.276 
Fe+4-,. 0.121 u.178 0.532 0.034 0.054 0.031 O~037 C'.~0 0.027 0.129 0.098 0.0~3 0.133 0.2/30 
Mg 0.706 0.384 0.057 0.914 0.7.~1 0.784 O.li~ O.~2A 0.794 0.631 0.741 0.66~ 0.570 0.480 
Mn O.012 0 .053  0~057 0;002 0.006 0.~9 0 . ~  0.005 0£07 0 . 0 1 0  00!3 0011 0 , 0 1 2  0.022 
Ti 0.048 0 .021 0 .064  0~308 0.034 0.004 0014 0.021 0~26 0 . 0 2 7  0035 0,040 0.054 0.013 
Cr 0.009 0.C01 0.CO0 0,023 0.003 0.C00 0 , 0 2 5  0.CC6 0002 0.C0I 0~01 0~02 0 .001  0.0r)0 
Ca 0.904 0 .838  0.380 0.915 0.862 0.~7 0 . 8 8 5  0.900 0,~50 0 . 8 2 5  0`879 0,933 0 . 9 1 9  0.791 
No 0.025 0.120 0 ,629  0.,~0 0,009 0.027 0 , 0 2 7  0.023 0~3~ 0.133 007! 0049 0 .065  0.201 

2.01~ 2 ,000  2 .000  2.000 Zt'~O 1.9~ 2.COO |.999 ~ 2.001 2,000 1.999 2 .000  Z(F+O 

Ca 47.2 45.5 29.5 46.6 44.9 46.1 46.6 46.7 4.4°7 47.3 46.9 49.3 49..5 44.7 
Mg 36.9 20.9 4A 46.6 38.6 39.8 45.7 42.8 41`8 36.2 39.5 34.9 30.7 27.1 
Pe so 15.9 33.6 e6.! 6.8 16.5 14.1 7.7 10.5 13.5 16.5 13.6 15`8 19.8 28.2 

rag# 0.805 0.497 0.179 0.9(D 0.742 0.76~ 0`89 |  0~$7 0.781 0.~9 0`8~ 0.762 0.TTU 0.~35 
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Fig. 3. Compositions ofclinopyroxene in the various clans. Tie lines connect coexi ring clinopyroxenes. 

mass pyroxene. Microlites in these rocks are aegi- 
rine-augite (acmite up to 63% mol; Ti/Al up to 
0.90). 

The clinopyroxene from the alkali basalt-trachy- 
phonolite lineage is g~nerally similar to that in the 
tephrite-phonotephrite clan. As in the latter, me- 
gacrysts show diopsidic cores mantled by salite rims. 
Two distinct megacryst generations were observed, 
i.e. diopside and salite with (Si+A!)<2.00 and 
(Si+AI)>2.00, corresponding to Ti /AI=4 and 
0. I 1, respectively. The former megacrysts probably 
crystallized from liquid compositions with 
(Na+K)  > 1 (Cundari and Ferguson, 1982). 

Olivine. Olivine (Table 2) is commonly micro- 
phenocryst to groundmass phase (Fo76-68) in te- 
phrites and megacryst to microphenocryst (FOTq_Vo) 
in phonotephrites. Microphenocrysts or ground- 
mass olivine is present only in A- and B-phonolites 
(F075_65). Olivine megacryst up to micropheno- 
crysts occur also in alkali basalts and trachybasalts 
(Fos2_56), attaining Fo4s in the microlites from the 
trachybasalt groundmass. 

Olivine compositions appear to be in broad equi- 
librium with the coexisting clinopyroxene, but me- 

gacrysts and phenocrysts from phonotephrites 
yielded higher forsterite than the expec'ed equilib- 
rium temperatures. 

In general, close chemical correlations apply only 
to the olivine-clinopyroxene pairs from tephrite- 
phonotephrite and phonolite dykes, reflecting their 
cognate relationships, whereas there is poor linear 
correlation for Fet/(Fet + Mg) values between co- 
existing olivine and clinopyroxene compositions in 
alkali basalt-trachybasalt rock-types. 

Fe-Ti oxides. Magnetite-ulvospinel solid solu- 
tions occur as microphenocrysts and groundmass 
constituents; coexisting magnetite-ilmenite pairs 
were rarely observed as microlites in tephrites, 
phonotephrites, B-phonolites, being more common 
in alkali basalts (Table 3) and generally indicate T 
°C and fo, conditions above the QMF buffer curve 
(Fig. 4 ). Haematite is a common groundmass con- 
stituent in peralkaline phonolites, but also mantling 
and/or replacing magnetite in the other rock-types. 
Notably, Ti-magnetite with decreasing ulvospinel 
proportion, i.e. 73 to 9 reel%, was observed in alkali 
basalt to trachyphonolite rock-types. 

Similar to the tephrite-phonotephrite and phon- 
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Table 2 - Re~esentat ive compositions o f  olivine. Letters as in Table 1. Structural formulae on the basis of 4 Oxygens. 

i 

ALILALINE 
TEPHRITE PHONOTEPHRITE PHONOLITE 

BASALT 

P mP GM M P lap mP lap OM P OM 

TRACIIYBASALT 

M mP OM 

SiO 2 38A2 38.41 3739 39.39 38 ,92  37 .60  3 8 . 2 !  38,06 36.92 39,24 3 7 . B !  39,51 38.08 34,63 
FeO t 21.7"/ 21.79 27.43 18.49 2038 26.21 21.34 23.56 29,42 17.53 27.21 16,47 24.03 41,37 
MaD 0,34 0,~ 0.58 0.49 0.56 0.39 0-$8 0.71 0,74 038 0.62 ~.31 1.26 1.02 
MgO 38.90 38,40 33~ 41.59 39 .79  35,09 38.31 36.87 32.09 42 .19  34 .57  43 .20  36~56 22,12 
CaO 0.29 0.28 0.58 0.40 0.66 0,36 0.63 0.$4 053 00~6 0.52 OA6 0.21 0.63 

99.'/2 99,78 99.86 100.36 100.31 99.65 99.07 99.74 99,70 99.60 100.73 99,95 ",~0.14 99,81 

S i 0.99g 1 .~0  1 .(100 1.001 ! .000 1 .CO0 ! ~00 1.0(30 1.000 I ~ 0  1,000 0.999 ! ,U]0 1 .(~]0 
Fc ++ 0.471 0.4"/3 0.611 0.392 0 .436 0.581 0.463 0,,~!6 0 .664 0372 0 .599 0347 0.52~ 0.996 
Ma 0.007 0.020 0.013 0.011 0.012 0.009 0.013 0.016 0.017 0.0~ 0.014 0.007 0.028 0.025 
Mg 1.516 1.~0 1359 1.585 1..533 1.400 1.$04 1.453 1304 1.6!3 1.3"/2 1.638 1.440 0.960 
Ca 0.008 0.008 0.017 0.011 0.018 0.010 0.018 0.015 0.015 0.007 0.015 0.012 0.006 0.019 

3.000 3.(301 3.000 3.~0 2.999 3 .000  31100 3.000 ~.~o 3 ~ 0 0  3 ,000  3.003 3.000 3.000 

Fo 75.72 74.96 67,95 "/9.29 76.69 70.00 75.20 " /2 ,65  6 ,$ .20  80.65 68.60 g|.73 72.00 ~lS.(lO 
Fa 23.53 23.64 30.55 19.61 21J l  29.05 23.25 23.~ 33.20 18.59 29.95 17.32 26,30 49.80 
Tph 035 ID0 0.65 0.55 0.60 0.45 0.65 0.80 0.85 0.40 0.70 035 1.a0 1.25 
Lw 0.40 OAO 0.85 0.55 0.90 0.50 0.90 0.75 0,75 035 0.75 0.60 0.30 0.95 

rag# 0.763 0.760 0.690 0.80'2 0.779 0.707 0.764 o.'r~8 0.663 o.g13 0.696 0.825 0.732 0.4~1 

rag# = Mg/(Mg+F~ +) 

olite assemblages, Ti-magnetite from the Vico and 
Sabatini leucite-tephrite/phonolite suite, Roman 
Region, contains TiO2 = 8- i 7%, in absence of co r- 
existing ilmenite (Cundari, 1975; 1979). 

Mica. Mica is a Ti-rich member of the annite- 
phiogopite series (Tahle 4; Fig. 5A). The Fe203/ 
l e o  ratios, estimated from charge balance, are con- 
sistently higher in the mica from first Haeage (2.1- 
15.0) than the Fe203/FeO ratios in ~.ile mica from 
the second one (0.5-0.9); systematically 
(Si+AI) <8.0G a.f.u., with Ti completing the oc- 
cupancy of the 'i" sites. 

Likewise, mica from Vico and Sabatini leucite- 
tephrite/phonolite suites is phlogopite, generally 
with ( Si + Al ) > 8.00, but also (Si + Al ) < 8.00 and 
TIO2=2-5 wt. % (Cundari, I975; 1979). Virtually 
identical compositions were reported by Holm 
(1982) for mica occurring in leucite-tephrite/leu- 
citites from the Vulsini complex, Roman Region. 
Mica from tephrite to phonolite lineage is higher in 
Ti (TiO2=5-8 wt. %) compared with mica from 
the above Roman Region lavas, but is close to the 
range (TIO.,=4-7 wt. %) reported for mica in 
southwestern Ugandan phonolitic tephr~te series 
(Ferguson, 1978 ). 

Ti-rich mi.ca, phenocryst, microphenocD'st and 
microiites occurring in trachybasalts and trachy- 
phonolites has compositions fitting the magnetite- 
haematite buffer (Fig. 5B), whereas the mica from 
minette-tephrite-phonotephrite and phonolite- 

peralkaline l~honolite clans is clearly removed from 
the regions of buffered compositions, suggesting that 
mica crystallization in the corresponding liquids 
may have occurred under unbuffered conditions. 

Amphibole. Pargasitic amphibole is an accessory 
groundmass phase in the tephrite-phonotephrite 
rock-types, and may coexist with megacryst amphi- 
bole varying from hastingsitic hornblende (core) to 
kaersutite (rim), according to Leake's nomencla- 
ture (Table 5). Similar to mica, all the analyzed 
amphiboles are characterized by (Si+AI) < 8.00 
a.f.u, and Ti may complete the occupancy of the T 
sites. Notably, the sum of cations, based on 23 oxy- 
gens is less than the expected 16 a.f.u., Ca is re- 
stricted to M4 and the occupancy of the A site is low 
(Na + K= 0.8-0.9 a.f.u. ), K/Na varying in the range 
0.4-0.5. These crystal chemical characteristics are 
shared with amphiboles in tephritic lavas from Sa- 
batini (Cundari, !979) and Vu!sini !avas (Holm, 
1982) and the Cordon Complex, Philippines 
(I~duei and Cundari, 1990). 

A more extensive amphibole crystallization, rel- 
ative to the tephrites-phonotephrites, is indicated 
for the C- and peralkaline phonolites, where the full 
textural range, from megacryst K-rich ferroan r)ar- 
gasite to groundmass, K-rich Mg-hastingsite, is rep- 
resented (Table 5, Fig. 6). The T sile is completed 
by (Si+AI); the sum of calions, based on 23 oxy- 
gens, exceeds 16 a.f.u., averaging 16.067 +_ 0.087; 
(Na+K)  > 1 a.f.u, and K/Na=0.7-0.9. 

Fewoan pargasite phenocrysts, microphenocrysts 
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-log ~ 0 2 / 

700 900 | !00 
Fig, 4, Stability relations in fo~-T °C space for magnetite- 
ilmenite pairs, Abbreviations and symbols as in Fig., 3, Buff- 
ers are from Specer and Lindsley ( ! 98 ! ) 

and microlites also occur in trachyphonolites. Oc- 
cupancy of the A site, K/Na ratio, Ti and calculated 
Fe 3 + values are intermediate between the ana- 
logues for amphiboles in tephrites and phonolites. 

Feldspars. Zoned plagioclase phenocrysts and mi- 
crophenocrysts (An70_2a) prevail in hypocrystal- 
line assemblages of the tephrite-phonotephrite clan, 

coexisting with late-crystallized oligoclase (An2o_ ~4). 
Sodic sanidine (Ab39) and/or albite patches occur 
in tephrites; sanidine (Abt~_ts) and/or sodic sani- 
dine (Ab 40-43) microlites in phonotephrites. Pla- 
gioclase megacrysts (Anv4.4.,) to microphenocrysts 
(An6~_a6), commonly mantled by sodic sanidine 
(c.Ab4o), were only observed in B-phonolites and 
are considered as xenocrysts. Rare micropheno. 
crysts and groundmass plagioclase (An22_~6) were 
observed in A-phonolites, while none was detected 
in C-phonolites. Feldspars from phonolitic rocks 
follow Ca-depletion, Na-,K-enrichment trends, and 
Ca-. Na-depletion and K-enrichment trends, for 
plagioclase and alkali feldspar, respectively, consis- 
tent with the feldspar crystallization trends in leu- 
cite-bearing rocks from the Roman Region (Fergu- 
son and Cundari, 1982). 

Alkali basalt-trachybasalt assemblages are char- 
acterized by zoned microphenocrysts (An69_3o) and 
homogeneous plagioclase (An26_2o) and alkali feld- 
spar (Or52) microlites. Plagioclase megacrysts 
(An~3_~2) occur in trachyphonolites, where the 
groundmass feldspar is typically sanidine/Na- 
sanidine. 

Feldspathoids. Euhedral ana!cime and/or pseu- 

Table 4 - Re~pmse~tat/ve compositions ofmicas .  Structural formulae on the basis o f  22 
Oxygens and Fe20~ as from ch~ge  ba l~ .e .  

PHONO PHONOLITE TRACI-rY TRACHY 
MINETTE TEPHRITE BASALT PHONO 

A-type B -Upe 

Mc Mr GM GM GM GM GM P mP GM 

SiO.~ 38.78 36.82 35.42 36.61 35.10 36 .24  36~0 3.8.35 38.~3 
TiO~ 5.86 5.23 7 ~  6.82 8.53 7.85 6.95 8A9 8.07 
FAIe~O 3 15.04 15.(}5 13.62 14.30 ]5.55 13.70 14~5 ~4.33 M.19 

t 11.19 17.09 18.64 16.09 14.99 18.28 14 .29  11 .30  IZ78 
MnO 0.12 0.26 0.29 032 0.23 030 0.26 0.!1 0....34 
MgO 17.78 14.(36 13.19 14.20 13.24 931 13.87 14~0 13.88 
CaO ODO 0.~0 O ~  0.01 0.02 0.04 0.04 0.05 0~0 
Na~O O.13 0.00 0.66 0.25 0.52 0.64 0°~6 0,58 0.45 
K2 ~_ 8.37 8.45 8.53 ~.51 8.75 9.70 9.37 8 .~  8-$6 

~ 0 3 ~d. n.d. 004 0£0 0.00 0~0 0.03 0~)7 0~0 
97.27 96.95 97.48 9 7 . 1 4  9 6 . 9 7  96 .06  9632 % ~ 6 5  96.27 

Fe203 9.90 12.34 16.15 11.78 HAl 10.37 14.80 5.70 5.63 

Si 5396 5 .274 5Jl~,l  5 . 2 3 7  5 . 0 3 6  5362 5 . 1 4 9  5A5! 5.467 
A! IV 2.467 Z ~ I  2 ,304  2.411 2.630 Z31~9 2 . 5 0 3  2~01 Z ~  
Ti 0.137 O 1 8 5  0612 0352 0334 0 , 2 4 9  0348 0.148 0.126 

8 ~ 0  8.000 8,000 t 1 ~  8 .0DO 8 ~ 0  8~00 8DO0 8.000 

AI V~ 0.000 0.000 0 ~ 0  0~00 0.(~0 ODO0 0000 OJ~O0 0.000 
Fe'~  0 . 2 6 5  0.716 0.492 0 . 6 5 7  0.599 1.1(}8 0 .116  0 . 7 3 3  0.92~ 
Fe +++ 1037 1.330 ! .745 1.268 I .~3 1.155 1-$93 0.610 0.610 
M~ 3.688 3 .000  2 .822  3D28 2.831 ~ 2.957 3..~'~6 2.977 
Mn O.O1~ 0.031 0 .035  0 , f f39 0 . 0 2 ~  0 .035  0 . 0 3 2  0013 0.0~1 
Ti 0.476 0.378 0 .150  0382 0 . 5 9 1  0 .625  0.~0 0.76,0 0.747 
Ca 5.~ 5.~ o ~  o~o~ o.~ o~oo o~o~ o ~  o.~ 

Ca 0 ~ 0  0.~0 0~05 0.002 0.00~.~ 0~0~ 0~}6 0~.~ 0.~0 
Na 0.035 0.000 0.184 00~9 0.143 0.184 0.183 0.I~0 0.126 
K IA86 1.544 I-$62 1.$53 1 .t~r2 I~31 1.710 1.574 1.571 
Y 1-$21 1.544 1 3 5 1  1,624 ! . ?~  2.O21 I.~)9 1 . 7 4 2  1.697 

36.97 

!%81 
16.94 
0~1 

10.94 
O ~  
O.5O 
8A3 
0~3 

95.73 

6 ~  

5A59 
Z,U34 
0.137 
8~C0 

0~00 
|A17 
0.675 
2.406 
0O26 
0.'/3? 
0D03 
5264 

0~04 
0.144 
I-$U 
1.736 
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Fig. 5.(A) micas plotted in terms of AI-Mg-Fe 2+ (22 oxy- 
gen basis and assuming total Fe as divalent). (B) micas plot- 
ted in the Fe3+-Fe2+-Mg diagram (Wones and Eugster, 
1965; Fe 3+ from charge balance). Abbreviations and sym- 
bols as in Fig. 3. 

doleucite pseudomorphs occur in most tephrite- 
phonotephrite dykes. Pseudoleucite megacrysts are 
particularly abundant in A-phonolites, while feld- 
spathoids are confined to the groundmass of B- 
phonolites. Nepheline (Ks= 1-20 wt. %) mega- 
crysts, phenocrysts and microlites occur in C- and 
peralkaline phonolites. Notably, feldspathoids were 

not observed in the alkali basait-trachyphonolite 
lineage. 

Feldspathoid compositions from tephrite-phon- 
otephrite rocks tend to cluster along the Analcime 
( Anl )-Leucite ( Lc ) tie line of Petrogeny's Residua 
System and fall in the primary leucite field, coexist- 
ing with Ani-rich compositions in both phonote- 
phrite and phonolite assemblages. Both analcime 
and pseudoleucite are considered leucite pseudo- 
morphs (cf. Comin-Chiaramonti et alo, 1979). 

Garnet and sphene. Titanian andnidite 
(TIO2=3.5-6.0 wt. %; andradite=78-84% tool.) 
with Fea+>Ti in the octahedral site and AllY/ 
AI v~ = 0.5-0.9 occurs as microphenocrysts in C- and 
peralkaline phonolites. A similar garnet composi- 
tion (TiO2=2-6 wt. %; A1203=9.8-7.7 wt. %; Fer- 
guson, 1978) occurs in a leucite phonolite from the 
Alban ftilis, Roman Region, Ti and Al being nega- 
tively correlated from early- to late-crystallized gar- 
net compositmns. 

While Ti and andradite contents appear to be 
positively correlated in the garnet from peralkaline 
phonolites, rims of zoned microphenocryst garnet 
from C-phonolites tend to be enriched in both Al 
and Ti, reflecting lower Al and higher Fe3+in the 
related core compositions. It seems, therefore, pos- 

Table 5 - Compositions of  amphiboles .  Structurld formulae on the basis  o f  23 Oxygens and 
Fe203 as ~om charge balance. 

TEPt tg ITE PHONOLITE TRACHY 
_ PHONOLITE 

C-type peralkallne 

M GM P mP GM M P GM P GM 

s ,02 , , , ,  , , 6 ,  , , , ,  , , , 6  , , , ,  

, 9 0  96 ,  23o2 , , 0 ,  

2 , 0  2 , ,  2 ,6  
K 4 D  1.63 1.68 2A9 2.49 2.52 2.60 2A9 2.37 2.10 2.12 
~ - -  99.13 98.10 98.16 98A9 98.44 98.55 98.04 98.50 98.31 98.18 

Fe20 3 0.1`4 0.00 3.12 3.51 3.87 ,4.31 3.69 2.91 0.67 1.01 

Si 6.293 6.479 5.975 5.839 5.866 5.658 $.759 5.667 5.791 5.869 
AI IV  ,.692 1 .513  2.025 2.161 2.134 2.342 2.7,41 2.333 2.209 2.131 
Ti 0.015 0.008 0.000 0.000 0.000 0.000 0.0[30 0.1300 OD00 0.0130 
5"- 8.0130 8.000 8.0~ ~.000 8.000 8.0~0 8.000 8 ~ 8.000 8.0"~ 

AI VI 0.000 0.000 0.271 0+200  0.224 0.272 0.258 0.213 0.235 0.216 
Fe "H 1.188 1 .178  2.629 2367 2.552 2.615 2.636 2.578 1 . 8 2 3  1.623 
Fe ~-*-+ 0.015 0.000 0368 OAIO 0. ,454 0.508 0.437 0,342 0.076 0.11,4 
MS 3333 3.449 1 . 5 4 8  1.6t12 1 .,471 1 . 2 5 8  1.353 1 A25 ~ 311 2.590 
Mn 0.034 0.011 0.093 0.117 0.131 0.138 0.128 0.110 0.046 0.036 
Ti 0.,430 0.409 0.167 0.276 0.233 0.261 0.257 0376 0.442 0A54 

5.000 5.047 5.076 5.052 5.065 5.052 5.069 5~,44 5.023 5.033 

Ca 1.919 1 . 7 9 4  1 . 8 3 9  !.889 !.862 !.888 1 . 8 5 3  1,905 1 . 9 1 8  1.897 
Na 0.676 0.703 0.728 0.625 0.636 0.639 0.690 0.654 0.641 0.629 
K 0.302 0.313 0.497 0.492 0.502 0.521 0.500 0.472 0.404 0.406 
~ 2.987 2.810 3.064 3.006 3.000 3.048 3.043 3.031 2.963 2.932 
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Fig. 6. Amhiboles plotted in terms of atorr, ic Mg/ 
(Mg+Fetotal) versus K/Na, Ti, Fe3+, (Na+K)A and 
Si + AI. Abbreviations and symbols as in Fig. 3. 

sible that the garnet in C-phonolites may be 
xenocryst. 

Microphenocryst sphene is also a ubiquitous ac- 
cessory of C-type and peralkaline phonolites and in 
trachyphonolite. Major element contents are rela- 
tively constant (SiO2 = 30.0-30.8; TiP2 = 38.0-38.6; 
CaP 26.4-27.4 wt. %); however significant Nb 
variations were detected (Nb2Os=0.27-0.41 wt. 
%), which correlate with bulk-rock Nb content. 

Significance of the m~neralogy 

Strong chemical affinities have been documented 
between major and minor phases in the Sapucai 
dykes and their analogues from Roman Region. 
Consistent with the clinopyroxene from Roman 
Region lavas, the clinopyroxeae from the tephrite- 
phonolite lineage indicates crystallization from me- 
taluminous liquids in its T site configuration and 
characteristic AI- and Ca-enrichment trend typical 
of leucitite crystallization residua, i.e. liquids with 
( N a + K ) / A I >  1.0 and relatively high Ti/AI ratio 
(Cundari and Ferguson, 1982 ). The coexisting am- 
phibole reflects these liquids in its T site (Si + AI ) 
occupancy to 8.00 a.f.u., consistent with increasing 
(8-$i)/A|(totat, rati9 with increasing (Na + K )/AI 
of the bulk rock, documented in leucite-bearing 
rocks from different tectonic regimes (Ferguson, 
1978). 

The common occurrence of olivine and its broad 
equilibrium relationship with the coexisting clino- 
pyroxene in tephrite/phonolite assemblages is con- 

sistent with the differentiation controls of the 
southwestern Uganda (Bufumbira) leucite-te- 
phrPe series (Ferguson and Cundari, 1975). This 
contrasts with the evolution of the Roman Region 
lavas, where plagioelase+leucite played a domi- 
nant role in the differentiation of the tephritic mag- 
mas (Cundari and Mattias, 1974; Cundari, 1975, 
1979; Holm, 1982). Therefore~ the differentiation 
history of the Sapucai magmas remained largely 
within the stability fields of the ferromagnesian 
phases, notably olivine+pyroxene, in the system 
Mg2SiO4-KAISiO4-SiO2 (cf. Edgar, 1980), sug- 
gesting that a relatively high-temperature subvol- 
canic regime prevailed in the Sapucai magmas, 
compared to that of the Roman Region. 

The extreme differentiates from both tephrite- 
phonolite and alkali basalt-trachyphonolite li- 
neages approach the composition of peralkaline re- 
sidua, suggesting an extended subvoicanic crystal- 
lization hystory of K-rich, aluminous phases like 
phlogopite and leucite, at least for the tephrite- 
phonolite lineage (cf. Cundari and Ferguson, 1982). 
The phonolitic assemblages may have developed 
from peralkaline precursor, as documented for the 
Cordon Complex of the Philippine arc system 
(Knittel and Cundari, 1990). The widespread oc- 
currence of megacryst/phenocryst, probably xeno- 
crysts phases, points to crystal/liquid mixing from 
chemically distinct magma batches during their as- 
cent to the surface. Substantial evidence supporting 
this processes is available from the Roman Region 
and elsewere (e.g. Barbieri et al., 1988; Knittel and 
Cundari, 1990). 

Ge,mhemistry 

Major a::d trace elements 

Among the wide range of compositions repre- 
sented in the Sapucai dykes, only representative 
analyses are given in Table 6 to illustrate the com- 
positional variation of the main rock-types with Mg- 
values 1> 0.48. 

In the total alkali-silica and K20-siiica diagrams 
(Fig. 7) the shaded fields show the more alkaline 
character of the tephrite-phonolite lineage in com- 
parison with the alkali basalt-trachyphonolite li- 
neage (cf. also Fig. 2 ). In the latter, rock-types with 
K20/Na20 ratio ~< l are frequent (shoshonitic to 
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scattered values and the observed trends, in partic- 
ular those relative to the tephrite clan, are not indic- 
ative of fractional crystallization processes. 

l0 Crystai fractionation 

12 

Fig. 7. Sapucai dykes (shaded areas) in the TAS and K~O- 
SiO, diagrams, as from LeMaitre (1989) and from Becca- 
luva et al. (1991 ), respectively. Symbols are for the repre- 
sentative anal_vses of Table 6 (De La Roche's nomenclature 
is maintained, minette excepted). 

latitic rock-types, according to Le Maitre, 1989). 
In general, Mg-values (Mg#), as well as Ni and 

Cr contents are relatively low and even in those rock- 
types where Mg# is in the range of the pfimitive~ 
mantle-derived magmas (Mg#=0.63-0.73, ac- 
cording to Green, 1971 ), the Ni ranges between 66 
and 154 ppm, 235-400 ppm being the content in- 
ferred for primitive magmas (Sato, I977). There- 
fore all the magma-types representative of '~he less 
evolved dykes in the Sapucai area can be consid- 
ered to some extent to be derivative (of. Table 6 ), 
similar to the Roman Region rock-types (Civetta et 
al., 1987: high-K suite, Mg#=0.60-0.70, Cr+Ni 
161-369 ppm; low-K suite, Mg-value=0.51-0.67, 
Cr+Ni=43-319) .  

The tephrite-phonolRe lineage disp!ays h i~er  
TiO2, K20, Zr, Nb,Y and REE contents than those 
shown by the alkali basalt-trachyphonolite lineage 
(Table 6).However, variation diagrams, assuming 
Mg# as differentiation index (Fig. 8), show very 

Modeling of crystal fractionation involving ten 
oxide components was performed using the least- 
squares program XLFRAC (Stormer and Ntcholls, 
1978 ). All phases which occur in the assumed par- 
ent magmas (i.e. those with the highest Mg# and 
Cr+ Ni contents) were considered as fractionating 
phases, including olivine in the minet~e, because its 
absence can be the consequence of a reaction rela- 
tionship with decreasing temperature involving 
phlogopite and liquid (Luth, 1967; Barton and 
Hamilton, 1979). 

Models with very low sums of the squared resid- 
uals (~Sr 2 < 0.5) relative to alkali basait-trachy- 
phonolite lineage indicate that the most evolved al- 
kali basalt, trachybasalt and trachyphonolite could 
be the products of crystal fractionation of oh- 
vine + clinopyroxene + plagioclase + magnetite. Tk,,e 
trace element modeling (Rayleigh's equation) show 
that the incompatible elements have ca!cu!ated/c,b- 
served ratios generally in the range 0.7-1.30, but Zr 
and Y display scattered ratios (0.51-1.02 and (?,.3- 
1.85, respectively), probably reflecting different Ko 
values and the analytical error in low concentra- 
tions ( Table 6). 

The same approach for the tephrite-phonolite li- 
neage shows that the dominant fractionating as- 
semblages are olivine+clinepyroxene + phtc~gt 
pite +_ leucite + alkali feldspar (~r 2 = 0° 10-1 °95 ) 
with consequent variable SiO2 depletions and en- 
richments in the derivative melts (cf Fig. 8 ) which 
evolved in the Mg2SiO4-KAISiO4-SiO2-H20 vol- 
ume (cf. Hamilton and MacKenzie, 1965; Luth, 
1967), zs indicated also by the mineralogical fea- 
tures. This is also consistent with different fo2 and 
amp regimes, expanding the phlogopite volume and 
suppressing leucite at relatively low pressures 
(Wallace and Carrnichael, 1989; IdacDonald et al, 
1992). 

The scattered calculated/observed ratios relative 
to the incompatible trace elements are indicative of 
a more complex typology~ i.e. variations of 02 and 
H20 activities, crystal/liquid mixing from distinct 
magma batches, complex zoning and resorption in 
m~xed potassic magmas, clinopyroxene, folds and/ 
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Fig. 8. Mg/(Mg+ Fe ~+ ), Mg# (Fe20;/FeO=0.175) vs. major (wt. %) and trace (ppm) ehzmenls variation diagrams for the 
selected rock-types. Symbols as in Fig. 7. Shaded areas outline the fields from alkali basalt-trachyphonolite lineage. 

or phlogopite cumulus, leucite breackdown into 
pseudoleucite and/or analcimization at low pres- 
sure regimes (cf. O'Brien et al., 1988 ). 

Petrogenesis 

From the evidence above, the two main lineages 
of the Sapucai dykes are probably related to distinct 
parental magmas. Assure;rig that the least evolved 
compositions represent derivative liquids, we need 
to consider compositions with Mg# e.g. between 

0.76 and 0.79 (Fo 0.91-0.92 for equilibrium oli- 
vine and Ni contents> 240 ppm ). Possible com- 
positions are obtained by adding c. 25 wt. % clino- 
pyroxene + olivine (4:1) and 30 wt. % 
clinopyroxene + olivine (2:1) to minette (Mg# 
0.72) and to tephrite (Mg# 0.68) of Table 6, re- 
spectively, and 30% clinopyroxene + olivine + 
plagioclase (6:3:1 ) to alkali basalt (Mg# 0.62). 

Moreover, assuming a gamc:t peridotite as man- 
tle source (cfComin-Chiaramonti et al., 1991 ), for 
the low Y contents of the observed and calculated 
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magmas and for strong fractionation between LREE 
and HREE (and because the apinel peridotite 
sources indicate melt degree less than 1.5%, up to 
0.1%), the melting models (Hanson, 1978) show 
melt degrees in the ranges 3-7% and 4-7% for the 
tephrite/minette and alkali basalt clan, respec- 
tively, and residual garnet and amphibole in the 
ranges 2-5% and 0-1%. The model also shows im- 
portant enrichments and depletions in the mantle 
source(s) with respect to the primordial mantle of 
Wood et al. (1979), i.e., (;) wphrite-phonolite li- 
neage: Rb, 4-8; Ba, 5-7.5; K, 4-8; Nb, 3.5-6; La, 
4-6; Ce, 3.5-5.5; Sr, 2-2.5. P, 1.5-2.5; Zr, 1.5-2.0; 
Ti, 0.5-1; Y, 0.4-0.7; 

(2) alkali basalt-trachyp,~onolite lineage. Rb, 2.5- 
4; Ba, 5; K, 3.5-4; Nb, 3.5-4; l a  3.5-5; Ce, 2.5-3; 
Sr 2.5-3; P, 1.5; Zr, 1.5-1.7; Ti 0.8; Y.~ 0.5-0.7. 

Notably, garnet peridotite sources are also in- 
ferred by melting models for the Mesozoic tholeiitic 
basalts of Serra Geral Formation (melting degre.es: 
high-Ti basaits, 5-9%; low-Ti basalts, 20%: Picci- 
ril!o and Melfi, 1988) and for the Te~tia:) nephel- 
inites of the Asuncibn area (melting d:g,'ees: 3-6%; 
Comin-Chiaramonti et al., 1991 ). 

Incompatible element enrichment may be broadly 
associated with metasomatic processes involving 
fluids and/or small volume melts (e.g. Menzies et 
al., 1987; Erlank el at., 1987 ). Whatever the origin 
of these fluids, the source was probably in the deeper 
parts of the lithosphere or upper asthenosphere and 
such fluids were likely derived from volatile-rich al- 
kaline melts. 

Geodynamic significance 

The magmatism of the Asuncibn-Sapucai graben 
is an example of potassic volcanism in an intracon- 
tinental rifting. In general, Ba and Sr conter4s of the 
dykes (Table 6) are relatively high, as might be ex- 
pected from the potassic character of the dykes. 
However, not all incompatible elements show en- 
richments: thus Nb is up to 62 ppm in A-phonolite 
(Mg# 0.48 ). As a result, the ratio of large ion lito- 
phile element/high field strenght element (LILE/ 
HFSE) is high: hygromagmatophile element pat- 
terns, normalized to primordial mantle (Fig. 9) 
show strong LILE/HFSE fractionation and nega- 
tive Ta, Nb, P, Zr, Ti spikes, interpreted by some 
(e.g. Edgar, 1980; Pearce, 1983" Thompson et al., 
1984; Beccaluva et al., 1991 ) in terms of subdue- 
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Fig. 9. Primordial mantle-normalized element abundance tbr 
the tephrite-phonolite (T-PT) and alkali basalt-trachy- 
phonolite (AB.TB) lineages, respectively (shaded areas). 
Normalizing values are from Wood et al., 19~9. The averaged 
compositions of"high potassic", RRTL(HK) and "potassic", 
RRTL(K) suites, respectively, from Roman Region lavas are 
drafted for comparison (source of data: Civetta et al., 1987; 
Beccaluva et al., 1991 ). 
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Fig. 10. 100Th/Zr and 100Nb/Zr ratios (after Beccaluva et 
aL, 1991: fig. 8, modified ) showing the fitting of the selected 
an:d¢ses (Table 6; symbols as in Fig. 7) and the field of the 
Sai~ucai dyke swarm (dashed field: this work and unpub- 
lished data). 

tion-related processes. The close similarity with 
generalized patterns for the Roman Region lavas 
(Barton, 1979; Civetta et al., 1987 ) is notable. 

The Sapucai compositions are distinct from the 
field of Ugandan rocks and scatter around the field 
of Roman Region lavas also in the Th/Zr vs. Nb/ 
Zr diagram (Fig. 10). Also, they fall in a distinct 
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field, intermediate between the latter and basaltic 
compositions unrelated to subduction (BCUS), in 
the Th/Yb vs. Ta/Yb diagram (Fig. I l ). Notably, 
the dykes from Sapucai swarm are on trend with the 
tholeiitic basalts of the Serra Geral Formation, both 
groups being distinct from the BCUS. This suggests 
that the chemical characteristics of the Sapucai 
dykes may be due to a metasomatized mantle source 
with Nb-Ta bearing residual phases. This can ex- 
plain the relatively high and constant a~Sr/S6Sr ini- 
tial ratios (av. 0.70717 _+ 0.00030 at 128 Ma: Velaz- 
quez et al., 1992) without intervention of substantial 
crustal contamination, as also shown by low 
6~aO% o(V-SMOW) of mica ( +4.85 to + 5.54), cli- 
nopyroxene ( + 5.09 to + 5.20) and whole-rocks 
( + 5.45 to + 5.91 ), according to Marzoli ( 1991 ) 
and by ~13C% 0(PDB-1) of the scarce carbonate 
phases present in the groundmass of the dykes 
( - 5.6 to -6.~: Censi, unpublished data). 

Finally, preliminary data relative to the (87Sr/ 
86Sr)o (Ro) vs. measured 143Nd/144Nd variations 
(Velazquez et al., 1992), show that the lower Cre- 
taceous alkaline magmatism (0.70696_+ 0.00011 vs. 
0.51193 _+ 0.00003) of the Asuncibn-Sapucai area 
is related to mantle sources isotopically distinct from 

those of the adjoining tholeiitic flood basalts to the 
° 

East (Ybyturuz6-Ciudade de Leste area, age 130 
Ma; (Ro = 0.70587 + 0.00009, 143Nd/~44Nd = 
0.51253 + 0.00016: Marques et al., 1989) and from 
those of the Tertiary ultrasodic magmatism of the 
adjoining Asuncibn area (age 61-39 Ma; Ro = 

0.70374 _+ 0.00010, '43Nd/144Nd = 0.51274 + 
0.00006), the latter also showing pronounced posi- 
tive Nb spikes (Comin-Chiaramonti et al., 1991 a). 

The hig h Ro values relative to Serra Geral tholei- 
ites (i.e.Ro>~0.706) were interpreted (Hawkes- 
worth et al., 1986; Macciotta et al., 1990) as the 
continental extension of the Dupal anomaly, pre- 
sumably by subduction in a previous orogenic event. 
Piccirillo et al. ( 1989, 1990) showed that the thol- 
eiitic basalts, at the Central-Western Paran/~ Basin, 
display negligible crustal contamination; moreover, 
the outpouring of rock-types with low Ro ( ~< 0.704) 
in the Asuncibn area would imply the existence of a 
very thin subduction slab affecting only the potassic 
magma sources (i.e. Ro=0.707). 

Therefore, the magma production in an area rel- 
atively narrow in t;me and space, reflects more 
probably lithospheric sources where compositional 
heterogeneities can be preserved. 
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Fig. 11. Th/Yb versus Ta/Yb diagram: TM, tholeiitic, CA, 
calc-alkaline, SHO, shoshonitic boundaries for arc basalts 
(Pearce, 1983 ); RRTL, Roman Region type lavas; L-Ti and 
H-Ti, low- and high-Ti tholeiites of the Central-Western Par- 
an/I basin (source of data: Civetta et al., 1987; Marques et al., 
1 Q89; Beccaluva et ai., 1991; this work and unpublished data). 
Symbols as in Fig. 7. 

C o n c l u s i o n s  

The mineral chemistry of the Sapucai dyke as- 
semblages revealed several genetic aspects bearing 
on the mutual relationships of the corresponding 
liquids and confirmed established similarities 
shared by metaluminous potassic lavas from appar- 
ently different tectonic regimes, notably the Roman 
Region. In conclusion, the mineralogy of the Sapu- 
cai dykes delineates at least two magma types rep- 
resented by the tephrite to photwlite and alkali-ba- 
salt to trachyphonolite lineages, or alternatively, to 
an independent peralkaline forerunner. Transition 
from peralkaline to metaluminous assemblages may 
have occurred by interaction of chemically distinct 
magma batches crystallizing under different fo2 
conditions. 

The two main lineages are confirmed by the geo- 
chemical trends, probabJv reflecting different me- 
te~.omatized mantle sources in the lithosphere. 

A strong geochemical affinity has emerged t,,.- 
tween the Sapucai and the leucite-bearing lavas from 
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the Roman Region. While the geodynamic signifi- 
cance of this relationships cannot as yet be eluci- 
dined in the light of the incomplete petrological and 
geochemical data on the Sapucai province, it is clear 
that Roman Region type magma (Barton, 1979) 
occurs in a rifled continentai setting devoid of oro- 
genic and/or subduction-driven activity. There- 
fore, a causal relationships of  the latter activity with 
Roman Region type magma is not supported and 
remains questionable. 
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