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VOLCANISM AND RIFTING ALONG THE NORTHERN EDGE OF LADA TERRA, 
VENUS; K. M. Roberts, J. W. Head (Brown University, Providence, RI 02912, U.S.A.), M. G. Lancaster and J. 
E. Guest (University of London Observatory, University College London, London, NW7 2QS, U. K.) 

The northern edge of Lada Terra, adjacent to Lavinia Planitia, is characterized by an extensional linear 
deformation zone1 within which are multiple volcanic centers including the source for Mylitta Huctus, an areally 
extensive lava flow field in ~ a v i n i a ~  (Fig. 1). This proposed rift zone is over 6000 km in length, approximately 115-500 
km wide3 and is characterized by a broad topographic rise elevated 0.4-1.0 km above the surrounding plains with interior 
lows exhibiting 0.6-2.0 km of relief from the outer r i ~ e . ~ . ~  It trends E-NE along the southern border of Lavinia between 
65OS, 29S0 and 55.6OS. 5O. At 53OS, 12O it turns N, extending towards Alpha Regio. Along the rift zone volcanic 
centers are spaced several 100 to >I000 km apart. The east-trending portion of the rift is composed of multiple, 
subparallel lineaments 250 to >lo00 km long and spaced 2-25 krn apart that are interpreted to be linear fractures, scarps 
and t r o ~ ~ h s l - ~ .  These structures are arrayed in a broad, left-stepping en echelon or chevron-shaped pattern. The north- 
trending portion of the rift has a more complex structure due to the presence of tessera and multiple volcanic centers, 
including ovoids, coronae, and features referred to as " n o ~ a e . " ~  This region was previously mapped from Arecibo data3 
and recently imaged by Magellan. 

At least ten separate volcanic centers are observed along the length of the rift zone, four of which are located 
within its east-trending portion. Centered at 63OS, 322.5 is a double-ring corona-like structure with an inner and outer 
diameter of 190 and 300 km, respectively. The annuli are defied by multiple concentric lineaments spaced approximately 
10-20 km apart. The fractures, scarps and troughs within the rift both cut and splay around this corona in a manner similar 
to that observed about the ovoids in Themis ~ e ~ i o l . ~ .  Results from a recent analysis suggest that this structure may have 
been stretched by as much as 18% due to continued extension within the r ik3 No flow features are observed to emanate 
from this structure; its volcanic activity may have been limited to intrusive dike emplacement. Located 1680 km to the NE 
is a smaller corona approximately 160 km in diameter defined by complex radial and concentric fractures, scarps and 
troughs ("A," Fig. 1). Its interior is marked by numerous small shields and lava channels and has been extensively flooded 
by flows from these structures and from the adjacent source of Mylitta Fluctus ('B," Fig. 1). The source for Mylitta is an 
&mmetric shield 200 km in radius with an elongate caldera 40x20 km in width situated within the rift.2 Locally, flows 
from this source have flooded the rift and have traveled up to 1000 km to the north to form a flow field that covers 300,000 
krn2 in Lavinia ~ l a n i t i a . ~  Approximately 470 km to the west along the rift is a highly deformed volcanic edifice in the 
"nova" class of volcanic constructs214 ("C," Fig. 1). It is characterized by an interior circular structure 50 km in diameter 
from which radiates a complex system of closely spaced fractures probably related to subsurface dike emplacement. A few 
lobate flows extend from this edifice 50 km to the NW into the plains of Lavinia. 

At the juncture of the east- and north-trending portions of the rift zone is a large corona 420-500 km in diameter 
("D," Fig. 1). A 75-Ian-wide trough -15 km deep oriented approximately ~ 4 0 ~ ~ ~  bisects this corona and may indicate 
that the corona is being separated by continued extension along the rift. The interior of the corona is flooded by numerous 
lava flows emanating from the trough; additional flows have originated from the concentric and radial fractures about the 
periphery of the corona. Individual fractures within the east-trending portion of the rift appear to splay around the 
periphery of the corona and crosscut more north-trending fractures. This suggests that activity along the east-trending 
portion of the rift may be more recent than that along the north-trending portion. Farther north along the deformation 
zone are two regions of complex ridged terrain (tessera) approximately 300-500 by 900 km in width. Within these blocks 
of tessera are broad circular and elongate lows ("E-G," Fig. 1) exhibiting 1.1-1.8 km of relief. These lows are f i e d  with 
radar-dark material, presumably due to lava flooding. The region between the tessera blocks is also heavily flooded and 
contains clusters of small shields. Extending west from this region is a complex lava flow field, Kaiwan Fluctus, that 
covers at least 315,000 km2 in Lavinia planitia5. This flow field is similar in scale and morphology to Mylitta Fluctus 
but is not associated with a large edifice within the rift as is Mylitta. Flows within Kaiwan may have originated from 
fractures associated with the rift that were subsequently buried. Flows within the northem portion of ~ a i w a n  may be 
related to fractures associated with dikes emplaced radially from Selu corona to the north5 ("H," Fig. 1). Selu is a double- 
ring corona with inner and outer diameters of -300 and 400 km, respectively. Within the interior of the corona is a 
complex radial structure similar to the "nova" class of edifice mentioned previously. Radial fractures extend several 100 
krn beyond the periphery of the corona into the adjacent plains and tessera blocks within the rift zone; a few extend up to 
1480 krn south into Lavinia, parallel to the border of Lada, across the flows of Kaiwan. An extensive region of radardark 
material surrounds Selu and fills a portion of NE Lavinia (Fig.1). This material has obscured much of the proximal and 
medial portions of flows within Kaiwan as well as many of the fractures radiating from Selu. The origin of this material is 
unclear. Additional flow fields much smaller in scale than Mylitta and Kaiwan are located adjacent to the deformation 
zone, extending east into Lada (Fig. 1). One of these, associated with Ammavaru caldera, is described in greater detail 
el~ewhere.~ 

Approximately 670 km to the north of Selu is another volcanic edifice of the "nova" category ("I," Fig. 1). It is 
-200 km in diameter and dominated by complex radiating fractures. Lobate flows have erupted from this structure and 
extend 130-500 km into Lavinia. The last volcanic structure observed along the rift zone is Eve ("J," Fig. I), a 400- km- 
diameter corona adjacent to Alpha Regio. Eve is characterized by a deformed annulus of radial and concentric fra~tures.~ It 
has a flooded interior with no central edifice. A single trough 120 km long and 7 km wide cuts across the interior of the 
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corona, in line with the trend of the rift. A complex flow field 200-500 km in length extends SW into Lavinia from Eve. 
These flows may have erupted fiom fractures which radiate from the corona annulus. 

To summarize, the linear deformation zone along the northwestern edge of Lada Terra is proposed to be a site of 
local crustal rifting on the basis of its topographic and structural characteristics and its association with volcanic sources. 
The exact relationship between volcanism and rifting in this region is unclear. Both the origin of coronae and the origin 
of Mylitta Fluctus, which is similar in scale to many terrestrial flood basalts, have been linked to large-scale mantle 
upwellings. 2-6 However, the possibility of rifting having been initiated by plume activity seems unlikely; this region is 
unlike other regions on Venus thought to be related to plume-initiated rifting in that it is a single linear rift zone located at 
the border of a large highland along which are multiple coronae and volcanic edifices. In contrast, Beta, Atla and Western 
Eistla Regiones are characterized by broad domal uplifts with multiple radiating rift zones at the junctures of which are 
large shield vol~anoes .~  It is possible that mantle upwellings associated with the formation of the coronae may have 
directed rifting along the northern edge of Lada Terra. The rift may have been emplaced between zones of thermally 
weakened lithosphere (due to the presence of local mantle plumes which formed the coronae) when the region underwent 
subsequent extension. The fact that there is little evidence for rifting of the source of Mylitta suggests that it was 
emplaced after the rifting occurred. Thus, Mylitta may represent the most recent volcanic activity along the rift. The 
variation in the style of volcanic activity along the rift (between the formation of coronae and large-scale flow fields) may 
be related to variations in the depth of origin of mantle upwellings and the presence of preexisting fractures to aid the 
ascent of magma. Mylitta Fluctus may have formed as the result of the intersection of a relatively deep-seated plume and a 
pre-existing rift zone. 

REFERENCES CITED:  [I] D. B. Campbell et al.: 1991, Science, 251: 180-183, [2] K. M. Roberts et al.: 1991 
(submitted to J. Geophys. Res.), [3] D. A. Senske et al.: 1991, Earth, Moon and Planets, 55: 97-161, [4] 1. W .  Head et 
1991 (submitted to J .  Geophys. Res.); E .  R. Stofan et al.: 1991 (submitted to J. Geophys. Res.), [S] M. G. Lancaster et 
al.:1992, LPSC XXIU (this volume), [6] E. R. Stofan and I. W. Head, 1990, Icarus, 83: 216-243, [7] D. A. Senske et al. 
1991 (submitted to J. Geophys. Res.). 
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Figure 1. Schematic map of the 
boundary region between Lada Terra 
and Lavinia Planitia. Letters refer to 
volcanic centers mentioned in the 
text. Lineaments represent the 
location and orientation of fractures, 
scarps and troughs. The distribution 
of impact craters is shown by large 
solid circles. A small shield field is 
shown by a cluster of smaller filled 
circles. Arrows indicate inferred flow 
directions. The dotted line encloses a 
unit of radar-dark material discussed in 
the text. 
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NI-RICH SPINELS IN MICROMETEORITES AND METEORITE FUSION 
CRUSTS. E. ~ o b i n l ,  Ph. ~ o n t ~ l ,  L. ~ r o ~ e t l ,  C. ~Channol and R. ~ o c c h i a l .  l c e n t r e  
des Faibles RadioactivitCs CEAICNRS, 91190 Gif-sur Yvette, France. 

In  t r o d u c t i o n .  Ni-rich spinels are often associated with iridium anomalies in 
sedimentary records. Until now, they have been observed: in spheroids in 
Cretaceous-Tertiary boundary rocks (1); in fragments in a lower-middle Jurassic 
hardground (2); in microkrystites discovered in late Eocene sediments (3) and in 
Eltenin glassy spherules of late Pliocene age (4). These minerals are believed to 
derive from projectile or target material during impact events (5,6) or to be formed 
in molten droplets produced by ablation in the atmosphere of the bolide itself (2). 
The discovery of Ni-rich spinels in Eltenin glassy spherules shows that they can be 
formed during asteroid oceanic impact (4). Here we report on the formation of Ni- 
rich spinels in cosmic objects which have been melted and oxidized in the Earth's 
a tmosphere.  

Samples and procedure. Micrometeorite samples were extracted from Greenland 
cryoconites (7,8) and additional samples from deep sea sediments (9) were provided 
by D. E. Brownlee. Samples of meteorite fusion crusts, Orgueil (C1 type), Allende (C3 
type), Aumale (L6 type), Bruderheim (L6 type) and Saint Severin (LL6 type) 
chondrites, were provided by the Museum National dtHistoire Naturelle of Paris. 
Spinel crystals were analyzed on polished sections, using a JEOL JSM840 scanning 
electron microscope (SEM) equipped with an energy dispersive spectrometer (EDS) 
LINK-AN10000 analyser. We have systematically discarded data on small crystals 
(=lpm), which contain a significant contribution of the silicate matrix (Si02>5%). 

Results and discussion. Spinels in micrometeorites and meteorite fusion crusts 
occurs as small numerous crystals of 1-1Opm in size (Figs. 1-6). Dendritic, skeletal, 
cruciform and octahedral morphologies, which are characteristic of crystallization 
from a high temperature melt, are commonly observed. "Cosmic" spinels have 
relatively high NiO (1-10%) contents and high iron oxidation state 
( ~ e ~ + / ~ e ~ ~ ~ ~ ~ > 6 5 % )  compared with terrestrial spinels. They also contain variable 
amount of MgO (0-25%), A1203 (0-15%) and Cr203 (0-15%). Minor amount of MnO and 
T i 0 2  (<I%) may be present. Micrometeorite spinels have generally lower Ni content 

and lower iron oxidation state (Fe3+/FetOtal) than those in meteorite fusion crusts 
(table). Magnetite (Fe304)  is the dominant phase in micrometeorite spinels, and in 
some cases it is the only one phase, whereas it is magnesioferrite (MgFe204) in 
spinels in meteorite fusion crusts. These differences are attributed to deceleration 
and oxidation of micrometeorites in the upper atmosphere, under low oxygen 
fugacities, whereas meteoroids are decelerated and oxidized deeper in the 
atmosphere, under higher oxygen fugacities (1,lO). These results confirms that Ni- 
rich spinels can be formed directly in cosmic material heated and oxidized in the 
atmosphere. It demonstrates that a portion, if not all, of the spinel crystals found in 
K-T boundary rocks may be derived from meteoroid ablation material (1). 

References.  (1) Robin et al., This abstract volume. (2) JChanno et al., Proc. Lunar Planet. Sci. 
C o n f .  18 ,  623-630, 1988. (3) Glass, Proc. Lunar Planet. Sci. Conf., 18,  455-458, 1988. (4) 
Margolis et al., Science 251, 1594-1597, 1991. (5) Kyte & Smit, G e o l o g y  14, 485-487, 1986. (6) 
Bohor et al., Earth Planet. Sci. Lett. 81, 57-66, 1987. (7) Robin, Th2se de I'Universitt de Paris 
X I ,  Orsay, 1988. (8) Robin et al., Earth Planet. Sci. Lett. 97, 162-176, 1990. (9) Brownlee, In T h e  
Sea (ed. Emiliani, C . )  Vo1.7, 732-762 (Wiley, New York), 1981. (10) Robin et al., Earth Planet. 
Sci. Lett. in the press, 1992. 
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Extraterrestrial spinels: Robin E. et al. 

Micrometeorites St Severin Allen& Bderheim Aumale Orgueil 
Comp- mean range mean range mean range mean range mean range mean range 
onents % [I451 % % [8] % % [17] % % [4] % % [19] % % [18] % 
-------------------------------------------------------------------------------------------------------------------- 
M f l  5.1 0-15 5.8 3-7 8.6 5-13 10.4 9-12 12.7 10-15 12.0 8-16 
A1203 5.1 0-10 1.8 1-3 3.8 3-5 1.8 1-2 2.1 1-3 2 3  1 4  
Ti% 0.2 0-1 4 . 1  0.1 4.1-0.3 <0.1 <O. 1 <0.1 

Cr203 3.1 0-20 2.8 2-3 4.7 2-6 3.2 2-5 2.7 1 4  3.1 0.4-17 
MnO 0.1 0-1 0.2 0-0.4 0.1 0-05 0.2 <0.1-05 0.4 0.3-0.5 0.4 4.1-0.7 
FeO* 22.8 15-30 19.1 16-24 14.8 8-20 9.1 8-13 8 5  4-13 8.0 3-14 
F 9 0 3  62.2 50-70 67.1 64-69 64.1 50-70 69.2 68-70 70.4 68-72 69.5 55-75 
NiO 1.4 0-3 3.1 2.5-35 3.8 2-5 6.2 4-9 3.1 2.3-3.8 4.8 2-8 
Fe3+Fe, 71.0 65-75 76.0 75-80 83.0 80-90 87.0 80-90 88.0 85-95 89.0 85-95 

* 
FeO calculations are based on spinel stoichiometry. The number of spinel analyses is given 

between brackets. 

Figures A-C: scanning electron micrographs of Greenland micrometeorites with spinel crystals 
on the surface. Figures D-F: backscattered images on micrometeorite polished sections showing 
dendritic, skeletal and octahedral spinel crystals (white). Figures G-I: numerous spinel crystals 
of various shapes and morphologies in meteorite fusion crusts of Allende (G). Orgueil (H) and 
Aurna 
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