
ence that  this feature may represent a n  
evolving intrusive b o u n d ~ r y  a t  the  top of a 
partial-melt zone. 
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Electrically Conductive Crust in Southern Tibet 
from INDEPTH Magnetotelluric Surveying 

Leshou Chen, John R. Booker, Alan G. Jones,* Nong Wu, 
Martyn J. Unsworth, Wenbo Wei, Handong Tan 

The crust north of the Himalaya is generally electrically conductive below depths of 10 
to 20 km. This conductive zone approaches the surface beneath the Kangmar dome 
(dipping north) and extends beneath the Zangbo suture. A profile crossing the northern 
Yadong-Gulu rift shows that the high conductivity region extends outside the rift, and its 
top within the rift coincides with a bright spot horizon imaged on the INDEPTH CMP 
(common midpoint) profiles. The high conductivity of the middle crust is atypical of stable 
continental regions and suggests that there is a regionally interconnected fluid phase in 
the crust of the region. 

T h e  INDEPTH ~nagnetotelluric (MT) ill- 
vestigation undertaken during April to July 
of 1995 was designed to study the  electrical 
structure of the  lithosphere beneath south- 
ern  Tibet. Two earlier b1T studies were 
carr~ed out in  the region: A Sino-French 
group collected ;\.lT data in southern Tibet 
in the  early 1980s i 1 j, and, sul?secl~~ently, 
;\.lT data were collected by Chinese mves- 
tigators as part of the Golmud to Yadong 
Global Geosc~ence Transect a c t i v ~ t ~ e s  ( 2 ) .  
T h e  INDEPTH M T  study provided closely 
spaced sites and a \vide f r eq~~ency  17and- 
width conlpared to these surveys, and sub- 
stantiated several of their concl~~sions .  

W e  acquired M T  data along txvo lines-a 
main north-south line that extended from 
the crest of the Hinlalaya to near Yanghajain 
in the Lhasa block [I@@-line, figure 1 of (3)j, 
and a northwest-so~~theast trending line that 
oliliyuely crossed the northern Yaiiong-Gulu 
rift near Damxung (200-line) 14). T h e  X?T 
data were recorded w t h  the use of two svs- 

terns: a iive-component conlmercial wide- 
hand system (Phoenix V5) for s h a l l o ~  proh- 
ing, and 20 five-component recording sys- 
tems ( G S C  LIhIS) for deeper penetration 
(5. 6). Lluring the period of LIhIS aci1uis1- 
tion, 24 ;\.larch to 3-1 July 1995, s ~ ~ n s p o t  
a c t ~ v ~ t y  Lvas lo~v,  res~~l t ing in poor signal. W e  
compensated for this by recording for a long- 
er interval at each location than originally 
i~lanned 14 to 5 weeks instead of 2 to 3 
~veeks), resulting in ferver total sltes than 
planned for the exper~ment.  

Distortion analysis 17) was applied to the  
M T  response estimates, hot11 in single-fre- 
cluency, smglc-site and in ~nulti-fi-equency, 
multi-site modes, to cletermine the dimcn- 
sionality of the data and derive the domi- 
nant  e lect r~c strike direction. T h e  distor- 
tion ~nodels fit the data well, xvh~ch implies 
that a t~vo-dimensional (2D) description of 
regional structures is a reasonable assump- 
tion. T h e  electric strike directions a t  fre- 
quencles sampling the thick Tilietan crust 
beneath the  100-line are frequency-inde- 
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For both lines, the phase difference be- 
tween the  electric and ~nagnet ic  fields, In 
110th polar~zations of induction (9), was 
greater than 45" a t  all hut a felv sites and 
increased with increasint! veriod. This result 

L, A 

indicates that conductivity increases in the  
crust (res~stivity decreases) ~ v i t h  increasing 
depth (1  0).  Apparent resistivities were lolv, 
<10 R . 111, at frequencies less than 0.1 f-I:, 
and for some sltes the avparent resistivities 

A 

Lvere belolv 1 0 . m for f req~~encies  less than 
0.01 Hz. Such penasively lolv values are 
atypical 11-1 the continents; shield reg~ons 
have apparent resistivities that are Inore 
than two orders of m a g n i t ~ ~ d e  higher. 

W e   nodel led the M T  data using 211 in- 
version algorithms that s i~nu l t aneo~~s ly  
searched for the s~noothest  as well as best- 
fitting models ( i 1 j (Figs. 1 and 2) .  T h e  data 
can he fit by more complex models, liut 
models tvith less structure result in  unac- 
ceptable misf~ts. 

T h e    nod el for the 100-lune is based o n  
the hIT and vertical-field transfer-function 
data a t  13 frequenc~es, from 80  to 0.0015 
Hz, from all sites, and fits the data with a n  
average RblS misfit of 10" in phase, 5% in 
apparent resistil~ity, and 0.10 in G D S  trans- 
fer f~lnction. These misfits are high, hut 
nlost ~ n i s f ~ t  is concentrated o n  data fro111 
the southern~nost four sites. \vhich were 
found impossible to ~noclel liecause their 
responses were inconsistent het~veen the 
two modes. 

T h e  ~noclel exhibits the follo~ving f~rs t -  
order features that are apparent in the data, 
appeared in all inversions for different fre- 
quency and site s~llisets and different assump- 
tions allout statlc shifts 112). and were not 
~nfluenced by the ahherent responses just 
mentioned: (i)  Fro111 approximately 150 knl 
south of the Zanlio suture to the north end of 
the line, the crust is generally electrically 
conductive helo~v depths of 10 to 20 knl 
(<200 .R m).  (ii) North  of Kang~nar the 
crust beco~nes extremely conductive at 
depth (generally much less than 30  R . m; 
"3" 111 Fig. I ) .  ( i i ~ )  A north-d~pping zone of 
high conductivity extends upward to the 



near-surface beneath the Kangmar dome 
("2" in Fig. 1). At depth this zone appears to 
connect with the midcrustal zone of high 
conductivity to the north. (iv) The upper- 
most crust beneath the Zangbo suture con- 
tains a narrow electrically conductive body 
("1" in Fig. 1). The suture has no electrical 
expression below a depth of a few kilometers. 

The model for the 200-line data crossing 
the northern Yadong-Gulu rift fits the long- 
period (frequencies < 1 Hz) MT data with 
an average misfit of 2" in phase, and equiv- 
alent level in apparent resistivity. The mod- 
el shows the following (Fig. 2): (i) Electrical 
conductivity is high below depths of 10 to 
20 km across the entire profile (<200 m). 
(ii) The conductive middle crust contains 
several zones of high conductivity at depths 
below depths of 15 to 20 km (few R .  m; 
LL 11 LL ** 1 , 2 , and "3" in Fig. 2). The top of the 
center one ("2" in.Fig. 2) coincides within 
resolution with the YDR bright spot hori- 
zon imaged on the INDEPTH CMP profile 
[see figure 1 of (13)]. (iii) A shallow south- 
east-dipping zone of enhanced conductivity 
extends from the near surface near Nam 
Tso to a depth of about 10 km beneath the 
Damxung graben ("4" in Fig. 2). 

The sharply decreasing electrical resis- 

tivity with depth over most of the survey, 
and in particular the midcrustal resistivities 
of about 1 to 10 Re m north of Kangmar, 
substantiates the observation that this re- 
gion has high crustal conductivity (1,2). 
The midcrustal conductivity is so high 
north of Kanemar that we are unable to - 
characterize the conductivity of the lower- 
most crust or underlying mantle of the re- 
gion. As dry rocks typically have resistivi- 
ties in the hundreds to thousands of R . m 
(14), the low midcrustal resistivity north of 
about Kangmar suggests that an intercon- 
nected fluid ~ h a s e  is Dresent within the 
crust. Given that heat flow in this region is 
hiehest near the latitude where the conduc- 
tice anomaly is closest to the surface (242 
mW/m2) (1 5), the presence of partial melt 
offers a ready explanation for the data that 
does not require unusual conditions for con- 
tinental crust. 

The observation that the Zangbo suture 
zone anomaly is limited to the upper few 
kilometers of the crust suggests the mid- 
crustal partial melt zone is superposed across 
the suture at depth or that the suture is cut 
off by a fault in the upper crust. The anom- 
alously conductive material extending up- 
ward toward the surface at the Kangmar 

Fig. 2. Resistivity model for 
the north-south 200-line 
data from Nam Tso to the 
northwest (right hand side) 
to north of Dagze to the 
southeast (left hand side). 
Colors as in Fig. 1. YG, 
Yangbajain-Damxung gra- 
ben; T, Thak. The large in- 
verted triangles denote the 
locations of the LIMSN5 
sites, whereas the small in- 
verted triangles denote the 
locations of the V5-only 
sites. Numbers refer to fea- 
tures discussed in the text. 

Fig. 1. Resistivity model for 00 720 2700 10000 
the north-south 100-line 
data from Yadong in the K G LJ 
south (left-hand side) to al- 

N 

most Yangbajain in the north vv v v w  v 
(right-hand side). Hotter col- 
ors (reds) indicate zones of 
enhanced electrical conduc- 1 
tivity (resistivity <30 R - m), 5 50- 
whereas colder colors 

- 
(greens and blues) indicate % 1 
zones of low conductivity 
(resistivity >200 R - m). one c o penetration 

Note that the high conduc- 
tivity in the midcrust beneath 
the northern half of the line 

200 150 100 50 0 50 

I 
precluded penetration of EM Dlstance from Zangbo River (km) 

fields into the mantle ("zone 
of no penetration"). ZS, Zangbo suture; G, Gyandse; K, Kangmar. The inverted triangles denoted the 
locations of the LIMSN5 sites. Numbers refer to features discussed in the text. 

Distance from Damxung (km) 

dome suggests that partially molten materi- 
al has been transported relatively upward 
beneath the north flank of the Kangmar 
anticlinorium. This might either be as an 
intrusion or transport in the hanging wall of 
a thrust. Alternatively, saline fluid trapped 
in porous subducted sediments is also a 
candidate for this anomaly (1 6). 

The observation from the 200-line that 
conductive middle crust extends beyond 
the surface expression of the Yadong-Gulu 
rift (Damxung grabenlhlyainqentanglha 
range) implies that the mid-crustal partial 
melt extends outside the immediate con- 
fines of the rift. Finally, the shallow high- 
conductivity feature imaged on the 200-line 
("4" in Fig. 2) suggests that deep hydrother- 
mal fluids are present deep beneath Nam 
Tso (perhaps circulating to depth along a 
normal fault). 
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The Origin of the Great Bend of the Nile from 
SIR-C/X-SAR Imagery 

Robert J. Stern and Mohamed Gamal Abdelsalam 

The course of the Nile in northern Sudan follows a contorted path through Precambrian 
bedrock. Radar imagery shows that basement structures control the river's course in this 
region. Northward-flowing segments follow Precambrian fabrics, whereas east-west 
segments follow faults of much younger age. These faults may reflect recent uplift of the 
Nubian Swell and deflection of the river to the southwest to  form the great bend of the 
Nile. 

T h e  Nile (6825 km long) ( 1 )  transports 
water from high-rainfall reglolls in Ethiopra 
and ecluatorial Africa across the Sahara 
Desert to Egypt. In northern Sudan, the  
Nile forms a great bend, first flow111g north 
frorn Khartoum, then south\vest for over 
300 kin before rt resumes its northward 
course (Fie. 1 ) .  Bedrock fabrics are an  im- , " ,  

portant colltrol o n  the  course of the  Nile in  
this region (2 ,  3 ) ,  although relations be- 
tween crustal rnoveinents and the river's 
course are poorly understood. Here we 
present remote sensing data o n  thrs part of 
the  Nrle, acquired with the SIR-C/X-SAR 
imaging radar system (4)  during t ~ v o  flights 
of the N A S A  space shuttle Endeavor ~n 
1994. These data reveal how bedrock struc- 
tures of different ape control much of the - 
Nile's course. Many of these structures 
could be mapped o n  the ground, but such 
studies have been inhibited bv the  size and 
harsh clrmate of the study area. Other  struc- 
tures are revealed for the  first tlme by the 
radar iinages (5) .  

T h e  evo lu t~on  of the Nile can be traced 
from the  Late Miocene desrccation of the  
Mediterranean Sea (6). L o ~ v e r u ~ g  of the 
hydrologic base level led to the carving of a 
deep canyon [2.5 krn deep beneath Cairo 
( 1  )] and \.igorous stream piracy upstream 

Center for L~thospherc Studes Unversty of Texas at 
Dallas, Box 830688, Richardson TX 75083-0688, USA 

from As~van.  Reflooding of the  Mediterra- 
nean basin a t  the end of the  Miocene 
drowned this canvon, and sedi inentar~ fill- , . 
ulg of the estuary: produced the broad and 
fertile Nile floodplains north of As\\,an [the 
"Egyptian region" of (7)]. T h e  Cataract re- 
gion of the  Nile extends 1850 kin south 
from the  f ~ r s t  cataract-at Aswan to the  srxth 
cataract just north of Khartoum. Although 
parts of thrs region are occupied by broad 
floodplains, the Nile is rnostly incising its 
challllel into Precarnbriall basement (8) 
(Fig. 1) .  , - 

W e  focused 011 the  third, fourth, and 
fifth cataract stretches. T h e  third cataract 
stretch exte~liis north over basement expo- 
sures from about 19'45'N to Lake Nasser, as 
the  river traverses the Nubran Swell (Fig. 1 
and Fig. 2.4) (9) .  T h e  fourth cataract 
stretch extends SW from the  bend at Abu 
Warned. ~vhere  the  Nile flows over base- 
inent rocks for about 200 kin before Creta- 
ceous sandstones are encountered (Fig. 1 ) .  
T h e  fifth cataract stretch extends NNLV 
from Atbara for over 200 km to Abu 
H a ~ n e d  (Frg. 2B) and 1s entirely over Pre- 
camhriall basement rocks. 

Cataract-region Precanlbrran granitic 
and rnetainorphic rocks (Fig. 1)  (10-12). 
were covered by Cretaceous salldstolles 
(13) affected by 47- to 81-million-year-old 
igneous intrusiolls and lava flo\vs ( 14).  Vol- 
canic fields younger than 15 million years 

ago (Ma)  are scattered across the Bayuda 
Desert (15) .  Pleistocene and younger allu- 
\~ia l  co17er occurs discontinuously along the  
rlver's course. Cataract-region rocks pre- 
ser1.e three sets of planar fabrrcs. T h e  early 
structures formed at about 700 Ma (10,  12) ,  
have NE-SW to E-W orientations and are 
exemplrfied by the Abu Halned and Dam et  
Tor fold-and-thrust belts (Fig. 2B). These 
structures rarely control the course of the 
Nile, probably because they generally do  
not d ~ p  steeply. They are overprinted by the 
younger NNW-trendrng sinistral Abu 
Hamed and Abu Dis shear zones in the east 
(Fig. 2B) (1 2 )  and the N-S trending Akasha 
and Kosha shear zones to the  west (Fig. 
2A) .  These forrued about 600 Ma ( I  6 )  and 
strongly control the  Nile along the  third 
and flfth cataract stretches. There  is no  
el~idence for NW-SE Mesozoic rift struc- 
tures that control much of the  course of the  
Nile in the  central Sudan (1 7). E-W steep, 
normal, or str~ke-slip faults of late Creta- 
ceous or younger age are cornrnon along the  
third cataract stretch. Faults with thrs ori- 
entation are rarely reported from the  Sudan 
(18) but are cornlnoll in southern Egypt 
(19).  Because they affect Cretaceous sedi- 
rnentary rocks, these faults must be Creta- 
ceous and younger rn age. A n  intrusion is 
trullcated by an E-W fault (Fig. 2A) ,  givi~lg 
a n  apparent displacemellt up to the  south. 
-4 siinilar intrusron at Jebel Sheikh (Flg. 
2A) yields a K-Ar isochron age of 90  +- 2 
Ma (20) .  

A t  the start of the  fourth cataract stretch 
do~vnstream from Abu Hained, the river 
follo\vs the northern rnargin of the Abu 
H a ~ n e d  fold-and-thrust belt. Southn~est of 
this, the ri1.e~ follows multiple channels 
controlled by N N E  and E-W fractures (Fig. 
3 ) .  T h e  E-LV portion of the  Nile south of Us 
Island is controlled by a zone of "highly 
crushed granite," whereas the NNE-SSW 
portloll of the  Nile \vest of Us  Isla~ld (Frg. 
3 )  follows easlly eroded dikes and "splin- 
tered granite" (21 ). A recent change rn the  
river's course is deinollstrated by a previous- 
ly unknown paleochannel 25 km long (Fig. 
3 ) ,  lying as rnuch as 10  km north of the  
Nile. A shuttle photograph of the  regloll 
SW of that sho~vn  111 Fig. 3 shows a north- 
flo\ving strearn course, now crossed by the  
Nile. These observatiolls indrcate that the  
course of the  Nrle along the  fourth cataract 
stretch has recently shifted to the south, 
due to relative uplift of adjacent regrons of 
the  Nubian swell. NNE and E-LV structural 
colltrols cannot be inferred froin the  course 
of the  paleochannel, and Lve infer that frac- 
turing accompanied or followed tectonic 
uplift. T h e  Nile In Egypt has had dramatic 
changes in f lo~v regime during Quaternary 
time ( 1 ,  22).  These are generally ascribed to 
cliruatic changes in Ethiopia and equatorial 
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