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The trace dement composition of basalts dredged at the axis of the Mid-Atlantic Ridge between 12 °N and 17 °N by 
the R/V "Akademik Boris Petrov" demonstrates the presence of a high-amplitude geochemical anomaly, centered 
around 14°N and extending at least 300 km along the strike of the Rift Valley. The anomaly does not fit easily into 
any of the models that have been proposed: it may reflect the upwelling of an embryonic mantle plume or of a passive 
mantle domain responsible for or associated with a triple junction, possibly marking a recent shift into the area of the 
South American/North American plate boundary. 

I.  I n t r o d u c t i o n  

It  is now well established that along the Mid- 
Atlantic Ridge (MAR) in the Nor th  Atlantic re- 
gional variations of isotopic ratios such as 
87Sr/86Sr or 143Nd/a44Nd and normalized ratios 
of highly to less magmaphile elements, (La /Sm)N,  
( N b / Z r )  N, ( T a / H f ) N ,  coincide with major  
anomalous elevations of zero age crust and with 
positive residual gravity anomalies [1-9] (Fig. 1). 
These anomalies have been interpreted in terms of 
plumes upwelling close to, or directly beneath, the 
M A R  axis and usually referred to as ridge-centered 
hotspots. 

Relationships among the geochemical and geo- 
physical parameters  are complex [10,11]. The 
number  of mantle components  which need to be 
invoked in order to explain data on radiogenic 
isotopes, trace elements and rare gases, is increas- 
ing as new data become available. The sizes of 
identified domains vary from the dimensions of an 
ocean [12] to those of local heterogeneities within 
a single dredge or a single drill core [13]. In the 
Nor th  Atlantic, gradients of trace element and of 
radiogenic isotope ratios are observed correlatively 
with gravity and with ridge elevation at an 
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along-strike scale of about  1000 km, centered on 
Iceland and on the Azores triple junction (Fig. 1) 
[1-5]. Smaller geochemical gradients or anomalies 
(300 km or even spike like) have also been ob- 
served along the M A R  (8°30 'S,  16°S [14,15], 
3 5 ° N  [3,16]), apparently without corresponding 
ridge centered gravimetric anomalies and with 
more subdued bathymetric anomalies. In the South 
Atlantic, the zero-age geochemical anomalies tend 
to be located facing off-ridge hotspots (Tristan, St. 
Helena, Circe) [11,15]. 

The Mid-Atlantic Ridge between 2 0 ° N  and 
5 °S has remained too poorly sampled to docu- 
ment significant variations of geochemical char- 
acteristics of the oceanic crust and mantle. I t  is of 
interest to note that, on kinematic evidence, this 
section of the M A R  should include the triple 
junction of the boundaries between the North  
American, South American and African plates, 
but the exact location remains enigmatic [17]. The 
southern part  of the 5°S to 2 0 ° N  M A R  region 
includes long, closely spaced fracture zone offsets 
which may, for thermal reasons, affect magma the 
formation and emplacement of the new oceanic 
crust [18-21]. 

In order to complete the existing M A R  sam- 
piing gap between 2 0 ° N  and 5°S and further 
study the relationships between geochemical 
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bathymetry: hence the expression "chemical structure". The 14 ° N  ridge chemical anomaly corresponds to a bathymetric bulge at 
this latitude. Note also the scarcity of chemical data between 20 ° N and the equator; circles correspond to various data available 
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parameters, geology and geophysics of the ocean 
crust, a cooperative programme was set up by 
scientists of the Vernadsky Institute of Geochem- 
istry (U.S.S.R.), the University of Rhode Island 
(U.S.A.) and I F R E M E R  (France). In this article, 
we report new data concerning the MAR in the 
vicinity of 1 4 ° N  which are based on results of a 
cruise in April-May 1985 of the R / V  "Akademik 
Boris Petrov". 

2. Geologic setting 

Kinematic plate models point to differential 
motions of South America with respect to North  

America as well as Africa, thus implying the pres- 
ence of a triple junction on the MAR. Minster and 
Jordan's  [17] solution indicates that it lies between 
10 o and 20 ° N. Recent syntheses by Collette and 
coworkers (e.g. [20]) has led them to suggest that 
the triple junction moved into the area only about 
7 My ago, having been previously located near 
8 ° N. They argue that the accompanying change 
in spreading direction produced compression in 
the Barracuda Ridge zone (Fig. 2), and led to 
north-south extension closer to the MAR crest 
amounting to 18 km and giving rise to the off-axis 
complex represented by Researcher Ridge and 
Researcher Trough (near 14°N)  and the Royal 
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Trough (just north of the 15 ° 22 'N Fracture Zone) 
(Fig. 2). These features appear to be made up of 
graben and en-echelon units which trend ap- 
proximately along the spreading direction (flow 
lines) west of the MAR (Fig. 2). A volcano-tectonic 
origin is compatible with large magnetic anomalies 
recorded on the Researcher Ridge [21] and by 
Gloria data on the Royal Trough (Searle's com- 
munication referred to in Roest and Collette [20]). 

Roest and Collette [20] consider that the triple 
junction must lie to the north of the 1 5 ° 2 0 ' N  
Fracture Zone, near 16°N.  Le Douaran and 
Francheteau [22], although noting that the whole 
region between 1 0 ° N  and 20 ° N  may have been 
affected by motion between North America, South 
America and Africa, tentatively place the inferred 
triple junction near 14°N,  where a shallow rift 
valley coincides with a geochemical anomaly re- 
ported by one of us on the basis of a single dredge 
haul [23]. The along strike depth curve established 
by Needham ([24] and Fig. 1) does not itself 
provide clear evidence of the location of a triple 
junction at the ridge axis at 14°N;  however, the 
curve shows that whether a local feature or the 
highest area of a broader zero-age zone, the bathy- 
metric high at 1 4 ° N  includes the shallowest part 
of the rift valley floor so far found between 10 o 

and 20 o N. The deepening, from the top of the 
bulge towards adjacent fracture zones, corre- 
sponds to a 2000 m per degree of latitude along 
strike on either side of the 1 4 ° N  peak. With this 
background in mind, the objective of our sampling 
during the "Akademik Boris Petrov" cruise was to 
define the geochemical anomaly at 1 4 ° N  and to 
map its extent to the north and south. 

3. Methodology 

The locations of our dredged samples (Fig. 2), 
controlled by Seabeam soundings, are on the inner 
floor of the MAR rift valley, where small volcanic 
structures oriented along strike represent recent 
eruptions. The freshness and glassy nature of most 
of the basalts recovered confirmed their young 
age. 

Most of the samples selected for shipboard 
chemical analyses and further on shore investi- 
gations are either glasses or aphyric basalts, as 
specified in Table 1. Many of them showed a gain 
in weight after ignition at 1050 ° C  (Table 1) indi- 
cating an oxygen uptake (mainly Fe z+ oxidation) 
larger than the loss in volatiles, which is another 
indication of the freshness of the samples. Among 
these samples, was a highly vesicular glass (21-ID 
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43-1HV), which was still freely popping on the 
deck as it was degassing from its recent decom- 
pression [26]. 

Major elements and Nb and Zr concentrations 
were determined on board the "Akademik Boris 
Petrov" by X-ray fluorescence spectrometry 
according the procedure described by Bougault 
and coworkers [27-30]. The (Nb/Zr)N normal- 
ized ratio provides the same information as the 
(La/Sm)N normalized ratio about the level of 
enrichment or depletion of MORBs [5,23]. Such 
measurements provide key information on poten- 
tial heterogeneities as a sampling cruise is pro- 
gressing [5,10]. For post-cruise confirmation, the 
rate earth element concentrations were determined 
on the same samples by neutron activation analy- 
sis at the University of Rhode Island [31], and La, 
Th, Ta and Hf concentrations were measured at 
the Laboratoire Pierre Sue using epithermal neu- 
tron activation [32]. All these results, together with 
our previous data, are presented in Table 1, along 
with the exact location and depth of recovery of 
dredged samples. 

4. Along-ridge geochemical variations 

The major element data (Table 1) indicate that 
all basalts dredged between 10 o N and 17 ° N are 
typically tholeiitic in composition and the 
FeO/MgO ratio shows no evident variation with 
respect to distance to fracture zones, or rift floor 
elevation: but it should be noted that sampling 
density remains sparse and the intervals between 
stations are irregular. In contrast, the ( N b / Z r ) y  
normalized ratio shows a clear latitudinal change 
(Fig. 3). Magmaphile element enriched basalts, 
with (Nb/Zr)N ratios similar in magnitude to 
those found around the FAMOUS-Azores triple 
junction [5,23], are located between the Marathon 
(12°45'N) and the 15°20 'N  Fracture Zones. 
Basalts recovered just south of the Marathon 
Fracture Zone (2I ID 40), on the short segment 
between the Marathon and Mercurius (12°10 'N)  
Fracture Zones, have a very low (Nb/Zr )N (0.2) 
and unusually depleted character for MAR basalts, 
similar in this respect to samples recovered at site 
504B on the Costa Rica Rift [33,34]; samples 
collected immediately south of the Vema Fracture 
Zone also are depleted. North of the 15°20 'N  
Fracture Zone basalts have chondritic to depleted 
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Fig. 3. MAR zero age depth and variation of trace element 
ratios between 1 0 ° N  and 17°N .  Open circles on the upper 
part of the figure indicate dredge locations. (Nb/Zr)~q, 
(Ta /Hf )N  and (La /Sm)N ratios are chondrite-normalized 
ratios. On the lower part  of the figure, the (La /Sm)N diagram, 
open circles correspond to (La /Ti ) r  q as substitutes of 
(La/Sm)N:  see Fig. 4 for justification. Bathymetry from 
Needham ([24] and unpublished). 

ratios suggesting a possible gradient extending 
across the 15 ° 20 'N  Fracture Zone if interpolation 
is made between stations. At any rate, the latitudi- 
nal (Nb/Zr )N variations demonstrate that all 
basalts of the 1 4 ° N  ridge segment have an 
enriched character compared to those of adjacent 
segments. 

Shipboard conclusions based on (Nb/Zr)N 
ratios are fully confirmed by the latitudinal varia- 
tions of (La/Sm)N and (Ta /Hf)N chondrite-nor- 
malized ratios, which were determined on shore 
on the same samples. The striking similarity in the 
(Nb /Zr )  N, ( T a / H f )  N and (La/Sm)  N latitudinal 
profiles underlines the similar behavior of these 
three pairs of elements during mantle evolution 
and MORB genesis (Fig. 3). Fig. 4 illustrates the 
large differences that exist between the enriched 
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Fig. 4. "Extended" rare earth diagrams. On the x-axis, the elements are plotted versus their magmaphile character, decreasing from 
left to right. This classification reflects both the effects of Goldsmidt 's [35] crystal chemistry prediction and of the complex formation 
in silicate melts [13,23,36-39]. La, Ta and Nb behave exactly the same way in MORBs that display flat to enriched patterns; we 
observe systematically a negative Nb, Ta anomaly for MORBs that have depleted patterns. From this last observation, (Nb/Zr )N 
and (Ta /Hf)  N show a wider variation than (La/Sm)N in the field of depleted MORBs. The La data come from both U.R.I. (filled 
symbols) and P. Sue (open symbols). 

type of basalts located on the 14°N segment 
(sample 2IID 45-2), the depleted character of 
basalts located immediately south of the Marathon 
Fracture Zone (sample 2 I I D  40-2) and a nearly 
flat pattern observed just north of the 15°20'N 
Fracture Zone (sample 2IID 47). 

The above results suggest that the total along- 
strike length of the 14°N geochemical anomaly 
would not appear to exceed 450 km and could be 
less if no gradient exists across the 15 ° 20'N Frac- 
ture Zone. The anomaly thus resembles the spike- 
like anomalies found facing the Circe (Ascension), 
St. Helena and Tristan da Cunha off-ridge hot- 
spots in the South Atlantic [14], and the anomaly 
at the latitude of Oceanographer Fracture Zone in 
the North Atlantic [3,16]. But, in contrast to the 
other areas along the MAR, the variability of the 
trace element ratios along the 14°N segment, 
where only enriched samples where collected, is 
small, not exceeding some 25%; all (Nb/Zr)~ 
ratios range from 1.5 to 1,9 with one exception 
(1.2 for sample 2IID 43-3, Table 1). Thus with 

regard to variability, the anomaly on the 14°N 
MAR segment, would seem to be more like that 
found in a single dredge haul in the Atlantic along 
segments displaying geochemical gradients about 
ridge-centered hotspots, such as Iceland or the 
Azores [1,3]. 

Petrological parameters or correlations based 
on the glass compositions of mid-oceanic ridge 
samples [40-43] also discriminate basahs erupted 
along the 14°N segment from those located north 
of 15°20'N Fracture Zone and south of the 
Marathon Fracture Zone. As an example, dis- 
criminant D [47,48] are reported in Table 1 and 
can be compared to (Nb/Zr)N or (Ta/Hf)Y. 

In summary, the enriched (Nb/Zr)~, (Ta/Hf)N 
and (La/Sm)N ratios of the 14°N MAR segment 
relative to adjacent segments reveal a distinct 
anomaly resulting from mantle heterogeneity. This 
interpretation has been recently confirmed with Sr 
and Nd isotopic ratios [44]. It remains to be 
shown whether the anomaly is strictly confined to 
the 14°N MAR segment located between 
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15 o20,N Fracture Zone and the Marathon Frac- 
ture Zone, or is more gradational, overlapping and 
extending beyond the 15 o 20 'N Fracture Zone. 

5. Possible cause of the 14 ° N  MAR anomaly 

Several models are currently in vogue [45] to 
explain the kind of geochemical and petrological 
characteristics such as we have noted along the 
MAR in the vicinity of 14 ° N. These include: 

(1) The plum-pudding or marble-cake model: 
this model was introduced to account for different 
signatures of mantle heterogeneity found at a local 
scale (e.g., a seamount) [46,47]. Small mantle do- 
mains of various shapes are randomly and pas- 
sively enbedded in a depleted upper mantle. 

(2) The passive heterogeneity model [16]: it 
differs from the previous model mainly in the size 
of the domains. It assumes that fairly large iso- 
lated anomalous domains are entrained in the 
upwelling MORB mantle. 

(3) Mixing to various degrees of a buoyant, 
enriched plume, or chain of blobs, with the de- 
pleted asthenosphere which they penetrate. In this 
latter model, different dynamic or tectonic condi- 
tions have been evoked to account for the large 
geochemical and bathymetric anomalies along the 
strike of the ridge, as well as for extent of mixing 
and geochemical dispersion. Some of these factors 
include (a) spreading rates as a measure of convec- 
tive upper mantle overturn rates and stirring [48], 
or (b) on-ridge versus off-ridge hotspot tectonic 
configuration, or distance of plumes to ridge axes, 
including the plume-source migrating-ridge sink 
model [11]. 

(4) Some "surface effects" (e.g.: cold edge ef- 
fect by fracture zones); different mantle domains 
can be characterized by different melting points; 
the zero age thermal gradient is expected to change 
as a ridge-fracture zone intersection is approached 
[18]; as a consequence, liquids can be produced in 
different proportions from the different mantle 
domains present, which, in the end, can be re- 
flected in the basalts at the surface [19,49]. 

None of these models appears to be entirely 
satisfactory for explaining the geochemical and 
topographic observations made near 14°N.  The 
low variability of magmaphile element ratios such 
as (Nb /Zr )  N over more than 110 km of the 14°N  
segment is hardly compatible with the high degree 

of freedom of the plum-pudding or marble-cake 
model. The effect of fracture zones on the ratio of 
enriched domains to depleted matrix being melted 
can be ruled out, since in this model, the anomaly 
should increase toward the fracture zones bracket- 
ing the 1 4 ° N  MAR segment (Fig. 3). The alterna- 
tive possibility proposed by Langmuir et al. [19], 
that fracture zone spacing, and geochemical 
anomalies possibly confined to inter fracture zone 
segments may reflect the scale of underlying man- 
tle convective cells, should remain an open ques- 
tion. Finally, the effect of average spreading rates 
on the image of mantle heterogeneities, as seen in 
the basalts, does not apply here over so limited a 
distance (12°N to 17°N).  

The influence from any radial dispersion over 
time of an intra-plate plume, such as possibly 
rising for example beneath the Cape Verde Is- 
lands, would create a much broader and probably 
more subdued geochemical anomaly along the 
MAR axis, judging from recent observations made 
in the South Atlantic [14,15]. The fixed plume 
source, migrating-ridge sink and connecting chan- 
nel model [11] must also be excluded since, in this 
model, the along-strike length of the observed 
anomaly would require a hotspot 500 km east of 
the axis of the MAR, or the MAR would have 
overridden such a hotspot some 100 My ago [11]. 
In fact, the nearest proposed hotspot (Cape Verde) 
is at distance of some 1800 km and was overrid- 
den by the MAR between 120 and 150 My ago 
[50]. 

Two other possibilities for interpreting the 
14°N geochemical anomaly concern a passive het- 
erogeneity within the convecting mantle or a 
ridge-centered plume at 14 o N. 

The length of the 1 4 ° N  anomaly along strike 
means that the passive heterogeneity model would 
require a fairly large mantle domain. Plate tectonic 
readjustments and triple junction relocation at 
1 4 ° N  could have triggered or facilitated the con- 
struction of the 1 4 ° N  elevation anomaly and the 
off axis structures close to this latitude. To fit our 
geochemical data, such constructional volcanism 
at 14°N would have to be derived from an en- 
riched mantle domain. This proposition raises the 
question about the role that plate readjustments 
could play at depth in the vicinity of plate 
boundaries, and how they would facilitate the 
upwelling of material derived from a hot enriched 



embedded mantle domain whenever present. 
The alternative model, the ridge centered plume, 

would be consistent with the fact that some triple 
junctions appear to have been triggered by the rise 
of a mantle plume upwelling [51]. However, if this 
model is invoked, the lack of a pronounced eleva- 
tion anomaly, such as found over the Azores or 
Iceland, would require that the plume has reached 
the upper mantle recently and that the triple junc- 
tion is embryonic. This is not an impossibility: the 
low earthquake activity between the North and 
South American plates has made it difficult to 
locate the boundary and its intersection with the 
MAR axis. Clearly the embryonic plume model 
for 14°N is highly speculative and is considered 
here as an hypothesis for testing. 

An ideal model would explain the relationship 
between the geochemical anomaly and the tectonic 
features and events in the area, notably the 14°N 
topographic high, and possibly the east-west 
volcano-tectonic complex as well as changes in the 
direction of plate motion. The passive heterogene- 
ity and embryonic mantle plume models have 
quite different implications concerning the ques- 
tion of whether the upweUing of anomalous man- 
tle is the effect or cause of plate readjustments. 
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