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Diverging Plates: The Underlying Story
R.R. Boutilier and C.E. Keen

One of the areas of study where our
current simple concepts limit our ability to
correctly predict observed geological struc-
tures is at divergent plate boundaries (Keen
and Beaumont, 1990; Keen, 1985). Diver-
gence starts with rupture of a lithospheric
plate during continental rifting. This allows
hot mantle material (asthenosphere) to well
up into the space created. As the mantle
rises, the confining pressure is reduced; part
of it melts, yielding a relatively low vis-
cosity fluid. This can seep relatively quickly
upwards into the crust where it solidifies
as igneous rock. As rifting proceeds, sea-

. _ o . ~ floor spreading occurs and an up-welling
Much of the geological history of the beginning to address important questionsmelt creates the oceanic crust. The centre

Earth is characterized by the dynamic in- concerning the nature of the lowermost of up-welling and divergence is termed a
teraction of semi-rigid plates which collide, lithosphere and the relationship between themid-ocean ridge. This is illustrated in Fig.
slide by one another, or are pulled apart.lithosphere and asthenosphere. Simple conq .

The plates, or lithosphere, overlie an cepts of a sharp boundary, for example,

asthenosphere that responds like a viscoubetween the lithosphere and the Igneous crust formed at the mid-ocean
fluid to the plate motions. As a result of the asthenosphere have been useful in makingidge is typically 8 km thick, although the
intensive focus on plate tectonics over thefirst-order predictions from plate tectonic thickness depends on the spreading rate
past few decades, we have a relatively goodheory. However, we have now advanced(White, 1992). At very slow spreading rates,
understanding of the structure and interac-past the stage where such simple ideas arfor example less than 10 mm/yr, time is
tions of the plates, particularly within the sufficient, and we need to employ more available for significant cooling of the ris-
upper 30 to 50 km. However, we are only realistic models. ing mantle which results in the formation
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Figure 1. A cartoon showing two proposed explanations for the existence of large volcanic
features associated with rifted continental margins. On the left, small scale convection, driven by . .
the thermal perturbation created by continental rifting, delivers melt that forms igneous crustto ~ Qur work involves the use of numeri-
the rifting centre. This is followed by a sea floor spreading stage (lower left) where convection cal models to test in a quantitative way the
and melt delivery can continue under the old continental margin, and new oceanic crust is cregthgtsical circumstances under which small
by upwelling at the mid ocean ridge (MOR). On the right is the hot spot explanation. The high scale convection would occur below a rift
temperature of the hot spot, arriving during the continental rifting stage, induces the large volugne. The numerical models provide pre-
of melt that creates the thick igneous crust. In the sea floor spreading stage (lower right) the dictions of the timing and amount of melt-
mantle has been cooled somewhat, or the hot spot material has been displaced, and normal

temperature mantle wells up to create ordinary oceanic crust. ing in the mantle. This in turn predicts vari-

ations in crustal thickness that can be com-

f athi . K h . ] pared with observations. Amajor challenge
of a thinner oceanic crust (ca. 4 km). Thesereturns to a normal, uniform thickness ;. o,r modelling is to demonstrate proc-

low spreading rates are relatively uncom- (about 6 km). The volcanic margins of Fig- ess-driven factors which can explain both
mon in the world’s oceans. More common ure 1 contrast sharply with the Nova Scotian, o jcanic and avolcanic divergent plate mar-
is oceanic crust which is relatively uniform Margin cross section, which represents aNgins,
in thickness, varying between 6 and 8km “aqyolcanic” margin, where the transition
(White, 1992). from continental to oceanic crust does notTools and Methods
) . show evidence of large igneous crustal  The methods used build on those de-

Along much ofthe divergent continen- ticknesses. scribed in Keen and Boutilier, 1995. The
tal margin of eastern_North America, as far models are two dimensional a{nd sol.ve for
north as Nova Scotia, anomalously 1arge  here is currently a debate on the ori-the temperature structure and flow veloci-
thicknesses of igneous crust (as Much agin of the thick igneous crust, which forms ties in the asthenosphere that result from
20 km) are observed (e.g. Holbrook andy et apout 70 km wide and can be tracedifting. The mantle is assumed to be a vis-

Kelemen, 1993; Holbrooét al.1994). This . ) . .
extreme thickness has been aSSO():iated WitﬁIlong the ECMA southwarq for .Ca' 2000 cous fluid. The vis cosity depends in part
a major magnetic feature called the East') &long the axis of the ancient rift (Keen, on temperature. The solid-like lithosphere

Coast Magnetic Anomaly (ECMA), al- 209 Emenet al. 1970). One possibility is thus simulated simply as a cold region
though the exact relationship between the!S 18t the mantle source was excessivelywithin which viscosity is so large that flow
anomaly and the thick crust is a matter of "0t (NOtter by 15010 20T) during rifting — is imperceptible during the model evolu-
considerable debate (e.g. Hutchingoal. and thus_ created a much larger vqumg oftion. The viscosity depends as well on pres-
1990: McBride and Nelson, 1990: melt during upwelling. However, there is sure, increasing slowly with depth. The vis-
Holbrook and Keleman, 1993: Keen and little evidence to indicate the former pres- cosity also depends on strain rate (i.e. rate
Potter, 1995). Figure 2 illustrates the posi- €Nc€ of such a long, thin strip of hot man- of change of flow). This results in a highly
tion of the ECMA and shows observations t€- An alternative explanation is that small nonlinear behavior, where by flow reduces
of crustal thickness in several sectionsScale convection in the asthenosphere unviscosity, leading to more and more local-
across this margin. These cross-sections aréer the rift acted as a “conveyor belt” to ized flow. This in turn affects cooling rates,
typical of observations from around the enhance the supply of melted mantle to theand creates other time dependent behavior.
world at divergent plate margins. lithosphere (e.g. Muttest al. 1988). This We must consider all of these factors in de-
suggestion is supported by the work of termining how realistic each model might

The Baltimore Canyon and Carolina Anderson (1994, 1995) who proposes thatbe. These material properties are based on
Trough cross sections (Fig. 2) show thethe source of large igneous provinces maylaboratory measurements on ultrabasic
thick igneous crust. Such margins are be the relatively shallow, low-viscosity sub- rocks and wet dunite (e.g. Kirby and
termed volcanic margins. Seaward of thelithospheric mantle, which may undergo Kronenberg, 1987; Chopra and Patterson,
large igneous structure the oceanic crustconvection as a consequence of rift proc-1981).
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Figure 2. Position of the East Coast Magnetic Anomaly and cross sections of crustal structure at three locations: NS - Nova Scotia margin (Kay
1991); BCT - Baltimore Canyon trough (Holbrook and Kelemen, 1993); CT - Carolina Trough (Holbrook et al., 1994). The ECMA is shown as a
dashed line (Holbrook and Keleman, 1993) and marks the position of the 70 km wide welt of thick igneous crust below the margins. Simplified f
Keen and Potter (1995).

Model calculations are performed at produced by our models. Mantle material  In Figure 3a, almost 7 Ma after the ini-
time steps, stepping forward in time through that flows upwards through the base of thetiation of rifting, the flow in the
the continental rifting stage (see Fig.1). An melt window, provided it is sufficiently hot, asthenosphere is well behaved and directed
upwelling zone analogous to a widening can deliver melt. Increasing the flow rate into the developing rift. Athermal anomaly
oceanic rift system is created, with the ridgejncreases the melt delivered, as does inwith a half-width of about 100 km has de-
axis at the upwelling centre. As the mantle ¢reasing the temperature of the mantleveloped. Since the upward velocities are
rises at the rift axis, pressure is reduced. Atyo,\ing upwards. Cooling of the uprising relatively high, and there is little concur-
about 80 km depth, which we call the base e ia| by conduction tends to reduce meltrent cooling, the melt which is delivered to

gflgx]/\?s”c}zléc\)’vranpdrz\géigf rr:;gﬁzdtgrgiiﬂrredelivery. the surface is approximately equal to that
. : ' needed to form normal oceanic crust (6 to
Part (10-20%) of the relatively solid man- .
( ) y Evolution of a Model 8 km).

tle rock melts and a very low viscosity fluid

is released. The melt may migrate upwards ~ Figure 3 shows the evolution of one _ _
underplating or intruding the crust, or model atfour different times and illustrates ~ T0 increase the melt delivered to levels

emerging on the surface through volcanism.most of the physical characteristics of our @Pproaching those observed at volcanic
As mantle material continues to rise, a models. The extension and spreading raténargins (about 20 km), the upward flow
larger fraction is able to melt. We used a (VO0) are held constant in this model. The through the base of the melt window would
compilation of laboratory measurements to flow in the mantle throughout the evolu- have to be increased. Convection at this
determine the solidus for this decompres-tion is highly time dependent; the frames Stage might provide that increase, but the
sion melting process (McKenzie and \yere chosen at times when the velocitiesstrongly focused upward flow does not al-
Bickle, 1988) and from this are able to cal- j the asthenosphere reached maximuniow enough room at this stage for convec-
culate the volume of melt which would be 5 es. tion to develop. Were the viscosity to be
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Figure 3c and 3d show the continued
a evolution of the model. The convective re-
sponse continues under the old margin but
at a reduced intensity (the thermal gradient
/////////////////////// ; under the old margin is fading away), and
it o the convective flow is now far enough away
Vmax=23 mm/yr, w=140 km, t=6.6 Ma from the ridge axis to be relatively inde-
pendent. Some interaction is still visible,
b however. Note that the convection is oc-
curring just below the base of the melt win-
dow, so that no additional igneous activity
— e will result. Additionally, cold structures
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. 1325° resulting from convection are still present

| Vinax=30 mmiyr, w=250 km, t=17.2 Ma in the model and are clearly interacting with
the ridge axis flow. However, it can be seen
—4] € that at the ridge axis the flow evolves to a

600 laminar form; this model will thus gener-

éogof ate uniform oceanic crust.
1325° We have run many other models with
S | Viax=27 mmiyr, w=460 km, t=41.1 Ma different parameters. They allow us to

verify the following general statements. (1)
The driving force for convection is the lat-
eral thermal gradients near the base of the
lithosphere, generated by rifting in the plate.
Stronger gradients will produce more vig-
orous convection. (2) When the viscosity
is relatively higher (or asthenospheric tem-
perature lower), the convective response is

. ] . o . . lessened or suppressed. In the opposite
Flgurg 3. The gvolutlon of one model shown at four tlmes.. The initial half-width .of the rift zone case, more vigorous convection occurs, the
for this model_ls about _70 km. In eac_:h fram(_a bold arrows indicate the g_eneral direction of time dependence of the system increases,
asthenospheric flow, with the short lines being the instantaneous direction of flow calculated by . .
the numerical program. Selected temperature isotherms showing the perturbed thermal structtﬁ'@d more complex interactions result. (3)
are indicated. At the top of the figure the extensional velocity, or spreading rate, the mantle ~ Possible flow behaviors that are more
temperature, a characteristic viscosity and degree of non-linearity are indicated. In each framenonlinear (i.e. have a stronger relationship
are indicated the maximum velocity of flow in the asthenosphere, the distance from the ridge ajistween viscosity and strain rate) provide
to the continental margin, and the time since the beginning of rifting. Flow line vectors are scalgthdels that are less stable and more time
relative to the maximum velocity value. Qn each frame, a small arrow on the left edge !ndlcateaependem. Highly nonlinear models can
the base of the melt window (corresponding to about 80 km depth). Only flow penetrating
upwards through this depth can contribute the melt which forms the crust.

AN L Vimgy =12 mmiyr, w=1025 km, 1295.4 Ma

convect vigorously for an interval of time
and then stop, allowing the system to re-

lower or the thermal anomaly sharper, there  The maximum flow velocity Vmax at velrt to_a stab!e form. This mh|ght _explaln
might be a convective response. t=17.2 Ma is 30 mmlyr, which is 30% VOlcanic margins. However, there is a ten-

higher than that at t=6.6 Ma. The flow im- dency for these highly nonlinear models to
pinges on the base of the melt window. ThusPe unstable, thus preventing the generation
we expect more melt to be delivered at thisof uniformly thick oceanic crust.
convection has begun adjacent to the Wid_time. Howe\{er, if the colder material frorr_1 . _

. . . the convection cell under the old margin  Figure 4 shows two typical crustal cross
ening margin. A mass of colder material \ygre 1o get entrained into the upwelling at sections from our model calculations. Fig-
under the margin is falling, but this rela- the ridge axis, the drop in temperature aloneyre 4a shows the results from the model
tively cold material is also being entrained would decrease the melt delivered. Addi- shown in Figure 3. At the old margin (900
in the flow of the convection cell; the strong tional reduction in melt delivery can occur | in the figure) thé Moho has been thinned
entraining flow is due in part to convection if mgtleriall'ghat had alreadylexpder.ier:.f(ed by extension at the early stages of the
but is also driven by the need for mass topartial melting were re-circulated In like L ) !
flow into the ridge a>)</is. Thus, the two phe- Manner. The melt delivery calculations pre- model. The melt that is first delivered is

- sented here include the first effect, but notdePosited there, and subsequent delivery of
nomena are linked by geometry. the second. melt continues to build the oceanic crust.

Figure 3b shows the configuration at
17.2 Ma after the initiation of rifting. Here,
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The initial delivery of melt is irregular tentatively find this model acceptable, and  There remain significant problems with
and time dependent, reflecting the convec-suggest that it may approximate processeshis otherwise encouraging result. The main
tion that began in the early stages of theat an avolcanic divergent margin. problem is that the mantle physical proper-
model. There is then a stage of relatively ties of the two models shown in Figure 4
thin oceanic crust (the middle third) that  The bottom frame depicts our most suc- are too dissimilar (in background tempera-
reflects the presence of colder material ris-cessful model thus far for a volcanic mar- ture, and in degree of nonlinearity). We are
ing to the ridge axis through time, result- gin, The model has the same extension ratgearching for a physical model that has just
ing from the convection. This effectis seen 55 the model in Figure 4a but the rift ge- one viscosity relationship (i.e. dependence

I many models that were run, often con- ometry was localized to a 40 km half-width, pressure, temperature and strain rate, and
sisting of a period of enhanced melt deliv- ¢reqting asharp breakin the lithosphere an¢haracteristic viscosity), where natural vari-
ery followed by a period of relative melt ty),

. . a strong thermal gradient in the early rift 4 : :
starvation. In most cases this was used as g1 ,a 'Iqhe modelgsuccessfull rovic)j/ed ations in spreading rate and mantle tem-
ge. y P aperatures produce acceptable results. The

criterion to reject the model. ;
nglrrownl/\{[edt%e (r)r: T?rl;[ O\rﬁr 2rov:<dm tf:rl]ckr volcanic margin result, for example, does
adjacent to tn€ margin, and provices more,, , provide this; slowing the spreading rate

r less uniform oceanic crust thereafter. Theb a factor of two produces a model (not
lip in the oceanic crust at the mid-left is y P

problematic and suggests that a inghtIyShoer) whose melt dehvgry was un.a(.:c.ept-
more stable model is required. ably irregular. Changing the initial

The long-term oceanic crust created in
the model Figure 4a appears stable and o
approximately the required thickness for
oceanic crust (although somewhat more

variable in thickness than desirable). We asthenospheric temperature by°25a|so
produced an unacceptable result. Since such
10 variations obviously occur in the Earth, we

conclude that we need to search further for
an acceptable model. That model will work

0 for both volcanic and avolcanic margins.
e 107 OcearZICrust Typical . .
3 T(ﬁ_cekanic Catinamial Discussion _ _
@ ickness Crust These results are the first to quantita-
g -20 tively test the hypothesis that small scale
0 convection in the asthenosphere can arise
= 30 f_rom plate divergence in the over.lying
lithosphere. They thus hold the promise for
a viable alternative to explanations which
-40 T | — T — T T T T | require high temperature asthenosphere as
0 500 1000

a source of large volumes of igneous rocks
10+ in some continental rifts and rifted conti-
nental margins. We hope that the difficul-
ties presented by the results of these mod-

0 els can be overcome with additional work.
/
E -10- _/ Tvoical One likely consequence of melting is
< Oceanic Crust Oteanic that the creation and extraction of melt from
7 Thickness Continental the mantle will alter the viscosity and den-
g -20 SISt sity of the residual mantle matrix. The vis-
g cosity is likely to be reduced, creating more
= .30 Moho - vigorous flow. In contrast the density of re-
sidual mantle is decreased, and the pooling
of lighter mantle material near the edges of
-40 T T T T T T T T T T 1 the rift zone will tend to stabilize the sys-
0 500 1000 tem and impede convective flow (Su and

Kilometres Buck, 1993). These are properties that have

Figure 4. Predictions of oceanic crustal thickness for two models. Note the Moho near 1000 k@t been incorporated into our models but
each frame, which was thinned by extension prior to the onset of sea-floor spreading. (a) is thehat may be important in enhancing up-flow
melt delivery fro_m the model s_hown in Figure 3 Whl_ch had a rel_atlvely wide rift zone within the and melting, while concurrently providing
lithosphere. (b) is the melt delivery from a model with a sharp rift zone. At the top of each frarr;% tability. W v in-
the mantle temperature, a characteristic viscosity and degree of non-linearity used for the mo e Uece_ssa“{ Stability. Ve are currently in

are indicated. Vertical exaggeration is approximately 16:1. vestigating this aspect of the problem.
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Small scale convection in the Large ignegus _pro_vince on the us Atlan_tic underplating. Geology, 21: 563-567.

asthenosphere could predict other impor_marfgjln atn(? ;)mplllt(:atlor’\]Is Ior mggdfmzz[gssr)n‘g%rmg SfoJ, :N and VE(/l.Rf.I BUC};, 19%3. Buoyzncy
; ; - _continental breakup. Nature, :433-436.  effects on mantle flow under mid-ocean ridges.
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