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Upon emplacement of a dyke, the magma may crystallise immediately and block the dyke (blocking) or 
begin to melt the surrounding country rock prior to crystallisation (meltback). A numerical model is used 
to investigate the prevalence of these regimes and the change in shape (of horizontal cross-section) of the 
dyke’s solidus and mobile melt extent (MME) isotherms. For static magma, the solidus narrows from its 
initial shape throughout cooling while the MME initially narrows prior to widening. Magma reinjection 
leads to widening of the MME after each injection, with a lesser to no response in the solidus aspect ratio. 
For static magma, the minimum dyke width at which meltback occurs is inversely proportional to the 
country rock temperature (with no meltback for country rock below specific temperatures determined by 
the specific magma properties). Considering reinjection allows for meltback at significantly lower country 
rock temperatures and a power law relationship is determined between this meltback width and the 
reinjection period. Injection of superheated magma gives rise to further widening of the MME during 
cooling with no effect on the solidus shape, as well as decreasing the country rock temperature required 
for meltback.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The prevalence of dykes gives rise to their application in many 
geological fields. Dyke swarms resulting from extensional tecton-
ics have been observed to produce crustal widening on the scale 
of hundreds of meters to several kilometers across the world: the 
Troodos ophiolite, Cyprus (Moores and Vine, 1971; Varga, 1991), 
the Siberian platform (Polyansky et al., 2017) and NW Australia 
(Magee and Jackson, 2020) are well studied examples. Through 
ridge push, these have also been hypothesised as a contributer to 
the movement of tectonic plates (Swedan, 2015; Hou, 2012). On 
smaller scales, dykes supply volcanic eruptions and control lava 
output from vents and their closing and opening is vital in pre-
dicting subsequent lava flow (Kervyn et al., 2009). Investigations of 
shape evolution have been carried out and compared to field mea-
surements in Rum, Scotland and Helam mine, South Africa (Daniels 
et al., 2012). These found that observed dyke shapes are narrower 
at the centre and wider at the tips than those predicted from 
elastic models. Further study into modelling dyke shape change 
is therefore important in developing a better understanding of the 
governing processes behind magma cooling from initial intrusion.
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The cooling time-frames of emplaced magma varies between 
orders of months and kiloyears (Pansino et al., 2019), depending 
predominantly upon size and initial temperature in relation to the 
country rock (Jaeger, 1968). There are two main regimes by which 
this cooling occurs, as discussed previously by Bruce and Huppert 
(1989). The first is meltback, in which the initially formed chilled 
margins and the surrounding country rock can be melted prior to 
full crystallisation of the magma. The second is blocking, where 
the body crystallises upon emplacement and blocks the flow of 
magma. The extent of these regimes significantly alters the shape 
change of the dyke during cooling as well as the rate of cooling, 
and in turn crystal growth at various positions within the dyke 
(Platten and Watterson, 1969; Henriquez and Martin, 1978). This 
variation in crystal growth is commonly seen in the presence of 
chilled margins (Huppert and Sparks, 1989; Healy et al., 2018). 
Although these regimes have been qualitatively discussed in the 
above literature, quantitative analysis of the regime prevalence has 
undergone limited investigation.

Cooling of the body is predominantly controlled by conduc-
tive movement of heat within the magma (Delaney, 1986). Within 
dykes, convective heat transfers are relatively small in contrast to 
processes in large magma chambers (Worster et al., 1990). Con-
sideration of temperature variations due to conduction in magma 
has been studied in numerous cases to provide analytic solutions
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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(Carslaw and Jaeger, 1959) and in more general cases to yield 
numerical solutions (Alexiades and Solomon, 1993; Dehghan and 
Najafi, 2016). Advection can then be studied by considering the 
effects of magma reinjection or flow, as by Bruce and Huppert 
(1989).

This paper uses a numerical model to investigate temperature 
variation in a vertically emplaced dyke from an initial intrusion 
shape. Subsequent shape change and variation in cooling regimes 
are then evaluated. This is studied in the case of a single intru-
sion cooling without disturbance and in the case of further magma 
input through the remaining mobile melt. Numerical modelling 
of dyke cooling has been repeatedly undertaken (Delaney, 1986; 
Daniels et al., 2014; Petcovic and Dufek, 2005). These investigate 
cooling timeframes, dyke size and temperature variation in the 
surrounding country rock (the final case comparing these predic-
tions to those observed in the Columbia River flood basalts). How-
ever, there is little literature investigating the dyke shape change 
(aspect ratio) during cooling in particular.

The theory behind heat loss from the body is detailed in sec-
tion 2 before being implemented numerically in the static case 
(cooling from initial emplacement) in section 3. Section 4 then 
applies this model to produce results relating to: shape change, 
regime control factors and effects of periodic magma injection. All 
results are then discussed in section 5 before presenting the con-
clusions in section 6.

2. Theoretical framework

2.1. General heat transfer with latent heat liberation

Heat loss Q in and surrounding a dyke varies linearly with re-
spect to the temperature T (in degrees Kelvin). Including latent 
heat of crystallisation L, however, leads to a jump condition across 
the melting/crystallising temperature range, between the solidus 
and liquidus at temperatures Ts and Tl respectively. Density ρ and 
heat capacity cp are assumed to be constant with temperature, and 
within different phases. This gives the heat profile

Q =

⎧⎪⎨
⎪⎩

ρcp T , T < Ts

ρcp T + L(T − Ts)/(Tl − Ts), Ts < T < Tl

ρcp T + L, T > Tl.

(1)

When applied to the heat equation, the system is therefore dic-
tated by

(1 + Z)
∂T

∂t
= κ∇2T (2)

Z =
{

L/[ρcp(Tl − Ts)], Ts < T < Tl

0, otherwise
(3)

where κ is the material’s thermal diffusivity.
The thermal conductivity of magma and rock decreases with re-

spect to increasing temperature; the extent of this relationship in 
certain magmatic rocks is discussed in Vosteen and Schellschmidt 
(2003). This variation in thermal conductivity can be of the order 
of a half, between the liquidus and initial country rock temper-
atures. The major effect of this variation is in the temperature 
evolution of the immediately surrounding country rock, as detailed 
by Nabelek et al. (2012) in the study of contact aureoles. Here the 
consequences of thermal conductivity variation are shown to be 
most notable in the cases of plutons. Heap et al. (2022) shows 
porosity and hydration of the surrounding rock to also be a fac-
tor affecting the thermal properties. Both of these considerations 
mainly affect the behaviour in the material surrounding large ig-
neous bodies. Therefore, in this study of magma cooling and dyke 
2

Fig. 1. Example of a penny shaped crack formed by the injection of fluid from a 
source (red arrows) along a fracture with external isotropic stress σ0, and verti-
cal flow shown by black arrows in the indicated cross-section. The half-width w
and half-length h are shown with exaggerated dimensions (larger w to h aspect ra-
tio than in reality). (For interpretation of the colours in the figure(s), the reader is 
referred to the web version of this article.)

shape, the thermal properties previously mentioned are assumed 
constant.

2.2. Application to dyke shape

A vertical dyke can be considered as a liquid intrusion of 
magma that subsequently cools and crystallises. The country rock 
surrounding the dyke is assumed to be homogeneous and the ini-
tial shape of the dyke is governed purely by elastic laws. This 
shape can be approximated as the uppermost portion of a verti-
cal penny shaped crack (Lai et al., 2015) such that the geometry 
is approximately linear one-dimensional (rather than radial one-
dimensional). In the case of dykes, their forms are significantly 
narrower in one dimension than in others (Fig. 1). Heat loss is, 
therefore, predominantly in this direction - orthogonal to the plane 
of the dyke.

Taking a horizontal cross-section through the body gives a 
shape, with a vertical normal, whose perimeter is specified by

x = αh

√
1 − y2

h2
, (4)

where x and y are the horizontal axes of the dyke, h is the dyke 
half-length and α determines the aspect ratio of the liquid intru-
sion. This prefactor is determined by properties of the country rock 
including shear and elastic moduli as well as the surrounding hy-
drostatic pressure, as detailed by Lister and Kerr (1991).

It is assumed that the magma is emplaced at a single temper-
ature θ0 in the shape detailed above, into country rock of tem-
perature θc . From this, a modified system to solve is obtained: 
(2) becomes the one dimensional heat equation with initial and 
boundary conditions,

(1 + Z)
∂T

∂T
= κ

∂2T

∂x2
(5)

T (x, t = 0) =
{

θ0, |x| < w(y)

θc, |x| > w(y)
(6)

T (x → ∞, t) = θc, (7)

where Z is as stated in (3) and w is the initial half-width of the 
intrusion, dependent on y, as specified by (4). Dyke tip propaga-
tion is assumed over from the point at which cooling begins, such 
that the stress field during cooling is homogeneous (as shown in 
Fig. 1).
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2.3. Inclusion of further magma input

The previous discussion concerns only the case of heat loss 
from a static magma, after initial emplacement. Consideration of 
further magma input is accomplished by treating the body of 
magma, at any point during cooling, as being composed of mobile 
and immobile sections. Immobile magma is the partially molten 
material that is predominantly crystallised (≥ 50% partially crys-
tallised) whilst the remaining partial melt is considered mobile 
(from private communication with Sparks (2021)). The mobile por-
tion of the dyke is then able to vary in temperature in response to 
an assumed Newtonian flow.

The boundary temperature between mobile and immobile melt 
(mobile melt extent) is set to be at the midpoint between the 
solidus and liquidus, by assuming linear melting and crystallisation 
with temperature in the region of partial melt. Modification to the 
temperature within this central region of mobile melt is applied to 
represent vertical magma input [heat advection due to motion of 
magma in the plane is of second order in relation to heat conduc-
tion in the plane (Bartlett, 1969)]. This modification is investigated 
by considering periodic reinjection of magma: this causes immedi-
ate temperature change within the extent of mobile magma every 
time reinjection occurs. This can be seen as the temperature of the 
material within the mobile melt extent being raised to the liquidus 
temperature once every period (as specified in each figure below).

3. Modelling method

3.1. Validity of numerical model

This system of equations is known as a two-phase Stefan prob-
lem, with a range of melting/crystallisation temperatures. Although 
analytic solutions exist for special cases of this problem - such as 
in the case of a constant temperature solid and for fixed tem-
perature static boundaries (Carslaw and Jaeger, 1959; Tao, 1978) 
- the system outlined in section 2 requires a numerical approach 
for solution (Alexiades and Solomon, 1993). Discretisation of the 
x-domain allows for the use of a forward-step algorithm to be ap-
plied (the forward Euler method). The boundary conditions are en-
forced by setting the temperature at each end of the x-domain af-
ter every timestep. A two dimensional solution can then be found 
by separately calculating the time evolution following discretised 
line-sections along the y-axis.

The validity of this method is tested by applying it to a simpli-
fied temperature distribution model with known analytic solution. 
The simplified system chosen is that of temperature diffusion from 
an initial “top-hat” function (6) without consideration of latent 
heat liberation. The model is tested at discretisation levels of 50 
and 200 subdivisions in the x-domain, with timesteps sufficiently 
small to ensure stability. Maximum deviations from the analytic 
model are 5.9% and 3.2% for the respective discretisation levels. 
The latter is an acceptably low error and so the method used is 
valid in later calculations when more than 200 subdivisions are 
used.

3.2. Application of numerical model

The previously outlined numerical method was applied to the 
system detailed in section 2.2. The position of the solidus and 
liquidus were chosen to agree with that of basaltic magma and 
country rock (Daniels et al., 2012). The initial temperature of the 
intrusion was set to the previously chosen liquidus to consider 
non-superheated magma (superheated magma is touched upon in 
section 4.3) while the initial country rock temperature was set to 
agree with the geotherm, with intrusion depths specified in each 
trial. Material properties and constant dyke parameters assumed in 
3

Table 1
Summary of key computational parameters and material properties used in the cal-
culations [from Daniels et al. (2014)], assumed to be the same for the magma and 
host rock.

Parameter Value Unit

�x Size of x divisions 0.1 m
�y Size of y divisions 5 m
�t Time step 15770 s
h Initial half-length 1000 m
ρ Density 2800 kg m−3

k Thermal conductivity 2.2 W m−1 K−1

κ Thermal diffusivity 5.3 × 10−7 m2 s−1

L Specific latent heat 4 × 105 J kg−1 K−1

cp Specific heat capacity 1480 J kg−1

Ts Solidus 950 ◦C
Tm Mobile melt extent 1100 ◦C
Tl Liquidus 1250 ◦C

the computation of the following results are listed in Table 1 [taken 
from Daniels et al. (2014)]. The outputs of the model are shown 
in Fig. 2, with specified differences in initial conditions, to demon-
strate the resulting behaviour along a single horizontal line-section 
(one dimensional) through the dyke.

To address the differences that would be observed as a result 
of reduced thermal conductivity (section 2.1), the model was also 
run at lower values of thermal conductivity. This shows the effects 
that increasing porosity and temperature of country rock would 
have on the behaviour of the dyke. The thermal properties used 
in these cases were taken from Robertson and Peck (1974), with a 
thermal conductivity of 1.25 W m−1 K−1 chosen to be appropriate. 
The associated results for this augmented model are given in the 
supplementary material.

The expected cooling regimes are observed in the testing of this 
model: blocking in Fig. 2a as the width of solidus position narrows 
from initially specified width; and meltback in Fig. 2b where the 
solidus position widens (minimally) before subsequent contraction. 
Observing these phenomena in the one dimensional solutions al-
lows their application to be considered in section 4.

4. Results

4.1. Shape change

Application of the two dimensional model described in section 3
is used to demonstrate the change in shape of a dyke, within 
the horizontal plane, due to initial emplacement of magma. Fig. 3
shows the evolution of dyke shape as a temperature colour map, 
with isotherms of solidus and extent of mobile melt indicated. An 
initial half width of 10 m (aspect ratio of 0.01) is used to demon-
strate the temperature profile evolution in the static magma case.

The variation in form of these isotherms is considered by calcu-
lating the aspect ratios of the solidus and extent of mobile melt at 
each time step. The resulting shape evolution is detailed in Fig. 4. 
Initial half-widths of 1 m and 10 m are investigated (giving ini-
tial aspect ratios of 0.001 and 0.01) along with variation in magma 
reinjection rate - cases with static magma and reinjection, periods 
of 0.15 yrs, 0.2 yrs, 3 days and 2 days as specified in the figure 
caption, are studied.

4.2. Cooling regimes

Cooling regimes of meltback and blocking, as described in sec-
tion 1, are investigated by monitoring dyke width with respect to 
time. The minimum width at which meltback continues to occur 
is then plotted with respect to country rock temperature, as a 
proxy for depth. The outcome is displayed in Fig. 5 for the case 
of static magma. The temperature of country rock T and minimum 
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Fig. 2. Evolution of two temperature profiles across a line-section through a dyke demonstrating (a) blocking and (b) meltback regimes (top and bottom rows respectively), 
with time from intrusion specified at each step. Dotted, vertical lines represent the initial dyke width [(a) 20 m and (b) 40 m] for country rock at temperatures 300 ◦C and 
710 ◦C, respectively, and solidus and liquidus isotherms are highlighted in blue and red. (For interpretation of the colours in the figure(s), the reader is referred to the web 
version of this article.)
half-width for meltback wmin are seen to follow an inversely pro-
portional relationship [wmin = 93/(T −650), with constants to two 
significant figures] as seen from the trendline with an agreement 
of R2 = 0.99.

Magma input is then considered by altering the model as stated 
in section 2.3 to observe the effects of the periodicity of magma 
input. Fig. 6 shows the relationship between the minimum dyke 
width at which meltback occurs and the periodicity of magma in-
put prior to analysis in section 5.2. These are power law trends 
(wmin = 30P 0.52 and wmin = 32P 0.50, with constants to two signif-
icant figures) that fit the data with R2 values of 0.999 for the red 
and blue data sets.

4.3. Superheated intrusions

The previous results are related to intrusions at the liquidus; 
the mechanism by which the majority of dykes are formed (Daniels 
et al., 2014). Although rare, superheated magmas can also form in-
trusions. As referenced in Daniels et al. (2014), basaltic intrusions 
can reach 1320 ◦C. These magmas can also result from an impactor 
leading to melting of rock and subsequent layering of superheated 
material at temperatures up to 1700 ◦C (Marsh, 2013). To inves-
tigate these cases, initial intrusion temperatures of 1320 ◦C and 
1500 ◦C were applied to the cases studied in sections 4.1 and 4.2. 
The results are shown in Figs. 7 and 8. Inversely proportional re-
lationships are seen to produce well fitting trendlines (R2 = 0.998
and 0.996 for the blue and red data sets respectively) as in Fig. 5. 
For the blue and red curves respectively, these trendlines follow 
wmin = 200/(T − 590) and wmin = 310/(T − 400), with constants 
to two significant figures.
4

5. Discussion

5.1. Observed relationships: shape change

Fig. 3 shows that the dyke tips completely solidify significantly 
faster than the main body of the dyke: the temperature at the 
dyke tips decreases to below the solidus of the order of ten times 
faster than the centre of the dyke. This supports previous qual-
itative work (Daniels et al., 2014), which shows near immediate 
blocking of magma flow and crystallisation at dyke tips followed 
by slow cooling at dyke centres. This is accompanied by rapid cool-
ing and solidification across the entire perimeter (more so near the 
minor axis than at the dyke tips), as evidenced by the immediate 
decreases in the aspect ratios in Figs. 4a and 4d. The initial decrease 
from aspect ratios of 0.01 and 0.001 respectively is observed upon 
emplacement, showing a rapid narrowing immediately after cool-
ing begins. This is also seen in the cases with further reinjection 
of magma in Fig. 4. This suggests that cooling of the outermost 
portion of the dyke is governed primarily by static magma heat 
diffusion.

Subsequent shape change is seen to differ between the solidus 
and MME isotherms. To begin with, both isotherms decrease in as-
pect ratio in all cases shown in Fig. 4, with the solidus aspect ratio 
continuing to decrease with time in all but 4f. The MME isotherm 
decreases similarly but at lower aspect ratios. However, the MME 
shows an increase in aspect ratio prior to the melt becoming im-
mobile [evidenced most in 4a and 4d] at which point the MME has 
a higher aspect ratio than the solidus. Figs. 4b, 4c and 4e show the 
rapid response in shape change of the MME upon reinjection: an 
increasing step-like pattern is seen in aspect ratios after injection. 
The solidus does not respond similarly, but continues to decrease,
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Fig. 3. Temperature colour plots, the evolution of the temperature profile of a dyke’s horizontal cross-section, with time from initial emplacement specified at each step. 
Initial dyke half width of 1 m is used with a reference country rock temperature of 400 ◦C and the positions of the solidus and mobile melt extent (MME) isotherms are 
highlighted as indicated. The axes are exaggerated to demonstrate the shape change more obviously.
suggesting the effect of reinjection on shape change is primarily on 
the MME as opposed to the solidus. The case of significant melt-
back is demonstrated in 4f where both boundaries’ aspect ratios 
begin to increase in response to more frequent magma injection, 
with the MME responding earlier to the solidus. This response is 
near linear in both cases but with the aspect ratio of the MME 
increasing at a greater rate than that of the solidus (0.016 yrs−1

compared to 0.0083 yrs−1 in this case). However, this case involves 
melting of large portions of the country rock which likely have dif-
ferent melting characteristics to the emplaced material.

This shows that in cases of blocking, the dyke shape (solidus) 
narrows as it cools while the MME shape narrows before widen-
ing just prior to the partial melt becoming immobile. The MME 
shape is also seen to be far more responsive to magma reinjection 
(widening after each injection) than the solidus, which only shows 
this widening in the cases of significant meltback of the country 
rock (Fig. 4f ). With limited reinjection, this also suggests abrupt 
blocking of the magma flow.
5

5.2. Observed relationships: cooling regimes

The cooling of a static body of magma is shown to be capable 
of producing minimal meltback of the country rock in Fig. 2b. Fig. 5
shows this meltback to occur only when the surrounding country 
rock is at very high temperatures (≥ 650◦C for the chosen param-
eters), with a minimum temperature (indicated by a dotted line) 
below which it does not occur. This results in little meltback for 
the majority of dykes until the country rock approaches the onset 
of melting temperature, such as with very deep intrusions.

Consideration of reinjection produces the relationships seen in 
Fig. 6. For sufficiently long periods, the magma cools to become im-
mobile before the subsequent reinjection and so cannot give rise to 
meltback; this is seen in the case of the blue points where peri-
ods greater than 0.06 years cannot be studied. The results shown 
for 300 ◦C and 400 ◦C country rock follow similar relationships. 
This suggests that dykes with half-widths of the order of 100 m 
or more could sustain meltback of country rock with infrequent 
magma reinjection based purely on conductive and latent heat 
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Fig. 4. Aspect ratio variation with time of dykes’ solidus and mobile melt extent (MME) isotherms (blue and red curves respectively), in country rock at 400 ◦C. Initial half-
widths of 10 m [(a) to (c)] and 1 m [(d) to (f)] are shown to evolve as a static mass of magma [(a) and (d)] as well as with reinjection at periods of (b) 0.15 yrs, (c) 0.2 yrs, 
(e) 3 days and (f) 2 days. (For interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)
Fig. 5. Minimum half-width at which melting of surrounding country rock occurs as 
a function of the temperature of the country rock, in the case of static magma (no 
further input). Trendline and its are equation shown in red. (For interpretation of 
the colours in the figure(s), the reader is referred to the web version of this article.)

diffusion (by extrapolation, this would only require reinjection pe-
riods of ∼ 2 yrs).

5.3. Observed relationships: superheating

Comparison of the shape change between superheated intru-
sions and those at the liquidus is seen in Fig. 7 (compared to 
Fig. 4). This shows the solidus isotherm to behave similarly to 
the non-superheated case; the aspect ratio decreases with time 
in both cases. The aspect ratio of the MME increases further in 
the superheated cases than the case in section 5.1. The maxi-
mum aspect ratios reached (after initial decrease) are 0.0093 and 
0.0129 in Figs. 7a and 7b respectively in comparison with the non-
superheated case of 0.0081. This shows the more superheated the 
6

Fig. 6. Minimum half-width at which meltback occurs with respect to the period 
of magma reinjection. The relationship is shown for country rock at two different 
temperatures with respective trendlines and equations: 300 ◦C in blue and 400 ◦C 
in red. (For interpretation of the colours in the figure(s), the reader is referred to 
the web version of this article.)

emplaced magma, the more widening of the dyke occurs during 
cooling.

The relationships shown in Fig. 8 are the same as those seen in 
section 5.2, aside from the boundary temperature of country rock, 
below which meltback does not occur. These boundaries are found 
at ≥ 590 ◦C and ≥ 400 ◦C for the blue and red data sets respec-
tively (parameters specified in the figure caption). The deviation 
from the trendline of the final three red data points likely occurs as 
wmin tends to zero as temperatures approach the solidus tempera-
ture. From this it can be seen that as intrusion superheating tem-
perature increases, the position of this boundary decreases while 
maintaining the same relationship between country rock tempera-
ture and minimum half-width at which meltback occurs.
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Fig. 7. Aspect ratio variation with time of the solidus and mobile melt extent (MME) isotherms for static cooling magma (blue and red curves respectively). The initial dyke 
half-width is 10 m with superheated intrusions at 1320 ◦C and 1500 ◦C, shown in (a) and (b) respectively. (For interpretation of the colours in the figure(s), the reader is 
referred to the web version of this article.)
Fig. 8. Minimum half-width at which melting of the country rock occurs with re-
spect to the country rock temperature in the case of static magma, for emplacement 
temperatures of 1320 ◦C and 1500 ◦C (blue and red respectively). Similarly coloured 
trendlines and equations are shown for each data set. (For interpretation of the 
colours in the figure(s), the reader is referred to the web version of this article.)

5.4. Errors and possible improvements

The main area for improvement upon this model would be to 
consider continuous flow, vertically through the dyke. This would 
occur only through the mobile melt portion of the dyke and so the 
information found on how the MME shape changes can be applied. 
The reinjection model used is also a discontinuous form of this 
flow and so gives rise to similar results as those found in section 4. 
Times taken for total crystallisation found with the model used are 
of the order of months and years (reaching the order of 10 yrs for 
a dyke of half-width 10 m and reinjection periods near 0.115 yrs) 
as opposed to the maximum kiloyears estimated in Pansino et al. 
(2019), likely due to this lack of flow.

Density variation of the magma with temperature is another 
possible area of improvement. The density of magma increases as 
it cools; this is of the order of 10kgm−3 per 100 ◦C of cooling 
(Lesher and Spera, 2015). This volume change gives rise to addi-
tional stresses during cooling, which could alter the dyke shape. 
The effect of this change is less significant than those due to heat 
7

loss and so would likely still follow similar trends to those found 
here.

Another assumption that could have led to errors is that of the 
constant thermal properties of the magma and surrounding rock. 
As considered in section 2.1, the effects of this consideration are 
shown to be most prevalent in the country rock immediately sur-
rounding the magma, particularly in the case of larger igneous 
bodies (Nabelek et al., 2012). In this study primarily concerning 
the cooling of magma (as opposed to the temperature profile in 
the surrounding rock), the associated errors are deemed to have 
little effect on dyke shape and temperature within the melt. This is 
seen in the supplementary material, where the dyke shape-change 
is seen to take the same form as in the case with lower thermal 
conductivity. These models run at a lower thermal conductivity are 
also good indicators of the behaviour of magma surrounded by a 
country rock with increased porosity and at a higher temperature.

The assumption of the dyke’s small aspect ratio is suitable here 
because the dyke dimensions are consistently such that the length 
is much greater than the width. However, in order to apply this 
model to larger, non-planar igneous bodies (batholiths and magma 
chambers for example), two and three dimensional heat diffusion 
models would need to be considered. In addition, convection is 
not investigated here [due to its second order effects in dykes (De-
laney, 1986)] but is integral in the cooling mechanisms of larger 
bodies (Worster et al., 1990).

5.5. Comparison to geological examples

The narrowing of dykes during cooling discussed in section 5.1
suggests that dykes have thinner centres and wider tips than ex-
pected based upon initial intrusion shape. This is seen in the field 
where dykes are often seen to have wider tips than expected. 
This has been observed in the Isle of Rum, Scotland and Helam 
mine, South Africa by Daniels et al. (2012) and in the Jagged Rocks 
Complex, USA by Re et al. (2015). This is commonly attributed to 
interaction between dyke tips and changes in composition of the 
country rock. The narrowing modelled here is purely the result of 
the magma cooling process and so suggests that both components 
are important in developing this dyke shape. This also indicates 
that modelling dyke tip interactions and varying country rock ma-
terial would be appropriate areas to build upon this study.

Rapid cooling around the dyke perimeter is shown to occur in 
section 5.1, giving rise to limited crystal development. This is par-
ticularly evident in the cases of narrow dykes with limited flow 
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(Fig. 4d). These chilled margins are commonly seen in the field, giv-
ing rise to significantly different igneous textures at dyke margins 
compared to their centres (Healy et al., 2018).

The meltback regimes observed in Figs. 2b and 4f suggest alter-
ation of the country rock surrounding dykes upon emplacement. 
This is especially prevalent in the cases with magma reinjection. 
Similar partial melting of the rock and alteration via contact meta-
morphism is seen around large dykes in the Greenland and Canada 
(Denyszyn et al., 2004).

Repetitive magma reinjection along the same dykes is a com-
mon method of recharge for certain volcanoes - a well studied 
example of which is the Krafla fissure zone in Iceland (Marquart 
and Jacoby, 1985). The reinjection model used here can then be 
applied to the evolution of dyke shapes for these such volcanoes.

6. Conclusion

The current investigation shows that during the cooling of 
magma from initial emplacement, the horizontal cross-section 
shape of a dyke varies from its initial form by narrowing. In 
all blocking regimes, the solidus isotherm narrows continuously 
up until crystallisation, whereas the mobile melt extent (MME) 
isotherm first narrows before widening, prior to the melt becom-
ing immobile. Meltback regimes show the form of both the solidus 
and MME to widen (aspect ratio increasing linearly with time) but 
with the MME being more responsive to subsequent magma rein-
jection and leading the solidus shape change in time.

In addition to this, the regimes of blocking and meltback are 
seen to be heavily reliant on the rate of magma input. In the static 
magma case, meltback is very rare, occurring only in cases where 
the country rock is at very high temperatures (within 300 ◦C of the 
solidus) and gives rise to minimal partial melting of surrounding 
rock. With reinjection of magma, meltback can occur at far lower 
temperatures of country rock and give rise to significant partial 
melting. The period of reinjection and minimum dyke width for 
meltback are shown to follow a near linear relationship for periods 
of reinjection greater than 0.03 yrs.

Superheated intrusions are briefly considered and shown to in-
crease the incidence of meltback when compared to magma em-
placed at the liquidus temperature. As well as this, the greater the 
extent of superheating, the greater the increased widening of the 
MME isotherm shape during cooling, while having little to no ef-
fect on the evolution of the form of the solidus isotherm.
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