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SA. Methods

In order to discretize and solve the equations of conservation of mass, momentum and

3132 The most

energy, we use an extended version of the finite element code Citcom
important extensions include formulations for compositional rheology (Eq. S3), and
compositional buoyancy (Eq. S4), both being sensitive to partial melting processes.
Related time-dependent feedback mechanisms between consumption of latent heat of
fusion L, buoyancy, partial melting and rheology require application of the extended
Boussinesq approximation33 and of a 2nd-order Runge-Kutta time-integration
scheme® . Details of the numerical method used are described elsewhere®' ™.

The Cartesian model box spans dimensions 4818x3300x660 km (Fig. 1) with
672x384x96 rectangular elements, and element sizes ranging from 8.4x9.9x6.6 km to
4.6x4.3x3.4 km. An imposed, constant horizontal motion on the top boundary simulates
80 km/Myr of Pacific plate—motion36. In order to accommodate this motion, one vertical
side of the box is free to inflow and the opposite side to outflow. The other sides are
closed. The bottom 1is also closed except for a small circular region of radius of 4rp
(r, = 68 km) wide enough to allow a mantle plume to rise into the box, and centered 3135
km downstream from inflow boundary. At the same location, a Gaussian thermal
anomaly of amplitude Tp and of half-width rp is imposed to supply excess temperature to
the plume4. Otherwise, temperatures at the top and bottom remain fixed at 0 °C and the
reference temperature 7,, = 1350 °C, respectively. On the inflow boundary, temperatures
are maintained based on a simple cooling profile for 50 Myr-old lithosphere plus an
adiabatic gradient y = 0.3 K/km and a random thermal noise of +5°C.

In order to simulate melting of a heterogeneous mantle, we apply the marble cake
mantle hypothesis28’37’38. Accordingly, we assume that the mantle is compositionally
heterogeneous on a scale smaller than the finite element mesh. We take a marble cake

recipe of bimineralic silica-deficient pyroxenite (PX; cf. ref. 27) making up @px = 5% of
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the mass of the mantle®, and of two flavors of peridotite: a depleted component (DC) for
dry peridotite and a hydrous component (HC) for peridotite with high volatile content (we
model a bulk water content cp = 0.03 wt.-%, and no CO, content for simplicity) with @p¢
= 80% and @yc = 15%. We neglect any larger-scale heterogeneity, except for that PX is
restricted to the plume. The radius of the compositional plume is fixed at rp, outside of
which @py is initially 0%. Our model results are however independent of this restriction.

Each of these lithologies has a distinct melting behavior. HC and PX start melting
significantly deeper (or at lower temperatures) than DC with PX clearly having the
highest melt productivity. In order to simulate melting of PX and DC, we use the
parametrizations of Pertermann and Hirschmann™, and Hirschmann et al.*', respectively.
We apply the dynamic melting approximation for each lithology individually: melt
accumulates in small pores in any lithology until a critical porosity ¢¢ is reached, beyond
which melt is assumed to be extracted instantaneously to maintain the porosity at ¢¢ in
that lithology42. In most of our cases we take pc = 1%, but we also vary ¢¢ between 0.5%
and 0.9% (cf. Suppl. Inf. SC). For HC, we reduce melting temperatures relative to DC by
ATy, according to the hydrous peridotite melting parametrization of Katz et al -

0.75
ATy, =K ( o ] (S1)

H20

with the bulk distribution coefficient for water Do = 0.01, and K = -43 wt.-% *"’K. When
the depletion (i.e., extent of melting) in HC, Fiy¢, exceeds ¢c, the water content in the HC
solid residue cyc is efficiently reduced by melt extraction according to Zou™*:
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Consequently, the altered water content of the solid affects the solidus (cf. equation S1).
As olivines in DC and HC dominate the rheology of the lithological assemblage
(since Ppc + Puc = 95%), we apply an experimentally calibrated olivine rheology™™’.
An activation energy of E* = 300 kJ/mol® leads to strong temperature dependence of
viscosity. We also include compositional effects such as melt lubrication*®, and more

importantly, stiffening due to dehydration of the solid with ongoing depletion in HC*’:

Ppc
5(CO_Cdr)') (E*-I-p gZV* E* J
h=n, exp o - — (D0, + D0

{f(ch—cdry)-q-co_ch RT RT ( pcPpc HC HC)
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(83)
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Table S1: Notations.

parameter | description value or range; unit

Cary water concentration in the solid HC, below which 6 wt.-ppm
hydrous olivine behaves like dry olivine

Cre water concentration in the solid HC [wt.-ppm]

Co initial water concentration in the solid HC 300 wt.-ppm

E* activation energy 3-10° J/mol

Fpce depletion in DC -

Fuc depletion in HC -

g gravity acceleration 9.8 kg/s’

L latent heat of fusion 5.6:10° J/kg

p lithostatic pressure [Pa]

rp radius of the plume 68 km

T temperature [K]

T, mantle potential temperature 1350 °C

Tp plume potential temperature 1650 °C

Tsor dry solidus temperature [K]

% activation volume 5-10° m*/mol

o thermal expansivity 3-10° K

y adiabatic gradient 0.3 K/km

AT, hydrous solidus reduction K]

Apr density anomaly related to 100% depletion in peridotite | -165 kg/m’

4p, density anomaly related to 100% melting -500 kg/m’

¢ melt lubrication exponent 40

n viscosity [Pa-s]

Hefr effective mantle viscosity 1.8:10"Pas

¢ dehydration stiffening coefficient 310.6383

Do reference mantle density 3300 kg/m’

®c critical porosity 0.5-1.0 %

®pc, Puc, Pex | porosities in DC, HC and PX (respectively) -

Dpe mass fraction of DC 80%

Dyc mass fraction of HC 15%

Dpx initial mass fraction of PX 5%

with R, 1, #m, opc, @uc, & ¢ V*, pms 8,2, T, Ty, and cq4py the ideal gas constant, viscosity,
reference mantle viscosity, porosity in DC, porosity in HC, dehydration stiffening
coefficient, melt lubrication coefficient, activation volume, reference mantle density,
gravity acceleration, depth, temperature, and the water content below which hydrous
olivine behaves like dry olivine, respectively (see Table S1 for values). The effective
viscosity 7.4 = 0.001557,, corresponds to the minimum viscosity in the upper mantle
column at the onset of small-scale convection (SSC), and is a better representation for the
rheology of the ambient mantle than 7,,. The dehydration stiffening coefficient ¢ is scaled
such that dehydrating HC from cyc = 100 ppm to cpe = cqry increases the viscosity of HC
by a factor of 100 (ref. 47). Substituting equation (S2) into equation (S3) elucidates that
rheology is dependent on variables T, z, Fyc, and ¢gc only.
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Lateral density variations, which drive convection, depend on temperature, bulk
porosity ¢ (with ¢ = ppc@Ppc + PucPuc + ppxPpx) and depletion in peridotite:

p_pm:apm(T_Tm)+Ap¢¢+ApF(QDCFDC+@HCFHC) (S4)

with 4p,, 4Apr, a, p, Fpc, and ¢px the density changes with melt retention and peridotite
depletion, thermal expansivity, density, depletion in DC, and porosity in PX, respectively.
We ignore the small density variations related to the consumption of PX by melting, since
the density of pyroxenite is close to that of the mantle, and since @py 1s just 5%.

SB. Controls on plume-pancake SSC and related effects on volcanism

As opposed to SSC in the ambient mantle self-organizing as regularly spaced, linear
rolls parallel to plate motion, SSC in the hot plume pancake is more complex in flow
geometries (cf. ref. 24). In both places, SSC rolls are aligned according to the differential
motion between the low-viscosity mantle and the overriding plate”. Whereas this
differential motion is dominated by the plate motion in the ambient mantle, it is strongly
affected by the gravitational spreading of the plume in the pancake. Figure S1 shows the
horizontal flow at a depth of 140 km minus 80 km/Myr of plate motion. The overall
differential flow radiates outward away from the plume stem. Directly downstream of the
plume stem, gravitational spreading drives flow that is parallel to but faster than plate
motion; far away from the axis of the hypothetical hotspot track, gravitational spreading
results in a strong component of flow perpendicular to plate motion. Accordingly, SSC
rolls tend to align parallel to plate motion along the central axis of the plume pancake,
and perpendicular to plate motion on the flanks of the pancake (Fig. S1).

Plume-pancake SSC controls locations of decompression melting and related
secondary volcanism. Stable upwellings directly downstream of the hotspot oriented
parallel to plate motion give rise to rejuvenated stage volcanism. Transient upwellings
(cf. movie supplement) on the distal flanks of the pancake (oriented perpendicular to
plate motion) spawn arch volcanism ~300 km away from the central axis of the
hypothetical island chain. Another type of arch volcanism is predicted to emerge
~250 km upstream of the hotspot above a localized upwelling of plume-pancake SSC.
This upwelling is triggered by a nearby downwelling of ambient-mantle SSC that carves
into the plume pancake to focus the otherwise diffuse flow (Fig. S2).

The predicted sites and volumes agree well with the observed geographic
distributions of rejuvenated stage volcanism, and arch volcanism around Hawaii. In
particular, our models display a near-gap between the hotspot and the rejuvenated melting
zones of ~80 km (cf. Fig. 3b) that addresses the observed gap of 1-2 Myrs''® between
the shield and rejuvenated phases of Hawaiian volcanism. In addition, a length-scale of
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~300 km for the rejuvenated melting zone can readily explain occurrences of coeval
rejuvenated volcanism on Niihau and Maui'®"®° In terms of arch volcanism, the models
predict volcanic fluxes as high as ~1000 km*/Myr occurring ~300 km away from the
central axis of the island chain, fluxes and locations that are consistent with observations
for the Hawaiian North Arch Volcanic Field" (cf. Fig. 1a). Predicted arch volcanism
occurring 200-300 km upstream of the hotspot displays a smaller volume flux
(~25 km3/Myr) and can thus account for the South Arch Volcanic Field®. The precise
patterns of secondary volcanism however may be influenced by various mechanisms not
modelled. These may include a possible recent change in Pacific plate motion’’,
associated complications in the pattern of SSC”?, localized intermediate-scale fertile
anomalies in the mantle sourcem, and lateral flow of magma.

The importance of ambient-mantle SSC for the symmetry of flow and temperature in
the plume pancake as well as for the occurrence of secondary volcanism is explored by
comparing the predictions of the reference case (Fig. S2a) with a case that has ambient-
mantle SSC artificially switched off (Fig. S3). The latter case is governed by the same
model parameters as the first, and differs only in the length of the box in the direction of
plate motion, which is just 2376 km, instead of 4818 km for the first. Such a short box
does not allow enough time for ambient-mantle SSC to organize upstream of the plume.
The large-scale pattern of temperature and flow in the plume pancake are similar for both
the reference case (Fig. S2a) and the short-box case (Fig. S3a), independent of the
occurrence of ambient-mantle SSC. However, the pancake is much more symmetric in
the short-box case because there are no pre-existing undulations in lithospheric thickness
(“washboard”-pattern) to trigger asymmetric flow. Likewise, the pyroxenite contribution
in hotspot volcanism (Fig. S3b) and the pattern of plume-pancake SSC are almost
completely symmetric. Also, without the effects of ambient-mantle SSC to shape and
remove parts of the base of the incoming lithosphere in the short-box case, plume-
pancake SSC does not produce arch volcanism (Fig. S3). Along these lines, the
occurrence of ambient-mantle SSC is critical for widespread secondary volcanism and
asymmetry of plume-lithosphere interaction.

For the more realistic large-box models, the pattern of ambient-mantle SSC relative to
the location of the plume controls plume-pancake SSC and volcanism. The three cases
shown in Figures S2b-d are similar to the reference case shown in Figure S2a. They are
governed by the same parameters, and only differ in the position of the hot patch at the
base of the model box, which is shifted perpendicular to plate motion in 50 km
increments from case to case. Such a setup simulates distinct positions of the plume
relative to the pattern of ambient-mantle SSC, since the latter is similar for all cases
(being influenced by the model boundaries with SSC downwellings typically organizing
at the sides of the box). Figure S2 highlights that the temperature distribution and pattern
of convection in the plume pancake are sensitive to the position of the plume relative to
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the pattern of SSC. Related effects on magma generation further imply that geographical
distributions and geochemical signatures of volcanism are affected by shifts in the
position of the plume relative to ambient-mantle SSC. Figures S4-S6 show that such
shifts indeed alter rejuvenated volcanic flux (Figs. 3b, S4), average pyroxenite
contribution and duration of rejuvenated stage volcanism (Figs. 3b, S4, S6), volcanic flux
and geographical distribution of arch volcanism (Figs. 3a, S5), geochemical contrast
between the Kea and Loa trends (solid lines in Figs. 3b, S6), and most notably hotspot
volcanic flux (numbers in Figs. 3b and S4).

Top-down driven ambient-mantle SSC induces variability of hotspot volcanic flux
through the effects of lithospheric thickness undulations (“washboard”) on plume-
lithosphere interaction. Both hotspot volcanic flux and the extent of the Kea/Loa
geochemical asymmetry are influenced by the position of the plume relative to the
washboard (Figs. S4, S6). Thus, they are sensitive to a change in the pattern of ambient-
mantle SSC. We speculate that a change in the pattern of SSC upstream of the Hawaiian

hotspot as induced by the Molokai Fracture Zone™™?

51,52

or by a recent change in plate

motion contributed to the sudden appearance of the geochemically asymmetric Kea

11,54 7,826

and Loa sub-chains at ~2 Ma and a coeval boost in Hawaiian hotspot volcanism

SC. Controls of melt extraction on secondary volcanism

Figure S7 shows that the predicted total volume of rejuvenated stage volcanism and
its duration (or distance, over which it simultaneously occurs) are sensitive to the critical
porosity ¢¢. For instance, rejuvenated volcanic flux triples when ¢¢ increases from just
0.8% to 1%. Whereas higher ¢¢ reduces the fraction of extracted melt in magma
produced, the dominating effects in boosting magma production are to increase the
mantle buoyancy as more melt is retained, and to keep viscosity low as more water
remains in the mantle (cf. equation (S2) and ref. 35). These important effects boost
decompression melting by fueling plume-pancake SSC and related erosion at the base of
the lithosphere.

Our model predictions can be tested with the geological record of the rejuvenated
“Koloa volcanics” on Kauai. Alternative models for the origin of rejuvenated volcanism
include decompression melting due to lithospheric flexure'®, and due to lateral spreading
of the plume pancake’. Given that widespread rejuvenated volcanism also occurred on the
seafloor around Kauai®, we neglect major melt focusing towards the island of Kauai
during extraction of rejuvenated melts. With this assumption, the lithospheric flexure and
pancake spreading models can just account for 6 km? and 8 km? of rejuvenated volcanism
on Kauai, respectively (cf. refs. 3, 18). Therefore, even a combination of both
mechanisms is insufficient to explain the large observed volumes of ~60 km? of Koloa
volcanics'’. Our models instead predict higher volumes of about 210 km3, 170 km?,
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135 km3, 90 km? and 55 km?3 over the area of Kauai for critical porosities of 1%, 0.9%,
0.8%, 0.75% and 0.7%, respectively. Depending on the actual ratio of intrusive versus
extrusive rejuvenated volcanism, our model predictions for ¢c > 0.75% thus have no
difficulty in explaining the large volume of Koloa volcanics.

For the same reasons (above) increasing ¢¢ boosts rejuvenated volcanism, it also
tends to boost volcanic flux of arch volcanism. By fueling SSC on the flanks of the
pancake, increasing ¢¢ from 0.5% to 1% boosts arch volcanic flux from ~550 km/Myrs to
~1000 km/Myrs. To a greater extent, however, SSC on the flanks of the pancake and
related arch volcanism are expected to be sensitive to rheological parameters (cf. ref. 24).
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Figure S1. Differential horizontal flow field between the plume pancake and the plate for the

reference case. Arrows denote direction and color denote the amplitude of differential flow as computed

by subtracting of plate motion (i.e. 80 km/Myr from left to right) from horizontal flow at 140 km. Arrows

pointing to the left/right indicate horizontal flow that is slower/faster than plate motion. The shear

associated with this differential motion appears to influence the alignment of SSC in the pancake.
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Figure S2. Horizontal cross-sections of temperature at 140 km depth for different models with
contours of the rate of surface volcanism. From outside to inside, black dashed contours denote 0.01, 0.1,
1, and 10 km*/km*Myr (average over 1000 timesteps). Upwellings and downwellings typically occur
where temperatures are relatively high and low, respectively. The light blue and dark blue stripes reveal the
pattern of ambient-mantle SSC. Warm colors (and white) are the plume-pancake. The different models
simulate different positions of the plume relative to the pattern of ambient-mantle SSC. The position of
SSC is influenced by the boundaries of the model box and is similar for all cases; therefore, the model
conditions differ only in where the center of the plume is positioned: (a) y = 1650, (b) y = 1700 km,
(c) y=1750 km, and (d) y = 1800 km. The original position (i.e., at the bottom boundary of the model box)
of the plume on the y-axis is marked by the white dashed line (green dashed line for position of the plume
in (a)). The model in (a) is the reference case as also shown in Figs. 2-3. The pattern of SSC in the pancake
is sensitive to undulations in lithosphere thickness relative to the plume, which was shaped by SSC in the
ambient mantle upstream of the plume.
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Figure S3. Model results for case without SSC in the ambient mantle (small-box case). This case is
similar to the reference case, and differs only in box length (2376 km instead of 4818 km). Such a setup
prohibits self-organization of ambient-mantle SSC. Panels (a) and (b) show a horizontal cross-section of
temperature (cf. Fig. S2), and the origin of volcanism in terms of source lithology (cf. Fig. 3a), respectively.
Both panels display contours of surface volcanism (same contour spacing as in Fig. S2). For this case,
plume-pancake SSC appears to be insufficient to support arch volcanism.
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Figure S4. Volcanic flux versus seafloor age for different positions of the plume relative to the pattern of
ambient-mantle SSC. The 3 cases shown correspond to those in Figs. S2b-d (i.e., the plume is centered at
(a) y= 1700 km [cf. Fig. S2b], (b) y=1750 km [cf. Fig. S2c], and (c) y=1800 km [cf. Fig. S2d]). Numbers denote total
hotspot volcanic flux in [km*Myr]. The above curves should be compared to the dashed lines in Fig. 3b, which
represent volcanic flux for the reference case with the plume centered at y = 1650 km. Black curves display total
volcanic flux. Red and blue curves indicate the volcanic fluxes along the Kea and Loa trends, respectively. The feeding
zones for these trends are shown as light grey boxes in Fig. S5. The boundary between the two zones is chosen such
that the Kea trend displays ~25% more volcanism than the Loa-trend—as consistent with the geological record over the

past 2 Myrs (ref. 26).
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Figure S5. Composition and volume flux of surface volcanism for different positions of the plume
relative to the pattern of ambient-mantle SSC. The 3 cases (a, b, c) correspond to those as shown in
Fig. S4 with the plume centered at (a) y = 1700 km, (b) y = 1750 km, and (¢) y = 1800 km, respectively.
Colors denote contribution of pyroxenite in surface volcanism; black contours denote the rate of surface
volcanism (same contour spacing as in Fig. S2). The above plot should be compared with Fig. 3a that
represents the reference case with the plume centered at y = 1650 km.
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Figure S6. Pyroxenite contribution versus seafloor age for different positions of the plume relative to
the pattern of ambient-mantle SSC. The 3 cases (a, b, ¢) correspond to those as shown in Figs. S4-S5
with the plume centered at (a) y = 1700 km, (b) y= 1750 km, and (c) y = 1800 km, respectively. The above
curves should be compared to the solid lines in Fig. 3b, which represent pyroxenite contribution for the
reference case with the plume centered at y = 1650 km. All cases (including the reference case) except for
the case in panel (a) display a distinction in pyroxenite contribution between the Kea and Loa trends of
about 5%. This distinction persists through the postshield stage, as does the geochemical distinction
between the two trends'’.
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Figure S7. Volcanic flux versus seafloor age for cases with different critical porosity ¢¢. Black
dashed line is the same as that in Fig. 3b for the reference case with ¢ = 1%. Numbers denote total
rejuvenated volcanic flux in km?/Myr for the different cases.
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