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Abstract

Mid-ocean ridges (MOR) axes are not straight, but segmented over scales of 10s to 100s of kilometers
by several types of offsets including transform faults (TF), overlapping spreading centers (OSC) and non-
transform, non-overlapping offsets (NTNOO). Variations in axial morphology and segmentation have been
attributed to changes in magma supply, axial thermal structure (which depends on mantle temperature
and spreading rate), and axial mechanical properties. To isolate the effect of each of these processes is
difficult with field data alone. We therefore present a series of analogue experiments using colloidal silica
dispersions as an Earth analogue. Diffusion of salt from saline solutions placed in contact with these fluids,
cause formation of a skin, whose rheology evolves from viscous to elastic and brittle with increasing salinity.
Applying a fixed spreading rate to this pre-formed, brittle plate results in cracks, faults, and ridge segments.
Lithospheric thickness is varied independently by changing the surface water layer salinity. Experimental
results depend on the axial failure parameter Il , the ratio of a mechanical length scale (Z,,) and the axial
elastic thickness (Z,.;s), which depends on mantle temperature and spreading velocity. Slow-spreading fault-
dominated, and fast-spreading fluid intrusion-dominated, ridges on Earth and in the laboratory are separated
by the same critical value I1p.£0.024, suggesting that the axial failure mode governs ridge geometry. Here,
we examine ridge axis segmentation. Measurements of >4000 experimental ridge segments and offsets
yield an average segment length L,, that is quasi-constant at all spreading velocities. Scaled to the Earth,
L,, ~55 km, in agreement with the natural data. Experiments with low IIrp show offset size varying as
d; = csten/ Ly Za4is regardless of offset type, a correlation well explained by fracture mechanics. Finally, as
on Earth, experimental ridge segments are separated by transform and non-transform discontinuities, and
their nature and occurrence vary with IIz. NTNOOs develop when IIp < Ilp., while OSCs develop when
g > p.. In contrast, TF may form at any IIz, but the proportion of TF's relative to OSCs or NTNOOs
decreases when Ilp /IIp. >> 1 or << 1, in agreement with natural MOR.

Keywords: mid-ocean ridge, segmentation, axial mechanical strength, laboratory experiments, transform
faults

1. Introduction linearity, which subdivide the ridges into spreading
segments (Hey, 1977; Schouten and Klitgord, 1982).
These segments are disrupted by offsets (fig.1) such

as transform faults (TF), and non-transform fault

Segmentation of spreading ridges is a global fun-
damental phenomenon which highlights the three-

dimensional process of crustal accretion (MacDon-
ald, 1982; Whitehead et al., 1984; Schouten et al.,
1985). High-resolution bathymetric mapping re-
veals changes in mid-ocean ridges continuity and
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structures including overlapping spreading centres
(OSC), zero-offset transform faults (ZoT'), or de-
viations in axial linearity (devals) (Schouten and
Klitgord, 1982; Wilson, 1965; Schouten and White,
1980; MacDonald and Fox, 1983; Lonsdale, 1983;
Langmuir et al., 1986; Bosworth, 1986; Schouten
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et al., 1987).

Spatial variations in magmatic accretion and
tectonic deformation control the evolution of the
oceanic lithosphere and can lead to systematic vari-
ations in mid-ocean ridge segmentation and fault-
ing (e.g. Phipps Morgan et al. (1987); Buck et al.
(2005); Howell et al. (2019)). Segmentation should
therefore strongly depend on spreading rate and
on magma supply. FEarly observations at fast-
and intermediate-spreading ridges (e.g. Lonsdale
(1983); Cochran and Sempere (1997)) suggested
that a large magma flux lead to small lateral offsets
(typically from 3 to 30 km, with outliers up to 140
km; Macdonald et al. (1988)) of the axis between
long spreading segments (65 to 145 km in length;
Schouten et al. (1985); MacDonald and Fox (1992)).
In contrast, slow-spreading and some intermediate-
spreading ridges reported to have lower magma
fluxes (Schouten et al. (1985); Sandwell (1986)),
larger lateral offsets (range from 3 to 100 km, up
to 900 km; Sempere et al. (1993); Bonatti et al.
(1994)), and shorter spreading segments (50 km in
length; Schouten et al. (1985)). However, a more
recent compilation of bathymetric, geochemical and
geophysical observations from the last 30 years, re-
veals a quasi-regular length scale of ridge segmenta-
tion (30 to 50 km on average) at all spreading rates
(Carbotte et al. (2015)).

The dynamic evolution of mid-ocean ridge seg-
mentation is commonly discussed with respect to
spreading rate. Indeed, spreading rate exerts a
first-order control on both the rate of deformation
and the thermal structure of the plate boundary.
Yet, there are numerous anomalous spreading cen-
ters, such as the Reykjanes Ridge and the Aus-
tralian Antarctic Discordance, with axial morpholo-
gies and melt supplies that differ from ridges with
similar spreading rates. The structure and evo-
lution of these anomalous ridges not only depend
on spreading rate but also on mantle temperature
and melt supply (Ito et al. (1999); Sempere et al.
(1991)). Moreover, both magmatic (through dikes)
and tectonic (through faults) styles of accretion are
governed by the mechanics of the lithosphere and
therefore its mechanical and rheological properties
(Buck et al. (2005); Chen and Morgan (1190); How-
ell et al. (2019)). Based on experimental modelling,
we recently suggested that the mode of axial fail-
ure (tectonic or magmatic) and the overall shape
of oceanic ridges depend on a single parameter, the
axial failure parameter Ilgp. Ilg is the ratio of a
length scale that only depends on the mechanical

properties of the plate boundary, and the axial elas-
tic thickness which depends on mantle temperature
and spreading velocity (Sibrant et al. (2018)). Here,
we extend our previous study to the segmentation
characteristics and offset types of mid-ocean ridges.
We limit our investigation to cases of constant, sym-
metric spreading velocity initially perpendicular to
the spreading axis. To avoid biases that may be
present in statistics on natural data due to the un-
even distribution of plate velocities and mantle tem-
perature (fig.2), our laboratory experiments allow
the collection of statistics on the equivalent of a
15,000 km-long MOR, for each spreading velocity
and mantle temperature considered.

2. Laboratory experiments

2.1. Setup and visualization

The experimental setup consists of a Plexiglas
tank (33 x 23 x 6 cm high) partially filled with Lu-
dox, a colloidal silica dispersion, and covered by a
saline solution (fig.3A). Chemical diffusion of salt
into the Ludox triggers the formation of a white
skin at the interface between the two liquids. This
skin is a two-phase material composed at the 10-
100 nm-scale of a silica skeleton with an interstitial
brine. The skin initially forms just above and sub-
sequently adheres to two horizontal plates driven
by an electric motor applying a constant, divergent
velocity. The two horizontal plates are initially sep-
arated by a thin, vertical barrier to enforce two ini-
tially separate gelled zones; the vertical barrier is
removed just prior to the onset of spreading. Dur-
ing each experiment, the plates move at a constant
and uniform velocity (full spreading rate V' between
2 and 20 mm/min) causing fractures to nucleate at
the center of the experimental tank. In addition
to passive upwelling of Ludox due to the diverg-
ing motion of the plates (Houseman (1983); Gerya
(2010)), the less dense Ludox can also rise by buoy-
ancy within the denser and salted fractured skin.
The rising Ludox forms a gel when it enters in con-
tact with the downward-diffusing salt.

The top surface of each experiment is illumi-
nated with a white light to follow the evolution of
the spreading axis. The surface configuration was
captured every 3-7 seconds with a Nikon camera
equipped with a 200mm zoom (4288 x 2848 pix-
els; 0.109 mm per pixel) through an oblique mirror
(45°) place above the tank. Uncertainties in spatial
measurements are estimated at three times the pixel
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Figure 1: Zoology of discontinuities observed on Earth (left panels) and reproduced in the laboratory (right panels) including
examples of non-transform non-overlapping offset, NTNOO, see text (A), transform fault, TF (B) and overlapping spreading
centre, OSC (C). The small red dots indicate the axis location determined by the image local intensity minima.
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Figure 2: Histograms of natural data: (A) total length of
MOR accreted at a given spreading velocity; (B) distance
between two successive TFs; (C) distance between two suc-
cessive offsets of any kind.

resolution (i.e., 0.3 mm). In addition, the surface of
the fluid is illuminated by ten 635 nm red laser lines
placed at a 45° angle; deflection of these lines on the
skin surface allows measurements of the skin topog-
raphy (Sibrant et al. (2018)). Three experiments
were also recorded at 1 Hz with a high-resolution
Pixelink(R) camera equipped with a macro zoom
(2592 x 1944 pixels; 0.012 mm per pixel) with a 3
cm field of view centered on the spreading axis.

The formation of the experimental skin induced
by salt diffusion is analogous to the formation of
the oceanic lithosphere by cooling (i.e. thermal dif-
fusion). The axial skin elastic thickness Z,.;s is
controlled by the balance of advection and diffu-
sion and depends on the initial concentration of the
saline water ACj and on the full spreading rate V'
as (Mjelde et al. (2008)):

2KkC AC, _ 267

2 log( s 5) =~ tog( 1
v A2 T TV

To — Tom

Zazis = - lOg(

where k¢ and k7 are the chemical and thermal dif-
fusivity, respectively. On Earth, Ty —T,, is the tem-
perature contrast between surface and mantle, and
T, is the temperature below which the lithosphere is
elastic-brittle (e.g. 650°C; McKenzie et al. (2005)).
In the laboratory, AC, is the critical concentration
above which the skin formation is nearly instanta-
neous (Shih et al. (1999)). The rheology of the skin
evolves from viscous to elastic-brittle with increas-
ing salinity. Ludox free of salt shows a Newtonian
behavior (Di Giuseppe et al. (2012)). With addi-
tion of salt, Ludox exhibits a visco-plastic behavior
with an overlying elastic-brittle part (Sibrant and
Pauchard (2016)). The elastic-brittle behavior is
observed if the NaCl concentration at the interface
is greater than the critical concentration AC.=0.48
mol/l (Davaille and Vah, manuscript in prepara-
tion). For the salt concentrations between 2.79 and
6.15 mol/l used in this study, the axis of the ex-
perimental ridges is always solid. By separately
changing the surface saline concentration and plate
spreading velocity, analogous to separately chang-
ing the mantle temperature or the spreading rate,
the experiments cover a large range of spreading
velocity and axial lithosphere thickness. Moreover,
although there is no melting in the experiments,
liquid is always available to rise through the exper-
imental lithosphere and gel. Therefore, this set-up
mimicks a situation where melt supply is constant
and always present.
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Figure 3: (A) Schematic illustration of the experimental apparatus. (B-E) Top view images. (B) Zoom on the green square
shown in (A) for V=1 mm/min and I=6.15 mol/l. (C) Microscope image of the gelled skin for V=20 mm/min and [=4.28
mol/l. The black horizontal arrow indicates how the image moves away from the ridge. Yellow arrows indicate faults which
developed perpendicular to the spreading direction along the axis valley. (D) Ridge morphology in the laboratory (for V=10
mm/min, I=4.28 mol/l) and automatically determined ridge axis using Matlab. The blue rectangles indicate the location of
the zoom shown in (E). Red lines indicate ridge segments.
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Figure 4: Evolution of IIp (equation (3)) as a function
of spreading velocity for different mantle temperatures and
thermal diffusivities. The solid lines are for kp=10"6
m?/s; the dashed lines are for k7=2.10"% m2/s. In blue,
Tm=1600°C; in red and in green, T,,=1400°C; in black,
Tm=1300°C.

2.2. Dimensionless parameters

The physical properties for the laboratory ex-
periments and the axial oceanic lithosphere are
given in Table Al. Dynamic similarity of spreading
ridges between our analogue model and the Earth is
demonstrated using three dimensionless numbers:

The Prandtl number, Pr = v/k, compares mo-
mentum diffusivity, v (kinematic viscosity of the
bulk fluid) to the thermal (for the Earth) or chem-
ical (for the laboratory) diffusivity, . A large Pr
number (>> 1) indicates that the inertial forces are
negligible, and the motions stop as soon as their
driving force stops. This is the regime prevail-
ing on Earth (Pr ~ 10%2), as in our experiments
(Pr ~ 10%).

Growth of the lithosphere is characterized by the
Peclet number which compares advection and dif-
fusion: Pe = HV/k, where H is the thickness of
the fluid or the asthenosphere and V is the full
spreading rate. The large value of Pe (>> 1) en-
countered both on Earth (Pe = 1300 — 1600) and
in the laboratory (Pe = 156 — 1562) ensures that
skin/lithosphere formation occurs.

The most important aspects of MOR evolution
are characterized by the axial failure parameter, I1x
(Sibrant et al. (2018)). IIr describes the controls
on material deformation and failure and, thus, the

behavior of the skin under accretion:

ch Zm
IIr = = , 2
oy vV Lazis Zawis ( )

where K is the fracture toughness, oy is the yield
stress defining the boundary between plastic (duc-
tile) and elastic-brittle behavior. IIp depends on
the spreading velocity through Z,.;s, but equation
(1) shows that it varies also with mantle tempera-
ture and lithosphere thermal diffusivity (fig.4). A
higher mantle temperature above a plume will cor-
respond to a higher IIp value, while an increased
effective thermal diffusion (e.g., by hydrothermal
circulation) will correspond to a lower IIp value.
Zm = (Ki./oy)? is interpreted as the characteris-
tic mechanical length scale below which plasticity
becomes dominant in fracture processes. When Il p
is larger than a critical value I1p, = 0.024 4+ 0.002,
accretion is dominated by intrusion of fresh fluid ris-
ing from below. While at low Iz values, plate fail-
ure predominantly occurs from the surface down-
wards. These changes in failure behavior are similar
to the relative ratio of tectonic to magmatic accom-
modation of plate separation by passive stretching
and faulting of the lithosphere or through frequent
dike injections ( Buck et al. (2005)). We showed
that I has a key influence on the morphology of
mid-ocean ridges ( Sibrant et al. (2018)).

Note that IIp. corresponds to a critical elas-
tic thickness that only depends on the mechanical
properties of the material:

Zm

Z. ="
.

(3)

For the Earth, we use the fracture toughness and
tensile yield strength of the natural lithosphere cor-
responding to the effective rock mass values pro-
vided by Schultz (1993). These values yield a Z. of
771 & 110 m on Earth and to 3.91 £ 0.5 x 107°
m in the laboratory. Hereafter, we use Z. to scale
values from the models and the Earth.

We ran a total of 22 experiments with IIr be-
tween 6.17 x 1072 and 6.76 x 1072 ( Sibrant
et al. (2018)). As the range relevant for present-
day Earth is IIp = 1.1 — 4.0 x 1072, we restrict
our discussion to the laboratory experiments within
this range. Across the remaining 17 experiments,
spreading rates (2 to 20 mm/min) and salinities
(2.79 to 6.15 mol/1) were varied systematically (Ta-
ble A2).
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Figure 5: Ridge morphology observed in the experiments for identical spreading velocities and different salinities (A and B),
and for identical salinities but different spreading velocities (C and D). Inserts present schematic structural interpretations of
the ridge axis (black lines). Red dashed lines indicate the location of the red laser sheets.
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3. Experimental ridge segmentation

3.1. Measurement method

The location of the axis, and its segmentation,
were measured using two methods. On all images,
the ridge axis appears darker than the surrounding
plates. So the location of the spreading axis was
first determined automatically by finding the pixel
with minimum intensity along each across-axis row
of pixels (fig.3D). However, as inhomogeneous illu-
mination and shadows generated noise, these auto-
matic locations were then used as a guide for man-
ual measurements of each ridge segment length L
and lateral offset d; over the whole 23 cm length
of the Plexiglas tank (fig.1 and fig.5). Only ridge
segments with length and offset width greater than
three times the resolution of the laboratory images
(0.1 mm x 3 = 0.3 mm for the Nikon and 0.012 mm
x 3 = 0.04 mm using the Pixelink) were included
in our analysis. For each experiment, three of these
axial profiles were measured after the overall shape
of the axis reaches a steady state (see Sibrant et al.
(2018)). In total, we measured 4280 segments and
4280 ridge offsets.

Results from the high resolution close up (Pix-
elink) and from the standard images (Nikon) show
consistent results, indicating the robustness of our
measurement methods. The type of each ridge off-
set was determined through careful observations of
movies, series of sequential images, and from local
PIV velocity fields calculated with an in-house PIV
code (fig.1 and fig.3).

3.2. Phenomenology

Our experimental setup ensures that the ridge
axis initially is straight (within 0.2 mm) and located
in the middle of the tank. During an experiment,
the position and geometry of the axis change freely
with time (fig.6). In the rest of the paper we use
the following definitions to describe features in our
experimental results and on Earth:

-A segment is defined as an approximately linear
zone of spreading, sub-perpendicular ( 90 + 15°) to
the plate spreading direction and delimited by two
ridge offsets.

-The segments can be offset by transform faults
which are characterized by major transverse struc-
tures (fig.6), striking within 15° to the spreading
direction, with a predominant strike-slip deforma-
tion.

-An owverlapping spreading center is a pair of
curved overlapping segment ends showing a hook-
shaped geometry (fig.6).

-When tips of an OSC connect to the neighbor-
ing segment, the ridge axis surrounds and isolates a
piece of lithosphere. This independent block, always
smaller than 3 mm in the laboratory, can rotate
before becoming attached to one side of the ridge.
A microplate is identified when the angular rota-
tion of an independent block exceeds 90°. In this
case, it becomes visible that the rotating microplate
grows by continually accreting young lithosphere
and therefore can become larger than 3 mm. As
independent blocks and microplates are bounded
by several segments and thus by several ridge offset
structures, we do not consider these features in this
study.

- Propagating rifts are defined by a segment that
is growing into older crust and is a dynamic evolu-
tion of a particular ridge segment instead of another
ridge offset type.

-Ridge offsets lacking the narrow zone of
spreading-parallel lineaments indicative of localized
strike-slip faulting and lacking sufficient overlap be-
tween segments (< 0.3 mm) are identified as non-
transform, non-overlapping offsets, NTNOO (fig.6).
On Earth, the NTNOO designation includes struc-
tures identified as zero-offset transform faults ZoT'
( Schouten and White (1980)) and deviations from
axial linearity devals (Langmuir et al. (1986)).

Our experiments (fig.5) show that TF, NT-
NOO and OSC naturally develop from an initially
straight axis: they constitute mechanical instabili-
ties of the accretion axis. Thus, we document the
process of segmentation arising from plate accretion
instead of inherited from pre-existing weaknesses
within the plate.

Development of axial morphology by formation
of these mechanical instabilities depends on the
spreading velocity and salinity. After a period
where the axis increasingly deviates from a straight
line due to the accumulation of offsets, every ex-
periment reaches a statistical steady state where
the detailed shape of the MOR can change, a given
offset can evolve, but the ridge lateral deviation
from a straight line remains constant (Sibrant et al.
(2018)). So in what follows, we shall focus on the
segmentation properties in this steady state. For a
given spreading velocity, the steady-state lateral de-
viation of the axis from a straight line increases with
a decrease in salinity (fig.5A,B), creating a more
tortuous ridge. For a given salinity, it decreases



with an increase in spreading rate (fig.5C, D), cre-
ating a straighter ridge. These morphology varia-
tions from a tortuous to straighter ridge correspond
to increasing Iy values (Sibrant et al. (2018)).

3.8. Statistics

Given equations (3)-(4), varying IIf corresponds
to varying the axial lithosphere elastic thickness
Zazis compared to Zo. Therefore, we show results
as a function of Z,.;s/Z¢.

The segment length L is the distance between
two consecutive offsets. These offsets can be of
any type. Fig.7A shows the distribution of segment
lengths for each experiment relative to Zy.is/Zc-
The average segment length L,, is approximately
constant over the whole Z,.;s/Z. range: L,, =
2.78 + 0.14 mm. Moreover, the maximum segment
lengths in each experiment (9.72 - 14.6 mm) are also
independent of Z,.;s/Z¢ (Table A3 and fig.A10).

Independently of the ridge offset type (i.e. TF,
NTNOO or OSC), the lateral offset of ridges in the
direction parallel to spreading motion d; ranges be-
tween 0.3 mm and 5 mm (fig.7B). Within these
values, two different trends are visible. When
Zawis/Ze < 1, more than 70% of the measure-
ments fall between 0.3 and 1.25 + 0.3 mm with
an approximately constant mean value: d,, = 0.57
mm (fig.7B). When Z,,;s/Z. > 1, the mean value
for each experiment d; increases with increasing
Zawis|Ze (fig.7B,C). Note that the maximum offset
values do not vary over the whole Z,,;s/Z. range
(fig.7B).

Most ridge offsets measured in the experiments
are transform faults (fig.8A). TFs form at all
Zawis/Ze values, i.e. at all spreading rate and salin-
ities, while the development of OSCs and NTNOOs
depends on Z,.is/Z. (fig.8B). For Zuis/Z. < 1
(large IIp, e.g. fast spreading velocities or low
salinities), the ridge axis is composed of several seg-
ments that may be slightly oblique relative to the
perpendicular to the spreading direction, and are
separated by OSCs and TFs (fig.6). In contrast,
for Zawis/Ze > 1 (e.g. slow spreading rates or high
salinities), the ridge axis is composed of a succession
of segments perpendicular to spreading and offset
by spreading-parallel TFs and NTNOOs (fig.6), but
no OSCs are observed.

The number of OSCs and NTNOOs relative to
TF depends on Z,is/Z. (fig.8C). The proportion
of OSCs reaches ~20% of the total discontinu-
ities at low Zg.s/Z. and decreases with increas-
ing Zozis/Ze, until Zypis/Z. ~ 1. NTNOOs then

10

progressively replace OSCs. The occurrence of
NTNOOs increases with increasing Zg,is/Z. until
reaching ~20% of the discontinuities at the highest
Zawis/Ze. In reflection of the above trends, the pro-
portion of TFs increases up to Zuuis/Z. ~ 1, and
then decreases.

3.4. Mechanical model to predict the offset size

For Z,.is/Z. > 1, fig.7C shows that the ridge lat-
eral offset size increases as a function of Z,,s/Ze.
If we suppose that a ridge segment acts as a crack
forming as the result of the applied extension (e.g.,
MacDonald et al. (1991)), this systematic behav-
ior can be explained in the framework of frac-
ture mechanics (Griffith (1924); Allain and Limat
(1995); Gauthier et al. (2010)). A crack forms when
the internal stress in a material reaches its tensile
strength. Then the stress component perpendicular
to the crack direction is released in its vicinity. This
produces a zone over which no other parallel crack
can form. The exact determination of the stress
field depends on the mechanical properties of the
material. Using the minimum-energy principle, the
minimum spacing between two parallel ridge seg-
ments is then (Allain and Limat (1995); Gauthier
et al. (2010)):

dl = Ce V LGZam'sa (4)

where C is an experimental constant which de-
pends on the geometry of the system. The Griffith’s
length, Lq is:

— K12(:(1 — VIQD)

L
¢ 2032,

(5)

where vp is Poisson ratio (Table Al). In the lab-
oratory, Lg =1.02 x 107® m, and the experimen-
tal data is well fit by equation (4) for an exper-
imental constant C,=943.71 (R=0.99195; fig.7C).
At Z,4is = Z., this model gives a critical lateral
offset value of dg = 0.59 £ 0.07 mm in close agree-
ment with the experimental measurements (0.57
mm). Note that according to equation (2), (4) can
be written as a function of Ilp:

1— 2
dl = Oe ’p HFZamis (6)
or also:
di = 16.01/(1 — v3) ZZazis (7)



In laboratory Along 22 sections on Earth
T/ Tl (AC=4.28 mol ') T/ Tlec (Ta=1400°C)

1.4 10 08 0.7 0.6 0.5 14 10 08 07 0.6 0.5
25 e i i i i i 500 - i i i I L 6
v 150 BT
251 0 10 6 a4 i 2 45041 T 102 51 34 26 20 17 14 .
g 204 V (mm min-1) (Ac=4.28 mol 1) 125 E 400 4 V (mm yr) (T.=1400°C)
<1751 2
= = 100 4
f=4
| |
21254 " 75 3
g 104
g 75 50 2
5 :
E 5 25 1
2.5
0 = d 0 T 0
0 . 1.5 2 2 i
Zaxis/ Z
9 5 90 @100 axls/ C 5
45 80 90 C a"
47 70 801 nE 4
= < 4
é 3.5 60 § 70 4 = . [ -
— i - 60_ 3
1 0 3
Q2.5 g 50
£ 40 &€ ]
§ 5 ; 40 2
S 15 o0 5 3 H u
oc - oc
14 20 20 1
0.5 10 10 4
0 0 0 T T T T T T — > 0
0 0 0.5 1 1.5 2 25 3 35
© 12 Zaxis | Zc ®]00 Zaxis/ ZcC 5
90 - [ | - [ |
114 80 [ N | 4
= € 70 E
3 < - u " N
g 5 60 3
£ ;
T 0.9 3 50-
% b=
2 S 40 2
5 &
o 081 S 30
k= &
2 20 4 1
0.74
10
0.6 T T T T T 0 T T T T T T —> 0
1 15 2 25 3 35 0 0.5 1 1.5 2 25 3 35
Zaxis/ZC Zais/ Zc

Figure 7: Statistics in (A-C) laboratory experiments and (D-F) natural MOR data (on the 22 MOR sections defined in the
text). (A) and (D) Number of segments (in color) as a function of their length L and the local Z,is/Zc; the solid line indicates
the mean Ly, value (see fig.A10 and Table A3). On (D) the bin corresponds to 20km for the length and 100 m for Z,z;s. The
dashed line suggests a second trend of segment length for high ITx. (B) and (E) Number of ridge offsets (in color) as a function
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4. Comparison with the Earth

4.1. Method

As seen in the previous section, in our labora-
tory experiments only TFs with offsets less than
5 mm develop over the Ilp range relevant to
the Earth (Table A2 and Sibrant et al. (2018)).
Given the scaling analysis presented in section 2,
5 mm in the laboratory is equivalent to 5mm
x Z.(Earth)/Z.(lab) ~ 100 km on Earth. So our ex-
perimental results suggest that ridge offsets larger
than 100 km on Earth are created by a mechanism
that does not exist in our laboratory set-up.

Therefore, to consistently compare laboratory
and natural data, we measured segment lengths,
and ridge offset types and lateral deviations for all
ridge sections: (i) delimited by two ridge offsets
larger than 100 km, (ii) with a spreading oblig-
uity less than 15°, and (iii) with good estimates
of spreading velocity and mantle temperature. We
measure a total of 22 ridges sections meeting these
criteria (fig.7D,E and F), including locations in the
Pacific, Indian and Atlantic oceans (Sibrant et al.
(2018)). For each ridge section, spreading veloci-
ties were taken from the MORVEL model (DeMets
et al. (2010)), and mantle temperature from the
data-base of Dalton et al (Dalton et al. (2014)).

To compare our analysis with previous stud-
ies that examined the entire ridge system (e.g.
Schouten et al. (1985); MacDonald et al. (1991);
Carbotte et al. (2015)), we also measured the ridge
offsets characteristics along the entire ridge system.
Ridge offsets were first detected using data from
Sandwell and Smith (2009). However, this data set
only considered ridge offsets larger than ~20 km.
Therefore, we complemented this first data set by
GeoMapApp (Ryan et al. (2009)). Whenever avail-
able, we used a mantle temperature value estimated
by Dalton et al. (2014) to calculate Z,us; other-
wise, we assumed a value of T;,, = 1400°C (i.e. the
most frequent mantle temperature in Dalton et al.
(2014)).

4.2. Statistics

Due to the uneven distribution of plate velocities
(fig.2) and, to a lesser degree, of mantle tempera-
ture (e.g. Dalton et al. (2014)), statistics on natural
data might be difficult to interpret. Since our labo-
ratory experiments provide statistics on the equiv-
alent of a 15,000 km-long MOR for each spread-
ing velocity and mantle temperature considered,
we discuss the natural data in light of the trend
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deduced from the laboratory experiments. Unless
otherwise stated, the results concern the data from
the 22 MOR sections described above.

Segment length: Fig.7D shows the distribution
of segment lengths between two discontinuities
of any type. The dispersion appears to increase
with decreasing Z,.;s/Ze, e.g. increasing spreading
velocities or mantle temperature. For Z,.is/Z. > 1
(low spreading rates), the mean segment length
is approximately constant with a value similar to
the one predicted by our experimental scaling:
L., (Earth)=L,,(lab) x Z.(Earth) /Z.(lab)=58.7
km. For Z,..s/Z. < 1, the data suggest two
trends, with a lower trend that would also be
consistent with the same constant L,,, value. These
natural data would be compatible with a con-
stant mean segment length over the whole MOR
spreading range. Moreover, the maximum segment
length over the whole MOR system reaches a value
of 310 &+ 6 km. This value corresponds to 15.73
mm in the laboratory (Table A3), which is in good
agreement with the longest segment measured in
the experiments (14.6 £ 0.3 mm).

Offset lateral deviation: Away from hotspot in-
fluence, natural data present the same behavior
as found in laboratory data (fig.7E and B). For
Zawis/Ze < 1, natural ridge offset lateral devia-
tion is relatively constant, around 12 km. For
Zawis/Ze > 1, the offset lateral deviation increases
with increasing Z,.;s. This offset size increase
is well predicted by the elastic fracture mechan-
ics model developed in section 3.4 for the labo-
ratory data. Given the mechanical properties of
basalt (Table Al), the Griffiths’ length on Earth is
L=0.2 m. Equation (4) then fits the natural data
well (R=0.98854; fig.7E). However, data close to
hotspots fall away from the predicted trend, even
when Z,.;s is corrected for a higher mantle temper-
ature (fig.7F).

Offset type: Fig.8 shows that TFs form for all
Zawis|Ze values, i.e. regardless of spreading rate
and mantle temperature, while the development of
NTNOO and OSC depends on Z,.is/Z.. As ob-
served in the laboratory, the transition between
NTNOOs and OSCs occurs around Z,ui5/Z. = 1
(fig.7E).

Although we cannot directly compare the ab-
solute numbers of ridge offsets on Earth and in
the laboratory, it is possible to compare the pro-
portion of OSCs and NTNOOs relative to TFs,
for a given Z,uis/Z. ratio (fig.8C,F and I), with
the caveat that some spreading rates on Earth are



under-represented (fig.2A). Statistically, TFs are
much more numerous than NTNOO or OSC, on
Earth and in the laboratory. The main difference
between laboratory and natural cases remains in
the proportion: NTNOOs constitute up to 20% and
up to 50% of the discontinuities, respectively. How-
ever, as in the laboratory, the proportion between
NTNOO/TF and OSC/TF evolves with Z,,is/Ze.
The proportion of TFs relative to OSCs increases
with increasing Z, s/ Zc, until Zy4i5/Z. ~ 1. Then,
when Z,.:s/Z. > 1, the proportion of TFs globally
decreases with increasing Z,.;s/Z¢c. The complete
absence of NTNOO on Earth for 1 < Zgu5/Z: < 2
may be due to the paucity of MOR natural data in
this range (fig.2A).

If we consider the whole MOR system, only a few
MOR sections fall out of the general trend. The
South Iceland Seismic Zone (ellipse (3) on fig.8I)
is complicated: due to the hotspot, the ridge axis
becomes sub-aerial and the Eastern Volcanic Zone
in south Iceland is propagating southward. If this
region is interpreted as an OSC (Gudmundsson and
Brynjolfsson (1993)), it will be the only one devel-
oping at Zguis/Z. >1 (ellipse (3) on fig.8T). How-
ever, it has also been interpreted as overlapping
propagating rifts (e.g. Schilling et al. (1982); Kar-
son (2017)) or a microplate (e.g. Foulger (2006);
Einarsson (2008)). Clearly, the influence of a plume
is more complicated than what can be expected
from an elevated axial temperature alone.

The Central Indian Ridge (CIR) close to the Ro-
driguez triple junction (solid ellipse (1) on fig.81)
and the Mid-Atlantic Ridge (MAR) near 37°N
(solid ellipse (2) on fig.81) are characterized by a sig-
nificant spreading obliquity 6 ~ 17° relative to the
strike of each segment ( Mendel et al. (2000); Mac-
Donald and Luyendyk (1977)). Obliquity reduces
the magnitude of the spreading velocity perpendic-
ular to the axis by a factor cosf (e.g. Montesi and
Behn (2007)). If we take this reduction in spread-
ing rate into account when calculating Z,,;,, these
CIR and MAR data would plot at larger Z,.s/Z
(dashed ellipses on fig.81). However, it is not suf-
ficient for them to become coherent with the gen-
eral trend.This suggests that the role of obliquity is
more complex. It will be studied in another set of
experiments.

4.8. Discussion

Some aspects of MOR segmentation may be in-
herited from continental breakup (e.g. Wilson
(1965)). However, in our experiments, TFs, OSCs
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and NTNOOs develop from a straight axis. Thus,
our results suggest that TFs ; OSCs, and NTNOOs
are inherent mechanical instabilities of the MOR
axis and do not require pre-existing weaknesses
and/or inheritance from continental breakup to de-
velop. The laboratory experiments therefore con-
firm what had been inferred from the development
of a crenelated segmentation out of a straight seg-
ment South of the Mendocino fracture zone in the
late cretaceous (Winterer (1976); Menard (1984)).

Transforms faults: We do not observe TF off-
sets larger than 5 mm in the laboratory, which cor-
responds to ~ 100 km on Earth (section 3). Al-
though most of Earth’s TFs belong to this category,
several TFs on Earth have much larger offsets. It
has been suggested that the amplitude of TF off-
sets on Earth might depend on TF weakness (e.g.
Stoddard (1992)). Indeed Earth’s TFs are very
weak when sheared (Phipps Morgan and Parmen-
tier (1984); Behn et al. (2002)). In numerical simu-
lations, TFs develop only if strong weakening of the
material within the TF is implemented (e.g. Choi
et al. (2008); Gerya (2010); Allken et al. (2012);
Puthe and Gerya (2014)). We observe similar be-
havior in our experiments where the TF’s plane is
constituted of a nano-film of water in-between the
edges of the solid plates. One could argue that given
our experimental setup (fig.3A), any fault is contin-
uously exposed to salted water, and therefore can
heal through the action of salt on the silica nanopar-
ticles (Trompette and Meireles (2003)). As healing
strongly depends on exposure time to salt, TF's off-
sets should therefore be shorter at small spreading
rates (small IIp and Z,.5/Z. > 1) than at large
spreading rates. This is opposite to the trend we
observe (fig.7C). So healing does not control the
maximum lateral deviation of TF’s offsets in the
laboratory, and it probably does not control the
class of TF with offsets smaller than 100 km on
Earth either. Other TFs with much larger offsets,
such as Romanche in the Atlantic Ocean, may be
inherited from the geometry of initial plate fractur-
ing during continental breakup, i.e. a mechanism
that is not documented in our experimental set-up
with an initially straight axis.

The absence of TFs at large spreading rates in
the Pacific proposed by Naar and Hey (Naar and
Hey (1989)) is not supported by the statistics of
our experiments (fig.8). The discrepancy between
the experiments and the Pacific is probably due
to the bias introduced by the uneven distribution
of plate velocities on Earth (fig.2). On the other



hand, the absence of TFs at the very small nat-
ural spreading rates does not suffer the same bias
(fig.2) and, hence, should be recovered in the exper-
imental data. However, although the proportion of
TFs decreases with decreasing Il (i.e. spreading
rate), it does not reach zero within the range of
the experiments. Extrapolation of the experimen-
tal trend shows that a zero-value would be reached
for Zazis/Ze ~13. So far, to predict the character-
istics of natural ridges from our lab experiments,
we have been using the mechanical properties of
basaltic crust and assuming that they were indepen-
dent of the spreading rates or temperature to pre-
dict the characteristics of natural ridges from our
lab experiments. These values give Z,4is/Z. ~3.5
for the Earth at ultra-slow spreading rates (e.g.
12 mm/yr). Ultra-slow spreading ridges present a
succession of magmatic and amagmatic segments
where the crust is extremely thin or absent (Dick
et al. (2003)), and the material along the axis is
predominantly peridotite. The latter has differ-
ent mechanical properties. In particular, its tensile
strength strongly depends on serpentinization and
is much larger than basalt’s (e.g. van Noort et al.
(2017)). This will increase the Z,.;5s/Z. beyond its
critical value (~13), and fig.9 shows that indeed
TFs could probably not develop in a serpentinized
peridotite.

Controls on segmentation: Regardless of the seg-
mentation type (TF, OSC, NTNOO), the scalings
we developed from the laboratory data only in-
volve fracture mechanics and advection-diffusion of
temperature/salinity. This suggest that the typical
length scales of segmentation observed both in the
laboratory and on Earth (once the long TFs are ex-
cluded) are primarily governed by fracture mechan-
ics. Therefore, melt would move according to the
stress field resulting from the segmentation. This is
especially true for the ridges where Iy < g, (e.g.
”tectonic regime” | section 3.4). For Iz > Mg, the
offset lateral size becomes constant, which could be
due to the interaction between melt injection, the
structure of the axis, and the stress field. Indeed,
in such fast-spreading or high magma supply ridge
segments (i.e high IIr), along-axis crustal thick-
ness is approximately constant, requiring buoyant
mantle upwelling (Reid and Jackson (1981); Par-
mentier and Phipps Morgan (1990)). Upwellings
could result from Rayleigh-Taylor-type instabilities
of a low-viscosity melt-rich region that underlies
the ridge axis (Whitehead et al. (1984); Schouten
et al. (1985); Kerr and Lister (1988); Parmentier
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Figure 9: Z,4is/Zc for a very slow spreading ridge like SWIR
or Carlsberg as a function of K1, and oy showing the do-
main of existence of TFs (Zgzis/Zc < 13 below the solid
black line). For peridotite in water, Ki. ~ 1.3 MPa.m!/2
(e.g. Hao et al. (2015)); it corresponds to the dashed black
line. Tensile strength of fresh peridotite ranges between 50
and 280 MPa (He et al. (1995)); while for serpentinized peri-
dotite, it ranges between 2 and 50 MPa (e.g. van Noort et al.
(2017)). The star symbol shows the properties of basalt.

and Phipps Morgan (1990); Lin and Phipps Morgan
(1992); Sarkar et al. (2014); Mandal et al. (2018))
or from small-scale convection in the asthenosphere
below the axis (Rabinowicz et al. (1993); Sparks
et al. (1993); Rouzo et al. (1995); Briais and Rabi-
nowicz (2002)). Upwelling spacing could range from
~20 km for melt channeling through a crystallizing
porous media (Sarkar et al. (2014); Mandal et al.
(2018)) to 100-300 km for asthenospheric convec-
tion (Parmentier and Phipps Morgan (1990); Rouzo
et al. (1995); Sparks et al. (1993)). These estimates
are, respectively, smaller and larger than the ~55
km average ridge segment length observed on nat-
ural data (Carbotte et al. (2015)) and predicted by
our experimental scaling. The higher range might
explain the appearance of a second trend in the
segment length natural data at large spreading ve-
locity (fig.7D), unless this trend is again the result
of a small number bias (fig.2). On the other hand,
seismic observations (Toomey et al. (2007); Van-
derbeek et al. (2016)) suggest that reorientation of
segments and formation of new ridge discontinuities
could result from mantle flow oblique to the ridge
axis. We do not observe any coherent, large-scale
circulation in our experimental mantle. However,
we do observe small-scale convection beneath the
lithosphere (Sibrant et al. (2018)). Although this



small-scale convection does not seem to originate
below the axis, the effect on the flow under the ridge
is currently impossible to quantify. So whether the
observed pattern of segmentation formed by me-
chanical instabilities of the ridge axis also requires
an active contribution from mantle flow remains an
open question.

5. Conclusions

Based on experimental modelling, we study the
segmentation characteristics and offset types of
mid-ocean ridges for a constant, symmetric spread-
ing velocity initially perpendicular to the spreading
axis. We show that, like the mode of axial fail-
ure (tectonic or magmatic) and the overall shape
of oceanic ridges (Sibrant et al. (2018)), their seg-
mentation characteristics at a given time depend
on a single parameter, the axial failure parameter
IIr, which is the ratio of a length scale depend-
ing only on the mechanical properties of the plate
boundary and the axial elastic thickness, which de-
pends on mantle temperature and spreading veloc-
ity. Scaling laws derived from the experimental
data and fracture mechanics modeling suggest that
on Earth, short TFs (offset < 100 km) , OSCs, and
NTNOOs appear to be inherent mechanical insta-
bilities of the MOR axis. They do not require inher-
itance from plate break-up to develop. Moreover,
the typical length scales of ridge segmentation seem
primarily governed by fracture mechanics regard-
less of spreading rate, while the role of upwelling
melt and mantle flow could increase with spreading
rate. The present study focussed on snapshots of
the ridges; more work is now underway to charac-
terize the time-evolution of MOR morphology and
of the different types of segmentation, as well as the
influence of ridge obliquity.
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Table A.1: Physical and mechanical properties. (a) Di Giuseppe et al. (2012) (b) Turcotte and Schubert (2002); (c) Kohlstedt
et al. (1995); (d) Vah and Davaille (in prep.); (e) Sibrant et al. (2018); (f) Schultz (1993).

Property Colloidal dispersion Earth
Density (p) 1295 kg/m3(@) 3000 kg/m?’(b)
Asthenosphere viscosity (1) 17 1072 Pa.s (@) 10 Pa.s (¢
Diffusivity (x) 1.6 1079 m?/s @ 1076 m?/s (®
Poisson ratio (vp) 0.3 (¢) 0.25 to 0.3 ()
Tensile yield strength (oy ) 14 + 2 MPa (¢ 1.5 MPa ()
Fracture toughness (Kj.) | 2.1 + 0.3 kPa.m'/?(e) | 1 MPa.m '/2()

Table A.2: Experimental parameters. V is the full spreading rate. The solid line separates the experiments with IIp > Ilg.
on top of the table, from experiments with IIp < IIp..

run ACy (mol/l) | V (mm/min) g Pe
HS40-33 4.28 20 3.90 10~2 | 1562
HS40-52 2.79 12 3.56 1072 | 937
HS40-50 2.79 8 2.91 1072 | 625
HS40-32 4.28 10 2.76 1072 | 781
HS40-58 6.15 12 2.72 1072 | 469
HS40-61 4.12 6 2.17 1072 | 469
HS40-29 4.28 6 2.14 1072 | 469
HS40-57 6.15 6 1.92 1072 | 937
HS40-43 2.79 3 1.78 1072 | 234
HS40-30 4.28 4 1.75 1072 | 312
HS40-34 4.28 3 1.51 1072 | 234
HS40-80 4.91 3 1.45 1072 | 234
HS40-21 3.00 2 1.41 102 | 156
HS40-14 4.28 2 1.23 1072 | 156

Table A.3: Experimental results. Data listed for each experiment include the calculated axis elastic thickness Z,.s, the average
offset lateral deviation d;, its maximum value and the latter corresponding value for the Earth. the average segment length
Ly, its standard deviation, its maximum value and the latter corresponding value for the Earth. The solid line separates the
experiments with IIp > IIg. on top of the table, from experiments with IIp < ..

run Zaxis mean (d;) std(d;) max(dj) Earth mean (L) std(Lom,) max(Lm) Earth
(pm) (mm) (mm) (mm) (km) (mm) (mm) (mm) (km)

HS40-33 14.8 0.57 0.32 4.25 83.7 2.87 1.55 11.8 236
HS40-52 17.8 0.56 0.29 4.80 94.5 2.80 1.79 13.24 265
HS40-50 26.6 0.55 0.27 3.56 70.1 2.64 1.47 11.3 226
HS40-32 29.5 0.60 0.37 4.48 88.3 3.02 2.15 11.0 220
HS40-58 30.4 0.59 0.31 4.27 84.1 2.73 1.77 14.4 288
HS40-61 48.0 0.64 0.31 3.48 68.5 2.66 1.22 13.32 266
HS40-29 49.2 0.67 0.38 4.50 88.6 2.77 1.95 12.33 246
HS40-57 60.8 0.78 0.40 4.34 85.5 2.92 1.27 9.72 194
HS40-43 71.0 0.77 0.33 4.25 83.7 2.83 1.28 14.6 292
HS40-30 73.8 0.81 0.42 4.14 81.5 2.84 1.17 11.82 236
HS40-34 98.4 0.94 0.52 4.26 83.9 2.95 2.14 12.21 244
HS40-80 107 0.99 0.42 4.53 89.2 2.74 1.15 11.28 225
HS40-21 113 1.04 0.34 3.95 77.8 2.68 1.05 10.62 212
HS40-14 148 1.15 0.36 4.75 93.56 2.50 1.08 10.3 206

17



15 5
® $ ® ' . o
® (] _ 1
= ® . = o ¢ 5 .
E . 1 & g4 1 &
H ~ ° £ o 1,
1o ] . o g :
= 1 3 1 %
- T mean
o 1 ® mean H 1 @ max
= @ max —
L] 1 = 1
s 1 52 1
E=] 5 -
£ 1 =] 1
3 od oce ® a0 2 , o o® e
1 = 1 o
I 1 =] -» ‘ 1 @ -
] 1 ] 1
] 0.05 [N} 0.15 ] 0.05 [N} 0.15
25 0.6
1 1
[ I [ ] 1 L
2 1 @ 03 1
— o o ! & -
E 1 g 04 1 g ®
Elsp @ ¢ g ®*, . ® .
& lg @@ ~ 03 .. e ®
= ! % L] = ®
g 1 1 = 1
o ) w (2 A
1 1
05 | 0l .
1 1
] 1 ] 1
] 0.05 [N} 0.15 ] 0.05 [N} 0.15
ZLaxis (mm) ZLaxis (mm)

Figure A.10: Experimental data as a function of the axial elastic thickness. The black dashed line corresponds to Ilp = Ilp..
STD stands for standard deviation. For each experiment, the average value of segment length and of offset size are in red,
while their maximum values are in green.
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