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S1 Martian unconfined aquifer model

We assume a transient, unconfined aquifer in the southern highland with a vertical
heterogeneity in porosity (storage) and hydraulic conductivity of the megaregolith.
We use the Dupuit-Boussinesq approximation [1-3] for the elevation h of the ground-
water table above the impermeable base (bedrock) of the aquifer. The dimensional
governing partial differential equation for the evolution of groundwater table elevation
in spherical shell coordinates [4] is The governing equation for groundwater head, h,
is given by
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where K is the hydraulic conductivity coefficient, r is the nominal recharge rate
prescribed at the equator, and x(6,6,.) is a function defining the latitudinal extent
and weighting of the recharge rate, where € is the latitude and 6,. is equatorial band of
precipitation that is chosen to be 45°. We assume a vertically heterogeneous hydraulic
conductivity using the equation K = Kyz™ and porosity ¢ = ¢z, with z being the
elevation from the bedrock and m and n being the power law coefficients. Compared
with the data from the continental crust, their value is m = 2.54 and n = 7.62, as
derived in [5, 6]. The function I'(¢), cycles through the user prescribed intervals of time
where the aquifer experiences recharge (I'(t) = 1) as well as intra-recharge intervals
(T'(¢t) = 0). Since the recharge depends on the spatial location (6, ¢), it is incorporated
by the function x (0, 6,) defined as

cos (%) for |0] < 0, .

0 otherwise

x(0,0,) = { (2)

We only consider the transient state, thereby leading to a non-linear parabolic
partial differential equation. The corresponding volumetric flux of groundwater is given
by Darcy’s law

q=—KVh. (3)

In general, the domain, 2, can be complicated and not simply connected due the
presence of impact basins on domain Q = 6 € (0, 6,(p,t)) x ¢ € (0,27), where 6,(¢)
is a shoreline that can move with ¢. We note that, in general, 6, is not a single valued
function of ¢ and time ¢.

Along the moving shoreline, the head is equal to the elevation of the shoreline
above the base of the aquifer, h(6,) = h, = 2, — zB. In circumferential direction the
boundary conditions are at ¢ = 0 = 2m. So that we have the following boundary
conditions

h(0(s,t), 00(s,t)) = ho, h(0,0) = h(0,2m), SZ
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for Equation (1). The South Pole is strictly part of the interior of the domain and, as
such, does not need a boundary condition.

In two dimensional solutions the entire southern boundary of the domain maps to
a single point so that a boundary condition cannot and should not be enforced.

S2 Numerical model

S2.1 Spatial discretization

The numerical solver utilizes a conservative, second-order central difference scheme in
space and first order implicit Euler in time [7]. It employs a staggered grid configura-
tion where hydraulic head values, h, reside at cell centers and the specific discharge,
q, is evaluated at the cell faces. Here, we consider vertically heterogeneous aquifer
properties. It leads to a variable groundwater storage due to variable pore space and
hydraulic conductivity based on the location of the groundwater table. Therefore,
the interpolation of the hydraulic conductivity from cell centers to cell faces boils
down to analytical vertical averaging and then horizontal (harmonic) numerical aver-
aging. Because hydraulic conductivity varies with depth, the transmissivity of the
saturated column depends on the instantaneous water table elevation and is there-
fore time variable. This vertical integration is performed analytically: the flux term
Koh"t1/(n + 1) Vh in the governing equation is the exact vertical integral of K(z)
from the aquifer base to the water table at head h, so the time dependence of the
effective conductivity is built into the nonlinearity and no separate averaging step is
required. The constant K = Ky/(n + 1) quoted in the main text is the full-column
average over the entire aquifer thickness, used only to nondimensionalize 7/ K; it does
not enter the flow solution itself.

This tensor-product grid discretization is facilitated by directly calculating the
discrete divergence, D, and discrete gradient, G, operators similar to other mimetic
finite difference methods [8, 9]. When discretized in Cartesian coordinates, the deriva-
tion of the direct operators can be found in [10, 11]. The one dimensional divergence
and gradient operators can be used to derive the two dimensional operators using a
Kronecker product. The logically rectangular gridis diffeomorphically mapped onto
spherical shell coordinates using curvilinear coordinate transformation. Specifically,
this is achieved using discretized facial and volumetric Jacobians.

S2.2 Discrete operators in spherical shell (6, ¢) coordinates

In Cartesian coordinates, distances from cell centers and faces remain constant. How-
ever, when using our discrete operators on a planetary scale, we must employ a
spherical shell geometry. The associated variables include the radial coordinate r,the
co-latitude, 0, and the circumferential coordinate, . The basis vectors e;, eg, and
e, are introduced and correspond with the associated variables. The definition of the
divergence and gradient then become
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where q = [qr, dg, qw] is the specific discharge vector. Note that the specific discharge
in radial direction, q,, and recharge, ¢,, are two different variables, so their corre-
sponding symbols must not be confused. We are using spherical shell coordinates and
it follows that r = R, which is the mean radius of Mars, a constant. Equations (5) and
(6) are reduced as follows
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The discrete divergence and gradient operators in Cartesian coordinates are aug-
mented to formulate the discrete operators in spherical shell coordinates for a logically
rectangular grid using the curvilinear coordinate transformation. The rectangular
domain is discretized into Ny cells in 6 direction and N, cells in ¢ direction. There-
fore, the total number of cells are N = Ny x N,,. Moreover, the number of faces with
normal in 6 direction are Nyg = (Ng + 1)N,. Similarly the number of faces with nor-
mal in ¢ direction are Ny, = Ny(N, + 1). Therefore, the total number of faces, Ny,
are Nyg + Ny, = (Ng + 1)N, + No(N, + 1).

For 1-D problem in polar 6 coordinates which is discretized into Ny cells, the
discrete divergence operator, Dé, takes the form
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where sin 0. is the co-latitude at the cell center and sin 8 is the co-latitude at the cell
face. The Kronecker product gives the 2-D polar direction discrete divergence, Dy

Dy =D;®1,, (10)

where I, is N, x N, identity matrix.



Similarly, the 1-D discrete gradient for the polar coordinates, Gé7 can be derived as
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The Kronecker product gives the 2-D polar direction discrete gradient, Gy as
Go=G,®1,. (12)

The discrete gradient and divergence operators in azimuthal ¢ direction differ by
the term Asinler " from their corresponding polar counterparts, but are constructed in a
similar fashion from 1-D operators. First, we generate the corresponding 1-D matrices
with respect to ¢. The 1-D divergence operator in azimuthal direction, D}o, takes the

form

) -11
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Again, using the diagonal matrix of co-latitude of the cell center 6., Sing, ;.. The
value of sin . varies with co-latitude, therefore the Kronecker product uses

1
sin 6,
Sinec,inv = B . (14)
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to assemble the two-dimensional divergence in ¢ direction, D, as

D(p = Sinec,inv ® D<‘19 (15)



The 1-D discrete gradient in the ¢ direction, G}w becomes
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and the Kronecker product uses Sing_ ;n, to form the 2-D discrete gradient in ¢
direction, G, as

G, = Sing, iny ® G,. (17)

The two-dimensional operators in # and ¢ are finally assembled as

D=[DyD,] and G= [gﬂ : (18)

To enforce the periodic boundary conditions while using our discrete operators,
we modify the operators appropriately. The divergence operator does not need modi-
fied [10]. However, the discrete 1-D gradient in azimuthal direction, G}O, needs to be
changed to

1 -1
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Mean operator: Similar to the discrete gradient, the mean operator maps the cell
centered values to cell faces [11]. The one-dimensional algebraic mean operator can be
constructed in polar (6) and azimuthal () directions as follows
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Here the cell center values at the boundary faces are moved to the faces without
interpolating since they will be replaced by the boundary conditions.

The Kronecker product gives the two-dimensional mean operators in polar and
azimuthal directions respectively as

My =M;®I, and M, =1Iy®M,. (21)

Finally, the two-dimensional N by N; mean operator matrix, M can be constructed
as

_ [ Mo
=[], -
S2.3 Discretization of the governing equation
The governing Equation (1) takes the form
hn+1
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where the subscript ¢ is the time step. Here the multiplication refers to the matrix-
matrix or matrix-vector multiplications. The N x 1 vectors h;;; and f; ; refer to the
unknown solution and the source term, f,, at the cell centers of the discretized domain,
respectively. Here {v}y is an Ny x Ny diagonal matrix with Ny x 1 vector v on the
diagonal. This nonlinear governing equation (23) is solved at each time step ¢ using
the Newton-Raphson solver in as was done previously for a steady case in [12].

S2.4 Implementation of boundary conditions

The boundary conditions are implemented to make the system well-posed. The bound-
ary conditions corresponding to the shorelines and craters move when they invade
or retreat based on their filling or emptying, respectively. It is implemented using a
constant head (heterogeneous Dirichlet boundary conditions) level set in a variable
region. Homogeneous Dirichlet boundary condition (zero head) is implemented using
constraint elimination. This elimination occurs through projection approach in which
the full space of unknowns RV is reduced to the space of reduced unknowns R(V—Ne)
when N, number of constraints or Dirichlet boundary conditions are supplied. For
heterogeneous Dirichlet boundary conditions, the (quasi-)linearity of the problem in
the Newton iteration allows splitting of the solution into homogeneous and particular
solutions followed by constraint elimination.

As discussed earlier in section S2.2, the homogeneous Neumann boundary (no-flux)
are in-built in the discrete gradient operator by zeroing out the boundary terms. The
heterogeneous Neumann boundary conditions are implemented simply by converting
the flux entering or exiting the cell through cell faces into a source term corresponding
to those cells.



Gr,n = dp * % (24)
where ¢, is the recharge/source term at the cells with volume V', corresponding to
Neumann boundary. The flux q,, is the input Neumann boundary condition at the face
with area A,,. The resulting source term from Neumann boundary, ¢, ,, is added to the
source term of the discrete governing equation corresponding to cells with Neumann
boundary condition. See the appendix of [11] for a more detailed description of the
boundary condition implementation.

S2.5 Treatment of irregular domains

Since shoreline as well as crater boundaries are not straight and can move, the domain
needs to be cropped out irregularly of the solution. This is done to keep the system
well-posed. In this logically regular tensor grid framework, it is relatively easy to find
the degrees of freedom of the inactive cells corresponding to the crater or northern
ocean (see Figure Sla). Once the inactive cells are found, the active cells are located
where the discrete governing equation needs to be solved. Moreover, the boundary face
between the active and inactive regions can be located using the information from the
divergence operator, D, which connects cell faces to cell centers (see Figure S1b). Both
active and inactive cells lying immediately next to boundary condition are crucial,
since the boundary condition is now applied to those cells. The entries corresponding
to inactive cells can be removed from the matrix equation using projection approach
once Dirichlet boundary condition is specified, as discussed briefly in section S2.4. In
this process, the boundary is set to natural, similar to typical boundary conditions by
zeroing out the rows corresponding to the divergence entries of active cells lying on
the domain boundary. The reduced matrix system of discrete governing equations can
then be solved on the active cells (see Figure Slc).

S3 Derivation of #/K and compatible groundwater
dynamics

This section describes the calculations used to generate Tables S1-S3. These tables
convert prescribed runoff intensities into regional groundwater recharge rates, then
calculate the maximum intermittency and number of runoff episodes that remain
compatible with the groundwater threshold from the transient aquifer simulations.
Here quu, is the surface runoff intensity (specific flux, mm day~!) reported or
assumed from geomorphic or climate constraints. The quantity f,. is the infiltra-
tion or recharge fraction, defined as the fraction of total precipitation that becomes
regional groundwater recharge. The quantity 7. is the recharge intensity during
runoff-producing intervals, 7 is the time-averaged recharge rate, I is the intermittency
or duty cycle, K is the vertically averaged hydraulic conductivity of the aquifer, and
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Fig. S1 An example of solving a problem on a domain with an addition irregular boundary (a circular
crater). (a) Find the inactive and active cells. (b) Find the boundary of the irregular domain and
moreover, inactive and active cells adjacent to that boundary using information from the divergence
operator, D. (c) Solve the reduced system on active cells by setting the boundary conditions on
active cells shown in (b). This figure shows the dimensionless head solution contours by solving a
Poisson equation, V-Vhp = 1, in Cartesian coordinates. The unit square domain [-0.5,0.5] x[-0.5,0.5]
is divided uniformly into 25x25 cells. The domain boundary (z = —0.5,2 = 0.5,y = —0.5,y = 0.5)
is set to hp = 0.3 whereas the crater boundary is set to hp = 0.2.

(7/K) it is the groundwater-compatible recharge to conductivity threshold. The indi-
vidual runoff episode duration is denoted by 7, and the total valley network forming
interval considered here is Tiorm.

Runoff to recharge conversion

We neglect evaporation in this comparison. Total precipitation is therefore partitioned
only into surface runoff and regional groundwater recharge,

P = qrun + Trech- (25)
The recharge fraction is defined as
Trech
L= = 26
g = (26)
Similarly, the runoff fraction is
qrun
1—fr= . 27
f, = oo (21)
Solving equations 26 and 27 for recharge in terms of runoff gives
Ir
rech = {run . 28
Treeh = ran - (28)

Thus, when runoff is reported in mm day !, the recharge rate during wet intervals
is converted to years as:

fr
lffr’

and Trech is in mm yr—t.

Trech = Qrun X 365.25 x (29)

where Grun is in mm day !



Groundwater compatible intermittency

The transient groundwater simulations are organized by the time averaged recharge
to conductivity ratio,

r T

_ — 30
For intermittent recharge,

r = Irrecha (31)
where

ton
= —— 32
ton + toff ( )

Substituting equation 28 into equation 30 gives the nominal runoff derived recharge
to conductivity ratio,

T qrun (1{7"]@7) I ’F

No geometric recharge weighting coefficient, C,., is applied in this literature com-
parison due to uncertainties in the global distribution of the run off and the first order
nature of the weighting coefficient. The values in Tables S1-S3 are therefore nomi-
nal time-averaged 7/K values and event count limits, not model geometry weighted
recharge values.

We use

K =3.3678 m yr~! = 3367.8 mm yr—!, (34)
and the groundwater-compatible threshold

(2) — 1072 (35)
crit
The corresponding critical time averaged recharge rate is

Terit = K (L) . (36)
crit
Using equations 34 and 35,
Terit = 3367.8 x 10_5 =3.37 x 10_2 mm yr—l' (37)

For a prescribed runoff intensity and recharge fraction, the maximum groundwater-
compatible intermittency is obtained by setting 7 = 7yt

Fcrit
Lnax = . 38
* Trech ( )
Substituting equation 29 gives
0.033678
[max = ) (39)
Geun X 365.25 x (1 f’ﬂ)
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where ¢uun is in mm day—!. This is the equation used to calculate I,ax in Tables
S1-S3.
Fluvial working time and event counts

The cumulative wet or fluvial working time allowed within a total formation interval
Tform is

Twet = Imafoorm~ (40)
For the calculations in Tables S1-S3, we use
Ttorm = 100 Myr = 10® yr. (41)
Thus,
Tt = Imax % 10° yr. (42)

The number of runoff-producing episodes of duration 7 that can occur within this
wet-time budget is

Twet
N, = . 43
> (43)
Combining equations 42 and 43 gives
Imax 1 8
N, = 7X0’ (44)
-

where 7 is in years. Tables S1-S3 report N, for 7 = 102, 103, 10, and 10° yr,
corresponding to the episode-duration range motivated by Stucky de Quay et al.-style
runoff episodes.

Values of IV, < 1 indicate that even one runoff episode of duration 7 would exceed
the groundwater-compatible wet-time budget for the specified runoff rate and recharge
fraction.

Equivalent cycle period and dry interval

The maximum intermittency can also be expressed in terms of an event recurrence
structure. For an individual runoff episode of duration 7, the full wet-dry cycle period
is

-
Tcycle = T (45)

The dry interval between runoff episodes is
tdry = Tcycle - T, (46)

or equivalently,

1- Imax
g = (). n

max

11



Tables S1-S3 report the same constraint in terms of event counts rather than cycle
periods. The two descriptions are equivalent because

T rm Im XT rim
N‘r _ fo _ ax< fo ) (48)
Tcycle T

1

Table S1 Groundwater-compatible event counts for daily runoff intensities of 1-10 mm day~*', using infiltration

fractions of 0.1%, 1%, and 22%, without applying C,..

Qrun Infiltration T'rech Fluvial working time

(mm day_l) fraction (mm yr_l) Imax in 100 Myr Niooyr Nikyr Niokyr N100kyr
1 0.1% 0.366 9.21% 9.21 Myr 92,113 9,211 921 92.1
1 1% 3.69 0.913% 0.913 Myr 9,128 913 91.3 9.13
1 22% 103.02 0.0327% 0.0327 Myr 327 32.7  3.27 0.327
5 0.1% 1.83 1.84% 1.84 Myr 18,423 1,842 184 184
5 1% 18.45 0.183% 0.183 Myr 1,826 183 18.3 1.83
5 22% 515.10 0.00654% 0.00654 Myr 65.4 6.54 0.654 0.0654
10 0.1% 3.66 0.921% 0.921 Myr 9,211 921 92.1 9.21
10 1% 36.89 0.0913% 0.0913 Myr 913 91.3 9.13 0.913
10 22% 1030.19  0.00327% 0.00327 Myr 32.7 3.27  0.327  0.0327

Notes: @run is the runoff intensity. The infiltration fraction is the fraction of total precipitation that
becomes regional groundwater recharge. In the calculation, f,. is used as a dimensionless fraction, so
0.1%, 1%, and 22% correspond to f,. = 0.001, 0.01, and 0.22, respectively. Evaporation is neglected,
SO Trech = Grun X 365.25 X f,./(1 — fr). The groundwater-compatible duty cycle is Imax = Tcrit/Trechs
where Tepiy = K (7/K)crit = 0.033678 mm yr_l. Event counts are calculated as N, = ImaxTtorm /7T, with
Trorm = 100 Myr. No geometric recharge coefficient, C,., is applied. Values of N, < 1 indicate that even
one event of that duration would exceed the groundwater-compatible wet-time budget.

1

Table S2 Groundwater-compatible event counts for 100 mm day ' runoff, without applying C'..

Grun Infiltration Trech Wet time

(mm day™ 1) (%) (mmyr™)  Imax  in 100 Myr Nigoyr Nikyr Niokyr N100kyr
100 1% 368.94 0.00913%  9.13 kyr 91.3 9.13 0.913 0.0913
100 0.1% 36.56 0.0921% 92.1 kyr 921 92.1 9.21 0.921

Notes: Infiltration is reported as the percentage of total precipitation that becomes regional groundwa-
ter recharge. In the calculation, 1% and 0.1% correspond to f,, = 0.01 and f,. = 0.001, respectively.
Evaporation is neglected, S0 Tyech = ¢run X 365.25 X f./(1 — f). The groundwater-compatible duty cycle
is Imax = Terit/Trech, Where 7epiy = K (7/K)erit = 0.033678 mm yr_l. Event counts are calculated as
N = ImaxTtorm /T, with Ttorm = 100 Myr. No geometric recharge coefficient, C,., is applied. Values of
N, < 1 indicate that even one event of that duration would exceed the groundwater-compatible wet-time
budget.

12



Table S3 Groundwater-compatible event counts for 100 mm day !

percentages of .01% and .001%, without applying C'..

runoff using infiltration

Grun ) Infiltration Trech L Wet time

(mm day™") (%) (mm yr~") Imax in 100 Myr Nigoyr Nikyr Niokyr N100kyr
100 .01% 3.65 0.922% 0.922 Myr 9,220 922 92.2 9.22
100 .001% 0.365 9.22%  9.22 Myr 92,200 9,220 922 92.2

Notes: Infiltration is reported as a percentage of total precipitation that becomes regional groundwater
recharge. In the calculation, .01% and .001% correspond to f,. = 10~* and f,, = 107%, respectively.
Evaporation is neglected, $0 rrech = @run X 365.25 X f./(1 — f,). The groundwater-compatible duty cycle
is I'max = Terit/Trech, Where Feris = K (7/K)erit = 0.033678 mm yr—!. Event counts are calculated as
N: = ImaxTtorm/T, with Ttorm = 100 Myr. No geometric recharge coefficient, C,., is applied. Values of
N, < 1 indicate that even one event of that duration would exceed the groundwater-compatible wet-time
budget.

Supplementary Video 1

Animation of representative transient groundwater simulations through successive
recharge and intra-recharge intervals (5 kyr recharge periods separated by 1 Myr intra-
recharge intervals). The animation shows the evolving groundwater table elevation,
zaw; the groundwater margin Az = zgw — 2zvn relative to the valley networks; and
the resulting valley network density weighted flooded fraction, Fyy, as a function of
time, for the three representative recharge rates r = 30, 90, and 190 mm yr—!, corre-
sponding to 7/K = 1.5x 1075, 4.4x 1075, and 9.3 x 10~°. The animation is a dynamic

companion to Figs. 2 and 3 of the main text.
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