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Numerical Modeling of the Large-Scale Erosion, Sediment
Transport, and Deposition Processes of the Genesis Flood
John Baumgardner, Logos Research Associates, 24515 Novato Place, Ramona, California, 92065.
Abstract
This paper describes a numerical model for investigating the large-scale erosion, transport, and
sedimentation processes associated with the Genesis Flood. The model assumes that the dominant means for
VHGLPHQWWUDQVSRUWGXULQJWKH)ORRGZDVE\UDSLGO\ÁRZLQJWXUEXOHQWZDWHU:DWHUPRWLRQLVGULYHQE\ODUJH
amplitude tsunamis generated in subduction zones as the subducting plate and overriding plate, having
EHHQORFNHGIRUDQLQWHUYDORIWLPHVXGGHQO\UHOHDVHDQGVOLSUDSLGO\SDVWRQHDQRWKHU:KLOHWKHWZRDGMDFHQW
plates are locked, the sea bottom is dragged downward by the steadily sinking lithospheric slab beneath.
:KHQWKHSODWHVXQORFNWKHVHDERWWRPUDSLGO\UHERXQGVJHQHUDWLQJDODUJHDPSOLWXGHWVXQDPL7KHRU\
IRURSHQFKDQQHOWXUEXOHQWÁRZLVDSSOLHGWRPRGHOWKHVXVSHQVLRQWUDQVSRUWDQGGHSRVLWLRQRIVHGLPHQW
Cavitation is assumed to be the dominant mechanism responsible for erosion of bedrock as well as of already
deposited sediment. The model treats the water on the surface of the rotating earth in terms of a single
vertical layer but with variable bottom height. Illustrative calculations show that with plausible parameter
FKRLFHVDYHUDJHHURVLRQDQGVHGLPHQWDWLRQUDWHVRQWKHRUGHURIPGD\ PKU RFFXUVXIÀFLHQWZLWKLQ
a 150-day interval during the Flood to account for the approximately 1800 m (5905 ft) average thickness of
Phanerozoic sediments that blanket the earth’s continental surface today. A remarkable discovery from
these calculations is that the tsunamis impinging upon the continental coastlines produce a piling up of
water over the continental interiors. Until equilibrium is reached, more water is carried onto the continental
surface by the tsunamis than can drain away by gravity. In the illustrative examples, the sustained water levels
above the continent in places rise to more than a kilometer above the original sea level. Such deep water
above the continent allows for large thicknesses of sediment to accumulate on top of the continent surface
above the mean global sea level. Although the most intense erosion of continental bedrock occurs along
WKHFRQWLQHQWDOPDUJLQVLJQLÀFDQWSRUWLRQVRIWKHFRQWLQHQWDOLQWHULRUDOVRVXIIHUVLJQLÀFDQWHURVLRQSODXVLEO\
accounting for today’s continental shields.
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FDYLWDWLRQHURVLRQRSHQFKDQQHOÁRZVKDOORZZDWHUDSSUR[LPDWLRQ

Introduction
$FFRXQWLQJIRUWKHWKLFNVHGLPHQWVHTXHQFHVWKDW
EODQNHWWKHVXUIDFHVRIWKHFRQWLQHQWVLVDSDUDPRXQW
issue for understanding the physical aspects of the
Genesis Flood. In continental platform regions,
such as the heartland of the U.S., the sequence of
fossil-bearing sediment layers are commonly 2000 m
IW  RU PRUH LQ FXPXODWLYH WKLFNQHVV 3URWKHUR
and Schwab 2004, 12–14). They also typically display
astonishing horizontal continuity (e.g., Ager 1973).
-XVW ZKDW VRUW RI SK\VLFDO SURFHVVHV FRXOG KDYH
moved such huge volumes of sediment and arranged
it in such orderly, laterally extensive layers within
the span of a single year, as Scripture requires? As a
SUHOLPLQDU\H[HUFLVHRQHFDQPDNHURXJKHVWLPDWHV
of the erosion, sediment transport, and deposition
rates that are needed. If we assume that most of the
primary deposition occurred within the interval of
150 days during which “the water prevailed on the
earth” (Genesis 7:24), we can compute an average
deposition rate over that interval needed to produce
D FROXPQ RI VHGLPHQW VD\ P IW  WKLFN

which is the mean value over the continents today.
Dividing 1800 m (5905 ft) by 150 days yields a timeaveraged rate of deposition of 12 m/day (0.5 m/hr or
1.4 × 10-4 m/s). It also suggests a comparable timeaveraged rate of erosion.
The large lateral extent of most of the layers
VXJJHVWV VLJQLÀFDQW WUDQVSRUW GLVWDQFHV /HW XV
assume that the average distance between the sites of
HURVLRQDQGGHSRVLWLRQLVNP PL  ð6 m)
and that the average speed of the water is 20 m/s
(45 mph). A typical sediment particle is therefore in
suspension for (1 × 106 m)/(20 m/s) = 5 × 104 s (13.9 hr).
,IWKHLQSXWDQGRXWSXWRIWKHSLSHOLQHVRWRVSHDN
is the erosion/deposition rate of 1.4 × 10-4 m/s, then
the average suspended sediment load distributed
YHUWLFDOO\ WKURXJK WKH VKHHW RI ÁRZLQJ ZDWHU PXVW
be (1.4 × 10-4 m/s) × (5 × 104 s) = 7 m. This requires that
WKHGHSWKRIWKHÁRZLQJZDWHUEHJUHDWHQRXJKDQG
also its turbulence intense enough to sustain this
sort of suspended load. From these simple estimates
it is obvious that any viable candidate mechanism
OLNHO\LQYROYHVFRKHUHQWVKHHWVRIWXUEXOHQWZDWHUDW
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least many tens of meters deep sweeping over the
land surface at velocities of at least several tens of
m/s. Since these are time-averaged estimates, when
WKH OLNHOLKRRG RI VLJQLÀFDQW WLPH YDULDWLRQ HYHQ
HSLVRGLFLW\ LV WDNHQ LQWR DFFRXQW WKH SHDN ZDWHU
depths and speeds must have been substantially
higher.
What might have caused water to move with
such vigor across the continent surfaces? The
mechanism assumed in this paper is a logical
consequence of the large amount of subduction of
oceanic lithosphere that occurred during the Genesis
Flood (Baumgardner 2003). In today’s world, the
VXEGXFWLQJ DQG RYHUULGLQJ SODWHV DUH ORFNHG DORQJ
PRVWRIWKHHDUWK·VPRUHWKDQNP PL 
of subduction zones. Movement of a subducting slab
UHODWLYH WR WKH DGMDFHQW RYHUULGLQJ VODE W\SLFDOO\
RFFXUV LQ VXGGHQ MHUNV RU UXSWXUH HYHQWV 5XSWXUH
WDNHVSODFHZKHQWKHVWUHVVUHDFKHVDOHYHODWZKLFK
WKHDVSHULWLHVORFNLQJWKHWZRSODWHVDORQJWKHIDXOW
VXUIDFH EUHDN UHVXOWLQJ LQ VXGGHQ PRWLRQ DORQJ
the fault and release of considerable seismic or
HDUWKTXDNH HQHUJ\ ,W VHHPV OLNHO\ WKDW WKLV VDPH
ORFNLQJ DQG VXGGHQ UXSWXUH SURFHVV DOVR RFFXUUHG
during the Flood, except much more frequently. For
a plate speed of 2 m/s (6.5 ft/s) and a subduction angle
of 45°, only about an hour is needed to pull down the
overriding plate by 5000 m (16,404 ft). Sudden rupture
RIVXFKDORFNHG]RQHJHQHUDWHVDQHDUWKTXDNHDQG
resulting tsunami with huge amplitude, larger than
any witnessed in recorded history since the Flood. In
our illustrative calculations we arbitrarily assume 16
VXEGXFWLRQ]RQHVHDFKNP PL LQOHQJWK
WKDWXQORFNVXFFHVVLYHO\DIWHUEHLQJORFNHGIRUDERXW
an hour to leash a giant tsunami somewhere in the
global ocean every four minutes. The numerical
calculations show that such forcing is more than
adequate to achieve and maintain the water velocities
UHTXLUHG)RUORFNHGIDXOWVWKDWVOLSDQGUHERXQGE\
P IW  SHDN ZDWHU YHORFLWLHV UHDFK QHDU
200 m/s and mean water column velocities attain
values of many tens of m/s. The turbulence is strong
enough to maintain many tens of meters of sediment
in suspension as water sweeps across the continental
surface. Turbulence is the physical mechanism that
allows and maintains such high volume and long
distance transport of sediment.
This paper represents a revision of a paper
(Baumgardner 2013) I presented at the Seventh
International Conference on Creationism. The
main difference in the previous paper and this one
is the mechanism for driving the water motion. In
WKH SUHYLRXV SDSHU , LQYRNHG WLGHV UDLVHG E\ QHDU
encounters of a moon-sized body with the earth. In
WKLV SDSHU WVXQDPLV JHQHUDWHG E\ WKH ORFNLQJ DQG
sudden slip and rebound of fault segments along
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subduction zones, an expected aspect of catastrophic
plate tectonics, are the primary driving mechanism
for the turbulent water. The numerical treatments of
WKHZDWHUÁRZWKHVHGLPHQWVXVSHQVLRQWKHHURVLRQ
and the sediment deposition, however, are largely
the same as described in the 2013 paper. To save
the interested reader of this paper from repeatedly
needing to refer to the previous paper to understand
the details of the treatments and methods I apply in
this paper, I have reproduced those details here as
Appendices A–G.
Mathematical Formulation
The emphasis of this paper is using numerical
modeling to explore large-scale erosion, sediment
transport, and deposition processes that operated
during the Genesis Flood as inferred from the
VHGLPHQWV EODQNHWLQJ WKH FRQWLQHQWV WRGD\
Prominent features of the sediment record, as
discussed in the Introduction, suggest that sheets
of turbulent water sweeping over the continent
surface must have played an important role.
Such water motion is in the general category of
WXUEXOHQWERXQGDU\OD\HUÁRZZKLFKLVRQHRIJUHDW
practical interest and one that has been studied
experimentally for many years. In the hydrologic
HQJLQHHULQJ FRPPXQLW\ WKLV W\SH RI ZDWHU ÁRZ LV
UHIHUUHGWRDVRSHQFKDQQHOÁRZ([DPSOHVRIRSHQ
FKDQQHOÁRZVLQFOXGHULYHUVWLGDOFXUUHQWVLUULJDWLRQ
canals, and sheets of water running across the
ground surface after a rain. The equations commonly
XVHGWRPRGHOVXFKÁRZVDUHDQFKRUHGLQH[SHULPHQWDO
measurements and decades of validation in many
GLYHUVHDSSOLFDWLRQV,WLVWKHWXUEXOHQFHRIWKHÁRZLQJ
ZDWHULQVXFKÁRZVWKDWNHHSVWKHVHGLPHQWSDUWLFOHV
in suspension. The Journal of Hydraulic Engineering
LV EXW RQH RI VHYHUDO MRXUQDOV WKDW KDV SXEOLVKHG D
ZHDOWKRISDSHUVRQWXUEXOHQWRSHQFKDQQHOÁRZDQG
sediment transport over the past many decades.
Appendix A summarizes the observations,
experiments, and efforts to formulate a mathematical
GHVFULSWLRQ RI ÁXLG WXUEXOHQFH RYHU WKH SDVW WZR
FHQWXULHV $ GHVFULSWLRQ RI WXUEXOHQW ÁXLG ÁRZ
provided almost a century ago by the British scientist
/) 5LFKDUGVRQ   LV VWLOO YDOLG WRGD\ +LV
GHVFULSWLRQLVDÁRZZKRVHPRWLRQVDUHFKDUDFWHUL]HG
by a hierarchy of vortices, or eddies, from large to
tiny. These eddies, including the large ones, are
unstable. The shear that their rotation exerts on the
VXUURXQGLQJÁXLGJHQHUDWHVVPDOOHUQHZHGGLHV7KH
NLQHWLFHQHUJ\RIWKHODUJHHGGLHVLVWKHUHE\SDVVHG
to the smaller eddies that arise from them. These
smaller eddies in turn undergo the same process,
giving rise to even smaller eddies that inherit the
energy of their predecessors, and so on. In this way,
the energy is passed down from the large scales of
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motion to smaller and smaller scales until reaching
D OHQJWK VFDOH VXIÀFLHQWO\ VPDOO WKDW WKH PROHFXODU
YLVFRVLW\RIWKHÁXLGWUDQVIRUPVWKHNLQHWLFHQHUJ\RI
these tiniest eddies into heat.
:KHQDÁXLGLVPRYLQJUHODWLYHWRDÀ[HGVXUIDFH
WKH VSHHG RI WKH ÁXLG EHJLQQLQJ IURP ]HUR DW WKH
ERXQGDU\ LQFUHDVHV³ÀUVW UDSLGO\ DQG WKHQ OHVV
rapidly—as distance from the surface increases. The
UHJLRQDGMDFHQWWRWKHVXUIDFHLQZKLFKWKHDYHUDJH
VSHHG RI WKH ÁRZ SDUDOOHO WR WKH VXUIDFH LV VWLOO
changing, at least modestly, as one moves away from
WKH VXUIDFH LV NQRZQ DV WKH ERXQGDU\ OD\HU :KHQ
WKHVSHHGRIWKHÁXLGRYHUWKHVXUIDFHLVVXIÀFLHQWO\
high, the boundary layer becomes turbulent and
EHFRPHV ÀOOHG ZLWK HGGLHV WKDW FDQ VSDQ D ODUJH
range of spatial scales. Appendix B summarizes
some of the important features of turbulent boundary
layers, including the discovery that the mean velocity
SURÀOH ZLWKLQ WKH WXUEXOHQW ERXQGDU\ OD\HU LV YHU\
close to a logarithmic function of distance from the
ERXQGDU\7KHSDUDPHWHUVVSHFLI\LQJWKHSURÀOHFDQ
EHGHWHUPLQHGVLPSO\IURPWKHWKLFNQHVVRIWKHOD\HU
DQGWKHPHDQÁRZVSHHG
7KH WKHRU\ RI RSHQ FKDQQHO ÁRZ DSSOLHV WKLV
mathematical representation of a turbulent boundary
layer to describe sediment suspension, transport,
DQG GHSRVLWLRQ E\ WXUEXOHQW ZDWHU ÁRZ IRU FDVHV
ZKHUHWKHZLGWKRIWKHÁRZLVPXFKJUHDWHUWKDQWKH
water depth. Appendix C provides the derivation of a
mathematical expression, Eq. (A9), for the sediment
carrying capacity of a layer of turbulent water as a
function of sediment particle size. This expression
is utilized in the numerical treatment to quantify
WKH VHGLPHQW VXVSHQVLRQ RI WKH ZDWHU ÁRZ 7KH
expression requires the particle settling speed for
each of the particle sizes that is assumed in the model.
Appendix D describes how these settling speeds may
EHREWDLQHGYLDHPSLULFDOÀWVWRH[SHULPHQWDOGDWD
Source of the Sediment
Obviously, an important issue in the formation
of the earth’s sediment record is the origin of the
VHGLPHQW)URPWKHURFNUHFRUGLWLVFOHDUWKDWWKHUH
were pre-Flood continental sediments. However,
IRU VDNH RI VLPSOLFLW\ WKHVH VHGLPHQWV DUH LJQRUHG
in the illustrative examples we present. Instead,
it is assumed that the sediment deposited during
the Flood is all derived from erosion of continental
EHGURFNGXULQJWKH)ORRGLWVHOI,QWHUPVRIHURVLRQDO
processes, we restrict our scope to the mechanism
of cavitation, again for simplicity. We assume that
contributions from other processes were small by
comparison. We further assume that the cavitation
HURVLRQRIFU\VWDOOLQHFRQWLQHQWDOEHGURFNUHVXOWVLQD
GLVWULEXWLRQRISDUWLFOHVL]HVFRUUHVSRQGLQJWRÀQH
sand, 20% medium sand, and 10% coarse sand. Here
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WKHÀQHVDQGIUDFWLRQDOVRLQFOXGHVWKHclay and silt,
ZKLFKDUHDVVXPHGWRÁRFFXODWHWRIRUPSDUWLFOHVWKDW
GLVSOD\VHWWOLQJEHKDYLRULGHQWLFDOWRWKDWRIÀQHVDQG
Mean particle diameters for these three size classes
are 0.063 mm (0.0025 in), 0.25 mm (0.010 in), and
1 mm (0.039 in), respectively. In this model we neglect
FDUERQDWHVZKLFKLQWKHDFWXDOURFNUHFRUGUHSUHVHQW
on the order of 30% of the total sediment volume.
:H UHFRJQL]H WKDW LW LV GLIÀFXOW WR LPDJLQH KRZ
feldspar, even when reduced by cavitation to
0.063 mm (0.0025 in) particle sizes and smaller, might
be transformed to clay minerals in the brief time
VSDQ DYDLODEOH GXULQJ WKH )ORRG :H DFNQRZOHGJH
WKDWDVLJQLÀFDQWSRUWLRQRIWKHFOD\LQWKHVKDOHVDQG
mudstones in the Phanerozoic sediment record may
well have been derived from shales and mudstones of
the pre-Flood earth. For example, the Precambrian
tilted strata exposed in the inner gorge of the Grand
&DQ\RQ URFNV WKDW LQFOXGH WKH 8QNDU *URXS WKH
1DQNRZHDS )RUPDWLRQ DQG WKH &KXDU *URXS
GLVSOD\WRWDOWKLFNQHVVHVRIDERXWWZRPLOHVPRVWO\
of shale and limestone (Austin 1994). Even more
impressive, the Mesoproterozoic (Precambrian) Belt
Supergroup, exposed in western Montana, Idaho,
Wyoming, Washington, and British Columbia, is
PRVWO\ PXGVWRQH VKDOH ÀQH VDQG DQG FDUERQDWH 
DQGXSWRPL NP LQWKLFNQHVV :LQVWRQDQG
/LQN 7KHVHH[DPSOHVKLQWWKDWWKHUHPD\KDYH
EHHQ D YDVW TXDQWLW\ RI PXGURFNV RQ WKH SUH)ORRG
earth, possibly enough to account for most of the clay
DQG FDUERQDWH URFNV LQ WKH )ORRG VHGLPHQW UHFRUG
Exploring the consequences of initial conditions that
include a substantial layer of pre-Flood mudstone
VHGLPHQWVLVDQDWWUDFWLYHWDVNIRUIXWXUHDSSOLFDWLRQ
of this model.
Appendix E provides a description of the cavitation
submodel. It is implemented in the numerical code
by means of Eq. (A11). Note that this treatment of
cavitation includes a cavitation threshold velocity
of 15 m/s below which no cavitation, and hence no
erosion, occurs. Appendix E also describes the criteria
for deposition and for erosion of already deposited
sediment.
*LYHQ WKDW WKH DYHUDJH WKLFNQHVV RI )ORRG
sediments on the continents today is about 1800 m
(5905 ft), it is not surprising that a numerical model
capable of eroding, transporting, and depositing
WKDWPXFKVHGLPHQWZLOO\LHOGVHGLPHQWWKLFNQHVVHV
LQ VRPH ORFDWLRQV WKDW VLJQLÀFDQWO\ H[FHHG WKDW
average value. In early tests it was found that the
calculations become unstable unless some degree of
isostatic compensation is allowed in locations where
WKH VHGLPHQW WKLFNQHVVHV EHFRPH ODUJH $SSHQGL[
F describes how isostatic compensation is included.
Symmetrical compensation is applied for the negative
ORDGVWKDWDULVHIURPEHGURFNHURVLRQ
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7R GHVFULEH WKH ZDWHU ÁRZ RYHU WKH HDUWK LQ D
TXDQWLWDWLYHZD\WKHQXPHULFDOPRGHOPDNHVXVHRI
ZKDWLVNQRZQDVWKHVKDOORZZDWHUDSSUR[LPDWLRQ
This approximation requires that the water depth
everywhere be small compared with the horizontal
scales of interest. The depth of the ocean basins
today—and presumably also during the Flood—is
DERXWNP PL %\FRQWUDVWWKHKRUL]RQWDOJULG
point spacing of the computation grid for the cases we
GHVFULEHLQWKLVSDSHULVDERXWNP PL 7KH
expected water depths over the continental regions,
where our main interest lies, are yet much smaller
than those of the ocean basins. Hence the shallow
water approximation is entirely appropriate for
this problem. That approximation allows the water
ÁRZRYHUWKHVXUIDFHRIWKHJOREHWREHGHVFULEHGLQ
terms of a single layer of water with laterally varying
WKLFNQHVV :KDW RWKHUZLVH ZRXOG EH DQ H[SHQVLYH
three-dimensional problem now becomes a much
more tractable two-dimensional one.
Appendix G outlines the mathematical approach
for solving for the water velocity and water height
over the surface of the earth as a function of time.
7KH DSSURDFK LQYROYHV VROYLQJ ZKDW DUH NQRZQ DV
the shallow water equations on a rotating sphere.
These are Eqs. (A12) and (A14) in Appendix G. They
express, respectively, the conservation of mass and
the conservation of linear momentum. They are
VROYHGLQDGLVFUHWHPDQQHUXVLQJZKDWLVNQRZQDV
DVHPL/DJUDQJLDQDSSURDFKRQDPHVKFRQVWUXFWHG
from the regular icosahedron as shown in Fig. 1.

Fig. 1. Computational grid used in illustrative cases.
Constructed from the regular icosahedron, this grid
provides an almost uniform discretization of the
spherical surface. It has 40,962 cells with an average
FHOO ZLGWK RI DERXW NP PL  IRU WKH VXUIDFH RI
the earth.
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$VHSDUDWHVSKHULFDOFRRUGLQDWHV\VWHPLVGHÀQHG
at each grid point in the mesh such that the equator
of the coordinate system passes through the grid
point and the local longitude and latitude axes are
aligned with the global east and north directions. The
VHPL/DJUDQJLDQDSSURDFKEHFDXVHRILWVORZOHYHOV
of numerical diffusion, is also used for horizontal
VHGLPHQWWUDQVSRUW6HYHQOD\HUVRIÀ[HGWKLFNQHVV
are used to resolve the sediment concentration in the
vertical direction, with thinner layers at the bottom
DQG WKLFNHU OD\HUV DW WKH WRS RI WKH FROXPQ 7KHVH
same numerical methods have been applied and
validated in one of the world’s foremost numerical
ZHDWKHU IRUHFDVW PRGHOV D PRGHO NQRZQ DV *0(
developed by the German Weather Service in the late
V 0DMHZVNLHWDO 
Water motion is driven by large-amplitude tsunamis
that are generated along subduction zone segments as
the subducting plate and overriding plate, in a cyclic
PDQQHUORFNDQGWKHQVXGGHQO\UHOHDVHDQGUDSLGO\
VOLSSDVWRQHDQRWKHU:KLOHWKHDGMDFHQWWZRSODWHV
DUHORFNHGWKHVHDERWWRPLVGUDJJHGGRZQZDUGE\
WKHVWHDGLO\VLQNLQJOLWKRVSKHULFVODEEHQHDWK:KHQ
WKHSODWHVXQORFNWKHVHDERWWRPUDSLGO\UHERXQGV
generating a large-amplitude tsunami. For the cases
shown in this paper, zones of subduction are placed
along meridians, between latitudes of 60°N and 60°S,
at longitudes of –126° and 126°. These longitudes are
chosen to exploit symmetries in the grid. The 120°
interval along each of the two meridians is divided
into eight 15° segments. Subduction is assumed to
be occurring along all of these segments at a rate of
about 2 m/s at an angle of 45°. While the plates at the
VXEGXFWLRQ]RQHDUHORFNHGWKHVHDÁRRUDORQJHDFKRI
the segments is assumed to be moving downward at a
rate of about 2 sin(45°) = 1.4 m/s because of the steady
downward motion of the subducting lithospheric
slab beneath. On each time step of 240 s, one of the
VHJPHQWVLVDOORZHGWRXQORFNDQGVOLSDOORZLQJ
the bottom of the trench to rebound to its nominal,
undepressed height. The amplitude of the rebound of
the trench bottom is about 1.4 m/s × 16 × 240 s = 5400 m
(17,716 ft). This impulsive uplift of the 15° segment of
trench bottom initiates a tsunami that travels across
the 4000 m (13,123 ft) deep ocean at a speed of about
200 m/s.
Fig. 2 displays a pair of snapshots, at times
of 4.8 hrs and 9.6 hrs from the beginning of the
calculation, of the disturbances of the water surface
height generated by the successive rebounding of the
ocean bottom in the subduction zone located along
the meridian at 126° longitude. A similar train of
tsunami disturbances is generated at the subduction
zone located along the meridian at –126° longitude.
In this calculation there is continent in the shape of a
spherical cap to the left of the vertical line.
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Case 002 Sedimentation Model
Water surface height (m)

(a)

6.00E+02
4.00E+02
2.00E+02
0.00E+00
-2.00E+02
-4.00E+02
Height (m)
Time = 2.000E-01 days
View from 90° longitude
Max velocity = 3.000E+01 m/sec
Case 002 Sedimentation Model
Water surface height (m)

(b)

6.00E+02
4.00E+02
2.00E+02
0.00E+00
-2.00E+02
-4.00E+02
Height (m)
Time = 4.000E-01 days
View from 90° longitude
Max velocity = 3.000E+01 m/sec

Fig. 2. Plots of water surface height at (a) 4.8 hrs
and (b) 9.6 hrs after the beginning of a calculation in
ZKLFK WKH ORFNLQJ DQG VXGGHQ UHOHDVH RI VXEGXFWLRQ
zone fault segments located along the meridian at
126° longitude in the deep ocean generates a train of
large-amplitude tsunami waves that begin to invade a
circular supercontinent centered at 0° latitude and 0°
longitude, located to the left of the heavy vertical line.
Water surface height is relative to the mean sea level.

Other distributions of subduction zone were
examined, including a single zone along the meridian
at 180° longitude, and also a single zone along the
equator from 90° to 270° longitude. The other
distributions gave qualitatively similar results as
those of the illustrative cases presented below.
An Illustrative Case
To illustrate the global sediment patterns we
choose a simple geometry of a single circular
continent, centered at the equator and zero degrees
longitude, covering 38% of the earth’s surface. The
RFHDQERWWRPVXUURXQGLQJWKHFRQWLQHQWLVWDNHQWR
have a uniform height of –4000 m (–13,123 ft) relative
to the mean sea level. The height of the continent at
its center is 100 m (328 ft) relative to mean sea level
and smoothly decreases to –72 m (–236 ft) at its edge.
Initially the water is at rest with its surface at sea
level. The continent surface is assumed everywhere
WRFRQVLVWRIFU\VWDOOLQHEHGURFN7KHHDUWKLVDVVXPHG
to be spinning at its current rate of rotation.
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$QDVWRQLVKLQJIHDWXUHLQWKHSDWWHUQRIZDWHUÁRZ
emerges very early in the calculation with this model.
Fig. 3 shows the water surface height at times of 2.5
and 5.0 days as viewed from four points 90° apart above
WKH HTXDWRU (VSHFLDOO\ VXUSULVLQJ LV WKH UHPDUNDEOH
elevation of the water surface height relative to sea
level above most of the continent as Fig. 3(a) and
Fig. 3(b) reveal. The greatest elevation of the water
surface occurs within the large anti-cyclonic gyres
LQWKHSDWWHUQRIZDWHUÁRZDWKLJKODWLWXGHV7KHVH
gyres are analogous to the high-pressure circulations
(highs) at mid and high latitudes in the atmosphere,
V\VWHPVWKDWURWDWHFRXQWHUFORFNZLVHLQWKHQRUWKHUQ
KHPLVSKHUHDQGFORFNZLVHLQWKHVRXWKHUQ7KHVWHDG\
accumulation of water on the continent surface—at
least until a state of equilibrium can be reached—is a
consequence of the tsunamis carrying water onto the
FRQWLQHQWDWDKLJKHUUDWHWKDQFDQGUDLQDZD\EDFN
LQWR WKH RFHDQ WKURXJK WKH LQÁXHQFH RI JUDYLW\ 7KH
anti-cyclonic gyres are the consequence of the Coriolis
effect that contributes a force perpendicular to the
GLUHFWLRQRIWKHZDWHUÁRZWKDWLVWRZDUGWKHFHQWHU
of the gyre (the –fk × u term in Eq. A14). This force acts
to balance the pressure gradient force that acts in the
direction outward from the center of the gyre (the g h†
term in Eq. A14) due to the height of the water there.
The magnitude of the Coriolis effect, which varies
with the sine of the latitude, is zero at the equator and
maximum at the poles. In this example, the Coriolis
HIIHFW FOHDUO\ H[HUWV D PDMRU LQÁXHQFH RQ WKH RYHUDOO
SDWWHUQRIZDWHUÁRZDERYHWKHFRQWLQHQWDOVXUIDFH
Moreover, plots in Fig. 3(c)–(f) reveal that four
strong cyclonic gyres also arise at higher latitudes
in the oceanic hemisphere. These gyres, analogous
to low-pressure systems in the atmosphere, rotate in
WKH FORFNZLVH GLUHFWLRQ LQ WKH QRUWKHUQ KHPLVSKHUH
DQGLQWKHFRXQWHUFORFNZLVHGLUHFWLRQLQWKHVRXWKHUQ
hemisphere. In this calculation, they are associated
ZLWKDVLJQLÀFDQWGHSUHVVLRQRIWKHRFHDQVXUIDFH$W
ÀYHGD\VDVLQGLFDWHGLQSORWV G DQG I WKLVORZHULQJ
of the ocean surface at the centers of the gyres exceeds
1000 m (3280 ft) below the mean sea level.
$W WKH WLPH RI ÀYH GD\V WKH ÁRZ SDWWHUQ LV
approaching the condition at which the amount of
water emplaced on the continent by the tsunamis is
balanced by runoff from the elevated water levels on
the continent. Because the Coriolis effect is smaller
at low latitudes, most of the runoff occurs at these
lower latitudes, as is evident in Fig. 3. This runoff
DOVRUHVXOWVLQQRWLFHDEOHEHGURFNHURVLRQDVWKHEODFN
contour line denoting a continent surface elevation
of –300 m (–984 ft) indicates in plots (d) and (h). The
JHQHUDOÁRZSDWWHUQHVWDEOLVKHGE\WKHWLPHRIÀYH
days was found to persist throughout the 150-day
period assumed for the interval in which the waters
prevailed during the Flood.
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Fig. 3. Plots (in color) of water surface height at times of 2.5 days (a, c, e, g) and 5.0 days (b, d, f, h) viewed at 90°
intervals of longitude above the equator. Arrows denote velocity of the water column. Note that the height scales
DQGYHORFLW\VFDOHVGLIIHUEHWZHHQWKHWZRWLPHV6XUIDFHKHLJKWLVUHODWLYHWRWKHPHDQVHDOHYHO1RWHWKHVLJQLÀFDQW
water surface height above the continental surface.
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Fig. 3 also displays the sort of water column
velocities that arise above the continent surface. In the
SORWVDWÀYHGD\VWKHSORWWHGFROXPQYHORFLWLHVKDYH
been limited in amplitude to 50 m/s. Using the criteria
IRUÁXLGWXUEXOHQFHGHYHORSHGDERYHRQHÀQGVWKDW
the water depths and water column velocities imply
that essentially everywhere over the continent the
ÁRZLVLQWKHVWURQJO\WXUEXOHQWUHJLPH,WWKHUHIRUH
has the ability to transport a considerable sediment
load. Over much of the continent, especially along its
margins, the velocity at the base of the water column
VLJQLÀFDQWO\H[FHHGVWKHFDYLWDWLRQWKUHVKROGYHORFLW\
DQG KHQFH VLJQLÀFDQW HURVLRQ LV LPSOLHG 6HGLPHQW
SURGXFHGIURPEHGURFNHURVLRQLVUHDGLO\VXVSHQGHG
LQ WKH WXUEXOHQW ÁRZ :KHUHYHU WKH VHGLPHQW ORDG
exceeds 10% by volume in the basal layer, sediment
deposition occurs. Once a sediment layer is present,
it is vulnerable to being eroded, suspended, and
transported before being redeposited elsewhere.
%HGURFN HURVLRQ DQG VHGLPHQW GHSRVLWLRQ JHQHUDWH
topographical relief on the continental surface, relief
WKDWDOVRDIIHFWVWKHSDWWHUQRIZDWHUÁRZ
Fig. 4 attempts to provide an overview of erosion,
transport and sedimentation that unfolds over a span
of 100 days in this model. It uses pairs snapshots,
at times of 50 and 100 days, showing by means of
color, respectively, (i) the water surface height
above initial sea level, (ii) the water depth, (iii) the
FXPXODWLYH EHGURFN HURVLRQ LY  WKH LQVWDQWDQHRXV
WKLFNQHVV RI VHGLPHQW VXVSHQGHG E\ WKH WXUEXOHQW
ÁRZ Y  WKH QHW FXPXODWLYH DPRXQW RI VHGLPHQW
remaining on the surface as a result of the ongoing
processes of deposition and erosion, and (vi) the
topography of the continental surface as erosion and
GHSRVLWLRQ DQG LVRVWDWLF FRPSHQVDWLRQ MRLQWO\ DFW WR
alter it. Arrows in all the plots in Fig. 4 represent the
water velocities at the bottom of the water column
MXVWDERYHWKHODQGVXUIDFH)RUEHWWHUFODULW\ZDWHU
speeds have been clipped at 30 m/s. For reference,
the water speed for the onset of cavitation is 15 m/s.
7KHYLJRURXVDQGKLJKO\WXUEXOHQWZDWHUÁRZZKRVH
HQHUJ\ LV PDLQWDLQHG E\ WKH WVXQDPLV LV VXIÀFLHQW
to suspend more than 150 m (492 ft) of sediment
QHDUWKHFHQWHUVRIWKHFLUFXODUÁRZSDWWHUQVDWWKH
high latitudes and several tens of meters most other
places above the continent as indicated in Fig. 4(g).
As the depths of deposited sediment become large
beyond 50 days, the amount of suspended sediment
diminishes, as observed in Fig. 4(h). Nevertheless,
the turbulent water transports staggering volumes of
HURGHGVHGLPHQWIRUWKRXVDQGVRINLORPHWHUVDFURVV
the continent surface.
Plots (a) and (b) of Fig. 4 show that the astonishing
ÁRRGLQJRIWKHFRQWLQHQWDOVXUIDFHREVHUYHGDWGD\V
in Fig. 3 persists to 100 days. The water surface
height exceeds 1500 m (4921 ft) above the mean sea
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level in the high-latitude anti-cyclonic gyres and
generally exceeds 500 m (1640 ft) above the mean sea
level elsewhere. In contrast to plots in Figs. 4(a) and
(b) which display water surface height, plots in Figs.
4(c) and (d) display the actual water depth down to
the continent surface. Where that surface is below
mean sea level, the water depth is set to zero. In
other words, these plots display the water depth only
where the land surface is above sea level. There are
several noteworthy features in Fig. 4(c) and (d). First,
while water depths are appreciable near the center of
WKHJ\UHVDWGD\VWKHVHUHJLRQVKDYHVLJQLÀFDQWO\
EHHQÀOOHGZLWKVHGLPHQWE\GD\VVXFKWKDWWKH
water depths there are noticeably smaller. Second,
along margins of the gyres there are zones of very
VKDOORZZDWHU$VFDQEHYHULÀHGLQ)LJV L DQG M 
WKHVHDUH]RQHVRIWKLFNVHGLPHQWGHSRVLWLRQ7KHVH
zones represent regions where the land surface
could have been exposed at various times during the
cataclysm. In addition to the zones along the margins
of the gyres, there are isolated dome-shaped spots
that may have become what are referred to today
as sedimentary basins. Two such spots are evident
in Fig. 4(i) at approximately –30° latitude and –15°
and –30° longitude. Both are on the order of a few
KXQGUHGVRINLORPHWHUVLQGLDPHWHU$IWHUWKH)ORRG
the excess weight of these huge mounds of sediment
would have depressed both the crustal surface
beneath them as well as the underlying mantle.
Plots in Figs. 4(e) and (f) reveal that most of the
EHGURFN HURVLRQ RFFXUV DORQJ WKH FRQWLQHQW PDUJLQ
Since in the cavitation model the erosion rate varies
as the sixth power of the difference between the
water speed and the cavitation onset speed, it is
not surprising for erosion to be most intense at the
continental margin where the tsunamis encounter
an abrupt decrease in water depth and water speed
increases dramatically. The contour line along the
SHULPHWHURIWKHFRQWLQHQWPDUNVWKHGHSWKRIP
(984 ft) below sea level. Note that the most intense
erosion is oceanward of this –300 m (–984 ft) contour
OLQH 7KH FXPXODWLYH YROXPH RI EHGURFN HURVLRQ LV
enough to cover the surface of the entire continent
with sediment to a mean depth of 670 m (2198 ft)
after 50 days and 1109 m (3638 ft) after 100 days,
UHÁHFWLQJ DQ DYHUDJH HURVLRQ DQG GHSRVLWLRQ  UDWH
over 100 days of about 11 m/day.
Plots in Figs. 4(g) and (h) show the amounts of
sediment suspended by the turbulent water. The
average over the whole continent surface is 49 m
(160 ft) at 50 days and 26 m (85 ft) at 100 days. The
largest amounts are near the centers of the gyres
where the depth of the water column is greatest.
3ORWVLQ)LJV L DQG M GLVSOD\WKHFXPXODWLYHQHW
result of sediment deposition and sediment erosion.
3ORWV LQ )LJV  N  DQG O  UHYHDO KRZ WKH FRQWLQHQW
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Case 002 Sedimentation Model
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Fig. 4.6QDSVKRWVDWDQGGD\VRIWKHZDWHUVXUIDFHKHLJKWDERYHVHDOHYHO DE WKHZDWHUGHSWKDERYHWKH
FRQWLQHQW FG WKHFXPXODWLYHEHGURFNHURVLRQ HI WKHLQVWDQWDQHRXVWKLFNQHVVRIVHGLPHQWVXVSHQGHGE\WKH
WXUEXOHQWÁRZ JK WKHQHWDPRXQWRIVHGLPHQWRQWKHVXUIDFHDVDUHVXOWRIGHSRVLWLRQDQGHURVLRQ LM DQGWKH
WRSRJUDSK\RIWKHFRQWLQHQWDOVXUIDFH NO $UURZVUHSUHVHQWWKHZDWHUYHORFLW\MXVWDERYHWKHODQGVXUIDFHWKDWLV
used in the erosion submodel.

topography is altered by the processes of erosion,
sediment transportation, sediment deposition, and
SDUWLDOLVRVWDWLFDGMXVWPHQW7KHDPRXQWRILVRVWDWLF
DGMXVWPHQW PD\ EH HVWLPDWHG E\ FRPSDULQJ WKH
plots in Fig. 4 of cumulative erosion (e, f) and of net
FXPXODWLYH VHGLPHQWDWLRQ L M  ZLWK WKH UHVXOWLQJ
WRSRJUDSKLFH[SUHVVLRQ NO 
Noteworthy is the effectiveness of the tsunamis
and the associated water dynamics to emplace
hundreds of meters of sediment on top of the
continent, above the mean sea level. If Genesis 7:24
which states, “And the water prevailed upon the
HDUWKRQHKXQGUHGDQGÀIW\GD\VµLPSOLHVWKDWWKH
primary sedimentation of the Flood spanned 150
days, then an average sedimentation rate of 12 m/day
(39.3 ft/day) over that interval accounts for the
roughly 1800 m (5905 ft) of sediment on average
residing presently on the continents. The average
rates obtained in this illustrative calculation then
are not too far from the average value inferred from
the Genesis text.
Fig. 5 provides a more detailed picture of the
suspended and deposited sediment when separated
into the three assumed sediment classes. As

mentioned earlier we assume that the erosional
processes, especially cavitation, reduce crystalline
EHGURFN LQWR D PL[WXUH RI UHODWLYHO\ ÀQH SDUWLFOHV
70% with a mean diameter of 0.063 mm (0.0025 in)
FRUUHVSRQGLQJWRWKDWRIÀQHVDQGZLWKDPHDQ
diameter of 0.25 mm (0.010 in) corresponding to
medium sand, and 10% with a mean diameter of
1 mm (0.039 in) corresponding to coarse sand. Fig. 5
displays the lateral distribution of suspended
sediment for each of these size classes at a time of
50 days. It also shows the lateral distribution of the
deposited sediment by size class at this same time.
The coarse sand has a much higher settling velocity
WKDQWKHÀQHDQGPHGLXPVDQG,WLVWKHUHIRUHPRUH
GLIÀFXOW WR PDLQWDLQ LQ VXVSHQVLRQ DV )LJ  H 
UHYHDOV,WLVDOVRWKHÀUVWWRIDOOIURPVXVSHQVLRQDV
WKHÁRZYHORFLW\GHFUHDVHV7KHFRDUVHVDQGWKHUHIRUH
tends to be deposited closer to its source as indicated
in Fig. 5(f).
A Second Illustrative Case
7KH FDVH MXVW GHVFULEHG XVHG D FRQWLQHQW
distribution consisting of a single spherical cap,
centered at the equator, which covered 38% of the
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Fig. 5.6QDSVKRWDWDWLPHRIGD\VIURPWKHLOOXVWUDWLYHFDVH D VXVSHQGHGÀQHVDQG F VXVSHQGHGPHGLXPVDQG
H VXVSHQGHGFRDUVHVDQG E FXPXODWLYHGHSRVLWHGÀQHVDQG G FXPXODWLYHGHSRVLWHGPHGLXPVDQG I FXPXODWLYH
GHSRVLWHGFRDUVHVDQG$PSOLWXGHVRIWKHSORWVDUHVFDOHGWRPDWFKWKHYROXPHUDWLRVSURGXFHGE\EHGURFN
erosion for the three particle size classes.

area of the globe. To add a bit more realism a second
case is presented, one that preserves the parameter
YDOXHVRIWKHÀUVWFDVHEXWLQVWHDGRIDFLUFXODUFDS
XVHV D 3DQJHDQOLNH FRQWLQHQW GLVWULEXWLRQ )LJ 
displays snapshots at 50 and 100 days of the water
surface height relative to nominal (initial) sea
OHYHO D E  ZDWHU GHSWK F G  FXPXODWLYH EHGURFN
HURVLRQ H I  LQVWDQWDQHRXV WKLFNQHVV RI VHGLPHQW
VXVSHQGHG E\ WKH WXUEXOHQW ÁRZ VXVSHQGHG J K 
QHWFXPXODWLYHGHSRVLWLRQRIVHGLPHQW LM DQGWKH

topography of the continental surface as erosion and
GHSRVLWLRQ DQG LVRVWDWLF FRPSHQVDWLRQ MRLQWO\ DFW WR
DOWHULW NO $UURZVGHQRWHWKHPHDQZDWHUFROXPQ
velocity in (a, b) and water velocity at the base of the
water column in (c–l).
This second illustrative case displays the same
QRWHZRUWK\ IHDWXUHV RI WKH ÀUVW FDVH LQFOXGLQJ WKH
elevated water levels over the continent, especially
within the prominent anti-cyclonic gyres at high
latitudes and erosion concentrated along the
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continental margins. The cumulative volume of
EHGURFNHURVLRQLVHQRXJKWRFRYHUWKHVXUIDFHRIWKH
entire continent with sediment to a mean depth of
489 m (1604 ft) after 50 days and 878 m (2880 ft) after
GD\VUHÁHFWLQJDQDYHUDJHUDWHRYHUWKHGD\V
of 9.8 m/day (31.4 ft/day). This case demonstrates
hundreds of meters of sediment emplaced above sea
level on top of the continental surface which initially
itself was mostly above sea level.
Discussion
In the context of a reasoned defense of the Genesis
)ORRGWKHUHDUHVHYHUDOPDMRUIHDWXUHVRIWKHHDUWK·V
continental surface that cry out for explanation. First
is the sheer volume of fossil-bearing sedimentary
URFNSUHVHQWWKHUHWRGD\7KHYROXPHLVVXIÀFLHQWWR
cover the continental surface to an average depth of
about 1800 m or about 1.1 mi. What was the source of
this massive volume of sediment during the Flood’s
short time span? Second is the location of this huge
volume of sediment. It occurs on top of the continents,
whose surface generally lies above sea level. This
raises the question, what sort of water process might
conceivably emplace so much sediment above sea
level on top of the land surface? A third issue has
to do with the internal depositional characteristics
RI WKH VHGLPHQW *HQHUDOO\ VSHDNLQJ PRVW RI WKH
sediment occurs as a vertical succession of horizontal
layers, often with vast lateral extent. Such an orderly
OD\HUFDNH SDWWHUQ RI ODWHUDOO\ H[WHQVLYH VWUDWD LV
readily observed, for example, for the sediments
exposed in the walls of the Grand Canyon. What
sort of transport and depositional process could
conceivably generate such uniform layers over such
vast horizontal distances?
A fourth prominent feature of the earth’s surface
includes the so-called continental shields, including
the Canadian, Baltic, Angaran (Siberian), African,
Indian, Australian, and Antarctic shields. These
large areas of exposed Precambrian crystalline
LJQHRXV DQG KLJKJUDGH PHWDPRUSKLF URFNV KDYH
H[SHULHQFHGVLJQLÀFDQWHURVLRQ RIWHQZLWKPRUHWKDQ
NP PL RIFU\VWDOOLQHURFNUHPRYHG DUHQHDUO\
ÁDW DQG KDYH QHJOLJLEOH LI DQ\ VHGLPHQW FRYHU
When in earth history did such intense erosion occur
if it was not during the Genesis Flood? And by what
sort of process?
$ÀIWKQRWHZRUWK\IHDWXUHLVWKHSKHQRPHQRQRI
so-called sedimentary basins that cover much of the
non-shield portions of the continent surface. These
basins are commonly described by the standard earth
science community as regions of long-term subsidence
WKDWKDYHSURYLGHGDFFRPPRGDWLRQVSDFHIRULQÀOOLQJ
by sediments. Frequently absent from the discussion
of most basins is the mechanism responsible for their
subsidence. Basin sediments almost invariably have
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notably lower GHQVLWLHV WKDQ WKH EDVHPHQW URFNV
beneath. Within stable craton interiors there is no
REYLRXVUHDVRQZK\ORZHUGHQVLW\URFNDWWKHVXUIDFH
VKRXOGGLVSODFHKLJKHUGHQVLW\URFNDWGHSWKWR\LHOG
subsidence. Because a convincing mechanism for
subsidence has not been forthcoming in so many
contexts, this issue continues to be regarded as a
topic in need of further study within the earth science
community.
This numerical investigation appears to shed at
OHDVW VRPH QHZ OLJKW RQ DOO ÀYH RI WKHVH LPSRUWDQW
issues. First, in regard to a source for the huge
volume of Phanerozoic sediment present in the
FRQWLQHQWDOURFNUHFRUGWKHQXPHULFDOVWXG\UHYHDOV
that tsunami-driven cavitation erosion during the
time span of the Flood can generate new sediment
DWDUDWHVXIÀFLHQWWRDFFRXQWIRUDVL]DEOHIUDFWLRQRI
the Phanerozoic sediment inventory. The cavitation,
occurring at water speeds of several tens of m/s,
UDSLGO\ UHGXFHV FU\VWDOOLQH FRQWLQHQWDO FUXVWDO URFN
to sand-sized and smaller particles.
Moreover, the existence of so many shield areas
WRGD\ WHVWLÀHV WR WKH UHDOLW\ RI H[WUHPH HURVLRQ RI
WKH LJQHRXV EHGURFN RYHU YDVW SRUWLRQV RI WRGD\·V
FRQWLQHQWV 7KHVH VKLHOG DUHDV DUH UHPDUNDEO\ ÁDW
with little or no erosional channeling and generally
display little or no sedimentary deposition subsequent
to their intense erosional beveling. In the context
of the Flood, these areas would seem to be obvious
candidates as source areas for at least some of the
VHGLPHQWZHÀQGHOVHZKHUHRQWKHFRQWLQHQWDOVXUIDFH
$ PDMRU LVVXH KRZHYHU LV DQ HURVLRQDO PHFKDQLVP
VXIÀFLHQWO\SRWHQWWRHURGHVXFKKDUGFU\VWDOOLQHURFN
WRGHSWKVRIXSWRDNLORPHWHURUPRUHZLWKLQWKHWLPH
span of the Flood and also to do so in such a uniform
manner across such laterally extensive areas. The
frequent, large-amplitude tsunamis in this numerical
PRGHODSSHDUDGHTXDWHIRUVXFKDWDVN,QGHHGLWLV
GLIÀFXOWWRLPDJLQHDQDOWHUQDWLYHPHFKDQLVPFDSDEOH
of accomplishing such intense and laterally extensive
erosion to produce a surface with such astonishing
ÁDWQHVV
In regard to an explanation for why so much
sediment is emplaced on top of the continents
when their surfaces mostly lie above sea level, this
numerical model also provides especially helpful
insight. The short answer is that the tsunamis
initially bring more water onto the continent surface
WKDQFDQGUDLQYLDJUDYLW\EDFNLQWRWKHRFHDQEDVLQ
The water level therefore rises over the continent
VXUIDFH XQWLO WKH ZDWHU KHLJKW LV VXIÀFLHQW IRU WKH
runoff rate to match the emplacement rate from the
WVXQDPLV5HPDUNDEO\LQWKHLOOXVWUDWLYHFDVHVWKH
resulting average water depth is many hundreds
of meters, with maximum values exceeding 1500 m
(4921 ft) that occur at the centers of anti-cyclonic
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gyres at high latitudes in both northern and southern
hemispheres. These gyres are expressions of the
Coriolis effect caused by the earth’s rotation. The gyres
serve to organize the overall water motions over the
continent regions into a notably smooth and coherent
SDWWHUQ RI ÁRZ 7KH ZDWHU VSHHGV DQG GHSWKV DUH
VXIÀFLHQWWRVXVWDLQWKHOHYHORIWXUEXOHQFHQHHGHGWR
suspend the large volume rate of sediment produced
by cavitational erosion, to transport it to distant
ORFDWLRQVDQGWRGHSRVLWWKDWVHGLPHQWLQWKLFNQHVVHV
reaching hundreds to thousands of meters over much
RIWKHFRQWLQHQWDOVXUIDFH7KHWVXQDPLGULYHQÁRZ
DFFRXQWVQRWRQO\IRUHURVLRQRIVLJQLÀFDQWYROXPHV
of sediment but also its emplacement above sea level
on top of the continents in coherent patterns with
ODUJH ODWHUDO GLPHQVLRQV DQG WKLFNQHVVHV LQ H[FHVV
RI D NLORPHWHU 7KH PRGHO WKXV VHHPV WR DFFRXQW
for the emplacement of the sediment on top of the
continental surface and also for some aspects of its
internal character.
In regard to the internal character of the
sedimentary deposits themselves, the horizontal
VSDFLQJ RI DERXW NP PL  EHWZHHQ JULG
points in the computational grid for this global model

severely limits the sort of structural detail that can be
resolved at the local scale within individual sediment
layers. Certainly there is observational evidence for
ORQJ UXQRXW XQGHUZDWHU GHEULV ÁRZV DSSDUHQWO\
driven by gravity, such as the one which generated
the Whitmore Nautiloid Bed in Arizona and Nevada.
Such observations have drawn attention to the
issue of the primary sediment transport mechanism
GXULQJWKH)ORRGVSHFLÀFDOO\ZKHWKHUWKHWUDQVSRUW
ZDV SULPDULO\ E\ JUDYLW\ GULYHQ GHEULV ÁRZV RU E\
VHGLPHQW VXVSHQGHG LQ D WKLFN FROXPQ RI UDSLGO\
moving turbulent water. Although it is beyond
the scope of what is feasible to discuss here, the
calculations in this paper show that the sediment
concentrations frequently tend to become large, even
WRWKHSRLQWRIK\SHUFRQFHQWUDWHGÁRZDWWKHEDVHRI
the turbulent water column. In such cases, it appears
WKDWLWPLJKWEHFRPHGLIÀFXOWWRGLVWLQJXLVKZKHWKHU
the dense sediment is being moved by gravity or via
drag from above. Assuredly, this issue deserves more
detailed study in the future.
An important result of this investigation is that the
tsunami mechanism provides a simple to understand
explanation for the runoff of the Flood water from the
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continental surface. As the gravitational potential
HQHUJ\IURPWKHVLQNLQJOLWKRVSKHULFVODEVDQGULVLQJ
mantle plumes which had been driving the runaway
PRWLRQVEHJLQWREHVLJQLÀFDQWO\GHSOHWHGWKHVXUIDFH
plate speeds begin to diminish, the tsunamis begin
WRGHFUHDVHLQIUHTXHQF\DQGLQDPSOLWXGHWKHÁRZ
rates of the water currents on the continents start
to fall, and the water that had been emplaced and
maintained over the continental surface to such great
GHSWKVEHJLQVWRGUDLQEDFNLQWRWKHRFHDQEDVLQ7KH
time frame of Genesis 8 indicates that the runoff
UHTXLUHG DERXW ÀYH PRQWKV +HQFH WKH PRGHO DOVR
DGGUHVVHV WKH FRPPRQO\ DVNHG TXHVWLRQV DV WR WKH
source of the Flood waters and where these waters
went after the Flood.
The numerical calculations in addition provide a
possible explanation for the so-called sedimentary
basins. As mentioned in Appendix F, it was found
early in the testing the model that sediment
WKLFNQHVVHVRIVHYHUDOKXQGUHGVRIPHWHUVURXWLQHO\
DULVH :KHQ VXFK ODUJH WKLFNQHVVHV ZHUH DOORZHG
to augment the original continent topography
with no isostatic compensation whatsoever, a type
of numerical instability emerged. The unstable
behavior involved the formation of localized mounds
RI VHGLPHQW W\SLFDOO\ D IHZ KXQGUHG NLORPHWHUV
across and hundreds of meters high. This topography,
LQWXUQIRUFHGWKHZDWHUÁRZWREHFRPHFRQFHQWUDWHG
in channels between these sediment mounds and for
enhanced deposition to occur on top of the mounds
ZKHUHWKHÁRZGHSWKVDQGYHORFLWLHVZHUHVPDOO7KH
higher the mounds grew, the stronger this tendency
became. A simple remedy for this problem was to
include partial isostatic compensation to allow the
basement to subside in response to the sediment
load above it. The scheme described in Appendix F
alleviates this instability. The mounds of sediment
nevertheless still arise but with reduced amplitude.
This behavior observed in the numerical model
suggests a simple and straightforward explanation
for the subsidence associated with what are today
referred to as sedimentary basins. The explanation
is that the sediments now found in these so-called
basins correspond to large piles of sediment deposited
on the continental surface during the Flood by the
large-scale turbulent water processes. The weight
of these mounds of sediments has subsequently
depressed the original surface beneath the sediments
LQWRLWVSUHVHQWEDVLQOLNHSURÀOH
A notable feature of the computational results is
WKH VLJQLÀFDQW GHSWK RI WKH ZDWHU RYHU PXFK LI QRW
most of the continental surface sustained by frequent
large-amplitude tsunamis. Among the issues this
UDLVHV DUH REVHUYDWLRQV VXFK DV DQLPDO WUDFNZD\V
which indicate some portions of the land surface
were above water. It is noteworthy that in the
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illustrative cases after about 50 days the topographic
elevation of some of the sediment mounds brings
them some of the time above the water surface. This
is consistent with the fact that evidences for land
surface exposure within the Paleozoic portion of the
sediment record, that is, during the earlier part of
the Flood, are scant, while such evidences become
more and more common through the Mesozoic and
Cenozoic parts of the record, that is, during the
Flood’s latter stages. This feature of high water levels
over most of the continental area during most of the
depositional stage of the Flood also has bearing on
the issue of where the plants and animals buried in
later Flood sediments were being warehoused during
the earlier stages of the Flood. The illustrative
cases described in this paper would seem to imply
WKDW WKH\ ZHUH HLWKHU ÁRDWLQJ DW WKH ZDWHU VXUIDFH
or were being persistently suspended by the highly
WXUEXOHQWÁRZ$QRWKHUSRVVLELOLW\QRWDGGUHVVHGLQ
the illustrative cases, however, is that there were
pre-Flood continental regions with high topography
ZKLFKZHUHQRWÁRRGHGXQWLOODWHULQWRWKH)ORRG7KH
illustrative cases used initially smooth continental
surfaces whose maximum elevation above nominal
sea level was only about 100 m (328 ft). Clearly this
issue deserves further study in the future.
A crucial aspect of the model that also invites
IXUWKHU VFUXWLQ\ LV WKH ORFNLQJVOLSSLQJ PHFKDQLFV
of subducting lithosphere responsible in the model
for generating the large-amplitude tsunamis.
Plate speeds during the Flood, as constrained by
the timescale of Genesis chapters 7 and 8 and the
ZLGWKV RI QHZ RFHDQ ÁRRU JHQHUDWHG PXVW KDYH
been at least 108 times higher than is typical today.
On the other hand, as discussed in Appendix F, the
VWUHQJWK RI PDQWOH URFN DQG SRVVLEO\ DOVR PXFK RI
the lithosphere was reduced by a similar factor. It
LVWKHUHIRUHGLIÀFXOWWRH[WUDSRODWHZLWKDQ\GHJUHH
RI FRQÀGHQFH WRGD\·V VXEGXFWLRQ ]RQH PHFKDQLFV WR
the state of affairs that prevailed during the Flood. In
today’s world, the subducting slab and the overriding
SODWH DUH DOZD\V ORFNHG H[FHSW IRU EULHI HSLVRGHV
lasting from seconds to minutes, during which rapid
VOLSRFFXUVUHVXOWLQJLQHDUWKTXDNHVDQGVRPHWLPHV
large tsunamis. The time between slip events on
many subduction zone segments today is measured
in terms of centuries. A horizontal speed of 10 cm/yr
IRU RQH RI WKH SODWHV ZLWK WKH RWKHU SODWH À[HG IRU
example, implies 10 m (32.8 ft) of slip between plates
every 100 years or 20 m (65.6 ft) of slip every 200
years. How this process might have operated during
the Flood when plate speeds were dramatically
KLJKHULVIDUIURPFOHDU7KHNH\LVVXHZRXOGVHHPWR
be the amount of stress the fault between the plates
could sustain without slip occurring. It may well
be that the strength reduction due to the runaway
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process may have affected the lithosphere less than
the mantle beneath and allowed relatively higher
OHYHOVRIVWUHVVLQWKHORFNHGSODWHVDQGFRQVHTXHQWO\
ODUJHU VXUIDFH GHÁHFWLRQV EHWZHHQ HSLVRGHV RI VOLS
)XUWKHU FDUHIXO VWXG\ OLNHO\ XWLOL]LQJ QXPHULFDO
tools, is urgently needed for this vital issue.
It is to be emphasized that the two illustrative
cases presented in this paper are highly simplistic
relative to the real earth and the full suite of processes
that played a role during the Flood. One of the more
JODULQJGHÀFLHQFLHVLVWKDWLQERWKFDVHVWKHFRQWLQHQW
FRQÀJXUDWLRQUHPDLQHGFRQVWDQWZLWKQRFRQWLQHQWDO
EUHDNXSDQGQRVXEVHTXHQWPRWLRQRIWKHFRPSRQHQW
EORFNV $OORZLQJ WKH LQLWLDO FRQWLQHQW FRQÀJXUDWLRQ
WR EUHDN DSDUW DQG WKH UHVXOWLQJ EORFNV WR PLJUDWH
DOPRVW FHUWDLQO\ ZLOO UHVXOW LQ PDMRU FKDQJHV LQ
SDWWHUQV RI ZDWHU ÁRZ HURVLRQ DQG VHGLPHQWDWLRQ
Moreover, neither of the two cases included any initial
topography apart from a slightly domed continent
surface. Neither included any dynamic topography
DULVLQJ IURP ÁRZ RI URFN LQVLGH WKH PDQWOH 6XFK
variations in continent surface height can reach
VHYHUDO NLORPHWHUV LQ DPSOLWXGH HVSHFLDOO\ ZKHQ
subduction is occurring near a continental margin.
Furthermore, neither calculation included any
changes at all in the location or activity of the
subduction zones. Temporal changes in where
the tsunamis are generated and their amplitude
XQGRXEWHGO\ DIIHFW WKH SDWWHUQV RI ZDWHU ÁRZ
erosion, and sedimentation. Neither of the two cases
included any temporal or spatial changes in the
height of the ocean bottom, nor any easily eroded
sediment present initially on the continental surface,
nor any motions of the deposited sediments due to
gravity-driven debris slides, nor any contributions
WREHGURFNHURVLRQIURPSOXFNLQJRUVXVSHQGHGORDG
abrasion, nor any of a much longer list of processes
that undoubtedly affected the sediment distribution
in notable ways. In other words, the numerical model
described here is merely a beginning, primitive
IUDPHZRUNIRUWUHDWLQJWKHZDWHUÁRZHURVLRQDQG
sedimentation of the Flood on a global scale. It is one,
KRZHYHUWKDWKDVWKHÁH[LELOLW\WREHDXJPHQWHGWR
DGGUHVVPRVWRIWKHLVVXHVMXVWPHQWLRQHG
<HW HYHQ WKLV EHJLQQLQJ IUDPHZRUN LV \LHOGLQJ
LPSRUWDQW QHZ LQVLJKWV 7KH ÀQGLQJ WKDW ODUJH
DPSOLWXGH WVXQDPLV SURGXFHG E\ ORFNLQJ DQG
HSLVRGLF XQORFNLQJ RI VXEGXFWLQJ RFHDQ SODWHV LQWR
WKH PDQWOH GXULQJ WKH )ORRG FDQ FDXVH VLJQLÀFDQW
depths of water spontaneously to accumulate over the
continental interior represents a notable discovery.
One of the greatest unresolved issues concerning
the Genesis Flood has been the mechanism by
which the entire continental surface could possibly
EHÁRRGHGZLWKZDWHU$FRPSDQLRQLVVXHKDVEHHQ
the mechanism responsible for the draining away of
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this water. The steady slowing of tsunami generation
due to exhaustion of the gravitational energy driving
WKH URFN PRWLRQV LQ WKH PDQWOH GXULQJ WKH ZDQLQJ
stages of the Flood causes the water velocities
steadily to drop to zero and the water to drain from
the continent. Both issues are resolved utilizing only
the inventory of water presently in the world’s ocean
basins. These mechanisms possibly might never have
EHHQ LGHQWLÀHG DSDUW IURP QXPHULFDO VLPXODWLRQ
experiments such as these.
The version of this model presented at the
2013 International Conference on Creationism
(Baumgardner 2013) utilized an entirely different
mechanism for driving the water motions. In that
case the mechanism involved several near approaches
with the earth of a moon-sized body that raised largeamplitude tides. That paper suggested that six such
near encounters spaced about 30 days apart might
plausibly account for the six megasequences so
prominent in the sediment record and the nearly
global erosional unconformities associated with
them (Sloss 1963). In view of the results presented
in this paper, one might wonder whether these
PRUH UHFHQW ÀQGLQJV VXSHUVHGH RU HYHQ QHJDWH WKH
earlier ones. It is the author’s opinion that the two
papers and the two forcing mechanisms are mutually
compatible. To me it is at least conceivable that both
mechanisms might have operated during the Flood.
However, the tsunami mechanism—occurring as a
direct consequence of the rapid plate tectonics that
ORJLFDOO\PXVWKDYHWDNHQSODFHGXULQJWKH)ORRG³LQ
P\YLHZLVYDVWO\PRUHOLNHO\(VSHFLDOO\EHFDXVHWKH
tsunami mechanism appears to account so readily
IRUWKHÁRRGLQJRIWKHFRQWLQHQWDOUHJLRQVGXULQJWKH
Flood and for the runoff in its latter stages, I believe
LWGHVHUYHVVLJQLÀFDQWIXUWKHUDWWHQWLRQ7KHVFHQDULR
of a near approach with earth by a moon-sized body
described in the 2013 paper was, quite candidly, a near
desperation effort on my part to identify an adequate
PHFKDQLVPIRUGULYLQJWKHZDWHUÁRZ:HUHLWQRW
for the conceivable ability of this scenario to account
for the megasequences, I doubt that I would have a
VXIÀFLHQWOHYHORILQWHUHVWWRSXUVXHLWDQ\IXUWKHU
Conclusion
Numerical simulation offers a means for
investigating phenomena that are impossible,
either because of their physical scale or the
extreme conditions they entail, or both, to explore
experimentally in a repeatable manner in the
laboratory. The Genesis Flood certainly falls into this
category. This paper describes a beginning attempt
WR DSSO\ NQRZQ SK\VLFDO ODZV SK\VLFDO SURFHVVHV
that can be investigated in the laboratory, and
processes on larger scales that can be studied and
characterized by measurements in the present, to
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model important aspects of this unique cataclysmic
event. The numerical model exploits the shallow
ZDWHU DSSUR[LPDWLRQ WR UHSUHVHQW ZDWHU ÁRZ LQ
a thin layer on the surface of a rotating sphere
corresponding to the earth. It utilizes the theory
RI RSHQFKDQQHO ÁRZ WR WUHDW WKH VXVSHQVLRQ DQG
WUDQVSRUW RI VHGLPHQW E\ WXUEXOHQW ÁRZLQJ ZDWHU
As its mechanism for erosion it utilizes cavitation.
7R GULYH WKH ZDWHU ÁRZ LW GUDZV XSRQ D FXUUHQWO\
observable consequence of plate tectonics, namely,
WKH ORFNLQJ DQG VXGGHQ UHOHDVH RI D VXEGXFWLQJ
lithospheric plate along its fault contact with the
overriding plate in a subduction zone. Today, when a
VXEGXFWLQJSODWHXQORFNVDQGUHERXQGVWKHXSZDUG
motion of the plate can, and often does, generate a
ZDWHUZDYHNQRZQDVDWVXQDPL'XULQJWKH)ORRG
when plate speeds were orders of magnitude higher
than they are today, the amplitudes of the tsunamis
may conceivably have been vastly larger.
In the numerical model such large-amplitude
WVXQDPLV GULYH WKH JOREDO ZDWHU ÁRZ 7KHVH
tsunamis, astonishingly, inundate the continental
regions everywhere with many hundreds of meters of
water. The tsunamis initially emplace water on the
FRQWLQHQWIDVWHUWKDQLWFDQUXQRIIXQGHUWKHLQÁXHQFH
of gravity. Equilibrium between water emplacement
and runoff occurs only after water over the continental
surface reaches depths of many hundreds of meters.
In the meantime, water speeds along the continental
PDUJLQV TXLFNO\ H[FHHG WKH FDYLWDWLRQ WKUHVKROG
leading to intense erosion there of the continental
EHGURFN 7KH &RULROLV HIIHFW FDXVHG E\ WKH HDUWK·V
rotation leads to large, mostly stationary, circulation
patterns at high latitudes above the continental
regions in both northern and southern hemispheres.
7KH SHUVLVWLQJ ODUJHVFDOH ÁRZ RI WXUEXOHQW ZDWHU
transports the eroded sediment and deposits it in a
pattern characterized by large spatial scales. When
plate speeds begin to fall due to the exhaustion
of gravitational energy driving the motion in the
mantle, the tsunamis decrease in frequency and in
amplitude, water velocities drop toward zero, and the
water that had been standing hundreds of meters
GHHS RYHU WKH FRQWLQHQWDO VXUIDFH GUDLQV EDFN LQWR
the ocean basin. In the two illustrative examples, the
erosion and deposition rates approach those needed
to account for the 1800 m (5905 ft) of sediment on
DYHUDJHWKDWEODQNHWVWRGD\·VFRQWLQHQWDOVXUIDFH
This numerical model, basic as it is, sheds new
light on several important issues relating the Flood.
It seems to account (1) for how the continents,
which today are mostly above sea level, were deeply
LQXQGDWHGGXULQJWKH)ORRG  IRUWKHVRXUFHRIWKH
ZDWHU UHVSRQVLEOH IRU WKH LQXQGDWLRQ DQG   IRU
where all that water went at the end of the Flood. It
appears to account (4) for how such a huge volume
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of new sediment could arise during the short time
VSDQRIWKH)ORRG  IRUKRZWKHDVWRQLVKLQJO\WKLFN
sediment sequences we observe in the sediment
record managed to be deposited on top of the normally
KLJKVWDQGLQJFRQWLQHQWVDQG  IRUWKHYDVWODWHUDO
scales and horizontal continuity of many if not most
individual layers within the sediment sequence. It
DSSHDUV WR DFFRXQW   IRU WKH YDVW UHJLRQV RI ÁDW
GHHSO\ EHYHOHG 3UHFDPEULDQ EDVHPHQW URFN NQRZQ
as continental shields. Finally, it may well account
(8) for how sedimentary basins came into being.
These promising results invite several future
UHÀQHPHQWV DQG DGGLWLRQV ([DPSOHV LQFOXGH
DXJPHQWLQJWKHPRGHOWRWUHDWFRQWLQHQWDOEUHDNXS
PRWLRQVRIWKHUHVXOWLQJFRQWLQHQWDOEORFNVPLJUDWLRQ
of subduction zones, and dynamic topography rising
IURP PRYHPHQW RI URFN LQVLGH WKH PDQWOH 6XFK
UHÀQHPHQWVDOPRVWFHUWDLQO\ZLOOOHDGWRDGGLWLRQDO
insights concerning this cataclysm that in Noah’s day
so dramatically altered the face of the earth. My prayer
is that improved understanding of the processes that
generated the fossil-bearing sediment record during
WKH)ORRGPLJKWVWUHQJWKHQWKHFRQÀGHQFHRIPDQ\LQ
the historical reliability of Genesis 1–11, and hence
WKHLU FRQÀGHQFH LQ WKH HQWLUHW\ RI 6FULSWXUH DQG
thereby strengthen their loyalty and devotion to the
/RUG-HVXV
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Appendix A: What Is Fluid Turbulence?
7KHLPSRUWDQFHRIWKHUROHRIWXUEXOHQFHLQÁXLGV
was clearly recognized in the early part of the 19th
century when the pressure drop in water pipes
and the drag of water on ships were hydraulics
issues of considerable practical concern. It was
NQRZQ WKDW ERWK WKH SUHVVXUH GURS LQ SLSHV DQG
the drag exerted on ships as they moved through

the water had two components, one linear and the
RWKHUDSSUR[LPDWHO\TXDGUDWLFLQWKHÁXLGYHORFLW\
6XUSULVLQJO\ LW ZDV IRXQG WKDW RQO\ WKH ÀUVW RQH
GHSHQGHGRQWKHYLVFRVLW\RIWKHÁXLG,QWKHV
G. Hagen and H. Darcy both published careful
PHDVXUHPHQWV RI ÁXLG ÁRZ WKURXJK ODUJH SLSHV
They both noted that the quadratic component
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ZDVDVVRFLDWHGZLWKGLVRUGHUHGPRWLRQLQWKHÁXLG
and that it became the dominant contribution
ZKHQ WKH SLSHV ZHUH ODUJH DQG WKH ÁRZ VSHHG
EHFDPH VXIÀFLHQWO\ KLJK 7KH\ VSHFXODWHG WKDW
the increased drag was due to the energy spent in
FUHDWLQJ YHORFLW\ ÁXFWXDWLRQV DV WKH ÁRZ EHFDPH
turbulent.
* 6WRNHV   ZDV WKH ÀUVW WR VKRZ WKDW
WKH RQVHW RI WXUEXOHQW ÁRZ GHSHQGV RQ WKH UDWLR
RI WKH LQHUWLDO IRUFH RI WKH PRYLQJ ÁXLG WR WKH
viscous forces acting upon it. This ratio is today
NQRZQ DV WKH 5H\QROGV QXPEHU QDPHG DIWHU 2
5H\QROGV ZKR LQ WKH V DQG V SXEOLVKHG
a series of papers describing results of his careful
experimental studies on the transition from
laminar to WXUEXOHQWÁXLGÁRZÀUVWLQSLSHVDQG
WKHQLQRWKHUVHWWLQJV5H\QROGVLQDQSDSHU
5H\QROGV   VWUHVVHG WKH LPSRUWDQFH RI WKLV
dimensionless ratio that now bears his name. This
UDWLRWKH5H\QROGVQXPEHURe, is usually expressed
as 5H X/ǎ, where u LV WKH ÁXLG YHORFLW\ L is a
FKDUDFWHULVWLFVSDWLDOGLPHQVLRQRIWKHÁRZDQGǎ
LVWKHNLQHPDWLFYLVFRVLW\
In the early 20th century /XGZLJ 3UDQGWO
made an important computational advance by
LQWURGXFLQJWKHFRQFHSWRIDÁXLGERXQGDU\OD\HU
,Q D JURXQGEUHDNLQJ  SDSHU KH VKRZHG WKDW
WKHHTXDWLRQVIRUÁXLGÁRZFRXOGEHVLPSOLÀHGE\
GLYLGLQJWKHÁRZÀHOGLQWRWZRUHJLRQVDERXQGDU\
OD\HULQZKLFKWKHÁXLGYLVFRVLW\SOD\VDPDMRUUROH
and the region outside the boundary layer, where
WKH YLVFRVLW\ FDQ EH QHJOHFWHG ZLWK QR VLJQLÀFDQW
effects on the solution. Prandtl’s boundary layer
WKHRU\SURYLGHGFUXFLDOQHZXQGHUVWDQGLQJRIVNLQ
friction drag and how streamlining reduces drag on
airplane wings and other bodies that move relative
WRDÁXLGHQYLURQPHQW
%XW ZKDW LV ÁXLG WXUEXOHQFH" 7KH %ULWLVK
VFLHQWLVW /) 5LFKDUGVRQ   GHVFULEHG ÁXLG
turbulence in poetic fashion as follows:
Big whorls have little whorls
That feed on their velocity,
And little whorls have lesser whorls
And so on to viscosity.

5LFKDUGVRQ·V SLFWXUH RI WXUEXOHQFH LV D ÁRZ
comprised of a hierarchy of vortices, or eddies, from
large to tiny. These eddies, including the large
ones, are unstable. The shear that their rotation
H[HUWVRQWKHVXUURXQGLQJÁXLGJHQHUDWHVVPDOOHU
QHZHGGLHV7KHNLQHWLFHQHUJ\RIWKHODUJHHGGLHV
is thereby passed to the smaller eddies that arise
from them. These smaller eddies in turn undergo
the same process, giving rise to even smaller eddies
that inherit the energy of their predecessors, and so
on. In this way, the energy is passed down from the

large scales of motion to smaller and smaller scales
XQWLOUHDFKLQJDOHQJWKVFDOHVXIÀFLHQWO\VPDOOWKDW
WKHPROHFXODUYLVFRVLW\RIWKHÁXLGWUDQVIRUPVWKH
NLQHWLFHQHUJ\RIWKHVHWLQLHVWHGGLHVLQWRKHDW
,Q  WKH 5XVVLDQ $1 .ROPRJRURY D
b) postulated that for very high 5H\QROGVQXPEHUV
the small scale turbulent motions are statistically
isotropic (i.e., have no preferential spatial
GLUHFWLRQ  ,Q JHQHUDO WKH ODUJHVW VFDOHV RI D ÁRZ
are not isotropic, since they are determined by the
particular geometrical features of the problem.
Kolmogorov’s idea was that, in the energy cascade
ZKLFK 5LFKDUGVRQ GHVFULEHG WKLV JHRPHWULFDO
and directional information at the largest scale is
lost. This means that the statistics of the smaller
scales has a universal character and that they
are WKH VDPH IRU DOO WXUEXOHQW ÁRZV when the
5H\QROGV QXPEHU LV VXIÀFLHQWO\ KLJK +H IXUWKHU
K\SRWKHVL]HGWKDWIRUYHU\KLJK5H\QROGVQXPEHUV
the statistics of small scales are universally and
uniquely determined by the viscosity ǎ and the
rate of energy dissipation ǆ. With only these two
parameters, a unique length ǌ can be obtained by
dimensional analysis given by ǌ = (v3/ǆ)¼. This is
WRGD\NQRZQDVWKH.ROPRJRURYOHQJWKVFDOH
.ROPRJRURY·V FRQFHSW ZDV WKDW WXUEXOHQW ÁRZ
is characterized by a hierarchy of scales through
ZKLFKWKHHQHUJ\FDVFDGHWDNHVSODFH'LVVLSDWLRQ
RI NLQHWLF HQHUJ\ RFFXUV DW VFDOHV RI WKH RUGHU RI
Kolmogorov length ǌ, while the input of energy
into the cascade comes from the decay of the large
scales, characterized by scale length L. These two
scales at the extremes of the cascade can differ
E\ VHYHUDO RUGHUV RI PDJQLWXGH DW KLJK 5H\QROGV
numbers. In between there is a range of scales
(each one with its own characteristic length r) that
has formed at the expense of the energy of the
large ones. These scales are very large compared
with the Kolmogorov length, but still very small
FRPSDUHG ZLWK WKH ODUJH VFDOH RI WKH ÁRZ LH ǌ
<< r << L). Since eddies in this range are much
larger than the dissipative eddies that exist at
.ROPRJRURY VFDOHV KDUGO\ DQ\ NLQHWLF HQHUJ\
LV GLVVLSDWHG LQ WKLV UDQJH 5DWKHU LW LV PHUHO\
transferred to smaller scales until viscous effects
begin to become important as the Kolmogorov scale
is approached. Within this range inertial effects of
WKHPRYLQJÁXLGSDUFHOVDUHVWLOOPXFKODUJHUWKDQ
viscous effects. Therefore within this inertial range
it is possible to neglect the effects of molecular
viscosity in the internal dynamics. Although some
further details have emerged in the 75 years
since Kolmogorov published these ideas, modern
understanding of turbulence rests squarely on the
basic picture he provided.
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Appendix B: Turbulent Boundary Layers
In this paper, the concern is with large-scale erosion
and sediment transport and deposition processes
over a continental surface driven by a rapidly moving
turbulent water layer. This problem is in the general
FDWHJRU\RIRSHQFKDQQHOÁRZZKLFKLVRQHRIJUHDW
practical interest and one that has been studied
experimentally for many years. Examples of open
FKDQQHOÁRZVLQFOXGHULYHUVWLGDOFXUUHQWVLUULJDWLRQ
canals, and sheets of water running across the ground
surface after a rain. The equations commonly used
WR PRGHO VXFK ÁRZV DUH DQFKRUHG LQ H[SHULPHQWDO
measurements and decades of validation in many
diverse applications. These experiments show that,
except for the immediate vicinity of the boundary, the
PHDQYHORFLW\SURÀOHLQWKHWXUEXOHQWÁRZUHJLPHLV
very close to being a logarithmic function of distance
from the boundary. If in addition the boundary is
rough due to the presence of, say, discrete sand-sized
particles forming the boundary, the mean velocity
ƈ (that is, the total velocity with the high frequency
ÁXFWXDWLRQV GXH WR WXUEXOHQFH VXEWUDFWHG DZD\  DV
a function of height z above the boundary is given to
good approximation by
u( z )

§ z
2.5 uW ln ¨
© z0

·
¸,
¹

(A1)

where uǕ is what is commonly referred to as the
shear velocity or friction velocity and zo is a number
proportional to the size of the roughness elements
along the boundary. This result and the brief account of
turbulent boundary layer theory that follows are based
on lecture notes for a 2009 graduate course entitled
´7XUEXOHQW%RXQGDU\/D\HUVµE\'DYLG$SVOH\  
at the University of Manchester, United Kingdom.
Apsley, in turn, relies somewhat on Pope (2000).

The quantity uǕGHÀQHGDVuǕ  Ǖoǒ ½, where Ǖo is the
boundary shear stress and ǒLVWKHÁXLGGHQVLW\VKRXOG
consciously be understood as a measure of the boundary
shear stress rather than an actual velocity, even though
it has dimensions of velocity and is commonly referred
to as such. Using Eq. (A1) the friction velocity uǕ can
be computed from the depth h of the turbulent layer
and the mean velocity at z = h as uǕ = ƈ(h)/[2.5 ln(h/zo)].
Assuming that the boundary roughness arises from
fairly well sorted mineral sediment particles with the
usual natural range of particle shape and roundness,
the quantity zo is given by D/30, where D is the
characteristic particle size. For purposes of this paper,
D is chosen to be 0.5 mm (0.019 in), the value commonly
used to distinguish coarse sand from medium sand.
The factor 2.5 is the reciprocal of the von Karman
parameter, an experimentally determined quantity,
named after Theodore von Kármán, a HungarianAmerican aeronautical engineer considered by many
to be the preeminent theoretical aerodynamicist of the
20th century.
Eq. (A1) provides a realistic, experimentally
validated description of the mean horizontal velocity
DQG WKH DVVRFLDWHG WXUEXOHQFH IURP MXVW D IHZ
millimeters above the boundary to the top of the
ÁRZLQJ OD\HU 1RWH WKDW WKH NLQHPDWLF YLVFRVLW\ ǎ
does not appear. This is because at the surface the
drag on the surface is dominated by the roughness
of the sediment particles and the turbulence this
generates, rather than shearing of the water itself.
7KH UHSUHVHQWDWLRQ RI WKH WXUEXOHQW ÁRZ LQ WHUPV
of Eq. (A1) enables one to connect the global water
YHORFLW\ÀHOGREWDLQHGE\VROYLQJWKHVKDOORZZDWHU
equations on a rotating sphere (the earth) with the
more localized model of erosion, sediment transport,
and sediment deposition described below.

Appendix C: Sediment Transport in a Turbulent Boundary Layer
The following treatment of suspended sediment
follows closely that provided by Harris (2003) in
her lecture notes for a graduate course on sediment
transport processes. Suspension of sediment particles
RFFXUVZKHQWKHWXUEXOHQWYHORFLW\ÁXFWXDWLRQZĻ in
the vertical direction is at least as large as the settling
speed w of the particles. Experiments show that the
YHUWLFDO YHORFLW\ ÁXFWXDWLRQ ZĻ due to turbulence is
approximately equal to the friction velocity uǕ, that
is, ZĻ§uǕ near the bottom of the turbulent layer. A
TXDQWLW\NQRZQDVWKH5RXVHSDUDPHWHUP, involving
the ratio of w to uǕDQGGHÀQHGDVP = w/NuǕ = 2.5w/uǕ,
is commonly used as a criterion for suspension. (ǋ is
the von Karman parameter, whose value is 0.4.) Based
on experimental observation it is found that for P > 2.5

there is no suspension, for 1 < P < 2.5 there is incipient
suspension, and for P < 1 there is full suspension. Note
that the particle settling speed w, and hence also the
5RXVHSDUDPHWHUP, depends on particle size.
To characterize the sediment load of the turbulent
layer of water, it is useful to use the local volume
fraction c RI VHGLPHQW LQ WKH ÁRZ ,I WKH ÁRZ LV
reasonably uniform in the horizontal direction on
VSDWLDO VFDOHV RQ WKH RUGHU RI WKH OD\HU WKLFNQHVV
which we shall assume, and is reasonably steady on
timescales on the order of our numerical time step,
then from mass conservation it can be shown that

w
[cw   c ' w ' !]
wz

0,

(A2)
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where prime (Ļ  GHQRWHV WKH ÁXFWXDWLQJ FRPSRQHQW
and < > denotes time average. The term FĻZĻ!
represents vertical diffusion of suspended sediment
by turbulent eddies. This term can be rewritten in
terms of an eddy diffusivity Ks as FĻZĻ! .s F],
and Eq. (A2) can then be rewritten as
w
[ wc  K s w c/ w z]
wz

0.

(A3)

Integrating this equation with respect to z yields
w c

K s wc
.
wz

(A4)

This states that for steady, uniform conditions the
downward settling of sediment (–w c) balances the
upward diffusion of sediment by turbulent eddies.
Integrating once more with respect to height using y
as the variable of integration yields
ª c( z ) º
ln «
»
¬ c( a ) ¼

w ³

z

a

dy
( y) ,
Ks

(A5)

where a is a reference height near the bed where the
concentration c(a)FDQEHVSHFLÀHG,QWXUEXOHQWÁRZ
near the bed the eddy viscosity Km for momentum
is given by Km ǋXǕ z, where ǋ is the von Karman
parameter, uǕ is the friction velocity, and z is height.
Since the same eddies that diffuse momentum
vertically also diffuse mass, one can represent the
eddy diffusivity Ks as Ks = DNuǕ z, where D is a constant
of proportionality. For low sediment concentrations
D§DQGIRUKLJKFRQFHQWUDWLRQVDYDOXHRILV
commonly used. Substituting this expression for Ks
LQWRWKHULJKWKDQGVLGHRI(T $ ZHÀQG
ª w º z
z dy
w ³
(A6)
«
» ln .
a DN u y
W
¬ DN uW ¼ a
Combining Eqs. (A5) and (A6) and using the fact
WKDW WKH 5RXVH SDUDPHWHU P = w/NuǕ, we obtain the
following expression for the volume fraction c of
sediment as a function of height z above the bed
c( z )
c( a )

P

§z·D
¨a¸
© ¹

.

(A7)

This result is valid only near the base of the
turbulent layer. To obtain a description that is
applicable throughout the turbulent layer, it is
necessary to use an eddy diffusivity that decreases
more strongly with height. One such functional form
FRPPRQO\ XVHG \LHOGV DQ HGG\ GLIIXVLYLW\ SURÀOH
that is parabolic, decreasing to zero at the top of the
turbulent layer at z = h and approaching DkuǕz near the
base of the layer. It is expressed as Ks = DǋXǕ z(1–z/h).
Substitution of this quadratic eddy diffusivity into

(T $ \LHOGVZKDWLVNQRZQDVWKH5RXVHSURÀOH

ci ( z )

{

{

P

ªz(h  a )º¼ D .
ci ( a ) ¬
ª¬a(h  z )º¼

(A8)

6LQFH WKH 5RXVH SDUDPHWHU GHSHQGV RQ SDUWLFOH
settling velocity which in turn depends on particle
VL]HZHGLYLGHWKHVHGLPHQWLQWRDÀQLWHQXPEHURI
sediment classes according to particle size which we
designate by the subscript i. Eq. (A8) then provides a
separate vertical distribution of volume fraction for
each sediment class.
Integrating Eq. (A8) with respect to height from a
to h, noting that
Pi

{

ª¬z(h  a )º¼
ª¬a(h  z )º¼

{

 Pi

D

ª§ h
·º D
«¨ z  1 ¸ »
¹¼ ,
¬©
ª§ h
·º
«¨ a  1 ¸ »
¹¼
¬©

we obtain the following expression for the carrying
capacity FiRIWKHÁRZIRUHDFKVHGLPHQWFODVV

Fi

ª
«
« c (a)
« i
Pi
«
«§ h 1·D
¸
«¬ ¨© a
¹

º
»
Pi
» h§ h ·D
»³ ¨
¸ dz
» a © z 1 ¹
.
»
»¼

(A9)

We choose the reference height a to be
constant with a value of 1 cm (0.39 in). Since
ci(a), the sediment volume fraction at height a,
is dimensionless, we note that Fi, has units of
distance. Fi UHSUHVHQWV WKH WRWDO WKLFNQHVV RI
sediment of class iWKDWWKHÁRZFDQVXVSHQG)RU
purposes of the computation, because, as explained
below, we impose a severe limit on the sediment
YROXPHIUDFWLRQDWHDFKKHLJKWZHWDNHci(a) to be
unity. Note that FiWKHQGHSHQGVRQO\RQWKH5RXVH
parameter Pi, of the sediment class and the depth
of the turbulent layer h. For practical reasons, we
divide the height coordinate z into a number of
discrete zones or layers, indexed by k, and compute
a sediment carrying capacity FiN for each layer.
The total column carrying capacity Fi is then given
by Fi = ƴ)ik, where the summation is over k. In the
illustrative cases we describe later, we use a total of
VHYHQYHUWLFDOOD\HUVRIÀ[HGWKLFNQHVVWRUHSUHVHQW
WKHVHGLPHQWSURÀOHLQWKHWXUEXOHQWÁRZ
Turbulent water can maintain only a limited
volume fraction of sediment in suspension. Based
RQWKHZRUNRI%DJQROG  WKHOLPLWLQJYROXPH
IUDFWLRQ DW DQ\ JLYHQ KHLJKW LQ WKH ÁRZ RYHU DOO
sediment classes, is about 0.09. We impose this
limit in each of the vertical layers at each lateral
grid point in the computational mesh.
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Appendix D: Settling Speed of Sediment Particles
$V ZH KDYH VHHQ WKH DELOLW\ RI D WXUEXOHQW ÁRZ
to suspend sediment particles and maintain them
in suspension depends on the settling velocity w of
WKHSDUWLFOHV7KH5RXVHSDUDPHWHUP that occurs as
the exponent in the vertical sediment distribution
formula (A8) involves the ratio of the settling velocity
w to the friction velocity uǕ RIWKHWXUEXOHQWÁRZ$
great deal of experimental effort has been invested
to characterize the settling velocity of sediment
particles over the past 60 years. To obtain appropriate
values for w we utilize a simple formula developed
by -LPpQH]DQG0DGVHQ  WKDWSURYLGHVDJRRG
ÀWWRWKHH[SHULPHQWDOPHDVXUHPHQWVIRUJUDLQVL]HV
between 0.063 mm (0.0025 in) and 1 mm (0.039 in),
FRYHULQJ WKH UDQJH IURP YHU\ ÀQH WR FRDUVH VDQG
This formula is
Y
w(d )
(A10)
B· ,
§
¨A S ¸
©
¹

with Y = [(s – 1) gd]½ and S = 0.25G<ǎ, where d is the
nominal grain diameter, sLVWKHVSHFLÀFJUDYLW\RI
the sediment grains, g is gravitational acceleration,
ǎLVWKHNLQHPDWLFYLVFRVLW\RIZDWHUDQGA and B
DUH FRQVWDQWV DULVLQJ IURP WKH ÀW WR WKH GDWD :H
DVVXPH D VSHFLÀF JUDYLW\ s for sand of 2.65, the
value for gWREHPVDQGDNLQHPDWLFYLVFRVLW\ǎ
for water of 10-6 m2/s. The values for the constants A
DQG%SURYLGHGE\-LPpQH]DQG0DGVHQ  DUH
A = 0.954 and B = 5.12. For each sediment class i with
mean nominal grain diameter di we apply (A10) to
obtain the settling velocity wi for that sediment class.
For the case described in this paper we choose three
sediment classes with nominal grain diameters
di of 0.063 mm (0.0025 in), 0.25 mm (0.010 in), and
PP LQ FRUUHVSRQGLQJWRÀQHVDQGPHGLXP
sand, and coarse sand, respectively. Clay and silt is
DVVXPHGWRÁRFFXODWHWRIRUPSDUWLFOHVWKDWGLVSOD\
VHWWOLQJEHKDYLRULGHQWLFDOWRWKDWRIÀQHVDQG

Appendix E: Erosion and Deposition
At present the erosion model is very simple. Since
our interest is capturing the most salient aspects of
the global Flood cataclysm in which water velocities
reach several tens of meters per second, we neglect
erosion processes at low water velocities and instead
focus on cavitation-driven erosion which occurs
at higher water velocities and results in extreme
erosion rates. Cavitation involves the formation
of water vapor and air bubbles which occurs when
ORFDOÁXLGSUHVVXUHGURSVEHORZWKHYDSRUSUHVVXUH
of dissolved air (Arndt 1981). Cavitation damage
arises when these bubbles are carried into regions
of higher pressure and implode in the vicinity of the
ZDWHUURFNLQWHUIDFH7KHSUHVVXUHVSLNHVJHQHUDWHG
by the implosion and collapse of these bubbles are
typically on the order of several hundred MPa, or
several thousand atmospheres (Momber 2003). Such
pressure pulses exceed the shear strength of most
silicate minerals. They therefore damage and erode
the lattices of individual crystals that comprise a
SRO\FU\VWDOOLQHURFN 0RPEHU 
:KLSSOH +DQFRFN DQG $QGHUVRQ   SURYLGH
the following simple expression to describe the rate ŝc
of surface degradation in m/s from cavitation erosion
ŝc = E(u – ucav) q ,

(A11)

where E is a proportionality constant, uLVWKHÁRZ
YHORFLW\MXVWDERYHWKHEHG DVVXPHGDWKHLJKWz = a),
and ucav is a cavitation threshold velocity. We adopt
this simple relationship to represent cavitation in our
model.

What values for q, ucav, and E might be appropriate
for representing the extreme conditions expected
for a cataclysm on the scale of the Genesis Flood?
Experimentally determined values for the exponent q
as large as 7 have been reported (Murai et al. 1997).
Falvey (1990) assumes a value for q of 6. Several authors
put q in the range of 5–7. We choose a value for q of
6. Note that with q equal to 6, doubling the difference
between u and ucav increases the cavitation erosion rate
by a factor of 64. The cavitation threshold velocity ucav
GHSHQGVRIWKHÁRZGHSWKÀQHVHGLPHQWFRQFHQWUDWLRQ
GLVVROYHGDLUFRQWHQWDQG5H\QROGVQXPEHU&KDQVRQ
(1997) observes that on chute spillways and bottom
outlets, cavitation damage can begin to occur at clear
water velocities of between 12 to 15 m/s. Falvey (1990)
suggests that cavitation can begin to occur in spillways
at velocities as low as 10 m/s. In our cavitation treatment
we choose a value for ucav of 15 m/s.
The multiplicative factor E in Eq. (A11) is not
that well constrained by experimental data. Falvey
(1990, 34) mentions an experiment in which a 13 mm
(0.5 in) hole was produced in concrete over a period
RI  KRXUV E\ D PV MHW EXW DOPRVW QR GHWDLOV RI
the experiment are provided. These numbers suggest
a cavitation erosion rate of 1.2 × 10-6 m/s. More
UHFHQWO\ 0RPEHU   UHSRUWV H[SHULPHQWDO ZRUN
to measure relative rates of cavitation erosion for
YDULRXVW\SHVRIURFNVDQGFRQFUHWHXVLQJDFDYLWDWLRQ
chamber. Crucial details of the experiment are not
included in the paper. Nevertheless, erosion rates
provided in mg/s and the area of damage from the
photographs in the paper imply erosion rates for
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granite and rhyolite on the order of 4 × 10-5 m/s. In
light of the measurements presently available, we
view the value we have chosen (1 × 10-5 m/s for a
water speed of 20 m/s) as reasonable. The discovery
WKDWFDYLWDWLRQFDQEHXVHIXOO\DSSOLHGWRURFNGULOOLQJ
is prompting laboratory studies pertaining to these
applications (e.g., Momber 2003). This suggests that
more experimental data for the cavitation regime
of extremely high water velocities may soon be
forthcoming.
It has also been proposed that cavitation may
RSHUDWH LQ FRQMXQFWLRQ ZLWK DEUDVLRQ E\ VXVSHQGHG
sediment particles to give erosion rates much greater
than by either process alone. In attempting to account
IRU PDQ\ ÀHOG H[DPSOHV RI VWUHDPEHG HURVLRQ RI
PDVVLYH FRDUVHO\ MRLQWHG URFNV HVSHFLDOO\ IHDWXUHV
RI ÁXWLQJ DQG SRWKROLQJ :KLSSOH +DQFRFN DQG
Anderson (2000), in the context of abrasion erosion
E\WKHVXVSHQGHGVHGLPHQWORDGUHPDUN
Although one might argue that much of the suspended
VHGLPHQW ÁX[ SDVVHV WKURXJK WKH V\VWHP ZLWKRXW
much interaction with the channel boundaries,
FKDQQHO UHDFKHV ZKHUH MRLQW EORFN SOXFNLQJ LV
LQKLELWHG W\SLFDOO\ GHYHORS VLJQLÀFDQW DQG VWDEOH
topographic irregularities, which generate intense
vortices that bring the suspended load into contact
with the bed. These vortices in fact focus abrasion
GDPDJHRQVSHFLÀFDUHDVRIWKHEHGUHVXOWLQJLQWKH
LQLWLDOGHYHORSPHQWRIÁXWHVDQGSRWKROHV2QFHÁXWHV
DQGSRWKROHVEHJLQWRIRUPDVWURQJSRVLWLYHIHHGEDFN
develops because the developing microtopography
of the erosional form enhances and stabilizes the
vortex structure, further strengthening the localized
DWWDFNRIDEUDVLRQE\VXVSHQGHGSDUWLFOHV)LQDOO\LW
is plausible that the inception of cavitation bubbles
down the cores of vortices contributes to the focusing
RIHURVLRQLQÁXWHVDQGSRWKROHVDVKDVEHHQDUJXHG
E\ VRPH SUHYLRXV LQYHVWLJDWRUV %DNHU  :RKO
2·&RQQRU ,IFDYLWDWLRQLQGHHGRFFXUVLQ
QDWXUDOV\VWHPVWKHOLNHO\RQVHWRIFDYLWDWLRQZLWKLQ
YRUWLFHV GXULQJ KLJKYHORFLW\ ÁRZ PD\ KHOS H[SODLQ
WKHDSSDUHQWGRPLQDQFHRIÁXWLQJDQGSRWKROLQJRYHU
abrasion wear by large, vigorously saltating particles.

:KLSSOH+DQFRFNDQG$QGHUVRQ 
By the phrase, “vigorously saltating particles,”
they are referring to bouncing bedload particles as
RSSRVHGWRSDUWLFOHVVXVSHQGHGLQWKHWXUEXOHQWÁRZ
They have already argued that the erosion rate from
suspended sediment abrasion, apart from cavitation
HQKDQFHPHQWRXJKWWRVFDOHZLWKWKHÀIWKSRZHURI
WKH YHORFLW\ MXVW DERYH WKH EHG :KLSSOH +DQFRFN
and Anderson 2000, Eq. 10), and hence that it can
possibly be comparable to the erosion rate they give
for cavitation erosion. The two processes acting
together must certainly involve rates much higher
than either acting alone. Nevertheless, in our model

we include only cavitation erosion and choose a value
for ucav of 15 m/s, a value for q of 6, and a value for
E of 0.00001/(20–15)6 = 6.4 × 10-10, which implies an
erosion rate of 10-5PVRUPLFURPHWHUVIRUDÁRZ
velocity at of 20 m/s at height z = a. We believe this to
be very conservative for the velocity range in which
cavitation occurs.
The deposition treatment is straightforward.
Suspended sediment in the bottommost layer which
is in excess of the carrying capacity of that layer
is declared to be deposition. At each grid point the
newly deposited sediment is added, by class, to a
sediment deposition array and is also removed from
the sediment suspension array for the bottommost
vertical layer. This test is performed in the time
stepping process after the new time level water column
heights and velocities have been computed, after the
VXVSHQGHG VHGLPHQW SURÀOHV KDYH EHHQ XSGDWHG WR
account for the water transport, and after the new
sediment carrying capacities have been computed.
,IWKHWXUEXOHQWÁRZKDVQRWUHDFKHGLWVFDSDFLW\WR
VXVSHQGVHGLPHQWDQGLIWKHÁRZLVVXIÀFLHQWO\UDSLG
to erode the base, we allow for erosion and suspension
of the resulting eroded particles.
For our application, we account for the possible
presence of a high concentration of sediment in the
proximity of the surface. We do this by scaling E by
the factor (1 – 10C), where C = ƴFi(a) is the sum over
all sediment classes of their volume fractions within
the height interval 0.01–1 m (layer 1), with this
sum restricted by the sedimentation treatment to
be no larger than 0.1. This restriction implies that
when the total sediment volume fraction within the
bottommost layer reaches 0.1, erosion ceases. In
addition, we limit E such that it does not exceed 20%
of the residual column carrying capacity, that is, 0.2
times the difference between the column carrying
capacity and the total sediment load. For simplicity,
ZHXVHWKHVHSDUDPHWHUYDOXHVUHJDUGOHVVRIWKHÁRZ
GHSWKDQG5H\QROGVQXPEHU:KHQWKHEHGPDWHULDO
LVVHGLPHQWDQGQRWFU\VWDOOLQHEHGURFNZHXVHWKH
same parameters except that we increase E by a
factor of three to account for the relative softness of
the sediment. A test is made to ensure that all the
H[LVWLQJVHGLPHQWFRYHULVHURGHGEHIRUHDQ\EHGURFN
erosion occurs.
We assume further that cavitation degrades
FU\VWDOOLQH JUDQLWLF EHGURFN LQWR D GLVWULEXWLRQ RI
SDUWLFOH VL]HV FRUUHVSRQGLQJ WR  ÀQH VDQG 
medium sand, and 10% coarse sand. This choice
is motivated primarily by our assessment of the
distribution that is characteristic of the earth’s
sediment record. Implicit in this assumed distribution
of particle sizes is the additional assumption that
FOD\ DQG VLOWVL]HG SDUWLFOHV ÁRFFXODWH DQG EHKDYH
DV ÀQH VDQG LQ WKHLU VHWWOLQJ EHKDYLRU ,Q DGGLWLRQ
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for purposes of this exploratory study, we ignore the
carbonate sediments. We also note that experiments
that provide a reliable particle size distribution from
FDYLWDWLRQ DFWLQJ RQ FU\VWDOOLQH VLOLFDWH URFNV DUH
PRVWO\ODFNLQJDWWKLVSRLQWLQWLPH
After the erosion calculation has been performed,
the newly eroded sediment is added to the suspended
VHGLPHQW SURÀOH E\ GLYLGLQJ WKH HURGHG VHGLPHQW
WKLFNQHVVIRUHDFKVHGLPHQWFODVVE\WKHKHLJKWRIWKH
ZDWHUFROXPQDQGPXOWLSO\LQJE\OD\HUWKLFNQHVVIRU
the contribution to each layer. Since it is possible in a
given layer for the sediment concentration to exceed
the carrying capacity, we address this situation.
After the new time level water column heights and
velocities have been computed, after the suspended
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VHGLPHQWSURÀOHVKDYHEHHQXSGDWHGWRDFFRXQWIRU
the water transport, and after the new sediment
carrying capacities have been computed, but before
the erosion calculation has been performed, we
allow settling of sediment into the layer below. The
amount transferred equals the time step (in seconds)
multiplied by the settling rate (in meters per second)
of the particular sediment class but limited by the
excess of sediment in the layer (in meters) relative to
the layer carrying capacity (in meters). We begin the
procedure with the topmost layer.
The cumulative amounts of erosion and deposition,
as well as the instantaneous amounts of suspended
sediment by class, as a function of position over the
VXUIDFHDUHWUDFNHGDVWKHWLPHVWHSSLQJSURFHHGV

Appendix F: Effect of Sediment Load on Topography
It was found early in the testing the model that
VHGLPHQWWKLFNQHVVHVRIVHYHUDOKXQGUHGVRIPHWHUV
URXWLQHO\ DULVH :KHQ VXFK ODUJH WKLFNQHVVHV ZHUH
allowed to augment the original continent topography
with no isostatic compensation whatsoever, a type of
numerical instability was observed. This behavior
involved the formation of localized mounds of
VHGLPHQWW\SLFDOO\DIHZKXQGUHGNLORPHWHUVDFURVV
and hundreds of meters high. This topography, in
WXUQ IRUFHG WKH ZDWHU ÁRZ WR EHFRPH FRQFHQWUDWHG
in channels between these sediment mounds and for
enhanced deposition to occur on top of the mounds
ZKHUHWKHÁRZGHSWKVDQGYHORFLWLHVZHUHVPDOO7KH
higher the mounds grew, the stronger this tendency
became. A simple remedy for this problem was to
include some degree of isostatic compensation to
allow the basement to subside in response to the
sediment load above it. The compensation scheme
chosen provides 10% compensation for loads less
than 400 m (1312 ft), increasing to 30% compensation
for a load of 1200 m (3936 ft) and 50% compensation
for a load of 2000 m (6561 ft). For the portion of load
in excess of 2000 m (6561 ft), 90% compensation is
applied. Symmetrical compensation is implemented
for the negative loads produced by material removed
E\ EHGURFN HURVLRQ &HUWDLQO\ WKLV SUHVFULSWLRQ LV
only one of many that could have been chosen. Its
main features include that the compensation is
instantaneous, that the fraction of compensation
increases monotonically with increasing sediment

load height, and that there is almost complete
compensation for loads greater than 2000 m (6561 ft)
LQWKLFNQHVV7KHDVVXPSWLRQWKDWWKHFRPSHQVDWLRQ
LV LQVWDQWDQHRXV ZRXOG DW ÀUVW VHHP GLIÀFXOW WR
MXVWLI\ HYHQ DV DQ DSSUR[LPDWLRQ +RZHYHU ZKHQ
RQHWDNHVLQWRDFFRXQWWKHH[WUHPHUHGXFWLRQLQURFN
strength throughout the mantle caused by the stress
ZHDNHQLQJ PHFKDQLVP DVVRFLDWHG ZLWK UXQDZD\
lithospheric slabs and mantle plumes, it becomes more
SODXVLEOH &DOFXODWLRQV VKRZ WKDW WKH ZHDNHQLQJ
which starts in the vicinity of a slab or plume that
LVHQWHULQJWKHUXQDZD\UHJLPHTXLFNO\VSUHDGVWR
HQFRPSDVVWKHHQWLUHPDQWOH7KHUHGXFWLRQLQURFN
strength throughout the mantle then approaches a
IDFWRURIDELOOLRQ7KLVUHGXFWLRQLQURFNVWUHQJWKDOVR
affects the lithosphere. It implies a rapid response of
the continental lithosphere to surface loading during
WKH)ORRGZKLOHWKHPDQWOHLVLQLWVZHDNHQHGVWDWH
Such nearly instantaneous compensation was
found to suppress the unexpected behavior in an
effective manner. However, the behavior may well
not be computational but rather may actually be
UHÁHFWLQJSK\VLFDOUHDOLW\$VVXFKLWFOHDUO\PHULWV
further study. This is especially so given that the
WHQGHQF\ RI WKH ÁRZ WR IRUP PRXQGV RI VHGLPHQW
\LHOGV PRUH YLJRURXV ORFDOL]HG ZDWHU ÁRZ PRUH
intense erosion, and ultimately greater volumes of
sediment. However, such further exploration will
be deferred until later and is considered beyond the
scope of this present paper.

Appendix G: Solving for the Water Flow Using the Shallow Water Approximation
7RGHVFULEHWKHZDWHUÁRZRYHUWKHHDUWKZHXWLOL]H
the so-called shallow water equations applied to a
rotating sphere. By shallow water it is understood
that the water depth is everywhere small compared
to the horizontal scales of interest. The ocean basins
WRGD\KDYHPHDQGHSWKVRIDERXWNP PL ZKLOH

the computation grid for the earth’s surface for the
cases we describe in this paper has a horizontal
JULG SRLQW VSDFLQJ RI DERXW NP PL  7KH
expected water depths over the continental regions
where our main interest lies are yet much smaller
than those in the ocean basins. The shallow water
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approximation is therefore an appropriate one for
WKLVSUREOHPRQHWKDWDOORZVWKHZDWHUÁRZRYHUWKH
surface of the globe to be treated in terms of a single
OD\HURIZDWHUZLWKODWHUDOO\YDU\LQJWKLFNQHVV:KDW
otherwise would be an expensive three-dimensional
problem now becomes a much more tractable twodimensional one.
The shallow water equations on a rotating sphere
may be expressed (Williamson et al. 1992, 213)
dh
dt

h x u

(A12)

and
du
dt

 fk u u  g h† ,

(A13)

where h is water depth, u is horizontal velocity (on the
sphere), fLVWKH&RULROLVSDUDPHWHU HTXDOWRƺVLQǉ
for rotation rate ƺ and latitude ǉ), k is the outward
radial unit vector, g is gravitational acceleration,
and h† is the height of the free surface above some
spherical reference surface. Here it is assumed
that the water is homogeneous in composition,
incompressible, and invicid. If ht denotes topography
on the sphere, then h† = h + ht. The d/dt operator is
the material or substantial or co-moving time rate
RI FKDQJH RI DQ LQGLYLGXDO SDUFHO RI ÁXLG 7KH 
operator is the spherical horizontal gradient operator
and the • operator is the spherical horizontal
divergence operator. Symbols in bold font correspond
to vector quantities. Eq. (A12) is an expression of the
conservation of mass, while Eq. (A13) is an expression
of the conservation of linear momentum. As mentioned
above, this two-dimensional formulation in terms of
a single layer in the radial direction is appropriate
when the water depth is small in comparison to the
important horizontal length scales.
In our problem the water depths above the
continental regions are much smaller compared to
those in the oceanic regions, and in these continental
regions where the water is shallow we expect strong
WXUEXOHQFH7KHUHIRUHWKHDVVXPSWLRQWKDWWKHÁRZ
is invicid is not an appropriate one, and we need
to account for the strong drag that occurs at the
continent-water interface. A simple means for doing
this is to add a bottom friction term on the right
hand side of Eq. (A13) of the form ²ǃu/(h + 1), where
ǃis a scaling parameter with units of m/s. Because
the terms in Eq. (A13) have dimensions of force
per unit mass, this drag term requires the division
by water depth h to be consistent. The addition of
1 to h in the denominator is to prevent the overall

term from becoming excessively large as the water
depth approaches zero. It is also common in ocean
models to include in the momentum equation a soFDOOHG HGG\ YLVFRVLW\ WHUP WKDW VHHNV WR UHSUHVHQW
the effects of turbulence on scales not resolved by the
computational grid. The simplest such formulation
LVDWHUPSURSRUWLRQDOWRWKH'/DSODFLDQRSHUDWRU
2 = • RQWKHVSKHUHDSSOLHGWRWKHYHORFLW\ÀHOG
that is, a term of the form Ǆ2u, where Ǆ is a scaling
parameter with units m2/s. Note that Ǆ depends on
the grid resolution. Typical values are 1 × 10-3 for ǃ
and 2 × 10-11 for Ǆ ZKHQ WKH JULG VSDFLQJ LV NP
(74.5 mi). Adding these two terms to the right hand
side of the momentum Eq. (A13) yields
Eu
du
 fk u u  g h† 
 J2u . (A14)
dt
(h  1)
Note that in continental regions the water depth
can decrease to zero. We therefore constrain the
water depth h always to be non-negative and the
water velocity u to be zero when h is zero. We also
constrain the right-hand side of Eq. (A14) to be zero
when h is zero.
Eqs. (A12) and (A14) are solved in discrete fashion
on a mesh constructed from the regular icosahedron
as shown in Fig. 1. A separate spherical coordinate
V\VWHPLVGHÀQHGDWHDFKQRGHVXFKWKDWWKHHTXDWRU
of the system passes through the node and the local
longitude and latitude axes are aligned with the global
east and north directions. This approach has the
advantage that the coordinates are almost Cartesian
and only two (tangential) velocity components are
QHHGHG$VHPL/DJUDQJLDQIRUPXODWLRQ 6WDQLIRUWK
and Cote 1991) of Eqs. (A12) and (A14) is used which
LQYROYHVFRPSXWLQJWKHWUDMHFWRULHVGXULQJWKHWLPH
step that end at each node. Values for h and u at the
beginning of the time step at the starting point of
HDFKWUDMHFWRU\DUHIRXQGE\LQWHUSRODWLQJIURPWKH
NQRZQQRGDOYDOXHVDWWKHEHJLQQLQJRIWKHWLPHVWHS
Changes in h and uDORQJWKHWUDMHFWRU\DUHFRPSXWHG
XVLQJ (TV $  DQG $  7KLV /DJUDQJLDQOLNH
method eliminates most of the numerical diffusional
noise that is associated with Eulerian schemes. A
second-order accurate interpolation scheme is used
WR ÀQG WKH VWDUWLQJ SRLQW YDOXHV RI WKH WUDMHFWRULHV
This formulation using the icosahedral mesh has
been carefully validated using the suite of test
problems developed by Williamson et al. (1992). It
also forms the basis for the global weather forecast
PRGHONQRZQDV*0(GHYHORSHGLQWKHODWHVE\
the German Weather Service which in now used by
PRUHWKDQRWKHUQDWLRQV 0DMHZVNLHWDO 

