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Formation of Box Canyon, Idaho, by 
Megaflood: Implications for Seepage 
Erosion on Earth and Mars 
Michael P. lamb,* William E. Dietrich, Sarah M. Aciego, Donald ). DePaolo, Michael Manga 

Amphitheater-headed canyons have been used as diagnostic indicators of erosion by groundwater 
seepage, which has important implications for landscape evolution on Earth and astrobiology on Mars. Of 
perhaps any canyon studied, Box Canyon. Idaho. most strongly meets the proposed morphologic criteria 
for groundwater sapping because it is inosed into a basaltic plain with no drainage network upstream, 
and approximately 10 cubic meters per second of seepage emanates from its vertical headwall. However. 
sediment transport constraints, 4He and 14C dates, plunge pools, and scoured rock indicate that a 
megaflood (greater than 220 cubic meters per second) carved the canyon about 45,000 years ago. These 
results add to a growing recognition of Quaternary catastrophic flooding in the American northwest, and 
may imply that similar features on Mars also formed by floods rather than seepage erosion. 

A
central thrust in geomorphology and 
planetary science is to link diagnostic 
landscape morphologies to fonnation 

processes. A prominent exa~ple is the fonnation 
of amphitheater-headed canyons, in which the 
stubby appearance of valley heads, steep head­
walls, and little landscape dissection upstream 
have long been interpreted to result from seepage 
erosion or groundwater sapping on Earth (l-4), 
Mars (5, 6), and now Titan (7). Theory (8), ex-
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periments (9), and field studies (10) have vali­
dated this hypothesis in unconsolidated sand, 
showing that valley heads are undennined and 
propagate upstream from seepage-induced ero­
sion. This means that valleys can grow without 
precipitation-fed overland flow, which has pro­
found implications for landscape evolution on 
Earth and the hydrologic cycle and habitability of 
Mars. 

Despite widespread acceptance of the seepage­
erosion hypothesis and its validation in sand, we 
lack an unambiguous example of an amphitheater­
headed canyon fonned by seepage erosion in 
bedrock because of overlapping features gener­
ated by rainfall runoff at most sites on Earth (Il). 
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Even the amphitheater-headed valleys of the 
Colorado Plateau and Hawaii, which are most 
often cited as classic examples of groundwater 
sapping in bedrock (2, 3), have been in question 
because of evidence for flash floods and plunge­
pool erosion (Il-l3). To better evaluate the 
seepage-erosion hypothesis, we set out to study 
the erosion and transport processes within a 
bedrock canyon, Box Canyon, Idaho, USA, 
which has a steep amphitheater-shaped headwall, 
contains the II th-Iargest spring in the United 
States, and lacks the landscape dissection and 
rainfall runoff upstream of its headwall that has 
made other sites controversial (Fig. IA). More­
over, Box Canyon exhibits remarkable similarity 
in morphology and possibly lithology (basalt) 
with many Martian canyons (Fig. IB) that have 
been attributed to seepage erosion (5, 6). 

Box Canyon is located within the Snake 
River Plain, a broad and relatively flat basin in 
southern Idaho filled by sediments and volcanic 
flows that erupted over the course of -15 million 
to 2 thousand years ago (ka) (14). Several 
tributaries of the Snake River Canyon appear as 
stubby valleys that end abruptly in amphitheater 
heads, including Malad Gorge, Blind Canyon, 
and Box Canyon (Fig. 2), all of which have been 
attributed to seepage erosion (I, 4). Box Canyon 
is cut into the Sand Splings Basalt [also named 
the Basalt of Rocky Butte (15); see suppOlting 
online material (SOM) text] with an Ar-Ar 
eruption age of 95 ± JO ka (/6) and U-Th/He 
eruption ages that range from 86 + 12 ka to 130 ± 
12 ka (17), and this basalt filled an ancestral 
canyon of the Snake River (/8). 
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sume~lObe 
direclioo. indicating u iaJ Ira ~~I_ 

" though die - of talU5 at !.be C3Jl)'OO Ilea 
has been fa -en a! evidence of ronlimtW di.s>­
solution 4). the- bedrock romposing the ht-adwa I 
and surrounding lalt.., 3rt" bloc . a hmd aoo 
shm\- no visual e\ idcrn:c for enham:ed ~, CF­

ing. Water sampl . _ from So Canyon nee and 
neighboring well hcwe sirca concentralions of 
32 to 35 mg 1. which bracket 'he santration value 
(see SOM le).1 and fig. S6), sugge:ring that the 
groundwater i in equilibrium with the basaltic 
aquifer and Ihm ubstantial dissolution i not 
occuning at Box Canyon spring. 

Despite no modern overland flow conb'ibu­
tion 10 Box Can. on Creek. three features al the 
canyon head indicare thaI lliface water once 
flowed into the canyon_ First, three concentJic 
semicircles of boulders ithin the canyon head 
appear to be walelfall plunge pools with -2 m of 
relief(Fig. 4A). Second, a smal l notch (- 300 m3) 

in the center of the heactv/alJ rim (Fig. 4A) has 
linear flutelike abrasion marks, millimeters in 
width and several centimeters long, that follow 
the local curvature of the notch, indicating past 
overspill. The scours appe~' as divots on the in­
fmeo upstream end thaI gtadually fan outward 
and diminish in reliefdownsb'eam (Fig. 4B). Third, 
this scoured rock extends at least I km upstream 
of the canyon head and delineates flow toward 
the canyon (Fig. 3). The scoured palh cannot be 
followed further upstream because it is covered 
by loess, deposited fi'om - 40 to 10 ka (20). 

The basalt in Box Canyon breaks down into 
large boulders (-I m) thai, without dissolution, 
must be transpo11ed downstream to allow canyon 
growth. Despite the great discharge of the spring, 

fig. L IA} Shaded relief map of Box Canyon, IwhO'. Anoome \as.er-s ath mapping data were 
£Ill!ened by theatiunal (enter for Airborne laser 'lapping. l he da1a have been filtered to remove 
egetalion that exists along the creek ban 5.. lois is a Universe. l "msverse Mercator (VTM) zone 11 

p!fojection, North American Datum of 1983 ( AD83,) datum, at 1 m resolution. (B) Thermal 
Emissionl Imaging System (32) infrared daytime image 01 iJmefS Vallis, Mars, image V19470014, 
at 19 m resolution. 
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Fig. 2. Topographic map of the eastern Snake River Plain, the location of which is shown on the 
inset map of Idaho. The drainage areas feeding Box Canyon (228 km 2) and Blind Canyon (4713 
km

2
) are outlined, following the path of steepest descent. The yellow-shaded regions mark the 

locations of volcanism younger than -50 ka (15). The thin black lines are 100-m topographic 
contours. Topographic data are from the U.S. Geological Survey. This is a UTM zone 11 projection, 
NAD83 datum, at 25 m resolution. 
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Fig. 3, (A) High-reso oon ~I( map 0 Sox and good t:.an)'MS... -:shaded regions 
ar poten ial fluvia terraces, v.: ic range from 2 to 7 abo e e current stream It' t'l (fig. 53). 

Detailed meas rements 0 d , wate surface s ope, ed .ope, chanrne width, and bed 
particle size \'ere ade I the region mar ed wn eaSLJreent reach- 23). Discharge 
<a culations were made using cross-s.ectiona art'as mt'asufed at X51 and XS2 fig. 54). ~pped 
SCOl;rs on bedroa (fig. ~B) are own as gree arrows. he ,'t'hite times are samp e locations used 
for dating. The thin blad lines are 10 topographic COllIQ 1'5. e btue tift'e is the calculated path 
of steepest descent, ut does no indica e modem-day flm patlrs because no fto on record has 
spil ed over he can on eadwal. See F'g. 1 for data source and projection. {8) Longitudinal profile 
of Sox Canyon extracted fro lig de ection and ranging diffil {f'19. 3i\1. foUtlWing tile path of 
steepest descent. Major brea s in slope correspond to the canyon OOadwall waterfall, and a 
disturbed region near tile canyon mOllth caused by an aqueduct. 

Vi collected four samples. disrribulro in the 
nwise direction willin the clInyon (fig. ,,), 

f T : Ile cosUlogenic-exposure---age dating to 
fun .cr 0 1 ram the hi_lOt)' of the canyon. We 
sampled scour.:: ::droc Ihm was exposed al thc 
canyon-he:ld 11m (Iocation..j (fig. 4B)~ and three 
la _e boulders that. iTom their size and separation 
ti'OlIl the acti\ e lalu ' slop,."S. appeared (0 be 
rdam eI~ lable \ fig. S I B). Active talu produc­
tlt'll ti'om C<ln;.oll waiL as well as weathering. 
meall thai the ages for these boulder sUlfaces 
pro\'ide minimum ages of the canyon. 

Oflhc boulders sampled, only location 1 was 
on a terrace among other large imblicated boul­
ders. potentially indicating past fluvial transpot1 
(Fig. 3 and fig. S I B). This sample yielded an 
exposure age of 48 ± 3 ka (I (J etTor) and the 
Dlher two boulders were nearly half as old 

Fig, 4, (A) Photograph 
of the head of Box 
Canyon. The three con­
centric circles that lack 
boulders are interpreted 
to be plunge pools. The 
headwall relief is - 35 m. 
(B) Photograph of scours 
within the notch of the 
Box Canyon headwa~ 
The pend I included for 
scale is - 14 cm long and 
points in the inferred 
flow direction. 
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(location J, 21 ± 1 b; Iocatioo 3, 19 ± 3 b) 
• (17. 13)...The ~ ~ (b::iIIioo 4) yielded 

the SIme Vaslbebmtili:l:arloclbm 2" 45 ± 5 b.. 
AnoIbe:r OOIII!a!Iad 00 die age of die taIII)OO 

aoes fium lID -~ finely Iaminmted 
bed. ( ...... i.iJog ~ sill" and sand, 1bal is ex­
posed in a smalllOIIIi CUI widrin the tab; sIC1pe 
[b:aIioo 5 (Fig. 3 ani jig. SIC)). Two shells iWnd 
",iIbin 1be layer ~ ~ cf 224 .:!l: I ,. lOS 
Iadioc.aIboo yeas bdiJre 1be presa1t (13)" wbim 
is equn,-aImt k) a aIiInIrcd age of -26 b (17). 

Togdha-. ibese ~ b)miubc C1ilaJ-. 
1atioos., BDd dates dimiuate the ~ 
hypodlesis b- 1be bueion of Box Canyon. 
Here" ~ is DOl substmrially enhancing the 
we1I1bering of the l.ti:ad\\'3il,. and oon~ 
~ Dow is deficient by a llIctor of -22 10 
evacuaIe st:dimrcnI fiom the amyoo. Moreovt:r. 
erosion of the C3D)Ul headwall a::ased -45 b 
aooording 10 Ibe age of Ibe sooured-bedrock 
nok:h. The obsen<llioos of SJOOUred bedrock and 
phmge pools point tomm:I a flood or floods able 
to tran:sport boukbs and ClIVe the canyon in 
weeks or IDOIIIhs., iIhrstraIing Ihe power of rare 
ca1astrophic evenis in shaping landscape. This 
bypothesis is SUJ1POI1OO by IDe similarity in 
surfure-exposur ages of !be k!mICe-bound b0ul­
der at location 1 and 1be scoured notch. We 
intelpret the youngev- booldoo; to have rolled 10 
!he canyon ftoI.w after !he canyon was fonned, 
whlch is consistent with the shell deposit sand­
wiched between severnl mctersoflalus(fig. SIC~ 
indicating that canyon fonnation occun'ed well 
before 22 ka and wall collapse ha<; been active 
since. Whereas a single flood event is the simplest 
interpretation. we cannot rule out multiple events 
occuning after 86 ± 12 ka [the emption age of the 
ba~lt (/7)], with the last event resetting the 
exposW'e ages to -45 ka 

The dates indicate that the canyon is much 
older than the Bonneville flood that occun'ed 
within the Snake River Canyon -14.5 ka. Given 
the drainage area of Box Canyon (228 km2

) and 
Blind Canyon (4713 km2)(Fig. 2), and our flood­
duration and discharge estimates. a sufficient 
meteorological flood would require more than 
1.7 m of IUnolf lasting for several weeks or 
longer, which is highly unlikely because modem 
annual precipitation averages only 0.22 mover 
the eastern Snake River Plain, infiltration is 
extremely high, and conditions were probably 
dlier -45 ka (28). Potential diversions of the 
Snake River by lava flows also seem unlikely 
because the Snake River ctanyon and the Box 
and Blind drainages are separated topographi­
cally, except fur one location (marked with an 
asterisk on Fig. 2), and no volcanic dams with an 
age of -45 ka have been diSCoVered there. 

The most likely source for the Box Canyon 
flood is the Little and Big Wood River drainage 
basins to the north or the Big Lost River drainage 
basin to the northeast (Fig. 2). Both drainages 
produced large-magnitude paleofloods that CUi 

canyons in Quaternary basalt, scoured bedrock, 
and transported large (-I m) boulders (15, 25). 

Forex3lJllle,.the praIoomegidIood of the Big Lost 
River, whlch occurred sometime between -19 ka 
and 95 ka (19)" was probably an 00Iburst fiom 
the Ple:ritocme GIacial-Lake East Fork and bad a 
peak flow of6 x 1(f m'!s (15). Sucb an event 
would have easily surpassed the drainage divide 
between Box Canyon and the Wood and Lost 
River drainages (Fig. 1), The divides themselves 
also have shffiOO since the formation of Box 
Canyon because of volcanism that posldates the 
Box Canyon flood (Fig. 2), 

Our findings suggest that Box Omyoo and 
other ampbi1heater-beaded canyons carved into 
basalt by huge floods [for example, Dry FaIls" 
Washington" USA (30), and Asbyrgi Canyon, 
lcrland (3 J)] might be better terrestrial analogs of 
Martian canyons in volcanic terrains lban seep­
age channels in sand. 
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Anticorrelated Seismic Velocity 
Anomalies from Post-Perovskite 
in the Lowermost Mantle 
Alexander R. Hutko,l* Thorne lay, It Justin Revenaugh, Z Edward J, Garner03 

Earth's lowermost mantle has thermal. chemical. and mineralogical complexities that require 
precise seismological characterization. Stacking, migration, and modeling of over 10,000 P 
and 5 waves that traverse the deep mantle under the Cocos plate resolve structures above the 
core-mantle boundary. A small -0.07 ± 0.15% decrease of P wave velocity (Vp) is accompanied by 
a 1.5 ± 0,5% increase in 5 wave velocity (V,j near a depth of 2570 km. Bulk-sound velocity 
[Vb = (Vp 

2 
- 4f3V/)'hj decreases by -1.0 ± 0.5% at this depth. Transition of the primary 

lower-mantle mineral. (M91. x-y FexAly)(5i,A003 perovskite, to denser post-perovskite is expected 
to have a negligible effect on the bulk modulus while increasing the shear modulus by -6%, 
resulting in local anticorrelation of Vb and Vs anomalies; this behavior explains the data well. 

I ncreasing pressure (P) and temperature (T) 
with depth in Emth causes minerals to un­
dergo phase transitions to new crystalline 

stmclurcs accompanied by abmpt changes in 

density (p), isentropic bulk modulus (Ks), and 
shear modulus (G) that result in seismic P wave 
velocity {VI' = [(Ks + 4/3G)/pf'} and S wave 
velocity [Vs = (G/p)"'J discontinuities. The pri-
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