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Penmylvania State Unive1Mty, Unwe,rsity Pad: , PA, USA, 3Jru;titu.t:e fur Geophysics , Univemty of Texas at A~tin, 
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Abstract ldentifying the processes tmt oonuo] the rates , magni!tudes, and longevity of outer foreare 
deformation is: fundamental to our undlersl:andirng of how mass: is distrllbrnted within subduction zone 
systems. The margin of southern Costa Rica has !been the tuget of numemus onland field studies, 
geophysicaLsmveys , and t!h.e Costa Rica Seismogenesis Pl,oject (CRISP) drlllring expedition. Despirte t!ltese 
enensirve data sets, the rel!ative roles that subduction erosion , shortening , and seamount subduction play 
in shaping the beha:vior aod evolution of the outer foreare remain dlelbated. Here we analyze new and 
exiisting geomorphlc , geologic, stratigraphic; and geochronologic data sets across the entire 
foreru-c--are--lbadc:are system near the Costa Rica Seism.ogenesis: Project bansect to test several conceptual 
modeills for ou.ter foreare defmmation in southern Costa ltica. The results: from tihe rompirlation agree with 
a model where rooent arcw;mi . rel:feat of the uenc!h (movement of the trench in the d!ireotion of the are) 
orou:rs due to underthmsting of the outer foreare !beneath the i!nne:r forean: , and outer foreare deformation 
orou:rs primarily by transient rapid vertical tectomsm due to the su lbduclion of bathymemc relrief. These 
resu ll:s lead to a new conceptual mode] for P.lio-Qu.atemruy outer forean: deform.a·lion i!n soutihem Costa 
Rica that does not req_uh-e large amounl:s of net mass loss: wirthin the upper plate. 

1. Introduction 
The rates: and spatiotempm:al -drismlbution of deformation within the outer fore arc of subduction zones : have 
provided important insights: into pl'ooesses fundamental to how mass: is d!ismbuted withi!n subduction zone 
systems (e.g.. All!m.endinger et al . 2009; Clift et aL, 2003; Domi!nguez et aL, 2000; Laursen et al., 2002; Ranero 
& vo11 Huene, 2000 ; von Huene & Schol], 1.991; von Hoene & Ranero, 2003). Over the last thl'ee decades, 
the foreim: of the non aroretio:oory convergent mugin at Costa Rica (Figu.re l) has served as the focus of 
numerous i!ovesligations to understand the J'ole of sulbduoting ba,thymetry and a thinly sedimented plate on 
forem: evolution, including the Costa Rica Seismogenesis Project (CRJS:P) dri]li!ng eXiJ)edritions: (Harris ·et aL, 
2-013; VaIInucchi et al 20ll), onlaod field srudrie.s (Buchs: et al ., 2009, 20W ; Corrigan et al., 1.990, Denyer 
et al. 2006; Garoner et al. t992, .2013; Fisher et al. , 1998, 2004 ; Vannucchir et al., 2001 ; Marshan& . Ander.son , 
t995; Morell et al., 201.l) and geophysical surveys (Bailgs et al , 2016; Ed.wards ·et al., 2018; Hinz, 1:996; 
McIntosh et .al , 1993; Moore & Sender, 1995; Moren et aL, 20II ; Ranaco & von Huene, 2000; von Hoene 
et al., t995 2000). Despite the voluminous data sets on outer foreare structure , sulbsidenre history; and a 
reoon:I of slope sedrimentation, there ils no agreement on the prnce .sses ~ at have shaped the Costa Rican 
outer forem: throughout t!h.e Pl!io-Quateroary, such as tIBte relative m les of !basal acosion (e.g., Vannucchir 
et al. 2013; von Huene et al 2004; Vaonuochi Mo1gan Silver, et al., 2016 ; Vamrn.cchi, Morgan &. Balestrieri., 
2-016), shortening(e.g,, Taylor et aL, 2-005), and sul.fa.ce exhumation (e.g.., Edwams et al., 2018). 

The ou:ter furearcohouthem Costa Rica, whiclt we define as the l'egion ~100 -km =rd from the trench 
(Figure 1.) , has undergone ho.th su lbsidence and upliift: at varying temporal and spatial scales since the 
Plio- 1Quaternary. "fhis record of vertical tectonism is recorded onshore by the smi.tigrnphy of marine sed -
iments (e.g., Sak et al., 2004!) and offshore !by benthic foraminifera (e.g., Vammcchi et al , 2013). slope 
uncouformilies (e.g., Ed:l.l"aMS et al., 2018), and seismic suatigrnphy (e.g., Vannucchir, Mol'gan Silver.. etaL , 
2-016) . ]n this same region, the Middle America Trench shows evidence for up ,waros of 50 km of retreat or 
an arc'I.V'aH. shiftt: i!n the position of the trench, where the ~200-km -wide aseismic Cocos: Ridge impinges on 

9795 



AGU 
00 

MORELL ITT AL. 

Journal of Geophysical Research: Solid Earth 

88-W &VW 

•, Trench position 
prior to embaym rnt 

a4•w 

10.10 29 /201 9JBOl7986 

12-W 

F1Q'.ure 1. Regional tectonic setting of the Si!luthern Co:s,ta. ru.ra subdu.ctlo:n m ne~ Costa. Rica Se:ismoge,nesis Pmje:ct 
(CiRJSP) 3-D seismic are.a. denoted by M3-D are.a.n boK. B.lack ar:rows show plate motion relative to stable Cmibbean p]ate 
(CA; A:r;gus et al., 2.0lll; DeMels, DI ; Kobayashi et aJ., 2014). Dash-dotted Jine shows fillmeI position of the tre:ndt 
fo:Uowmg Van:nu.mti et al . (] OB). Yellow box shows b3thyme~ swath and Ioealion of cmslaJ thickness data. fto:m 
WaJl!ber (2003) as show:n in fWlre 7. Tnangles show currently aciive volcanoes. bcge-scaJe tectonic re.atrn:re.s compiled 
fto:m Silver et al . ( 1000). KolaDiky et aJ. ( 1005), fish.er et al. ( 1008). Ma:rshaII et al . (2000), Bardchcall5fn et aJ. (2001), 
FisheF et aJ. (]004), SitJ::hler et al!. (2007), a:nd Brand.es et al . (2007). BfZ, BaJboa Fracture Zone; BP, Bm:lca Pen:imulia; 
BV: Buti Vol.ra:no; CCR.DB, Ce:nlFaJ Cos.ta. Rica DefuJmed Belt; C S, Cooos-Na!l.C.a. SpreadinB CenteF, 00, Cooos plate; 
CFZ, ·Co:iba Fracture Zone; CT Cordille.ra de Talama:nca; E:PR., East Pacific Rise:; FCrn,. Filia Co:steila. Thnm Belt; FS, 
FisheF Seamount; GHS, G~pagos Hot Spot; LTB, LimOn Thrust Belt; NP, Niroya Pe:nimula; NPDB, Nmth Pa:nama 
Deformed Belt; z. Na!ZCa. P.late; O~. Osa Pe:ninsula; PM, PanclllTh'l. microp]ate; YTJ, Pa]lclllTh'l. Triple Junrlion ; QP, Quepos 
Plateau; SA, Soul!b America P.late; SMD, Se.amount domram. Ba.thymelly from GEBOO (General Bafhymetric Chart of 
the Oceans ) and. Ra:nern et al!. (2003). Topography from the Na.tio:nal Aeronautics and Spare Adminislmtion·s Shuttle 
RadarTopography . issio:n 90-m data.set a:nd G':rOPO-30. 

the mugin (Figure l ). Both trench retreat and subsidence in this region have been related to basal erosion, 
o:r removaJ ofthe under side of the upper plate along tIBte plate intelfa.re (Vannurohl ·et al 2013 ) . However, 
recent res11lts from the CRISP drilling and seismic progrnm (Figul'e 1) show that tilte position of the slope 
break has not migr ated refative to the furearrc since the eady Pleistocene (Edwams et al, 2018.) , a poten -
tia] arg1.m1ent against basa] erosion. And , it remairos debated whether outer forea1C subsidence is reJated to 
either basal erosion (Yannurohl et a]., 201.3) or slope steeiPening by seamount subduction (Edwams ·et al , 
2-0]8.) . 

To roooncil .e tIBtese contrasting hypotheses we explore several possible conceptual models for outer foreare 
deformation in sou.them Costa Rica using both onshore and offshore data sets. First we analyze tine spatia] 
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distribution of inner furearc shortening using new aod previo usly puMished aI1a.1yses ( e.g., Fisher et al , 
2-004; MorelJ et al., 2013) aod rompMe these results to estimates of trench retreat ( e.g., Vannuochi et al, 
2-0B ) . We use these data sets to test the idea that trench retreat can occur due to nnderthrusting of the ornter 
forea.n: lileneath tihe inner f'orearc (Fisher et al., 2004 ). a mechanism tihat aUows for trench retrea while 
mai!ntari.ning the reil!ative position of the slope break. Then, we synthesize ve:rticaJ teotonism records 11JCross 
the entire up per plate along the CRLSP tl'3IISeCt, im:luding offshore 3-D seismic and drill. oore (e.g., Hams 
et al ., 2013 ; Vannurohi et al., 201.l) aod the onshore stratig;rnphy of marine sed~ments (e.g., Fisher et al , 
2-004; Sak et al 2004L). We use t!hese data to compute time -averaged and inm'emental uplift and sulilsidence 
rates to roosider several possilille mechaoilsms: for outer forearc vertical deformation . including lilasal erosion 
(e.g., VannnccM etal 2013; VannuccM, Mo1gao, Sil.ver, et al. , 2016) shortening or exteosion (e.g,, Ed.w.uds 
et al. 20]8 .), aod movement up aod over roughness elements on the subducting plate (e.g. Edwams ·et al , 
2-0]8; Sak et al wot ). The results: from this: analysis agree with a modeJ where relaliive a.n:ward !"etreat of 
the trench occurs due to underthrusting of the offshol"e outer forearc beneath tihe onshme inner forearc and 
arc, aod outer forean: vertic:al tectonism ocom:s in rap id pulses: due to the subduction ofbathymetric rel!ief. 

2. Tootonic Framework. and Subdu cting Ba.thymetry 
In sou1!hem Costa Rica, tine Cocos plate subducts northeastward lileneath the Cariblilean pfate (locally the 
Panama Muoplate) at the Mi:dd1e American "fnmch at a . rate of~ !!o-90 mm /year (Figure l ; Aigus et al , 
2-0H; DeMets, 201H; Kolilayashi et al., 2014). The southeastemmost portion of the Cocos pfute was created 
lily the Cooos-Nazca spreadrng center (Figure 1) and contains many roughness: elements and bathymetric 
features reil!ated to overprinting lily t!he Gal:ipagos: Hot Spo t (Figure 1; Barckhausen et al., 2001; Hoemle ·et al , 
2-002; Lonsdale & Klitgom , 1978.). The most prominent of these featmes is: the Cocos Ridge, an ascismic 
ridge that iis > 200 km wide , aod exbi'lbirts a. crustal . tihickness: that appm3!Ches > 20 km along its central axis 
(Sall.ares et al., 1999; Walther, 2003). HatIBiymetry is: highest at the crest ofthe Cocos Ridge (less t!ltan ],000 
m below sea level ) and deOJ'eases: along strik .e together with the crustal thickness of the Cocos plate . To the 
northwest of the Cooos: Ridge, the Cocos plate oontari.ns numerous conical seamounts and other bathymetric 
features suoh as: the Quepos: Plateau iin a region tihat is often referred to as the seamount domain (Figure 1; 
von Huene et al ., ] 99'5). ln northern Costa Rica, the crust of the Cooos Pl!ate was OJ'eated by tihe East P:aoitic 
Rise (Figure 1). By comparison to the crust to the sout!heast, the morphology of the seafl:oor crust created by 
the East Pacific ruse is mnoh smoother tihan the "l"ough crust to the southeast Ol'eated by the Cooos -Nazca 
spread ing center and the Galapagos Hot Spot . 

The N-S striking Pailama. Fraature Zone separates the Cocos plate irn the northwest from tihe Nazca pfate to 
the soutIBieast near tine Cos ta Rica -Panama lilorder (F igure ]). Hy oomparison to the Cooos pfate , the Nazca 
pfate subducts at a much slower rate (-40 mm/year ), and .at a much more obUque angle (Figure ] ; Argns 
et .al , 201 l ; Kobayashi et aL 2014). The lilatbymeuy of t!he seafl:oor changes abrupt ly from west to east 11JCross 
the Panama Frnatu:re Zone (l!,y ~ 2 km), where it truncates the Cocos Ridge on its: eas,ternmost extent. The 
inter.seation of the Panama Fracture Zone with tihe Midd le America Trench represents: the Panama Triple 
Junction between the Cocos, Nazca , and Cariblileao pl!ates (Figure ]) . ]n omer for the triple junction to 
remain stable in this tectonic oonfiguration (e.g,, McKenzie & Mo1gan , 1989) irt must migrate to t!he south -
east relative to the upper plate at a rate of ~ 30-40km / Myr, depending on tihepfate motion model(KobayasM 
et al ., 2014 ; McIntosh et al. 1993; Morell 2015). 

3. Summary of Previous Work on Plio -Quatemary Forearc Deformation 
Offshore 
The CRISP data set , whiclt rnclude .s da ta from Integrated Ocean DrilJing Program (IODP ) Drlrnng Expe -
ditioDs: 334 (VannnccM et al., 201.1)/ 344 (Harris et al ., 20B ) and a 3-D seismic volume (BaI1gs: et al 2015, 
2-0]6), provides a detail .ed recom of Quaternary ve:rticaJ teatonism, deformation and sedimentation. The 
shidy area of the CRISP program is: !orated witihin the offshore outer forearc, ~60 km to t!he northwest of 
the axis:oft!he Cocos Ridge (Figure]). 

3.1. In coming Pl ate , Tr ench , an d Accreti onary Prism 
Seismic images aod IODP drming (Holes U.1381 and Ul414 ) show that the irncoming Cooos: plate within 
the CRISP ' study area contains a. rel!atively thin (~ 10D-400 m) seqruern:e of pelagic and hemipelagic sedi-
ment sitting atop oceanic basement (Figures: 2 and 3) . The up per~ SO m of this sediment section exhi'lbiits 
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F1Q'.ure 2. (a) UrunteJpretecl! seismic sedion from the Costa Rica Seismo~e.sis Project (CRISP) 3-D volmne, with 
IOClllion shown iII Figure L V.E. denotes ve,rtic:a.l e~ratlon . (b) InteJpreted section as in (a) st.Lowin~ loeatio:n o:f 
WICCJn.filrmities, faults, and fokls (Ban~ et al, 2016; Edwams et al., 201&). Dark b1u.e box. shows Iacalion o:f blowup. 
(c) Uprnt o:r s.ubside,nce data from aue at Sue 1379, aft.elf bad::slFipp:in~ fm the effects of sedime,nt loading from 
Varu:ruochi et al . (]OB). Ul . U2, and U3 Jere!!' to unoonfrnimities 1, 2,. and 3, respecliveJy. 

IJ1 

evidence for terr[genous input in~ fonn of lirthic fragmeots aod thin sand fayers (Harris el: al. 2013 ). The 
toe of the upper pl.ate routains a small . accretionary prism ( <10 km wide) composed chiefly of accreted sed-
iments imbricared by a series of landward dipping thru,sts (Figul"e 2 ; Baogs et al , 2016; Harris et al 2013). 
Approximately half of the sedirments oo downgoirog pl.ate have accreted and defonned iro the froo al 
pmm while the other half has snlbducred below the deoollemenl: (Bangs el: al., 20Hi). A sedimeot sequence 
( up to l .S-2.0 km 1!hick) derlived from tenesl:Ffilal sources covers the mid to upper slope and shelf (Bangs 
et al., 2016; Harns et al ., 2013). 

3.2. Margin Wed ge 
Approximately > 5 km laocllwaM from the toe, the mugin wedge contains Laterally exteosive (> 30 km) 
layered sequeoces that are interpreted to represent dastic sedirments (Figure 2; Bangs et al , 2016). These 
sedimen tary layers are exileosively shorteoed by thrust fau]ting , folding, aod imlbricate stacking and e.xhi'lbit 
a seawam decrease in fold wa:veleo~s (Bangs et al. 2-016). There are no obvious !breaks iro folding and 
thrusting throughout tine Dh11'gio wedge indiratiog that thrusting was a con.l:irouous process and occurred 
coeval with deposition of the youngest sedimeorary sequences dated by dr[IJing to be late Pl!ioceoe to eal'ily 
Pleistocene in age (Baogs et al. 2016 ; Vannucchi et al., 2-011). 

There are competing models about the origio and history of the margin wedge at the location of the 3--D 
seismic volume. Vanmm:M, Morgan. Silver, et al. (20l6) suggest tihat !basal erosion has caused km-scale 
snlbsl:dence, removal ofbasem .eot, and repfacement of the eotire margio wedge by forean:--derived sed.iments .. 
However, Baogs et al . (2016) point out that the patterns of tihrusting and folding visihl.e withiro the mugin 
wedge are similar to wedges in settings uodergoing frontal accretioo (e.g., Taiwan; lester et al., 2013 ), and 
the overaU seaward decrease in the amount of thrust displacement is: oonsisteot with this model! (Havis 
et al ., 1983). 
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F1jture 3. ,Geologic map o:f Costa Rica. and western Panam.'l. modified m:im Mme:U (21116) and ieferences therein. 
B:alhymetrtc data and oothymetric s,raie same as F:igure I. Triangles denote acli.-re volcanoes. U refers to upthrown 
teclo:nic blook.. Locations o:f rnd'iorarbon (14C) and optirally stimtila.ted ]IIIlll]nesoenre samples frnm Gard:ne!i' et aJ. 
(1002) Fisher et al (2004). Sak et al (2004), Sak et aJ. (2009), and Gard'ne.Ji et aJ. (2lU3), See Tobles 2 and 3 fur mo:re 
infmmation a.bout !l3ID.p].es. Knickpo:lnt Ior:atio:ns m:im MmeU et al . (2lH2 }. Xsn refers to c11m section Joc.ation m 
Figure 4. Dashed line in 3-Dare.a.showsloc.ali.on o:ffWJ,re 2. 

3.3. Regional Unconformity (Ul) 
A p:romi!nent unconformity (Ul, Figures 2a and 2b) dating to the early Pleistocene (2.5 Ma), separates the 
mugin wedge from ao overlying ~I - to 1.5-km -thick slope cover seqrnence extending across most of the 3-D 
volume (Figu:re 2; Bangs et al. , 2016; EdwaJiims et al 20H!; Vannuochi et al 20U). Evidence for shallow-
ing water depths , S1J l!ia.erial erosion aod f!!urvial downcutting suggests that tms regional unconformity was 
formed due to a late Pliocene to early Pleistocene period of rapid outer forearc uplift and snl!iaerial exposure. 
DriMirng .at Site U 1379 shows that sedimenl:s l!ielow tIBte unconfomi.ity are associated with mi:dd1e al!iyssal 
paloodepths of~ 800 m, whereas sed .imenl:s above the unconformity were deposited in a near-shore l!ieach 
enV]roument at paleodepths <200 m (Vanmm::M et .aL, 2013). Seismic imaging shows two major high -relief 
(~500 m) cltannel syste1DS at the unconformity Slltfare tIBtat Ukelywere produced . byflm1al dowm:utting in 
a terrestrial enV]ronment (EdW"aMS etal 2018) . Drming on tIBte middl .e s.lope at Ul380 encountered a major 
uooonfo:rmity interpreted to be Ul , but paloom.agnetic age constrai!nts from this d'riU hole yielded ayounger 
age for lltisfearu.re of< l.3 Ma (Hams et al., 2013; Vannm:cM et al., 20ll). 

3.4. Slope CGver Sequence 
3.4.1. 'tratigraphy and Vertical Tectonics 
Overall. the stratigraphy of the slope cover sequence reHects progressive s.haUowing from tIBte fate Pliooene 
to the present, interrupted by several periods of short -Lived uplift and subsidence. Seismic data and d'riUing 
at Site UMB irndicare ao accumulation of~ 13--1.6 km of> l. 78-Ma elastic sediment at the base oHhe slope 
sedimen t seqnence with stacking patterns as expected for sequence stratig;raphy models (Edwards et aL, 
2-018; Hams et al., 2013). These observations, toge,thrwith paleodepth results from DriU Hole UI379 , and 
l!iack:smppirng calbuJatiom (Figure 2c), saggest rapid and widespread subs idence of~ 1,200 m in the early 
Pleistocene (2.2 to 1.9 Ma; Edwardls et al ., 2018 ; Vannucclti et al 2013). The origin of this early Pleistooene 
sul!isidence iis disputed. It is interpreted to be related to ei!ther basal acosion (Vannuochi et aL, .2013) or 
passage of tIBte upper plate over the bathy:metry across the P:anam.a Fracture Zone (Edwards et al 2018). 
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Fttture 4. ,ern.ss sedioll of the Costa Rican fOJe.arc--aro~oook::m: system alo:n~ iransecl in figure 3 OabeJed as Mxsnn) 
based o:n Stavenbagen et al. (1008). Hayes et al . (2012), Buchs et al. (21ll119), !Ffmer et al (2004), Brandes et al (2007), 
and Mo:rell et al. (2fil2). 

A seoond exrensirve unconfomi.ity (U2 iro Figure 2), approximately~ 1..5 km above tihe base of the slope sedi-
ment sequence , records aroo1!her pulse of upUft: at 1..95-1.78 Ma (U141.3; Hams et al 2013 ; Vannurohi et al , 
2-0H). Pervasive: cltanneHza:tion and steep downoutting visible across the unconfonnity surfuce suggest it 
was caused by a major slope coll!apse: iro a submarioe envimnmeot, poteotiaUy as a coo sequence: of orverste:ep-
ening of the slope due to seamouot subduction (Edwams et al 2018 ). Th.e: ~450- to 1,000-m -thick elastic 
sediments above tms unconformirty exhibit sedimeot fucies and cliroo:form sequences ind!icative of pIFOgJ'es--
sive shallowing , from a submarine fun complex . at the bottom of the seotion to an in.filling slope basi!o oear 
the top (Edwards et al 201.8; Harris et al 2013 ; Vannucchi et al ., 201.3 }. The thi.M and youngest major uncon-
fm:mity (U3 in Figu:re 2) within the slope sequence contains an exiteosive paleoranyoo ~tem locally as 
much as 3S0mdeep , that Edwards et al. (20ll8.) interpret to beaconsequeoce of uplift andsubaerialerosion 
associated with the s,ubdnationoftine Queposguyotat ll.78-1.19 Ma. The <~200-m -thicksed~mentary layers 
above this unconformity record . prowessive baslro infilling from~ ll Ma to present. Vannucchi , Mo:rgao S:ill--
ver, et al. (2016) sugge.st that the rapid rate ofsedimeot accumulation record .ed within the uppermost slope 
sequeoce (ll,o-35 m/M .yr) is a consequeoce ofsubsidence: tihat allows tenestrl .al. sed~menl:s to accumulate in 
a !basin without :reaohiog t!he: trenclt. 
3.4.2. Thrust and Nonn.aJ faolltirng 
The slope cover sequeoce is deformed wi.tIBl.io tine 3-n volume , ptlmarlly exhibiting evidence fur contrac-
tional deformation in the fonn of thrust faurting and associated folding (Figu.re 2 ; Hangs et aL 20ll6 ; Edwams 
etal. , 2018). NonnalfaU:ltsare p:resentbut exhibit minor amounts ofolfsetaod do oot cut thmugh the ·enti:re 
sequeoce (Bangs et al ., 201.6; Edwairds et al., 201.8). Th.e: sfo;pe cover sequence exhibits a near-vertical tran -
sition, positiooed close to 1!he current sheillfb:reak (see Figure 2). lbetweeo a landward region with rellative1y 
U!ttle oontrnotional deformation arod a sea:waJ'd region (~SO km landward from tine toe) that is more exten -
sively folded and fanlmd (Edwards et al, 2018 ). This transition ooou:rs at appmximately the same location 
throughout the entire t!h.ic.kness of Ute sfo;pe cover sequence:, suggesting that the wedge has maintaioed the 
same relative positioo since at least the eal'ly Pleilstooene (Edwards et al ., 2018}. 

4. Summary of Previous Work on Plio-Quatemary Forearc Deformation 
Onshore 
4.1 . Out er Fore an: 
The record . of Quaternary vertical tectooism on the Osa Penirosul!a, which is situated directly inboard . of 
the axis of the incoming Cocos R:idge and ooly ~ 100 km to the east of the CRJS:P study area (Figu.re 3), 
displays many simil!ar characteristics to tine record of tec.tooism ioferre:d from drilling and offilhore seismic. 
stratigraphy. The Quaternary marioe section that hlan.k.el:s the foreare basement suggests Osa h.as undergone 
spatial arod temporal periods of botIBI. rapid subsl:deru:e: and uplift (Garoner et al , ll 992, 2013 ; Sak et al., 2004). 
Superimposed . on water dep th variations :related to sea level Uuotuatioos are periods of rapid (>2 m/ kyr) 
snlbsl:dence arod uplift :related to trenclt-paraUel arod treru:h-perpeodicul'.ar vertical faults that allow variable 
motion of distinct smaU (5-lO km) blocks (Gmner et al 2013 ; Sak et al , 2004). This style of defonnation 
is interpreted to result from the upper pfate moviog up aod over the relatively small wavelength (tens of 
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Ftawe 5. (a) Geologic map of lhe Fila Costeila Tlmm.1 Belt, showm~ -75 new bedmng orientation data. romll:in.ed with previous1y published data. ftom Fi!she.r 
et al!. (2@04). SitdlleF et al. (20®7).. Morell! et al (2lllllS). Sak et al!. (2.CIO!l}, Morell et al. (20B ), ancll Morell (2016). The dernU.ement ben.eath th.e Fila Costeila. steps 
up section in. l!be 11.orthwesteu1 pomon. o:f l!be lhrnst belt and theremre does not expose lhe BIilo fm. Tlmus.t !orations m Ill.is n.orthwestem region are lherefore 
mapped! based on field obse<FVationsofralllt oontartsand pre_jected along smk.epairallel to the topographic gram. (b)Str~phi c coiumn offhe Central f:IJ.ia 
CosreilaTitms,t Belh'howingWiits d1spla}red in (a), modified ftom Philllps ( l983)and Fishe1et al. (2004) , The BF!to Fm. is ~1 km thick . (c) ew balan .red auss 
seci:fon based 1111 data following l!be Tfilraba Ri¥er (see location. iII panel a). C!ross section co:nsbucted by fmward modeling to mat.ch mapped contacts,. thFus.1 
uares , and sfilface structural mea&11rements in. 2.cD MO¥e~ The cross section 'MIS mnsbucted taking into account both the dlp, measurements shown, as wel1 as 
data. mim l!be regionm mapped stnu:twe , whicil suggesls that lhrust raults do not change m:ientation. slgnffiranlly alo:n~ mike and on a~ dip ron!Sistentty 
to the nrutheast by 15--3.5°. 
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kilmnereIS)ronghness along the crest of the Cocos Ridge, such as the series ofgraben structures on the ridge 
axis (Gardneret.al , 201.3; Sak et al., 2004), andsnggesl:s thaHhis region has not accumulated a high amount 
ofoet shortening(Gardner et al 20B ). 

4.2. Inn er Fore a!rC, F'da Cost e:iia Thrust Bel t 
The Filla Cosrena Thrust Belt is a l!hin-slUinned mountain raI1ge ~at extends aCl'oss tihe irnner forean: for 
~200 km (Figure 3). Th.is range was fmmed due to telescoping of the siJiciol!astic sediments of !he Terra.ha 
basin (Fisher et al , 2004), an Eocene to fate Miocene foreare basin that loc:a]ly contains the Terra.ha and 
Corre rol.'mations (Figures 4L and 5; Phillips 1983). 'This thrust belt contains a series of three to five thrust 
sheets that form a dluplex, wi t!lt imib:ri.rate thrusts that merge fateraUy with a mofthrust along lead!iog branch 
line.s (Sitcltler et al., 2007). The base o:I' thrust sheets is ma1.1k.ed by the Eocene Brito Formation, a carbonate 
that serves as a useful marker bed in restoring haDging wall and footwall cutoffs in paliinspastic restora -
tions (Hgu:re 5; e.g. Fisher et al., 2004 ). The Caribbean foreare basement below the Brito Forma ion is not 
deformed within the thrust belt , indicating that the doooHement beneath the thrusl: belt roots between the 
fm:emc basement and tine Terrnba basin cover sequence. 

The thrust belt is restifuted to the portion o:I' tihe margin where the overthiohnedl crust of tihe Cooos Ridge 
s11bdlucts. "fhe developm .ent o:I' the thrust belt has therefore been rellatedl to slab shallowing andl increased 
coupling refated to Cocos Ridge subduction (see Figure 3; Fisher et al., 2004; Moren et al., 2008, 2013; Sirtcltler 
et al., 2007). The greatest shortening oocurs within a structural culmination d~l"ootIBy irriboard of the Cocos 
Ridge axiis (Sitchler et al 2007 ). 'This struotural culmination has tihe most thrust slices, the highest topog-
raphy, and faterally enens irve lands:lides along the trenclt -fu.c:i.ng side of the topographic d!iv:ide (Figu:re 5). 
The number of thrusts decrease .s faterally bo th to the nortmi.est and southeast from this culmination . Io the 
northwest, the thrust bel!t terminates near the Herradura Block, where the margin becomes inHuenced by 
seamount su Muclion (Fig11re 3; Filsher et al 1994). ln tihe southeast shortenirng diminishes to zem near 
the onland projootfon .o:l'the Panama Fracture Zone (Morell et al., 2008, 201.3; Sitchler et al., 2007 ). Given 
the migration .o:l'the Panama Fracture Zone and Panama Triple Junction to the southeast thmugh Hme rel'.a-
tive to the upper pllate, i!t has been shown that the thrust belt also migrates, as areas to the southeast exhi'ilit 
l.esser amounts ofshorteningwi.th d~stanre along smke (Morell etaL , 2008, 2013 ) . 
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Several Lioes of evidence based oo geologic. straligraphic aod geomorphic data suggest tine Fila Coste:fi.a 
Th.rust Belt has been actively shortening and steadil y uplifliog at moderate rates tihroughout the Quaternary. 
A marine temwe located at ~l 2 m above mean sea Level (Figure 5, Qs) contains a sheU with a radiocar-
lilon age of 5.54 ± 0.07 la, oear where the Terraba River intersects the fron tal thrust (Fisher et al., 2004). 
Quaternary fluvial terraces along 1!he "ferraba River are displaced lily tmust faults (Fisher et al , 2004). And , 
deformed ]ahal':S within the southeastern portion of the thrust belt are radioca11lilon-dared to lile Quaternary 
in age (Morell et al, 2013). 

AltIBwngh these data sets ind~cate that the Fila Cosrena must have lileen active tfuconghout the Quaternary , 
the exact timing of iniliatioo of thrusting is less well consu:ained. There are two cited age roostrain ts !"elat-
ing to the ooset of uplift: of the Fila Costen.a. The oldest relates to Miocene -aged gabbroic irotrusioos of the 
Puerto Nuevo Fmmatioo exposed with the thrust beillt (Allvarado &. Gans, 2012 ). Mescua et al. (2017) posit 
that these intrusions al"e related to the initiation of thrust faulting(Kolal"sly etal , 1995), and therefore sug-
gest tmiat tine initiation of the Fila Costen.a thrusliog began io the Miocene. 'The second constraint comes 
from the presence of a defmmed Pl!ioceoe maiioe mndstone that caps the sedimeoraiy uoits of the Terraba 
lilasin and unrooform.alilly 1mderl!ies the PJiooene Paso Real Formation (Kesel 1983; Sitclder et al , 2007). 
Th.is mudstone has been used lily several autho~ (Fisher et al , 2004; Sitchler et al, 2007 ) as a maximum 
constraint oo the timing of the initiation of shortening aod upl!ift: withio the Fila Costena, because H indi -
rates submarine conditions leadiogup uotil.Pliooene time. Mescuaetal (2017) inrootrast,suggest t!hatthe 
uooonfu:rmity at tine base of !!his mudsrooe could be related to a Miocene defonnation event 

4.3. Volcanic Arc 
Th.e decoHement of the Fila Costen.a is hypothesized to extend dowodip to root beneath the uplifted 
CordiUera de Talamaoca volcanic 31C to f'mm ao orogeo -scale pop -up structure toget!iter with lil11JCk thrusts 
in the Limon baokaoc lilasin (Fignres 3 and. 4; Brande .s et al., 2007; Fisher et al 2004; Morell, 2016, 2012). 
Evidence fur uplift of the Talamanra compal'ed to adj11JCent aE segments: has loog lileen suggested becarnse 
of their anomalously high eillevatio:ns (de Boer et a]., 199'5; Grfil'e et al. 2002}. Late Miocene extincHon of 
calc-a]kaline volc.aoism within this: range had been associated with uplift of tine Talamaoca due to Cocos 
Ridge subdnation (Abratis: & Womer, 2001 ; de Boer et al t995 ) . However, sirmilar-aged extinction of adja -
centaoc segments in Panama (Wegner et a]., 2010 ) suggest that fate Miocene shut -off of calc--alblioe active 
vokaniism in the 'lhlamanca . was not lioked oo Cocos Ridge snbduction and was rather related oo a fate 
Miocene plate tectonic reconfiguration (MoreU, 2015; Morell. et al, 2012:; Rooney etaL , 2015 ) . Th.e irocrease 
in range w:idt!h, hlgh eil:evatio:ns, and deeply incised river reaches draining the 'Talamanca snggest ongoing 
and recen t rock uplift within t!lte past few million years (MorelJ et al , 2012). A surface with signifi .caotly 
l.ower reEief aod geot!:er st!"eam gradients located at elevations above ~2 ,000-2,500 m near the raIIge peaks 
suggests the Ta]11Jmanca undeiwent significantly lower rock uplift rates at a time period oo earlier than ~2 -3 
Ma(Morellet al. 2012i This timirogofup1ift coincides with the timiog ofsubduotion of tine Cocos Ridge as 
derived from p13Jte reconstruction models , and therefore suggests t!hllJt Cocos Ridge sulilduction and uplift of 
the Talamanca are !!inked (M3!CMillan et al 2004 ; MoreU et al 2012). Recentily, Mescna et al (2017) argue 
that deformation wi~in the Tal3!mailca must have begun io the Miocene, due to the presence of an angular 
uooonfu:rmi ty between Miocene sandstones of the Pacacua Fonnation beneath undefonned andesirtes of the 
Grifo Alto Formation (dated to 7 .3 to 2 Ma; Alvarado & Gans, 2012 ). 

s. Is Trench Retreat Linked to Upper Plate Shortening Farther Inboard? 
5.1 . Approach and Methods: Au.alysis of New and Existing Data 
We test l!he idea that a portion of the rrenoh retreat in southern Costa Rica is !"e13Jted to underthrusting within 
the inner furearc, by comparing lateral variations in trench retreat to along-strike change s in shortening 
within the Fila Costen.a Thrust Belt. ]n the absence of accretion movement of the outer furean: uoder the 
innerfui:ean:rouldlead to trench retreat without basal erosion. Ifso , there should be a relationship between 
the amount of shortening in t!lte inner fureaoc at the Fila Cosrena and the amoun t of trench retreat for a 
given position along strike. 

In order to evaluate how shortening io the Fila . Costefia varies along strike, we rompil.ed oew and ·existing 
stru .ctural . data from the thrust belt, constructed one new balanced cross section, and syntinesrred published 
shortening estimates (Figure 5; Fisher et a]., 2004; Morell et al 2013 ; Sitcliler et al , 2007). 'The struc-
tural data used in this study (orientations and Lorations of contacts, bedding and faults) are based liloth 
on previcmsly pu lillished data from the centra] and southern portions of the thrust belt (Fisher et al 2004; 
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Fta,ure 6. Digital elevatiOll model and topography o:f the fillt Co:s.-teila Thrust Belt, sl:tow]ng swath locations used m c1~ionaJ area calrulia.t!om. Map extent 
shown in Pig,me 3 and is the same as figure 5. Topography fto:m NASA "s SITTM 30-m data set Blacl:: line shows topographic divide shown in f:ig,ure 7a.. Mean 
and 1.,-cIDSHeciio:naJ areas calculated within eaci:I swath are repm!Ed i11 Figure 7b, Line-Jength-llabnced cross sedlo:n Iocano:ns are shown as :in Figure 5, from 
Fishe<F et al . (]004), Sitdtle.r et al!. (2®07). Morell et al . (2008}.. Morell et al!. (2013). a:nd this s.-tu.dy. 

MORELL ITT AL. 

Kolal':Sky et al ., 1995; Morell et at •• 2013 ; Sitchler et al., 2007) , as weU as 75 oew stru .ctural . measurements 
from the oottliwestem portion of ~e thrust beillt. Ou.r new cross section was construc,ted by forwaird mod -
eling in Midlarnd Val.l.ey's 3-D Move to matcit mapped contacts thrust traces and ~20 surfuce structnral 
measuremeots. Shorteoing was estimated by lioe ~leo~ bal!anciog, . and resto:riog hanging wall oo footwaU 
out offs within the Brito Formation following metihorls in Fisher et al (2004). Where haogiog wall cut offs 
were not direct! Jyobserved in the field , they were placed d~reciily above the ouwent erosional sntfare to obtain 
a mioimum fault slip estimate. 

Uofornunare l!Jy, estimalioo ofshorneoing by Lioe-length-bal!anced cross seotions is spatially limited within the 
Fifa Costefia . There are few age coostrnntswi~o the tmbid ~tes of~ "femi.ba Fmmatioo, making it d!iHkurt 
to recogorze stratigraphic position amoog thrusts that do oo:t expose the Brito Formation at the surfuce . 'This 
situation particularly arises ro the northwestemmost portion of the thrust belt , where tihe doooHement steps 
up seotion to the norllhwest: above the Brito Fmmatioo along a lateral ramp (Figu1'e 5; Fisher et al., 2004). 
Th.is lack of stratigraphic control creates a problem became the li!oe-leo~-balanciog method reqrni:res a 
key bed with whioh to matc!h hanging wa:tJ and f'ootwall cutoffs. Moreover, thmce are some :regions of the 
thrust belt where strucru.ral data 31'e uoattainable due to cover by younger volcanic uoirts. thick vegetation, 
high rates of saprolite productioo and / or poor exposure. These shortcomiogs make it difficult oo compare 
shortening betweeo positions along strike . 

To evaluate rel3Jlive along -strike ohailges in shortening across ~e eotire thrust beU, includ ~ng those regions 
where line--leo~ -balanced shorteoing estimates are not possible, or where rover or vegetation introduces 
luge uocertaioties io tine structure, we calouJated the total cross -sectional area of the Fila Costena J'elaHve 
to ouJ!'ire'IIt sea level within lO km -wide- and 30-km -loog swaths (Figure 6), and compared these estimates oo 
the elevatioo of the dlivide of the range. We use topography and cross-sectional area as a proxy for shortening 
with the thrust lbelt on the basis that simpl .e ol'ogenic wedge modlels predict tihat tihe add!ition of material at 
the toe of a wedge will lead to increases iro the widitih aod height of the wedge 0 ,e., a conservatioo of mass 
for a wedge-shaped geometry ; e.g.. Davis et al ., 1983 ). 

Fi.nally, we compare om estimates of forea1e shorteniog with published trench retreat amounts: as reporned 
in V:arnouochi et al. (2013). Although the previous position of ~e trenoh is oot known we follow Vannuoc:M 
et al. (2013 ) in measnring t:renc!h l'etreat as the an:ward d~stance from the current tJ'eoch to the assumed 
l.ocation of llte trench prior to rel:l'eat (305~ treod lioe as shown in Fignres l and 3 dash -dotted line ). 

5.2. Res111Us: late ral Vari artio:ns in Shorte ning within the Fi la Coste:iia Thnriist Belt 
In ~e so:11:theastem portioo of ~e tfuiust beillt, our :resnUs: show both d.~vide eleva,tion and cross-sectiooal 
area decrease Laterally oo the southeast in tmdem with shorteniog as measured from balaoced cross sections 
(Figure 7) . The regioo oft!he thrust beU with the most estimated shorteniog ( ~36 km) ~e highest to;pog.raphy 
(~1 ,000 m) and the greatest oumbe:r of thrusts at OJ'OSS: section D (Figures 5- 7) ·exhihi s: the Largest total 
OJ'OSs:-sectional area of2l ± 4L km 2• From ~is positioo of greatest shorneoi!og, balanced cross sectioos : irodicate 
that shorteniog decreases steadily and reillativcly rapidly to the southeast aloog strike uotil dimioishing oo 
only ~4 km near where the thrust belt tips out Jaterally. 'This ~30 km decrease in shorteniog over a ~so 
km dlistance corresponds with a ~I 000 m drop iro the elevatioo of the divide and a~!! km 2 decrease in the 
OJ'OSs:-sectional area of the thrust lbelt (Figure 7'.). 
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IE .. Th lcklH!!S~ of Cocos Pim rnnt 
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Fta.ure 7. (a) Elevation ofthe Fila Costeiia Thrust Belt(FCTR) drainage divide fro.mda.ta in Figme6 . (ib) Mean 
c1oss-=tional area of Hla . Co.steila Thrust Belt rel.afire to current se.a. leveJ and l;r unrenalnty within 1.0-l:m-wid.e and 
30-lkm-lo:ng swaths as shown in fWire 6. Topographic analysis based on SRTM-30~m data. (c) Trench retreat es.tlmated 
fuUllWlllg Vannu.mti et al. (]OB) as the dlstanre betwre,n the present-day trench and the 31l&lllDed projecfion shllWII as 
dasll-do:tlecl line in Figures 1 and 3. Sho:rtelllll,B estim'ltes across th .e Fila Cost.ei!a. fmm aoss sections as shllWII in 
Figure 5 (denoted as C" -H ') are dertred fro.m this study, Fishe<F et aJ. (2004}, Sitchle:r et al. (2007), Morell et aJ. (2008), 
and. Morell et aJ. (Xll3). TutaJ sl:tmlenmg amou.nts along cross sections E and F (mm M.orel1 et al. (]008) are somewhat 
lower l!ban adjacent c1oss secii.ons because they do not inclu .d.e sl'.lp aJong the rearm@.st thrust du .e to imufficient 
strnctural data in thisr~n. (d) Mean, marumum, and minimu.m oothymetcy alon,gswalh sh.llWil m figure I m:im 
Ranero etal . (20013.) rel.afiret@ mean sea lewl . PFZdenotes PanclllTh'l.Fracture Zone~ (e) Thielrness ofCoe.(IS platecrnst 
on mromin,g plate along profile line shllWil m Figure I (Sallare.s et aJ., 1009; Walther, 21lffi). 

Similar facteral deoreases in topography and shortening are obsen-ed in the nortbwe .stem region of the thrust 
lilelt. We estimate ~16 km. ofshortening along the Terra.ha River from our oew omss: section (cross section 
C, Figure 5). Th.is: estimate is ~15 km. less than shortening calbufated lily Sitchler et al. (2007) for this: same 
sectio11 a discrepancy due ro l!arge part to differing interpretation of the amount of slip reql]ired on the 
reammst thrust. As most hanging walJ cntoffil were pl!aced .at the erosioo surface, the Jine-leog;th-balanced 
shortening estimate fur Ol]r oew cross sectioo is primarily based on (1) the thrust fault d~p, which averages 
liletweeo 15" and 35° for the entire 1!h.rust lileU: and (2) the depth todecollemeot, e.stimated to be between 2,500 
and 3 000 m by Sitchler et al (2007), Based on these consuaints , we estimate tihe total uncertainty in our 
lioe -leo.§th-bal.anced shortening estimate to be between 10% and 20%. Nonetheless, shortening decreases 
lily at least 4-15 km laterally over the ~8 -km. distance between cross sections D aod C. The elevatioo of the 
divide and cross -sectional area also decline oortIBtwestwam across : this irot:erval, but topography is further 
decreased due to steep downoutting lily the Terra.ha River (Figures 6 and 7). To the ooilllwest of the Terra.ha 
River. Hoe~l.eog;th-balanced shortemog estimates caonot be obtained because the Brito Formatioo is not 
exiposed. But after excludrog those regioos where topography is strongly affected lily "ferrniba River incision , 
the laterally diminishing cross-,sectiooaJ area saggesl:s tIBiat shorteniog deoreases gradually to the northwest 
for > 100 km aloog stri.k.e until the thrust lilelt eveorually termioates (Figures 5 and 7). 

Taken together. these resu lts sugge .st that ioner furearc shortening at the Fil!a Coste:iia Thrust Bel!t steadHy 
decreases faterally away from the position of g;reatest shortening inboard of tihe Cocos Ridge axis (at cross 
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Tablel 
lm:n!J\U!'llml Uplift IJF Subsidence Rates C!llm!arm From IODP Site 334-Ul.379 

Time i:nterval Uplift or subsid .ence Incremental uplift OJ 

(Ma)II DwatiOOI (MyI) Depth inte,rval (km )b (km) subslcle.n.re rate (km/My1) 

2 .. 5--2-2 0.3 1.0 ±0 .l to II.I± 0.1 o.s ±0. l 2-7±0 .l 

2.2-2-0 0.2 0.1 ± 0.1 to 1..3 ± 0.2 -1.2±0 .1 -5 .9 ±0 .2 

1.9-2-0 0.1 1.3 ±0 .2 to 1.Al± 0.2 -ll .6±0 .2 -ll.6±0.3 

11.5--1.9 1.4 U ±0 .2 to 1.0± 0.1 0.4±0.2 0.3±0.2 

11.5--0 0.5 1.0±11.1 toll .7±0 0.3 ±0.l 0.6±0 .l 

Noh?. ln.creme,ntal uplift (posilive) or subsidence (n.egalive) rates deteanlned frnm the uplifi OJ subslcle.n.re pattern 
raltulated by oowuipping the drilled stcaqgraphic roiumn firnn Vamiucdll et al. (20B) at IODP Sirte 334-UB79 . 
Location. madred in P'igures. I and 3. IODP = Integrated Ocean Drilling Program . 
a A.Be control fiom .biosual:igraphy of rumofossils and OOI1thic roramaniferafrom Vannucdll et al. (21lll) and Yannucchi 
et al (21113). 0 Depth me.as.wed below modern sea level after backstrtppi.ng and acaiuntmg fur isostacy change.s du .e to 
sediment loadlrtg from Vammcdli et al. (]OB). 

sectioD n). These decreases in shorteoing occur r-elativcly gradually to the oorthwest for 1.50 km along 
strike arnd more rapidly to the southeast for ~so km along strike. 

5.l . Resl!llts : l ateral Variations in Trench Retreat Scale with Inner Forearc Shortening 
and Crustal Tirldcness of the . ocos Plate 
The amounts of u-em:h retreat io southern Costa Rica display similar along--smke patterns as shortening 
and topography within the Fifa Costefia Thrust Belt aod with the crnstal . thiclmess of the su bducliog Cocos 
pfate. Trench retr-eat is highest (~50 km) near Ol'OSS: seotion n whmce Cocos pl3Jte orustal tih.iC:kness iinoer 
fm:emc shortening , cross-sectional areaaod divide elevations are l!ikewise greatest (Figure 7). The magnitude 
of rrenoh retreat !!hen tapel':S parallel to strike in a manoer similar to shortening and lower pfate orustal 
thickness estimates. The largest fateral grnd~eot io treoch retreat occurs in the souilieastem portioo of the 
range, wlhere shorteoing rapidly decreases to the southeast near the terminatioo of the thrust beU: and the 
dOW]Jgomg pfate transitions from the Cocos to azca plate (Figure 7) . Northwest of the position of greatest 
shortening , trenc!h retreat estimates gradually decrease to less thao 30 km at the Hemi.dura BJock (Figure 3), 
where the crustal thiclmess of the dOWIIgoing Cocos pl3Jte dimioishes to < 10 km (Figu.re 7). Overall, these 
resu ll:s sugg:e.st that trench retreat scale .s with iooer fureaoc shorteniog at the Fila Costena Thrust Helt and 
with the thickness of the crust of the subducting Cocos plate. 

6. What Causes Outer Forearc Vertical Tectonism in Southern Costa Rica Along 
the CRISP Transect? 
6.1 . Apprnach and Methods : Analysis o:f Existing Data 
We use the spat i al disml!mtion and rate of upper plate vertical tectonism to distingu .ish between possible 
mechanisms: fur outer forean: defol"mation . Usiog the present -day rougmtess: of the sulbducting pfate , and the 
convergeore rare of9.5 cm/year, Sak et al (2004) show tihat the average subsidence or rook uplift rare due to 
the subduction of kilometer-scale bathymetric rel!ief exc:eeds 2 mm/year, witih a short duration ( < l M yr) and 
leo.~ scale (~5 km). We t!hmcefore hypothesize tihat l'ock uplift or suhsideoce camed byseamount subduc-
tion ( e.g. EdwaMS et al., 2018 ) should lbe rapid(> l m /.kyr) , short in duration ( < l Myr), spatially irregufar 
~over d~starnces <IO km) and with a magoitnde similar to tihe hel.gbt of the hathymetric feature . In con-
trast, previous: authors suggest tihat subsideoce ioduced by basal . erosioo has occurred aoross: the 350- km 
strike length of the iodeoted portion of the margin (Figure 3) and has beeo occumog oear continuously 
since the past 2 .2 Ma (e.g., R:aoero et al ., 2008 ; Vannurohi et al., 2013 ) . We therefore hypothesize that subsi-
dence due to basal erosion should be longer lived(> l Myr) and ooour on larger spatial scales (> IO km) t!han 
defo:rmatioo caused by seamount subduction. 

To diiscrimi!oate between llhese potential mechanisms: of defmmatioo, we compiled published data to caJ-
oufate rock uplift and subsidence rates across the entire upper plate near the CRISP transect , including 
olfshore and onshore regions . For offshore data , we used tih.e published data to calculate incremental l'ock 
uplift or subsidence rates: using the magnitudes and timing of vertica l tectonics from IOUP drill hole UB79 
(Vanoucchi et al., 2013 ; Vanourohi, Morgan , Silve:r. et al., 2016 ). Onshore , we used these published data to 
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Fta.ure & (a) Rott upl.ffl (po.sitive)ou11bsldenc:e (negative), rates compiled from offshore and 11ns'h11re r,egioru n.ear 11:te 
CR.ISP transect. See Figure 3 IDF location of samp]es . Offsbrue data. de:ri.ved fiom p:ileodepth cal.rulatio:ns and 
bact.suippingirnm ocean drilling at bole Ul379 •(Vannucchi et al., 2011}, with age c11ntro1 from IBlll11fussil analysis and 
be:nl!hi.c furaminire,ira dlsb'ibl!lliions (Toble l ; Vannu.cd:i.i et al., 2013). Onsho .re data cal.rulia.ted from Ille elewn11n and 
ages of racli.ocamon and optically slimu.Lated Luminesr:enre (081 ) samples shown in Tobles 2 and 3 willt data rro.m 
Gardner et al ( 1992). Sak et al (2004), Hs'her et al (20M }, and Gardner et al (2lU3),. RanRe,S or rocl: uplifi rates are 
repruted IDF the Tolamanca Range calculated (mm the elevatioo of21 knictpoints relative to rurrent base l.evel, and an 
olllSet of increased rock uplffl: starting at 1, 2, or 3 Ma (Morell et al, 2012). (b) C:ilru!ated i:ncreme:ntal uplift or 
su.bsidenre rnte.s based OD data. from . Vannu.c.d:J.i et al (21113) and Vannu.ochi, Mor;gan, S!lver, et al. (2lH6) fto.m data 
shown in Table I. CRISP = Costa Rica Sei!smogenesis Project; IODP = Integra ted Oce.an D1illmg Pmgram.. 

com(Pute uplift: arnd Sllbsidence rates based on the elevation and depositional location of rad!ioc:a.roon and 
optically slim.U:lated lum.inesrence (OSL) sam(Ples coUected from. Q11atem31Y marine sed .iments. The pub-
lished . data were derived from. Gardner et al. (1992 ) , Fi sher et al (2004) Sak et al (2004), Sak et al. (2009) , 
and Gardner et al . (2013). Incm:ranalysis, we calib:rated .each radiocamon date tocalendaryearsusingOxCal 
vA.3,2 (fuonk Ramsey, 2-009'; calibration cnrve from. Reirme:r et al., 2013 ) , and calou]ated time -averaged rock 
uplift or subsidence rates for each OSL or calibrnted rad ~oc:a.roon sample foUowing methods in Gardner ·et al. 
(2013 ). Th.is calcufation involves dh1ding the sam(Ple age &om the di!fference between its modem elevation, 
de,positiooal position rcl!ative to modem sea level (facies depth). and paleo-sea leveJ at time of deposition. ]n 
al] uplift/subsidence rate calcullations , we used the paleo - sea level curve of Lambeck et al (2-014) for sam.-
ple ages between 35 kato p:reseot aod the Lambeck and CinappeU (200l)sealevel curve for ages older t!han 
35 Ira.. Using tIBiiis same procedure, we calouJarted incremental uplift or Sllbsidence rntes where possible for 
each Location tIBtat oontaroed more tIBtan one age, by using the d ifferences in both elevation and age between 
the tw-o sam!J)Les. Where oo OSL or radioca11oon dates were avail'.able, we used relevant publ!ished geo logic , 
geomorphic, and stratigraphic data to consider the timing and duration of vertical deformation aoroos the 
forerut:. 

6.2. Res111Us From the Outer Forearc: Rapid and hort-Lived (<1 Myr), Cycles ofVertical 
Te.ctonism Both Onshore and Offshore 
6.2 .I . Offshore Outer Forearc 
In tIBte offshore furearc, cycles of rnpid uplirft and subsidence sioce the ea:rily Pleistocene have occll.rred over 
rellatively short time periods ( d My:r). with magnitudes less than ~1 km. ('fable 1 and Figu1'e 8.). After 
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~n~s From Samples USM in Rock. Uplift Rati? Cak:u.laliom From Manne &diment 

Calendar 
cal:ibrated Modem Paleo- Facies .Rnek 

Lat 1mlg. Sample 14CAge ~(cal elev. sea .level depth uplift rate 
Souroe {"N) t" E) nnmbet:3' (ka't BP)I= (m)ll (m:f (mf ( m,/kyI jll 
Fisher et aL (2lll04) 9.1 -83.683 129337 (s) 5.54±11.oJ 6,.342±66 0±1 -3±2 0 ±1 0.5± 0A 
Sak et aL (2lll04) 8,6&21 -83.7H 1422.0&(s)~ 27.22±11.69 31.,456±750 1.5± I -&2±.5 -15± I 3,6±0.2 
Sak et aL (2lll04) 8,6727 -83.717 142206 (s) 34.29±11.44 38,.839 ± .530 47± I -&3±.5 -15± I 3.7±0A 
Sak et aL (2lll04) 8,6701 -83.714 154114 (s) 40.69±11.63 44,271±.573 37± I -67±.5 0 ±1 2..3± 0A 
Sak et aL (2lll04) 8,6637 -83.713 154115 (s) 37..95 ± IIA9 42,217±335 61± I -62±.5 -9±6 3.1 ± 2.5 
Sak et aL (2lll04) 8,6637 -83.713 154116(s)~ 40.65±11.63 44,238±.572 64±1 -67±.5 -9±6 3.2± 2.1 
Sak et aL (2lll04) 8,6637 -83.713 154117(s)~ 34.87±11.35 3941.5±405 79± I -&3±.5 -15± I 4,5 ± 1.2 
Sak et aL (2lll04) 8,6359 -83 .73 142204(s)~ 40.00±0 .6 44.522±.554 20± I -67±.5 -9±6 2.2± 0.3 
Sak et aL (2lll04) 8,6359 -83 .73 1422.0S(s)~ 34.00±11.24 38,.49.5 ± 289 15± I -&3±.5 -9±6 3..3±0 .5 
Gardiner et al (1992) 8A8ll -&3 .3 20ll38 (s) 20.14±11.14 24,214± 179 13± I -B2± 10 0 ±1 6.0±0 .5 
Gardiner et al (1992) 8A8ll -83.317 DICTI62(s) 22.73 ± 1..116 27,13.2 ± 1,09 10± I -126± 10 -9±6 5..3±0 .5 
Gardiner et al (2013) 8.5244 -83.396 226447 (s) 43.5±0 .77 46,.919 ± 85.5 170±10 -77± 111 -5±5 5.4± 0.9 
Gardiner et al (2013) 8.5214 483.397 2291175 (w) 37.52±0 .6 41.,.914±445 170±10 -&3 ± 111 -5±5 6.2± 1.1 

Noh?. All samples analyzed by Beta. Analytic ~pt for sample number rnCJ362, pmce.ssed by Dlcam Radioisotope Co, Samples excluded Imm calculanons irf" 
1moertamty was >100% ofthe l!DOk: uplift rate, ifun rertamty m elevation of the sample was> 10 m, if the origi:nahourre interpreted lhe sample 35 rewod::ed, or 
if the radiorarbon age was >43 k:a. 
as = shell sample; w = wood sample. 11Uncertaintie.s shown are la-. cRadioralibon ages c.aleooar calibrated wing Ox.Cal vA..3.2 (Bronk Ramsey, 2009), and 
the Cil.ibratfon rupre of Reimer et al . (21113). The la uncertainties are shown . Cal BP refers to calendar ye.ru:;. before 19.50. 11Mode.m elevation of the sample. 
Mea5ured posiliire up.wan! from mrrent mean sea level. ePaleo-sea Level at the time of deposition measured positive upward . Paleo-sea level curve b35ed on 
Lambed: and Chappell (]{JOI) and Lambeck et al . (21114). fFacies depll:I of deposit end.osi:ng the sample . Posilire upward fiDm current me.fill se.a. levet Rounded 
to neares,t meteor from published esnmates.. 8Rook uplift rate and aooumulated unoertainnes calculated based on Garoner et al . (1992) and Sal: et al (1009), 
wing the difference betwee,n the modern elevanon, racies depth, and pa.Leo-sea. level elevation dm.ded by the samp]e age~ hSampte ll5ed in mc1emental uplifi 
or subsidence rate as desc.ribecl in ten 
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lilack:srnpp irng to areount for the effects of sed~ment loadiog (Vaonuochi et al ., 2013), the record at dnU hole 
Ul379 begins in the eady Pleistoc:eoe with a pulse of0.8 ± 0 .1 km. ohoc!k uplift at a rate of2.7 ± O.l km/Myr 
over the 0.3 --Myr time ioterval between 2.5 and 2.2 Ma (Table 1 and Figure 8b). which produced unoonfol'-
mi!ty Ul (Fig11re 2 ) . This pulse of 11plirft was immediately S1100eeded by a similarly short -Uived episode of 1.2 
± O.l km. of subsidence at a rapid rate of 5.9 ± 0,2 km/Myr over the 0.2--Myr time interval liletweeo 2.2 aod 
2.0 Ma (Tableland Figul"e 8}. Following this~500-kyr cycle of rapid uplift and sulilsidence , the remaining 
recmd in the Ul.379 drllJ hole reveals a temporary period of slow suhsideore for 100 kyr, foHowed by rel!a-
tively sl .ow uplift from 1;9 Ma to preseot (Table 1 and Figure 8). Th1JS, tihe vertical reool'd in dri.11 hole 1379 
indicates a pu.lse ofrapid uplift: and SU:bsl:dence over a ~l -Myr interval io the early Pleistooene , followed by 
sl .ow upli!fl: for the l"emaiorog ~2 Myr to the pl"e.sent (Figure 8b}. 

Uoconformities and depositiooal environments reool'ded within the s.lope cover seqrueoce in tine 3 --D seis-
mic volume show two additional Pleistooene upii.ft -suhsideore cycl .es that are not reoorded in Hole 1379 
(Figure 3 ooe at L95- L 78 Ma (U2 in Figure 2; Harris et al, 2013 ; Vannm:cM et al 2011) aod a second at 
l. 78- l.19 Ma (U3 io Fig1.ue 2; Edwards et al ., 2018). Why U2 aod U3 are oot recorded in Drill. Hole 1379 
remains 11oclea:r, but Sire 1379' is offset 15 km mm the 3--D volume and the differences iro age m.ay indi-
rate a short fateraJ enent of the unooofurmrity. Rapid rates of sedimeot aroumulation (1 035 rn.JMa) within 
the uppermost portion of l!he slope seq_uence have beeo used by Vannm:chi, Morgan, Silver, et al (2016) to 
arg11e for recent rapid basin infilling due to sulilsidence by basal erosion. Nevertheless ao iocremental uplift 
or s11lilsidence rate cannot be cal .rulated from the .se daJta beca1JSe the exact magnitude aod timing of vertical 
recionism associated wi t!h 1!hese features remains uodereonsuained. 
6. 2 .2. On sh ore Outer Fo re an: at the Osa Peu.irn s ula 
AltIBrnugh ocrumog over time periods, the cycles of rapid uplift aod subsidence offshore at CRISP occur 
at similar rares and comparable duratioos as short-term ( <1 Myr) vertical rectonisrn. observed on the Osa 
Peni!os ,uJa onshore. Thirteeo 14-C and 4L OSL samples (G ardner et al 1992, 201.3; Sak ·et al. , 2004) coUeoted on 
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Oplimlzy Stimulatl!'d Lilminescem:e (OSL)Agt>s Co!fuckd From Marine Sediment on Osa Peninsula 

Depth Total Paleo- Rock 

below dose Equ:ivalent Opli.cal Modem sea F:acie.s uplffl 

Lat Long. warer" surf:aoe J:ate dos.eh age elev.c 1eve:id depthe ratef 
llfillle e ) (" E) (%) (m) (Gyr/ta) (Gyr) (ka) (m) (m) (m) (m/kyr) 

CR0.503 &.5221 -&3A008 111±3 I OA2±0Jl7 1.6±1 39 ±& 2211± HI -87±2ll -5±5 8.0±24 
CR0705 &.466& -&3 ,4400 111±3 7 OA2±0Jl5 46±ll 109±288 3211± HI (3±3) - 0±1 2.9±0 .8 
CR0.504 &.556& -&3 ,4171 211±5 6 0.60±0Jl6 32±6 .53±11 00±10 -67±2ll - 0±1 3.0±29 
CR0700 &A421 -&3 ,4353 111±3 30 034±0.115 18 ±3 .53±12 35±.5 -67±2ll - 0±1 1.9±1.3 

Noh?. OSt ages frnm Gardner et al . (XITI). Analyses pelformEd :at the Luminescenre Dating Facfilty, SchooJ of Earth Scienres, Melbourne Un:ive,rsity. Sam-
ples . dated using a single-aliquot regenerative-dose p1otoooJ (Murray & R.o:bects, 1998; Murray & Wmtle ~ 2000) :applied. to 100 grain aliquots of 90- to 125-µm 
siire-ftactio:n quartz. Allillytical procedl.ll!f.s desa"ibecl! in Copper (2006). See supportin,B i:nfu.rmatlon Ta.l:Jle SI fur d.o:se r:ate data .and Gardner et al (20B) fur more 
irrfo:rmatlon . 
llf.stimatecl! time.a.ver:agecl! moisture oo:ntents based on measured field water valu.es. (% my ~t). bCalrulated using the oentral age model ofGalbra:itt:I et at 
(1900) illrluding a ±2% systematic 111uiertamty associated with calibration of Ille laooratmy beta sotm:e , c,Mocllern elevation of Ille sample. Positive upward from 
cuuent me.an sea level dPaleo-sea . Level at the time of deposilion. Paleo-sea level curve basecll OJI Lambeck :and. Chappe]] (2001) and l:ambeck et al (1014). 
~Faoies cllepth of deposit e11clo:&ing the sample . Measured positive upward . rRock: uplift 1ate and accumulated uncert:ainties calculated based on methods irn 
Garcllne,r et al!. (1002) and Sak et at (2009) , based on the difference between the modem elevation, l':acies clleplb,. :and. paloo-sea I.eve! eleii'a.tion, dMcllecll by the 
s:ampleage. gBa.sEd onamaxim111D .agecalculafion u.smg Ille manmu.m agemodeJ ofOUeyetal . (2006)irnclmtln ga±2 % syste,matlc uncert:aintya.ssooi.:atecl!willl 
caJibr:ation of the laboratory beta--9!lurce. 
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the Osa PeninSU:laspan rD agefrom.~20-40 kaand yield high net rates of time-averaged rook uplift ranging 
from l.9' ± l.3 l:ll!kyr to 8.0 ± 2.4 m/ kyr (Tables 2 aDd 3 }. On the Dortihwestero portion of the peDirosula, 
caloufated i!Dcremental rntes i!Ddicate snbsidence among d~sparate teotonic blocks has occmred in excess of 
5 m/ kyr over time spans of ~5-8 kyi-: 5.1± 1;9 m/kyr of S1.1bsideDce over the inteJVal ~38-45 la ("fable 2, 
Samples 1422-04 and 142205) 7. 7± 2 . .3 mlkyr of subsidence over the iDterval ~39'--44 ka (Table 2 Samples 
154116 and 154117) and 8.2 ± 1.31:ll/kyr ofsubsidence over~3l-39 k:a (Figure 8 and Table 2, Samples l54ll 7 
and 142208• Sak et aL, 2004!). Thus, aJthough the Osa Peninsufa has unde1gone rapid Det uplift since ~40- .50 
k:a associated with the emergeDce ofthe peninsuJa. ( GardDer et al., 1992 .2-0B; Sak et al 2004 ), the rellatively 
small tectoDic blocks OD the pemDs,ul!a. have also uDdergoDe perlorls of short-Hved rapid vert.ical tectonism , 
with a sl:yle ofdeformatfon much like the ~2.5 - to 2-Ma record observed within the CRJSPstudy area. 

6.3. ResoUs From the Onshore Inner Forean: and Arc: Loug-lived Vertical Teci:onis:m (> l Myr) 
The sequences of rapid Pleistooene outer furearc uplift or subsidence contrast witih the duration aDd mag -
nirude of vertical tectoDism observed in the inner furearc at the Fila Costefia, aDd the volcanic are al: 
the Comrnera de Talamanca ooshore. Records of deformation iiD eaoh of tihese regions suggest they have 
experieDced . moderate and steady rates of uplift (>0.5 m/ kyr) from at least the PliooeDe to p:reseDt. 
6.3.1 . Inner Forearc at the Fila CGsteiia Thrust Be1t 
Near where the Terra.ha ]tirver iDtersects the f'rnDtal thrust oftihe FLl!a Costefia, a shell. from the marine terrace 
l.ocated .at ~l.2 m above mean sea level (Figure 5, Qs) yiel:rls a Holocene up]ift rate on the order of0.5±0.4 
m/kyr (Fisher et al., 2004 ; Table 2 and Figure 8.). Assuming that irDcisioD has kept apace with rock up1irfl:, 
fluvial terraces along the Terraba River located ~90 m. above cnrreDt: base level suggest tiha,t rock up:lift has 
pe:r,sisted continuously over huDdredls ofthonsanrls kl millioDs ofyears, since at least MIS 5 or 7 (~2-00 kyr; 
Fisher et al. 2004). Th.rust displacemeDt of these fluml . rerrace.s, and back -tilted Lare PleistoceDe fahars 
along Ooss SeciioD G (Fig11re 5; Moren et al 2013; Sitchler et al ., 2007), further indirate tihat defonnation 
in tihe Filla. Costena must ha:ve !been ongoing throughout the Qnatemary or longer. 
6.3.2 . Cordillera de Thlamanca Volcani .c An: 
Geomorphic and topographic evidence: suggests that the ComHlern de TalamaDca vobmic are has Jikewise 
beeD steadily uplifting fur the past~ 1-3 Ma. On tihe Dortiheastem flaDks of the raDge . a low-relief surface al: 
el.evations >~2 km ~at roDtrasts with steep downstream channeJ segments is pm;posed to reflect a recent 
pulse obock up]l!ft and increased incfilsioD that began DO earlier thaD ~2-3 Ma (Morell. et al., 2012). Assuming 
that uplift is eq_ually balanced . by eIFosion, the elevation of2l kDiclc:points aloDg the ·edge of tih.e low-rel!ief sms-
face: relative to current base levcl yields an average of 1.8 ± 0.3 km of rook up]ift since the oDset of iDcreased 
incision (see Figure 3; MorelJ et aJ., 201.2). The role of precipitation or snbstrate erodibilil:y is ruled out as a 
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F1jture 9·. ·Outoo:n show]ng proposed model foJ the Quate:maiy evolution o:f the outeJ filrearc of S!!luthem Costa film 
alo:ng the CRISP m.meot. Panel (a), shows map vfew cartoon depiclion of upl!ifi (red~ o:r subsidence (blue) alon,g Ille 
m.nsert. Panel (b) shows locati.o:ns of reliatlire rates o:f upl.ffl (red auows } onubsi.denr.e (blue anows ) at positions alon,g 
the mmsect. G<ray acrnws show relative movement of the rorean:: tlfflllll"cll a pinned baekarc.. Ve,rtical sc.aJe is exa£ge.r.a.ted 
to highlight important features and is oot to scale. The ooa&tline demarca tes a d'.lchommy m ve.nical tectonics between 
the offmrue filrearc and the i:nneJ fmearc-au-100.okaa: system. The submanne fi:uearc rernrds : (1) yo-yo tect onics and 
sh.alp ieveJSah ool:wee:n pertods o:f rnp:kl! subsicllenr.e ancll upliifi that last l.ess than- I MyJ (VaruuJ.CChi. et al ,. 2013; 
Varu:rucchi, Mm;gan, Silvei; et al ., 2016) as a ronsequenre o:f subductmg ba.thymelFfc ielief, similar to reswls fit:lm the 
Osa Penfnsula (Gard'neF et al., 20l3; Sal: et at, 2004). The onland inner tiJ.rear<:--arc-backarc system re:corclls: (1) 
tel.esoop:ing o:f the forean: (f ·isher et al ., lflM ; Mmell et al!., 2008, 2013; SUciller et al .., 2007) and baekarc (Brandes et al.., 
2007; Silver et al!., 1900) basins and (2} Jong.term uplffl acmss the inner furearc at the Hla . ·Co.s.-teila (Fisher et al .., Im , 
20Cl4; Sak et al., 2009•}, vok.ani.c arc at the Comillera. de ToJamanc.a. (Morell et at, 2012). and the back::rn:: at the l.unon 
backarc lfuust belt (Limon T.ll.; Bi:andes et al., 2007) due to Cocos fildge subdu.ction. CO indicates Cocos pl:a.te. CRISP 
= Costa Ric.a Seismogenesis Pmjl:rt. 

luge factor in the developm .ent of the .se knic!kpoirots, because the knickpoints do oot ooiinc:ide with changes 
in Uhology and there 31'e not ob.served gradients io rain.fa]l tihronghou the study area (Moren et al , 20 12) . 

Ass11mi!og that Hu.vial erosion rates within the Talam.anca 31'e comparable to rates in simiJar tectonically 
acfive settings s11ch as Tibet (e.g.. O11imet et al ., 2009) or adj.i.ceo Paoama , the erosion rares with iro thiis 
region of the Ta.l!am.anca likely appro ach ~0.3,-().5 mm /year (Gonzalez et al 2016). Given tha the knic!k-
points and low -rel!i.ef sunace are still. presewed with.in th.is: mnsi.ent Jao~e, such relatively fast ·erosion 
rates imply that the io i!tiation of the increased incision aod rock uplift of~ "Fal.amanca as roomded by the 
kn ickpoints rn.nst have 0000.1.wed at a time period less: thao 1-3 Ma (Morell et al 2012). Usirog 1-3 Ma as the 
initiationofoplift , the 'TaJ!amancahave been np]irftiogata mean rate of0.6 ± 0.1 to LS ± 0.3 m /kyr(Figure 8) . 
The rock upift rates for the "Fal!amanca are the:refore wit hin the same order of magnitude (>0 .5 m/kyr ) and 
similar duratioo (;> l Myr) as: those estimated for the Fifa Cosreii.a Thrust Bel!t. 

7. Discussion 
Based on the analysis: we argne for the cooce ptual model depicted in Figure 9 for Pliio--Quatemaiy defo:r-
mation in southern Costa Rica . ht this model, trenclt rebeat 0000.1.·s: due to uoder thrusling =ociated with 
long -term (> l Myr) shortening within the inner f'orearc -arc -baokarc as a consequence of Cocos Ridge sub-
duatio11. These loog -term proce .sses oonlrn!st with rapid , short -tenn ( <1 Myr) pulses of outer fo:reare vertic:al 
tectonism oo.tIBt onshore at tine Osa Peninsula and offshore at CRISP processes, wbiclt we suggest 0000.r due 
to the subductioo of seamouots or other short-'W'aV'elenglh bathymetric relief. 

7 .l. Trench Retreat in the Outer Porearc Related to PJ!i.11-Quat.eniary Upper Plate hortenirng 
and Crustal Tirldrening 
From a mass balance perspecliive , the observed ror:rel!ations between trench retreat and inner foreare 
shortening s11pport l!he idea that a significant portion of the measured l::reoch retreat could be caused 
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by underthrusting beneatin 1!he inner furearc (Figure 9). Where b<enclt retreat is highest (Figure 7), 
li!ne-len.§tiit-bal.anced c= sections indricate that shortening in the Fila Costefia could account for ars muclt as 
40% of the total measured trenclt retreat However, shortening within die Fila Costen.a must be higher t!lum 
the estimates reported from balanced cross sections because most hanging wan cutoffs are now eroded and 
thus, the shortening amounts plotted in Figure 7C rep:resent minim.um estimates.. Moreover, t!ltese short ~ 
ening estimates do not 3JOC01mt for arny crustal thic:keni!ng reJated to the currently up:liffing Cordillera de 
Talamanra volcanic are farther !!and.ward (Grafe et al., 2002; MoreJl et al ., 2-012) , or to documented . short -
ening in the back.are along tine Limon backaa:: thrust beJ;t (Figu.res 3 and 9; Brandes et al., 2007). Thus. the 
total amou.nt of bench retreat related . to undertIBtrusti!ng and upp:er plate crustal thic:kenirng rou1d be much 
higher tIBlan t!lte shortening calculated by Jiine-len§tilt balancing wirthin the Flla Costen.a alone. 

Crustal thickening and long -term . uplift in the up:per plate at moderate rates (0.5-1 mm/year of uplift; 
Tables 2 and 3) are supported by numerous lines of evidence, including elevated marine and Huvial terraces 
in the Fila Costefia and tine elevation of knic:kpoints high withi!n the Talamanca Range (Figure 3 ). ]f this 
crustal thickening occurs together wirth underthrusl:ing of the outer fore.are, as we propose net subsidence 
should be occurring in the footwall of the fronta l thrust of the Fila Costefia olfshore, due to Hexural loading 
(Figure 9). Th.is idea is supported by inferences byVaJDnuoch~. Morgan_, Silver. et al (201.6) . who use the reJa-
tively rapid rate ofsedimentaccumufation ll ,035 m/M .yr)wiWn the upper slope sequence ars evidence that 
su.fficient su.bs[dence has created =mmodation space to allow tewestrial sediments to accumulate within 
a fore.an: bas in withou t reaching the trench. AJ!though Vannuochi, Morgan , Silver, et al . (2016) iugue that this 
su.bsl:d.ence has ,occu.ffed due to mechanical eros ion at the barse of the margin wedge , our proposed model 
for disp]!acement of the outer fuJCeaa:: beneath the Fila Costen.a predicts that long-term subsidence shmdd be 
oroumng .at tIBiiis portion of die margin. wirthout the need for barsal erosion. Unfortunately direct observation 
of subsidence is cu.1.1rently not possible because there are no published data sets in the offshore area wirthin 
the footwall of the frontal thrust of tine Fila Costefia (see Figures 8 and 9}. Th.us, although there is abundant 
evidence for uplift and crustal thickemng in tine upper plate onshore , the question of whether net subsidence 
bars ,occuffed in this offshore region and die potenti .al. subsidence mechanisms remain unresolved. 

Plio- 1Quaternary underthrusting beneath the inner fore.are and an: helips explairn why the shelf break has 
remained in the same position relative to the trench since the Pliocene (Edwams ·et al , 2018}, despite evi-
dence for trench retreat during this same time period. 'The Holocene marine terraces and displacement 
of Qu.atemary depos its, and the pl'esence of a Pliocene or younger low-relief surface at high elevations 
(Figure 3), ronfi:rm that crustal tIBiickening within tine forearc and are orouned during tine same PJiocene to 
Recent time period when forearc d.'rilliing and seismic recoJTds suggest that the shelf break has remained . sta -
tionary relative to the forearc (Edwards et al., 2018). However, Mescu.a et al. (2017) argue tin.at deformation 
in the Fila Costefia .3JDd tine TalamaJDca began in the Miooene , a po.tential argument against Plio-Quatemary 
deformation in the upper plate. Mescua et al (2017} posit that Miooene intrusions wi~in the Flfa Costen.a 
Thrust Bett are related to the initiation offaulting(Kofarskyet al., 1:995), bu detailed mapp:ing of die thrust 
belt (Fisher et al., .wot; MoreU et al. 2008, 2013; Sitchler et al. 2007) irndicates that these irntrusioos do not 
crosscut thrust faults aJDd therefore may be older than the faulting , 

Mescua et al . (2017) furtiner argu.e tIBiat deformation wirthin the Thlamanca must date to the Miocene . due to 
the presence of 3JD aJDgular unconformity between Miooene sandstones of the Pacacua formation beneath 
undeformed andesites oHhe Grifo Alto fmm.ation (dated to 7.3 to 2 Ma; Allvarado &. Gaos, 2-012) , bu the 
presence of this angular unoonfmmity does not preclude PJio-Quatemary up lift; Exhumation and uplift 
of the Tallamanca are proposed . to oocu.r by a pop -up structure (Figure 4; Fisher et a l. 2004 ; Moren et al , 
2-0H ), along faults in die inner forean: and bacJGm: (Brandes et al., 2007) , and uplift along such a struciJure 
(Morell et al 2012) does not require tilting. Regardless of the initial timing of deformation in this region , 
the deformation of Quaternary deposits (Morell et a l., 2013; Sitchler et al, 2007) and rapid recent incis ion 
in the Talamanra (MoJCelJ et al , 2-012) indirate tIBiat tine upper pfate of southe:m Costa Rica must have been 
accumulatirng shortening since at least the Pl!iocene to presen t during the same time period when the shel!f 
break maintained its refative position offshore (EdwaMs et al., 2018 ). 

7 .2. Plio -Qnate:rnary Trench Retreat and Up per Plate Crugta l Thickening Related to Cocos Ridge 
'uhductio:n 

The spatial rorreil!ations between tine thiclmess of tine subducting Cocos plate crust and the total amounts 
of trench retreat and inner foreare shortening (Figure 7) suggest tIBiat Pl!io-Qu.atemaiy trench retreat and 
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upper p]ate cru,stil thiclrening are rel.a:red to the late .PJiooene to Rooeot subduction of the Cocos Ridge. The 
greatest amouots of trench retreat and inner foreax shortening occu r where the subdu otiog Cocos p,Jarte 
thickness appl'oac:he .s .20 km art the ridge axis (Figure 7). Fl'om this point of greatest crustal tih.ick.ness, lboth 
treoch retreat and inner forean:: shorten ing deorease along strike similarly to the thiclmess ofthe subducting 
Cocos plate crust (Figure 7}. The observation that the length of the "falamanca, Fila Costefia , aod Lim.On 
lbaJCkarc thrust belt are resmcted to the .areas experiencing Cocos Ridge subduction further agrees with this 
hypothe .sis (Fig11re 5). These l'elationship .s suggest that shorteniog io the FHa Costena cou ld be related to sfab 
shallowing due to a buoyant and overthickeoed Cocos Ridge , following conclusions from many previous 
studie .s (e .g. MoreU et al , .W08 , 2013; Sitchler et al , 2007}. Although l'OCeD geophysical images show that 
the slab beoeath the Talamanca Range may contaio a steep1y -d~pping lead ing edge (Dzieima et al., 20II ), 
the Location of the geophysical tl'a]lsoot l!ies several teos of kilometers to tih.e northwest of the Cocos Ridge 
axis. Thus, the dip of the slab along the geophysical . tl'a]ISOOt may oot be representative of the slab geometry 
along the Cocos Ridge axis (Morell, 2-015). 

7.l. Frontal Erosion, Kasal Erosion, or Underplatirtig Inboard -ofthe Seamoont Dornain 
Figure 7 shows upward of ~20 km. of trench retreat inboard of the subducting seamouo doma:in beyond 
the oorthwestem extent of the Fila Costena Thrust Helt .aod where no extensive amounts of forean:: short -
ening have been calcul!ated. Exactly what cause .s treoch retreat in tihls seamonnt domain l'egioo rema ins 
uoderconstrnined but possible explanations include basal . or frontal erosioo (e.g., Raoero &. von Huene , 
2-000) .aod/or crustal thiobming and shortening due to seamouot subduciioo. Evideoce fur frontal eIFosion, 
m removal of upper plate rn.aterlal by o:lfscraping near the toe, is documented lily high -resolution bathymet -
ric images ofthe trench and outermostfmearc (R.anero &. voo Hueoe, 2000). These images show locaHrench 
retreat in the form of sc.alloping and scarring of the outer slope d!irec,tly inboard of su lbducliog seamonnts 
(Figure 3;Ranero & von Huene , 2000 ; von Huene &. Schon , 199'1). Bvidence for deformatioo lily seamonnt 
subduction is supported lily styles of defurmatioo within tih.e inner furearc inboard of the seamount domain. 
Here , several tee.tonic bl.ooks bound lily mugin-perpendicufar fau lts display fateral waveleo~s: that are sim -
Har to the si2ie ohubdnatrog bathyrn.etrlc features (Figure 3; Fisher et al ., 1998, 2004 ; Sak et al 2009 ). Trench 
retreat could result if 1!his def'mmatioo lily seamount subdu otion is also associated with crustal tbic!k.ening 
and shortening (Fisher et al ., 1998; Sak et al ., 2009). 

7 .4. Pleii.tocene t-0 Re.cent Pulses of Outer Forearc Rapid Vertical Te.ctonismn Related to 
'uhductirng Jbthymetrlc Features 

UoFik.e the long -teim uplift shorteoing, and crustal thickeoirog in onshore regions , the late Pliooene oo 
Receot ol[shore reoord from the CRISP srudy area displ!ays rapid cycles ofdefurmatioo tha t ooou.r over time 
scales less than l MYI". We sug,gest l!hat these rapid cycl.es ofupUft: and subsidence were caused by slope steep -
ening due to the subductioo of~ I-km .-high roughness elemeots: oo the Cocos pl3Jte (Edwams et al., 201!!). in 
a manner simiilal" to deformation on the Osa Peoinsula (Sak et al., 2004 ). We make these conclusions lbased 
on several lioes of reasooing. 

First the total magnitude .s oft!he rapid upl!ift and subsideore cycleswitmo ~e 3-D volume are comparable oo 
the height of batIBtymemc rel'ief cmrently oo the Cocos plate seaward of tihe defol"lll.ation front The results in 
Talble I and io Figure 2c, based on lbaJCksrnpping the sediment coFumn at IOUP si!te 334- Ul3 79 (Vannw:cM 
et al . 2013). show that the magnitude ofthe upFift/subsidence cycl.e rooomed at this driU hole raoges from. 
~0.8- l.2 bn over the time period of ~2 .5-2 Ma. As shown in Figu:re 7d, the Quepos plateau is the tallest of 
the features ol'&hore omrently , and tms feature is: similady approximate ly I bn in height 

Secood , as shown in Talble l and Figu .re 8b, the eotire upFift and subsidence cycle rooomed by Ul379 ' does 
not exceed ~0 .5 MYI" in duration and is associated witIBt relatively rapid incremental . vertical tectonisrn rates 
( ~3 mm / YI" io upl!ifl: and ~6 mm /yr ohubsideore ). As: shown by Sak et al (2004) . vertical tectonism at snob a 
high rate aod over such a short time period is an expected resuJt if defomiation occurs by seamount subduc-
tion given a roughness elern.ent of ~1 km , and a coovergence rate of !!0-90 mm /year. The 3-U volume shows 
rel!atively minor amounts of contiouou,s thrusting aod fold.jog ( ~15-20%) ~roughout the Plio-Quatemary , 
and these faults and folds are uol!ilely to be solety responsib le for such rapid vertical . defol"i!Dation (Bangs 
et al ., 20 16 ; Edwards et al 201!!). 

Third the magoitude aod short duration ofthe upli!fl:-sulbsidence pulses observed withiro the CRISP 11'3]1sect 
are highly sim ilD to defol"lll.ation styles observed ooshore .at the Osa Peniosul'.a (e.g., Sak et al. , 2004). On 
Osa , the OSL aod radiocamoo ages from rn.arioe sequence yield ave rage ino:remen tal subsideore / up!Hit: rates 
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on the omer of> 5 mm/yr spannrng over periods of 5-8 kyrs ('fable 2 and Figufe 8). These tr.rnsient rapid 
uplift or subsidence rates have been demonstrated to occur by simple shear on subvertical fuuUs that adj:11st 
to changes in the sfope and height of Slibdm:ting rel!ief, without Jiuge amounts of shorten ing or extension 
(Gardner et a]., 2013 ; Sak et aL, 2004). ''fhe fuct that tIBte Quaternary vertical teotonism recorded both onshore 
at tIBte Osa Peoirnsula and offshore at CRISP ocours over similar rates and for comparable durations but is 
separnted by less than 100 km d.iistmce , suggests tihat they Ukely occur due to a similar mec!han ism. 

Finally, pllate reoonstruction models independeot[y iindkate that tIBte CRJSP outer fureirn: region has expe -
rienced tIBte subd.notion of high -rel!ief bathymetrlc features such as: fracture zones , seamounts and pfateaux 
during tihe same time periods 1!hat the prominent unconformities (Figure 2) Wel"e forming within the 
CltlSP ' study area . 1'he first major early Pleistocene unconformity (Ul) coincideswitih a time when ream -
sm.1.ctioos suggest that the CRJSP study area should have been experieocrng the effeots of t!lte obliqrue 
passage ofthe km "srale relief associated with the Panama Fracture Zone (MorelJ, 2015). ''fhe additional two 
uplift -su bsideoce cycles recol'ded within the slope sequence (U2 and U3 at~ l. 9 and~ l.3 Ma, respectively) 
coincide with the time when the CRISP study area was experiencing the subduotion of Cocos pfate crust 
with a high number ofseamounts and. pfateaux (seamouot domain; Edwams et a]., 2018 ; Morell, 2015) . 

7 .:5. Implica tio ns for Mass Bailan c•e Along th e osta Rica ubducti n Zone 
The Costa Rican subduction zone has Jong been recognized as a type exampl .e ofao ·erosive margin under-
going signi6cant amounts of basal erosion, outer forearc subsidence and trench l'etreat (Vannurohi et aL, 
2-001, ]013) . But tihe pl'ooesses we describe as mustrated on Figme 9 do not relJll-il'e significant amounts of 
upper plate mass loss. The offshore data do not show evidence for widespread upper plate extension, as is 
often no .ted in el'oslive margrns se.ttrng such as the Andes ( Clift &. Vanourohi, 2004), and we suggest that 
more than half of the trench retreat could be related to contraction occuning across tihe upper plate. 1'he 
suggestion that the major unconformities in the offshore slope sequence are related to short -Jived uplift and 
snbs l:dence cycles due to bat!hymetric rel!ief(Edwards et aL, 2018) further implies tiha,t basa] =ion may not 
be the only mechanism prod.'nciog outer forearc subsl:d.ence in this region. Io total, these obsel'Wltions imply 
that large amounts of basal erosion may not be required. along tihis portion of the soutihem Costa Rican 
mugin, .at least since the onset of Cooos Ridge subd.notion in the Pl!io-Qua,teroary. 

Whether aroretion or erosion has dominated tihis margin prior to tIBte Late Pl!iocene subduction of the Cocos 
Ridge remains a matter of debate. Images of tihe Pliocene and older margin wedge within the 3-D volume 
below the slope seq_uence show 1atera11y el\lteosive layered. sequences that have been interpreted as clas-
tic !bedding (Bangs et a]., 2016; Vannucchi, Morgan, Silver, et aL, 2016). ''fhe occurrence of Jayered clastic 
sequences in the margin wedge rould be explained by a scenario where sediment was originally deposited 
on 1!he sulbductiog pllate and. subseq_uently ffon tally accreted. , shortened and thiclrened (Bangs et al 2016). 
The presence of clastic sediments , thrust faulting , and. imb:rirate stacking, as seen in the CRJSP 3D volume 
(Bangs et a]., 20 l 6 ; Edwal'ds et al 2018 ) , are observations consisteotwitih a fronta l accretionary mode] , com-
mon in many global margin wedges (e.g. Lester et al , 2013). At tIBte time of aocumu1atioo of t!lte sed!iments 
within tIBte m3l"gin wedge (>2.2 Ma; Vaoouochi et a]., 2-011), tihe region of tihe CRISP transect was expem-
encing the effects of reil!atively slow and oblique Nazca Slibduction (Morell, 201.5). 1'his tectonic setting was 
likely more favorable tofrontal a roretion (Bangs et .al , 2016) , given analogousrooditions along !he western 
Panamanian margin where seismic refilection profi les show an accretionary wedge is acHively deveJo;ping 
immediatcly to tihe east of the Panama Fracture Zone ioboal'd of a!zca pla e su Muction (MacKay & Moore , 
1:990; Moore& . Sender, 199:5; Figure 1). 

8. Conclusio ns 
Using compil .ed geologic, geomorphic, stratigraphic; and geochrooologic data across tihe entire upper plate, 
we present a new model for Plio-Quatemruy outer f'orearc deformation of southern Costa Rica. ]n this mode l, 
trench l'etreat is a natural conselJll-ence of wholesale movement oftihe outer foreal'C !beneath the ironer forearc 
due to shortening , uplift, and contraction aol'OSS the teJ.1reSmal portion of the upper plate due to Cocos Ridge 
snbduction . And outer f'orearc deformation both te11resmal and. submarine is domrnated by short pulses : of 
uplift and subsidence related . to tIBte su bd'notion ofbathym .etric features, with only minor amouo s ofintema] 
shortening or extension. Although the subdncliog Cocos plate iro this region of southern Costa . Rica is t!ltioly 
sedimented, and the toe of the margin exhibits minor amounts of accretion the processes we desori'lbe do 
not require signiftcant amounts of upper plate mass loss inferred at the base of the fureirn: along t!ltioly 
sedimented m3l"girns. 
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