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A R T I C L E  I N F O  A B S T R A C T

T w o h y p o th e se s  h a v e  b e e n  p ro p o s e d  to  e x p la in  th e  o rig in  o f  m a rin e  iso to p e  s tag e  (M IS) 11 d e p o s its  in 
sm all B erm u d ia n  caves  a t  +21  m  a b o v e  m o d e rn  sea  level: (1 ) a  + 21  m  MIS 11 e u s ta tic  sea -le v e l h ig h - 
s tan d , a n d  (2 ) a  MIS 11 m e g a - ts u n a m i e v en t. Im p o r tan tly , th e  fo ram in ife ra  re p o r te d  in  th e s e  caves  h ave  
y e t  to  b e  c ritic a lly  e v a lu a te d  w ith in  a  fra m e w o rk  o f  c o a s ta l cave  e n v iro n m e n ts .  A fte r s ta t is tic a lly  
c o m p a rin g  fo ram in ife ra  in  m o d e rn  B erm u d ia n  litto ra l caves  a n d  th e  MIS 11 C alo n ec tris  P o ck e t A (+ 2 1  m  
cave) to  th e  la rg e s t a v a ilab le  d a ta b a s e  o f  B erm u d ia n  co as ta l fo ram in ife ra , th e  a s se m b la g es  fo u n d  in 
m o d e rn  litto ra l caves  -  a n d  C alo n ec tris  P o ck e t A -  c a n n o t b e  s ta t is tic a lly  d if fe re n t ia te d  fro m  lagoons. 
This o b s e rv a tio n  is e x p e c te d  c o n s id e rin g  litto ra l caves  a re  s im p ly  s h e lte r e d  e x te n s io n s  o f  a  lag o o n  
e n v iro n m e n t in  th e  litto ra l zo n e , w h e re  ty p ic a l c o a s ta l p ro c e sse s  (w av es, s to rm s ) h o m o g e n iz e  a n d  
re w o rk  lagoonal, reefa l, a n d  occa s io n a l p la n k tic  tax a . Fossil p ro to c o n c h s  o f  th e  B erm u d ia n  cave  s ty g o b ite  
Caecum  caverna  w e re  a lso  a sso c ia ted  w ith  th e  fo ram in ife ra . T h ese  re su lts  in d ic a te  th a t  th e  MIS 11 
B erm u d ia n  caves  a re  fossil litto ra l caves  (b re a c h e d  flank  m a rg in  caves), w h e re  th e  to ta l MIS 11 m ic ro ­
fossil a sse m b la g e  is p re s e rv in g  a  s ig n a tu re  o f  coeval sea  leve l a t  + 21  m . B rack ish  fo ram in ife ra  
(P olysaccam m ina , P seu d o th u ra m m in a )  a n d  a n ch ia lin e  g a s tro p o d s  (~ 9 5 % , > 3 0 0  in d iv id u a ls ) in d ic a te  
a  b ra c k ish  a n ch ia lin e  h a b ita t  d e v e lo p e d  in  th e  e le v a te d  caves a f te r  th e  p ro lo n g e d  litto ra l e n v iro n m e n ta l  
p h a se . T he  o n s e t  o f  s ea -le v e l re g re s s io n  fo llo w in g  th e  + 2 1  m  h ig h s ta n d  w o u ld  firs t lo w e r  th e  a n c ie n t 
b ra c k ish  G h y b e n -H erz b e rg  len s  (< 0 .5  m ) a n d  flood  th e  cave w ith  b ra c k ish  w a te r , fo llo w ed  by  d ra in a g e  o f 
th e  cave  to  c re a te  a  p e rm a n e n t  v a d o se  e n v iro n m e n t.  T h ese  in te rp re ta tio n s  o f  th e  MIS 11 m icro foss ils  
(co n s id e r in g  b o th  ta p h o n o m y  a n d  p a leo eco lo g y ) a re  c o n g ru e n t w ith  th e  m ic ro p a leo n to lo g ica l, h y d ro - 
g eo log ical a n d  p h y s ica l m e c h a n is m s  in flu en c in g  m o d e rn  B erm u d ia n  c o a s ta l cave e n v iro n m e n ts .  In 
co n c lu s io n , w e  re je c t th e  m e g a - ts u n a m i h y p o th e sis , c o n cu r w ith  th e  + 21  m  MIS 11 e u s ta tic  sea -le v e l 
h y p o th e sis , a n d  re ite ra te  th e  n e e d  to  re so lv e  th e  d is p a r ity  b e tw e e n  g lo b a l m a r in e  iso to p ic  re c o rd s  a n d  
th e  p h y sica l geo lo g ic  e v id e n c e  fo r sea  leve l d u r in g  MIS 11.
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1. Introduction

The p ro p o sed  MIS 11 (4 0 0  ka) +21 m  e u s ta tic  sea-level h igh - 
s tan d  h as b e en  d e b a ted  since geologic ev id en ce  w as first m arsh a led  
b y  H earty  e t  al. (1999) a n d  su p p o rte d  by  re p o rts  from  o th e r  
w id esp read  localities (K aufm an a n d  B righam -G rette , 1993; Lund- 
b erg  an d  M cFarlane, 20 0 2 ; R oberts e t  al., 2007). P rob lem s a rose  
w h e n  th e  physical geologic ev id en ce  for a  MIS 11 h ig h stan d  could  
n o t be reconciled  w ith  m arin e  stab le  iso top ic  o r  a tm o sp h e ric  CO2 

reco rds th a t  suggest sea  level d u rin g  MIS 11 sh o u ld  be  hom ologous
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to  m o re  re ce n t in terg lacia ls d u e  to  sim ilar ocean ic  w a te r  vo lum es 
(i.e., MIS 5e: + 4 - 6  m ; H odell e t  al., 20 0 0 ; K arner e t  al., 2002; 
R aynaud e t  al., 2005 ; Rohling e t  al., 2008). The islan d s o f B erm uda 
a re  ideally  su ited  for sea-level research , becau se  th e y  have 
rem a in ed  tec to n ically  a n d  glac io-isostatica lly  s tab le  d u rin g  th e  
Q u a tern a ry  (V acher a n d  Rowe, 1997). To date, B erm udian  ev idence  
for th e  MIS 11 h ig h stan d  are  m arin e-to -b rack ish  sed im en ts  and  
fossils in  k a rst caves, exposed  in four e levated  caves su rro u n d in g  
G overnm en t Quarry: C alonectris (+21.3 m), UGQ4 (+21 m), UGQ5 
(+ 18  m), an d  th e  Land e t al. s i t e ( ~  + 21; L an d e ta l., 1967; M cM urtry 
e t  al., 2007; Olson an d  Hearty, 2009). T hese  d ep o sits  a re  fossilif- 
erous, con ta in ing : m olluscs, ve rteb ra tes , ech in o d erm s, red  algae, 
coral fragm ents, an d  foram inifera. N um erous age d e te rm in a tio n s  
(U -series d a tin g  o n  sp e leo them , am ino  acid racem ization  o n  Poeci- 
lozonites an d  Glycymeris) from  in d ep e n d en t labora to ries confirm  an
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MIS 11 age for th e  sed im en ts  a n d  fossils in q u estio n  (H earty  and  
Olson, 2008 ; M cM urtry  e t  al., 2008; Olson a n d  Hearty, 2009).

Recently, M cM urtry  e t  al. (2 0 0 7 ) p ro p o sed  th a t  th e  sed im en ts  
w e re  no t d ev elo p ed  in situ, b u t w e re  tran sp o rte d  in to  th e  caves 
from  lo w er e lev a tio n s by  a m eg a-tsu n am i. T heir a rg u m e n ts  a re  
b ased  on: (1) th e  range  o f  e lev a tio n s for th e  d ep o sits , (2) re -in te r-  
p re ta tio n  o f  iso p achous c em en ts  as m u lti-g en e ra tio n a l an d  d ev e l­
o p ed  in m u ltip le  e n v iro n m en ts—n o t so le ly  th ro u g h  speleogenesis, 
(3) g en era tin g  a d d itio n a l v ariab le  U -series ages o n  th e  calcite  
f low stone  (a lth o u g h  still in d ica tin g  a  MIS 11 age  for th e  sed im en ts), 
a n d  (4) th e  o ccu rren ce  o f several species o f b e n th ic  fo ram in ifers 
th a t  w e re  in te rp re te d  as hav ing  b e en  tra n sp o rte d  by  a  m eg a­
tsu n a m i becau se  th e y  a re  su p p o sed ly  a typ ical o f  o th e r  B erm udian  
co asta l en v iro n m en ts  (i.e., lagoons, beaches). A rg u m en ts  for an d  
ag a in st th e  first th re e  m ain  p o in ts  have  b e en  ex tensively  d iscussed  
in pub lica tio n s d e b a tin g  th e  m eg a -tsu n am i hyp o th esis  (i.e., 
M cM urtry  e t  al., 2007, 2008; H earty  an d  Olson, 2008 ; O lson an d  
H earty, 2009), how ever, th e  fo ram in ife ra  have u n til n o w  received  
in co m p le te  a ssessm en t. The ob jective  o f th is  s tu d y  is to  co m p are  
m o d e rn  p o p u la tio n s  o f B erm udian  cave fo ram in ifera  o n  B erm uda 
to  th e  m icrofossils p re se rv ed  in th e  MIS 11 e lev a ted  caves. This 
co m p ariso n  w ill ex am in e  if th e  fo ram in ife ra  found  by  M cM urtry  
e t  al. (2 0 0 7 ) w e re  tran sp o rte d  by  m eg a-tsu n am i, o r if in fact th ey  
a re  c o n sis ten t w ith  a  MIS 11 sea-level h ig h stan d . W ith o u t th is 
analysis, th e  d e b a te  su rro u n d in g  th e  o rig in  o f se d im e n ta ry  d ep o sits  
in th e  e lev a ted  B erm udian  caves is cu rre n tly  incom plete.

2. Coastal cave environments and foraminifera

T here  a re  several d iffe ren t ty p es o f coasta l cave en v iro n m en ts  
a n d  h a b ita ts  th a t  req u ire  co n sid era tio n  b e fo re  in v estiga ting  
geological rem a in s in caves (Fig. 1 ). Im portan tly , cave e n v iro n m en ts  
a re  n o t static , b u t co n stan tly  ch an g e  in re sp o n se  to  e x te rn a l an d  
in te rn a l factors, such  as ongo ing  spe leo g en esis  (b o th  p h re a tic  an d  
v adose) o r  sea-level change. In coasta l c arb o n a te  te rra in , local 
hydrogeology  is a rg u ab ly  th e  g re a te s t ecological co n tro l on  
eco sy stem s in d iffe ren t co asta l cave system s. The g ro u n d w a te r 
flooding a cave passage  is e ith e r  p a r t o f  th e  G hyben-H erzberg  (GH) 
lens (fresh  to  b rack ish  w a te r)  o r  basal m arin e  g ro u n d w a te r  th a t  is 
in tru d in g  from  th e  coast (Vacher, 1988; W h ita k e r an d  Sm art, 1990). 
The GH lens co n ta in s m eteo ric  w a te r  th a t  is flow ing coastw ard , 
w h e rea s  th e  basal m arin e  w a te r  ex h ib its  m o re  co m plex  su b te rra ­
n e an  c ircu la tion  p a tte rn s  (Vacher, 1988; W h ita k e r a n d  Sm art, 1990; 
M oore e t  al„ 1992). The in te rface  b e tw e e n  th ese  tw o  w a te r  m asses 
is th e  ha locline  o r  m ixing zone, w h ich  is (1) a  sligh tly  acidic region, 
d o m in a n tly  resp o n sib le  for p h rea tic  cave d isso lu tion , a n d  (2)

stro n g ly  co n tro lled  by  sea  level (see  th eo re tica l an d  practical 
d iscussions in: S m art e t  al„ 1988; V acher a n d  Rowe, 1997; 
S chneider an d  Kruse, 2003). Arising from  th e  stro n g  en v iro n m en ta l 
g ra d ie n ts  b e tw e e n  th e se  tw o  sep a ra te  w a te r  m asses (salinity , d is ­
solved oxygen, etc), d iffe ren t aq u atic  in v erteb ra tes  have ecological 
n iches in d iffe ren t passages an d  a reas o f  coasta l caves, d ep en d in g  
u p o n  w h ich  w a te r  m ass is cu rre n tly  sa tu ra tin g  a  specific cave 
passage  (e.g., P oh lm an  e t al„ 1997).

The Stock e t al. (1986) c lassification  o f coasta l cave e n v iro n ­
m en ts, a n d  e lab o ra ted  on  herein , is m o st freq u en tly  u se d  to  
d esc rib e  p h rea tic  (flooded) cave h a b ita ts  an d  ascribe  ecological 
n iches to  m o d e rn  aq u atic  cave fau n a  (stygob ites an d  stygophiles). 
First, re e f  caves a re  vo id  spaces b e lo w  m o d ern  sea  level in m o d ern  
re e f  en v iro n m en ts . T hey ran g e  in size from  sm all void spaces to  
d o m in a n t cave passages, a n d  a re  hydrologically  d o m in a ted  by  
co asta l o cean o g rap h y  (e.g., K itam ura e t  al„ 2007). A nchialine  caves 
have a  recognizab le  te rre s tr ia l a n d  m arin e  influence, an d  typically  
in te rsec t (o r a re  w ith in ) th e  G hyben-H erzberg  (GH) lens. A nchia­
line  caves can  have e ith e r  su b -a rea l access th ro u g h  a sinkhole  
(ceno te), o r  su b te rran e an  access by  a cave passage  m ean d erin g  
from  th e  basal sa line  g ro u n d w a te r  in to  th e  GH lens (Fig. 1). In 
co n trast, su b m arin e  caves have en tra n ce s  th a t  a re  b e lo w  sea  level, 
th e ir  passages a re  co m p le te ly  flooded  w ith  saline  w ater, y e t th e y  
receive  active  co n tin e n ta l influence, n o t from  th e  te rre s tr ia l 
surface, b u t th ro u g h  saline  g ro u n d w a te r  c ircu la tion  (i.e., W h itak er 
a n d  Sm art, 1990). T hese  caves re ta in  a  sign ifican t m arin e  ch arac te r  
a t  th e ir  en tran ce , an d  have arg u ab ly  received th e  m ajo rity  o f 
m arin e  ecological a tte n tio n . Next, litto ra l caves occur a t  sea  level in 
th e  litto ra l zone, a n d  a re  h u m an ly  accessib le  from  o u ts id e  th e  cave 
e n v iro n m en t. T hey o ften  c o n ta in  th e  a ir -w a te r  in terface , w h ich  can 
c o n tin u e  for so m e  d is tan ce  in to  th e  cave. W ith in  a  geologic 
fram ew ork , litto ral cave e n v iro n m en ts  can  b e  sea  caves, o r 
b reach ed  flank m arg in  caves—w h e re  sp e leogenesis an d  w ave 
ac tio n  have collectively  b reach ed  a  flank m arg in  cave wall. The 
b reech in g  o f  a  flank m arg in  cave w all is a n  im p o rta n t e n v iro n ­
m en ta l even t, as th e  cave h a b ita t in s tan tly  evolves from  a  d a rk  an d  
iso lated  su b te rran e an  vo id  space, to  a  p ro tec ted  en c lo su re  along 
a  co astlin e  w ith  physical ocean ic  co m m unica tion . B ecause m any  
flank m arg in  caves form  significantly  close to  sea  level, th e y  have 
received  co n sid erab le  geologic a tte n tio n  as a  P le istocene sea-level 
p roxy  (M ylroie a n d  Carew, 1990; L ab ourde tte  e t  al„ 200 7  M ylroie 
e t  al„ 2008). This c lassification  o f coasta l cave en v iro n m en ts  
p rov ides a  sim plified  -  y e t necessa ry  -  fram ew o rk  for ev aluating  
cave m icropaleon to log ica l rem ains, as sea  level a n d  hydro - 
geological ch an g es w ill have  a co n co m itan t im p ac t o n  h o w  specific 
h a b ita ts  in a  p h rea tic  cave evolve.

M odern Vadose Cave 
Fossil Phreatic Cave?

water table
L ittoral Cave sea 

k levelGH lens

Anchialine
Cave yhalocline /

Subm arine
Cave

mixing zone

Reef Cavesea water

Fig. 1. Classification of coastal cave environments. Note that sinkholes are commonly known as cenotes in Mexico, and this nomenclature is occasionally extended to other global 
localities.
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An im p o rta n t lim ita tio n  o f  th is  sch em e is th a t  n o t all cave 
e n v iro n m en ts  a re  ad eq u a te ly  d esc rib ed  senso stricto  by  th is  c las­
sification. For exam ple, large  so lita ry  coasta l cave system s m ay 
co n ta in  severa l ty p es o f  cave e n v iro n m en ts ; such  as Ox Bel Ha in 
M exico, w h ich  h o sts  b o th  anch ia lin e  a n d  su b m arin e  cave hab ita ts . 
F u rtherm ore , o th e r  ty p es  o f  coasta l e n v iro n m en ts  can  p o ten tia lly  
o v e rp rin t cave h ab ita ts , especially  w h e n  th e  cave e n tra n ce  has 
evolved in to  a n o th e r  coasta l sy s tem  (e.g., from  a s inkho le  in to  
a  m angrove  sw ap  o r lagoon). This c lassification  sch em e also o m its  
th e  re la tio n sh ip s b e tw e e n  th e  p re se n t cave e n v iro n m en t an d  th e  
geologic m ech an ism s resp o n sib le  for cave fo rm ation . For exam ple, 
m an y  m o d ern  su b m arin e  cave en v iro n m en ts  a re  h isto rica l fo rm er 
flank m arg in  caves. D espite  th e se  caveats, th is  c lassification  sch em e 
prov ides a n  en v iro n m en ta l s tru c tu re  for u n d e rs tan d in g  th e  orig in  
o f  an c ien t cave deposits .

B enthic fo ram in ifera  (un ice llu la r m arin e  to  b rack ish  p ro tis ts) 
a re  p a rticu la rly  im p o rta n t en v iro n m en ta l p rox ies across coasta l 
en v iro n m en ts , o w in g  to  th e  ex ce llen t p re serv a tio n  p o ten tia l o f  
th e ir  te s ts  in th e  se d im e n ta ry  record , an d  th e ir  ecologie sen sitiv ity  
to  critica l en v iro n m en ta l p a ram e te rs  (e.g., pH, d isso lved  oxygen, 
tem p e ra tu re ). The sen sitiv ity  o f  fo ram in ife ra  to  sa lin ity  has caused  
specific species to  evolve ecological n iches a t  specific e lev atio n s 
re la tive  to  m o d ern  sea  level in  sa lt m arshes, w h ich  is w ide ly  u sed  as 
an  accu ra te  too l for d em arca tin g  fo rm er sea  levels (Scott and  
M edioli, 1980a, 1978; Scott e t  al., 1981 ; H orton  an d  Edw ards, 2005). 
In c o n tra s t to  th e ir  w id e sp rea d  ap p lica tio n  in coasta l research , 
th e re  has b een  v e ry  little  sy s tem atic  inv estig a tio n  o f  fo ram in ifera  in 
caves. D o cu m en ta tio n  o f fo ram in ifera  in su b te rran e an  se ttin g s  is 
typ ically  lim ited  to  m en tio n in g  th e ir  se d im e n ta ry  c o n trib u tio n  
w ith in  th e  c o n tex t o f  a  b ro a d e r analysis, o r  ju s t  d o cu m en tin g  th e ir  
ex is ten ce  (Fig. 2). H ow ever, van  H en g stu m  e t al. (2009) d e m o n ­
s tra te d  h o w  b e n th ic  fo ram in ifera  a re  cap ab le  o f d isc rim in atin g  
h isto rical v e rtica l d isp lacem en ts  o f th e  ha locline  a n d  GH lens in 
coasta l cave en v iro n m en ts , w h e reb y  m icro fauna  in  p h re a tic  caves 
re sp o n d  to  th e  evolving cave h a b ita ts  cau sed  by sea-level change. 
M ost im portan tly , e u ry h a lin e  fo ram in ifera  an d  te s ta te  am o eb ae  
(th ecam o eb ian s) can  co lon ize  cave p assages sa tu ra ted  by  th e  GH

lens (fresh  to  b rack ish  w ater), w h ich  a re  d iffe ren t from  th e  m arin e  
tax a  living b e lo w  th e  ha locline  in th e  sa line  g ro u n d w a te r  
(B erm uda: Sket an d  Iliffe, 1980; Javaux, 1999; M exico: van  H eng­
s tu m  e t al., 2008 , 2009).

3. Regional setting

The orig in  o f  fo ram in ifera  in th e  MIS 11 e lev a ted  B erm udian  
caves (C alonectris, UGQ4, UGQ5, Land e t  al., 1967 site) w ill o n ly  be 
u n d e rs to o d  a f te r  th e y  have b e en  co m p ared  w ith  all n a tu ra l Ber­
m u d ian  coasta l en v iro n m en ts , includ ing  coasta l caves (Fig. 3A). In 
1993 an d  1995, over 170 surface  se d im e n t sam p les (u p p e r  5 cm ) 
w e re  co llected  from  across B erm udian  coasta l en v iro n m en ts : 
m angroves (H ungry  Bay, Mill Share), reefs (H og B reaker reefs, Tw in 
Reefs, N orth  Lagoon traverse), lagoons (N o rth  Lagoon off D evon­
sh ire  dock, H arrin g to n  Sound), p ro tec ted  lagoons w ith  p e rip h e ra l 
m angroves (W alsingham  Bay, M angrove Bay), an d  th e  e n tra n ce  to  
anch ia lin e  caves (L eam ington  Cave, W alsin g h am  Cave System  -  
en tran ces: W alsin g h am  an d  Crystal caverns; Javaux, 1999). All o f  
th e  sam p lin g  sites w e re  typ ically  in o n e  en v iro n m en ta l category, 
excep t a  tra n se c t th a t  w as sam p led  in th e  N orth  Lagoon (from  th e  
lagoon, in to  th e  reef). In add ition , 2 sam ples w e re  co llected  in early  
2 0 0 9  from  a m o d e rn  litto ral cave. This sam p le  co llection  p rov ides 
th e  base lin e  in fo rm atio n  to  ex am in e  th e  s im ila rity  b e tw e e n  fossil 
an d  m o d ern  a ssem b lag es o f  B erm udian  coasta l foram inifera. Based 
o n  th e  m eg a -tsu n am i hypothesis, th e re  sh o u ld  b e  m in im al 
c o n g ru en cy  b e tw e e n  th e  fo ram in ifera l a ssem b lag es in m o d ern  
B erm udian  coasta l e n v iro n m en ts  an d  th e  fo ram in ifera l a sse m ­
blages in th e  MIS 11 e lev ated  caves (M cM urtry  e t  al., 2007).

The MIS 11 fossil caves a re  all located  in th e  v ic in ity  o f  
G o v ern m en t Quarry, B erm uda, o n  th e  is th m u s se p a ra tin g  H ar­
rin g to n  Sound a n d  Castle H arbor (Fig. 3B). Geologically, th is  a rea  is 
co m m o n ly  re fe rred  to  as th e  W alsin g h am  Tract, a f te r  th e  W al­
sin g h am  Form ation . This lim esto n e  bed ro ck  is th e  o ld es t an d  m ost 
d iag enetica lly  m a tu re  eo lian ite  on  B erm uda (Land e t al., 1967) and  
is fam ous for b o th  v adose  a n d  p h rea tic  caves. S ed im en t no  longer 
ex is ts in  o u tc ro p  for e ith e r  th e  Land e t al. (1967) o r th e  C alonectris

I I Cave entrance Q  Cave (submarine, anchialine, both proxim al and distal passages) 

/ \  Reef Cave fÇ  Pre-Holocene foram inifera in cave sediment 

O  Other subterranean setting

Fig. 2. Global subterranean locations w here foraminifera that have been recovered. As reported by: Birstein and Ljovuschkin (1965), Mikhalevich (1976), Sket and Iliffe (1980), 
Reiswig (1981 ), Rasmussen and Brett (1985), Longly (1986), Proctor and Smart (1991), Novosel e t al. (2002), Javaux and Scott (2003), McMurtry e t al. (2007), Kitamura e t al. (2007), 
Denitto e t al. (2007), Lewis and Tichenor (2008), E. Reinhardt (Oman -  Pers. Com., 2009), van Hengstum e t al. (2008, 2009). Foraminifera have yet to be documented in southern 
hemisphere coastal cave environments.
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Fig. 3. Surface sedim ent locations across Bermuda (A) and along the Walsingham Tract 
(B). Base map and contours (20 m interval) after Vacher e t al. (1989).

sites, how ever, re p re se n ta tiv e  se d im e n t sam p les from  C alonectris 
Pocket A a n d  Pocket B (< 5 0  cm  a p a rt)  w e re  o b ta in ed  from  th e  
Sm ith so n ian  In s titu tio n  for analysis (see  O lson a n d  H earty, 2 0 0 9  for 
d e ta iled  o u tc ro p  descrip tions). W ilk inson  (20 0 6 ) d iscovered  th a t 
o n ly  v e ry  ra re  fo ram in ife ra  a re  p reserv ed  in th e  o th e r  e lev a ted  MIS 
11 caves (UGQ4, UGQ5, Land e t  al., 1967 site), w h ich  a re  o n ly  su it­
ab le  for a  p re sen ce /ab sen ce -b ased  in te rp re ta tio n  (M cM urtry  e t  al.,
2007). A lthough  fo ram in ifera  from  ev ery  cave are  unavailab le  an d  
u n su itab le  for m u ltiv aria te  sta tis tica l t re a tm e n t, w e  re -su m m arize  
all th e  sh a red  m icrofossils p reserv ed  in th e  B erm udian  MIS 11 cave 
se d im e n ts  to  a llow  for a  ho listic  in te rp re ta tio n  o f  th e  fo ram in ifera  
in question .

4. Methods

Surface se d im e n t sam p les (10 cm ~3, u p p e r  5 cm ) w e re  w ash ed  
o ver a  63 pm  sieve, a n d  a p p ro x im ate ly  3 0 0  foram in ife rs w e re  w e t-  
e n u m e ra te d  w h e re  possib le  in p e tr i d ish es  (Javaux, 1999). 
A p prox im ately  271 sep a ra te  tax o n o m ic  u n its  w e re  o rig inally  
id en tified  in th e  su rface  sam ples, collectively  fo rm ing  th e  largest

available d a tab ase  o f B erm udian  coasta l foram inifera. For th e  MIS 
11 C alonectris Pockets, on ly  C alonectris Pocket A co n ta in ed  s ta tis ­
tically  sign ifican t a b u n d an ces  o f  foram inifera , w h ich  a re  su itab le  
for m u ltiv aria te  sta tis tics  analysis, n o t Pocket B. H ow ever, all fo ra­
m in ife ra  obse rv ed  from  C alonectris Pocket B w e re  n o ted  for th e ir  
p resence , sim ilarly  to  th e  o th e r  e lev a ted  cave sites. Only to ta l 
a ssem b lag es o f  fo ram in ife ra  w e re  co n sid ered  in  th is  analysis ( th a - 
natocoenosis), w h ich  includes th e  b ias in tro d u ced  b y  typ ical 
tap h o n o m ic  p rocesses a t  each  sam p le  site, such  as coasta l re ­
w ork ing . H ow ever, th e  th an a to co en o sis  is th o u g h t to  b e tte r  ch ar­
ac terize  average en v iro n m en ta l co n d itio n s a t a  sam p le  locale (Scott 
a n d  M edioli, 1980b) an d  a llow s for th e  inclusion  o f  fossil m ate ria l 
in to  a  s ta tistica l in v estiga tion  w ith  th e  m o d ern  sam ples.

A fter m an u a lly  e n te rin g  th e  o rig ina l d a ta b ase  from  Javaux 
(1999) in to  a  p e rso n a l com puter, s ta tistica lly  insign ifican t sam ples 
(it =  25) w e re  o m itte d  from  th e  analysis (w h ere : < 3 0 0  ind iv iduals 
w e re  en u m e ra te d , ab u n d an c es  o f tax o n o m ic  u n its  g rossly  d id  n o t 
to ta l 100%, insign ifican t sam p lin g  o f a  sep a ra te  en v iro n m en ta l 
se ttings). The orig ina l 271 tax o n o m ic  u n its  (species) w e re  th e n  
a m a lg am ated  in to  g en era  to  sm o o th  any  tax o n o m ic  in consistenc ies 
(espec ially  in th e  m iliolid  g roup) an d  c rea te  a  m o re  ro b u st 
co m p ariso n  b e tw e e n  e n v iro n m en ts  by  d esen sitiz in g  th e  analysis to  
m ic ro -en v iro n m en ta l effects w ith in  ind iv idual eco topes. Of th e  
o rig ina l 128 d iffe ren t g en era  (o b se rv atio n s) iden tified , 38 g en era  
w e re  d e em ed  sta tistica lly  insign ifican t a n d  o m itte d  from  th e  final 
m u ltiv aria te  analysis d u e  to  th e  e s tim a te d  s ta n d a rd  e rro r  for th e  
g en era  b e in g  g re a te r  th a n  th e  a b u n d an ce  in all sam p les (P a tte rso n  
an d  Fishbein, 1989). This re su lted  in a  final d a ta  m atrix  o f 145 
sam ples, e ach  w ith  90 o b servations. Sam ples w e re  th e n  co m p ared  
u sing  a  Euclidean d is tan ce  coefficient an d  a m a lg am ated  in to  c lu s­
te rs  u sing  W ard ’s m eth o d  o f m in im u m  v arian ce  an d  d isp layed  in a n  
h ierarch ical d en d ro g ram , u sin g  th e  so ftw are  package PAST (Pale­
on to log ical Statistics, H am m er e t  al., 2001), w h ich  ap p ro ach es  th e  
m eth o d  o f Fishbein  an d  P a tte rso n  (1993). Finally, re p re sen ta tiv e  
m icrofossil sp ec im en s from  th e  m o d ern  litto ra l cave a n d  MIS 11 
C alonectris Pockets w e re  im aged  u sin g  scann ing  e lec tro n  m ic ro s­
copy (SEM) to  confirm  taxonom y, ex am in e  shell ex te rio rs , an d  
m ake  d e ta iled  v isual com parisons.

5. Results

5.1. M od em  Berm udian coastal foram inifera

The d e n d ro g ra m  p ro d u ced  th ro u g h  th e  Q -m ode c lu s te r  analysis 
ind ica tes five d is tin c t c lu s te rs  th a t  a re  in te rp re te d  as d iffe ren t 
a ssem b lag es o f  co asta l fo ram in ifera  in B erm uda: M angrove 
A ssem blage, R eef A ssem blage, Lagoon A ssem blage, A nchialine Cave 
A ssem blage, a n d  th e  P ro tected  Lagoon A ssem blage (Fig. 4). Only 
a b rie f  overv iew  o f th e se  a ssem b lag es is p rov ided  here, as all th e  
m ajo r a n d  su b tle  ecological an d  tax o n o m ic  nu an ces o f  th is  d a ta se t 
a re  p rov ided  in Javaux (1999) a n d  Javaux  a n d  Scott (2003).

The M angrove A ssem blage co n ta in s  sam p les from  Mill Share an d  
H ungry  Bay a n d  h as th e  lo w est d iv ers ity  o f all th e  assem blages. The 
d o m in a n t gen u s is Trochammina, w ith  Polysaccamina, M iliam m ina, 
Pseudothuram m ina, a n d  Discorinopsis p re se n t in lo w er ab u n d an ces . 
The R eef A ssem blage is d o m in a ted  by  H om otrem a ru b m m  a t Hog 
B reaker Reef, T w in Reef, a n d  N orth  Lagoon Reef an d  has significantly  
in creased  d iv ers ity  in th e  m iliod  an d  ro ta lid  g roups as co m p ared  
w ith  th e  M angrove A ssem blage. The Reef A ssem blage a n d  th e  
M angrove A ssem blage are  b o th  v e ry  w ell d e fin ed  by th e  c lu s te r 
analysis, o w ing  largely  to  th e  significant overall co n trib u tio n  of 
Trocham mina  a n d  Hom otrem a  to  th e ir  re sp ec tiv e  assem blages.

The m o st d iv erse  sam p les a re  in th e  Lagoon A ssem blage, w h e re  
m iliolid  g en era  a re  d o m in an t. Sam ples from  D evonsh ire  Dock, 
H arrin g to n  Sound, th e  m o d e rn  litto ra l cave, C alonectris Pocket A,
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Fig . 4 . The dendrogram produced through (¿-mode cluster analysis indicates five separate assemblages of coastal foraminifera in Bermuda. In the Lagoon Assemblage, note how 
statistically similar the modem littoral cave and Calonectris Pocket A is to other lagoon samples. Sample label prefixes (coastal environments): MA-mangrove, RE-reef, LA-lagoon, 
AC-anchialine cave, LP-protected lagoon. Sample label suffixes (Bermudian locales): HB-Hungry Bay, MS-Mill Share, N-North Lagoon traverse, MB-Mangrove Bay, H-Hog Breaker 
Reef, T-Twin Reef, D-Devonshire dock, C-Crystal Cave, L-Leamington Cave, W-Walsingham Cave, W-Walsingham Bay.
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a n d  tw o  sam p les from  a  p ro tec ted  lagoon  (M angrove Bay) a re  
in cluded  in th is  assem blage. M any ch arac te ris tic  re e f  (Hom otrem a, 
Asterigerina,) m an g ro v e  (Polysaccam ina, P seudothuram m ina), an d  
p lan k tic  tax a  a re  co m m o n ly  e n co u n te re d  in th e  lagoons, ind ica ting  
th a t  coasta l p ro cesses a re  c o n stan tly  re -w o rk in g  fo ram in iferal te s ts  
from  across th e  B erm udian  p latfo rm . The inclusion  o f tw o  sam ples 
from  a  p ro tec ted  lagoon  site  is th e re fo re  n o t surprising , considering  
th e  size o f  th e  d a ta b ase  an d  th a t  loca tions w ith in  a  p ro tec ted  
lagoon  m ay actually  be  m o re  co m p arab le  to  an  o p e n  lagoon  site, 
such  as th e  en tra n ce s  to  m o re  o p e n  w ater. The P ro tected  Lagoon 
A ssem blage co n ta in s  sam p les from  b o th  W alsin g h am  Bay an d  
M angrove Bay, w h ich  a re  p ro tec ted  by  m an g ro v es (Rhizophora  spp.) 
a ro u n d  th e  lagoon  periphery . Discorinopsis, Helenina, Triloculina, 
a n d  Trocham mina  a re  th e  m o st d o m in a n t g en era  in th e  P ro tected  
Lagoon A ssem blage, w ith  overall d ec reased  d iv ers ity  as co m p ared  
w ith  th e  o p e n  lagoons (H arrin g to n  Sound, N orth  Lagoon). T hree 
m an g ro v e  sw am p  sam p les a re  sim ilar to  th e  P ro tected  Lagoon 
A ssem blage based  o n  th e  Q -m ode c lu s te r  analysis (MA-MS2, MA- 
HB3, MA-HB4). All o f th e se  sam p les a re  < 3 0  cm  d eep  in  th e  w a te r  
a n d  have in creased  ab u n d an c es  o f Triloculina oblonga  (o p p o rtu ­
n istic  su b tid a l taxon), Discorinopsis, a n d  H elenina—co m m o n  
h ig h er-sa lin ity  m an g ro v e  species. In such  sh a llo w  se ttings, ev ap o ­
ra tio n  m ay  cau se  in creased  sa lin ity  (a lb e it still hyposa line) in 
sm alle r pools, e n v iro n m en ta lly  c rea tin g  a p ro tec ted  lagoon 
m ic ro en v iro n m en t w ith in  a  larger m an g ro v e  se tting .

The A nchialine  Cave A ssem blage is b e s t ch arac te rized  by 
e lev a ted  ab u n d an c es  o f  Spiropthalm idium  sp., a  tax o n  th a t  is rare ly  
e n co u n te re d  (<1%) o u ts id e  th e  p h rea tic  cave e n v iro n m en t (Javaux, 
1999). Five sam p les from  o u ts id e  th e  cave e n v iro n m en t (LA-H16, 
LA-H17, LA-H18, LA-H6, M A-M 23) a re  m o st s im ilar to  B erm udian  
anch ia lin e  cave sam ples, all w h ich  have th e  h ig h est ab u n d an ces  o f 
A m m onia  in th e  w h o le  da tab ase . This p re lim in a ry  inv es tig a tio n  o f 
B erm udian  p h rea tic  caves w as lim ited  to  on ly  th e  e n tra n ce s  o f th e  
larg e r su b te rran e an  cave system s, an d  d id  n o t sam p le  th ro u g h  th e  
full ran g e  o f  en v iro n m en ta l v ariab les th a t  ex is t in a  p h rea tic  cave 
(ligh t g rad ien ts , sa lin ity  g rad ien ts , etc.). This factor exp lains w h y  th e  
anch ialine  cave sam ples sh a re  sim ilarity  to  o th e r  o p e n  w a te r  sam ple  
locales. However, th is  lim ited  sam pling  o f th e  anch ialine  caves 
recovered  d ifferen t living foram in ifera  in  th e  b rack ish  GH lens th an  
in m arin e  co nd itions b e low  th e  halocline (based  o n  rose  Bengal 
staining, Javaux, 1999). Polysaccammina  an d  Pseudothuram m ina  
w e re  found  living in th e  b rack ish  GH lens, a lth o u g h  on ly  in sam ples 
requ iring  om ission  from  m u ltivaria te  sta tistics b ecause  insufficient 
ind iv iduals w e re  o rig inally  co u n ted  in th o se  sam ples (Javaux, 1999). 
T hese species a re  d iagnostic  b rack ish  tax a  an d  on ly  form  sm all 
po p u la tio n s in m arshes, b rack ish  ponds, an d  th e  GH lens in B erm uda 
a n d  M exico (Scott, 1976; Javaux  a n d  Scott, 2003 ; Roe a n d  Patterson, 
2006 ; v an  H engstum  e t al., 2008). How ever, d e sp ite  th e  rem oval o f 
th e se  sam ples from  th e  da tabase , typical m arsh  fo ram in ifera  Tro­
cham m ina, Polysaccammina, an d  P seudothuram m ina  a re  living in th e  
m o d ern  GH lens in th e  W alsingham  Tract (< 3 0  c m  th ick  -  Iliffe e t  al., 
1983; Javaux, 1999). Below th e  halocline  in full m arin e  salinity, 
typical lagoon tax a  fauna a re  living (Quinqueloculina, Rosalina, Tri­
loculina). Lastly, m in o r ab u n d an ces o f  reef, lagoon, a n d  p lanktic  
fo ram in ifera  a re  p re sen t a t  th e  se d im e n t-w a te r in te rface  in th e  
anch ialine  caves. Archaias angulatus a n d  Articulina  te s ts  w e re  o ften  
fractured , an d  edge  ro u n d in g  an d  ab rasion  w e re  co m m o n  on  
A m phistegina  a n d  Asterigerina tests. Furtherm ore, H. rubrum, a  d iag ­
no stic  re e f  taxon, w as found  in land  w ith in  th e  cavern  o f W alsingham  
Cave, several h u n d re d  m ete rs  aw ay  from  th e  m o d ern  coastline, and  
several k ilom eters from  th e  reef. The a bsence  o f  rose Bengal sta in ing  
ind ica tes th e se  tax a  a re  no t living in m o d ern  an ch ialine  caves 
(Javaux, 1999). T heir tran sp o rt in to  th e  cave is a ttr ib u te d  to  typical 
coasta l p rocesses (w aves, h u rricanes) re -w o rk in g  th ese  tax a  from  
ad jacen t coasta l e n v iro n m en ts  in to  th e  caves.

M ost re lev an t to  th is  s tu d y  is th a t  n e ith e r  th e  sam p les from  th e  
m o d e rn  litto ra l cave, n o r sam p les from  C alonectris Pocket A, can  be 
s ta tistica lly  d iffe ren tia ted  from  th e  m o d e rn  lagoon  based  o n  fora­
m in ife ra  a lone. The m o d ern  litto ra l cave sam p les a re  sta tistica lly  
m o st sim ilar to  sam p les co llected  from  H arring ton  Sound lagoon  
a n d  th e  N orth  Lagoon (sam p le  sites off D evonsh ire  dock). Fractured, 
d ead  sp ec im en s o f  A. angulatus a n d  Articulina m ucronata  w e re  
p re se n t in th e  m o d e rn  litto ra l cave, a long  w ith  re e f  tax a  A m phis­
tegina lessoni an d  Asterigerina carinata. T herefore, typ ica l coasta l 
p ro cesses (w aves an d  s to rm s) a re  resp o n sib le  for tran sp o rtin g  
m ate ria l from  th e  reefs an d  lagoons in to  th e  m o d e rn  litto ral cave, 
a n d  d em o n s tra tin g  h o w  litto ra l caves ac t as m ere  sh e lte red  
e x ten sio n s o f  lagoons w ith  re sp ec t to  foram inifera . Typical coasta l 
fo ram in ife ra  d o m in a ted  th e  m o d e rn  litto ra l cave assem blage  
(Quinqueloculina, Triloculina, o th e r  ro talids), w ith  lo w er a b u n ­
d an ces o f Textularia agglutinans an d  stygophilic  o straco d s (Lox- 
ochonca oculocrista, Paranesidea sterreri). H ow ever, th e  m o d ern  
litto ra l cave is also  th e  h a b ita t for th e  e n d em ic  cave gastro p o d  
C. caverna—w h ich  does no t live in lagoons—a n d  prov ides a  d iag ­
n ostic  p a leo en v iro n m en ta l m ark e r for a  p h rea tic  cave. M any fora­
m in iferal te s ts  have surficial p ittin g  (P la te  1 -  M3, M7, M9, M12), 
n o t a  su rp ris in g  ch arac te ris tic  becau se  m ild ly  acidic con d itio n s can  
o ccur in litto ra l caves from  th e  m ix ing  o f m eteo ric  w a te r  in th e  GH 
lens w ith  saline  m arin e  w a te r  (Sm art e t  al., 1988; M ylroie e t  al.,
2008).

5.2. Microfossils in MIS 11 caves

M icrofossils p re se rv ed  in th e  se d im e n t o f  MIS 11 C alonectris 
Pockets in c luded  foram inifera , ra re  ostracods, an d  ra re  b ryozoan  
frag m en ts  (P la te  1). S tatistically  insign ifican t q u a n titie s  o f fo ram i­
nifera  w e re  p reserv ed  in C alonectris Pocket B, b u t  typ ical coasta l 
tax a  w e re  observed , includ ing : A m phistegina, a  sole frac tu red  
sp ec im en  o f Archaias, Asterigerina, Bolivina, Quinqueloculina, 
Rosalina, a n d  Triloculina (Table 1 ). O stracods a n d  o th e r  m icrofossil 
rem a in s w e re  a b se n t from  Pocket B. In co n trast, a  h igh  a b u n d an ce  
o f fo ram in ifera  ( ~  832 cm ~3) w e re  p re se rv ed  in Pocket A, includ ing  
all th e  tax a  from  Pocket B, ex cep t Archaias angulatus, as w ell as 
a  tw o  p lan k tic  fo ram in ifers. The on ly  a g g lu tin a ted  tax o n  recovered  
from  th e  C alonectris site  w as T. agglutinans (P la te  1 -  F10). After 
ex am in in g  C alonectris fo ram in ifera  w ith  SEM, several te s ts  co n ­
ta in e d  frac tu red  ch am b ers  (P la te  1 -  F5, F10) as w ell as d isso lu tion  
p ittin g  (P late  1 -  F7)—ch arac te ris tics  also  o b se rv ed  in  fo ram in iferal 
te s ts  from  th e  m o d e rn  litto ra l cave (M 9, M12). S econdary  calcite 
o v e rg ro w th  w as also  o b se rv ed  on  th e  fo ram in ifer te s ts  (P la te  1 -  
F8), a n d  o n  th e  in te rio r  o f o straco d  valves. A dditionally , all o f th e  
fo ram in ife ra  d o c u m e n ted  from  th e  C alonectris Pockets also  are  
p re se n t in m o d e rn  B erm udian  caves (Table 1 ). Pocket A also  co n ­
ta in e d  th e  o straco d s L. oculocrista  an d  P. sterreri (a rticu la ted  an d  
d isa rticu la ted  specim ens), w h ich  are  co m m o n  tax a  in m o d ern  
B erm udian  anch ia lin e  an d  litto ra l caves, an d  cap ab le  o f w ith ­
stan d in g  m eso h alin e  co n d itio n s (5 -1 8  psu, M addocks a n d  Iliffe, 
1986). Notably, th e  g en u s Loxochonca especially  favors litto ra l 
e n v iro n m en ts  (Van M orkhoven, 1963). Finally, tw o  sp ec im en s o f 
th e  g as tro p o d  C. caverna  w e re  found  in C alonectris Pocket A, 
a  p ro to co n ch  (P la te  1 -  F16) a n d  a  p ro to co n ch  w ith  p a r t  o f  th e  
seco n d ary  g ro w th  s tage  a tta ch ed . This g a stro p o d  is a n  aquatic, 
B erm ud ian  e n d em ic  cave tax o n  (stygob ite ) th a t  can  to le ra te  sa lin ity  
from  20  to  35  p su  (M oolenbeek  e t  al., 1988). The recovery  o f  th is  
tax o n  is significant by  p rov id ing  stro n g  ev id en ce  th a t  C alonectris 
Pockets w e re  on ce  p h rea tic  cave en v iro n m en ts .

Foram inifera  p reserv ed  in th e  o th e r  B erm udian  MIS 11 caves 
(UGQ5, UGQ4, Land e t  al., 1967 site) w e re  p rev iously  p re sen te d  by  
M cM urtry  e t  al. (2007). The o n ly  tax o n  p reserv ed  in all th e  MIS 11 
caves is th e  ro b u st fo ram in ife r A. lessoni. The Land e t  al. (1967) site
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Table 1
Preserved MIS 11 microfossils in elevated Bermudian caves com pared w ith m odern cave environm ents. Data for UGQ5 (+18 m), UGQ4 (+21 m), and the Land et al. (1967) site 
( — +21 m) from W ilkinson (2006).

M odern Caves MIS 11 Caves

Anchialine Littoral C. Pocket A C. Pocket B UGQ4 Land site UGQ5

Stygobites
Caecum caverna (gastropod) • • •

Stygophiles
Abdidodentrix rhomboidalis • • •
Bolivina spp. • • • •
Cibicides sp. • • • •
Cymbaloporetta squamosa • • •
Milionella subrotunda • • •
Hoeglundina c.f. elegans • • • • •
Quinqueloculina candeiana • • • •
Quinqueloculina lamarckiana • • • • •
Quinqueloculina poeyana • • • •
Quinqueloculina seminulum • • • •
Quinqueloculina vulgaris • • • • •
Quinqueloculina spp. • • • •
Planorbulina sp. • • •
Pyrgo elongata • •
Pyrgo subsphaerica • •
Polysaccammina ipohalina • •
Pseudothurammina limnetis • •
Reophax sp. • •
Rosalina spp. • • • •
Spiroloculina antillarum • • •
Textularia agglutinans • • • •
Triloculina carinata • • •
Triloculina oblonga • • •
Triloculina spp. • • • •
Loxochonca sp. • • • •
Paranesidea sterreri • • •
Bryozoan fragm ents • • • • • •

T ransported
Amphistegina lessoni • • • • • • •
Archaias angulatus • • • •
Articulina spp. • • •
Articulina pacifica • • • •
Asterigerina carinata • • • • •
Gypsina vesicularis • • •
Homotrema rubrum • • • • •
Planktic foraminifera • • • •
Coral fragm ents •

(+21 m ) w as p rev iously  th e  m o st d iv erse  site, co n ta in in g  a  p lank tic  
foram inifer, rew o rk ed  H. rubrum  fragm en ts , Gypsina sp., Q uinque­
loculina spp., an d  v e ry  ra re  Archaias, Asterigerina, Textularia, Poly- 
saccamina, an d  P seudothuram m ina  (W ilkinson, 2006). UGQ5 
(+ 1 8  m ) co n ta in ed  o n ly  Gypsina, Quinqueloculina, an d  rew o rk ed  H. 
rubrum . In c o n tra s t to  th e  o th e r  MIS 11 caves, w h e re  typically  
several tax a  a re  p reserved , on ly  o n e  tax o n  w as p re se rv ed  in UGQ4 
(+21 m ; A. lessoni). The lack o f  d iv ers ity  p reserv ed  in UGQ4 is n o t 
surprising , as n e ith e r  d iv erse  n o r a b u n d a n t m icrofossils w e re  
p reserv ed  in C alonectris Pocket B, w h ich  is < 5 0  cm  aw ay  from  th e  
m o st d iverse  an d  a b u n d a n t a ssem b lag es p reserv ed  in C alonectris 
Pocket A. C onsidering  su b te rran e an  geochem ical p ro cesses a re  no t 
spa tia lly  o r  tem p o ra lly  c o n s ta n t in v ad o se  cave en v iro n m en ts , th e  
d ifferen tia l p re se rv a tio n  o f m icrofossils b e tw e e n  caves sites likely 
reflects th e  d iffe ren t tap h o n o m ic  h isto ry  e n d u re d  b y  m icrofossils in 
d iffe ren t cave locales. Im portan tly , all th e  m icrofossils p re se rv ed  in 
th e  MIS 11-aged  sed im en ts  a re  sim ilarily  p re se n t in m o d ern  
B erm udian  cave e n v iro n m en ts  (Table 1 ).

6. Discussion: sea level or mega-tsunami?

Based on  several in d e p e n d e n t lines o f m icropaleon to log ica l 
ev idence, w e  m u st re jec t th e  m eg a -tsu n am i h y p o th esis  becau se  th e  
MIS 11 fo ram in ife ra  in th e  e lev ated  B erm udian  caves c an n o t be

a ttr ib u te d  so le ly  to  a  m eg a -tsu n am i even t. D iverse fo ram in ifera  
from  coasta l an d  pelagic sou rces a re  k n o w n  to  c h arac te rize  m o d ern  
tsu n a m i d ep o sits  (H aw kes e t  al., 2007). H ow ever, H aw kes e t  al. 
(2007) w e re  ab le  to  d iffe ren tia te  s ta tistica lly  a  tsu n a m i foram in if­
e ra l assem b lag e  from  back g ro u n d  fo ram in ifera l a ssem b lag es in 
d iffe ren t co asta l en v iro n m en ts , across a  spa tia lly  ex ten siv e  area, 
from  th e  sam e tsu n a m i (2 0 0 4  Ind ian  O cean ev en t). In co n trast, th e  
MIS 11 fo ram in ifera  from  C alonectris Pocket A a re  sta tistica lly  
sim ilar to  th e  ex p ec ted  b ack g ro u n d  m icrofossil assem b lag e  in 
a  litto ra l cave en v iro n m en t. B erm ud ian  p a leo to p o g rap h y  d u rin g  
a  +21 m  sea-level h ig h stan d  w o u ld  have  ju s t  b e en  several sm all 
e m e rg en t islands w ith  a  sh o re lin e  q u ite  p rox im al (< 5 0  m, Fig. 3) to  
e n tran ce (s) o f  th e  G o v ern m en t Q uarry  caves, w h e re  typ ica l w ave 
an d  sto rm  activ ity  c an n o t be  ig n o red  as m ech an ism s for t ra n s ­
p o rtin g  ro b u st calcite  g ra ins ( re e f  fo ram in ifera  an d  coral fragm en ts) 
an d  pelagic  tax a  in to  MIS 11 coasta l caves. C onsidering  th e  fo ra­
m in ife ra  p re se rv ed  in  C alonectris Pocket A a re  m o st sta tistica lly  
sim ilar to  m o d ern  lagoons, a n d  by  coro llary  to  m o d e rn  litto ral cave 
en v iro n m en ts , th e  vast m ajo rity  o f th e  fo ram in ifera  p re se rv ed  in 
C alonectris Pocket A are  in te rp re te d  as an  in situ  MIS 11 litto ra l cave 
assem b lag e  (than a to co en o sis). D esp ite  th e  lack o f  sta tistica lly  
significant p o p u la tio n s o f  fo ram in ifera  in th e  o th e r  e lev a ted  cave 
sites, all th e  fo ram in ifera  e v e r recovered  in th e se  s ites can  be 
a cco u n ted  for in  m o d e rn  B erm udian  coasta l cave en v iro n m en ts
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(Javaux, 1999; W ilk inson, 20 0 6 ; Table 1 ). T herefore, w e  in te rp re t all 
th e  B erm udian  +21 m  caves (UGQ4, UGQ5, C alonectris Pockets, 
Land e t  al„ 1967 site) as reco rd ing  a  m icropaleo to log ica l s ig n a tu re  
o f  a  c o -s tra tig rap h ic  sea  level -  d a te d  to  MIS 11.

M orphologically, shell f rag m en ta tio n  a n d  surface d isso lu tio n  
occur eq u ally  o n  fo ram in iferal te s ts  from  th e  m o d e rn  litto ra l cave 
a n d  th e  C alonectris Pockets (P la te  1). The o b se rv ed  shell frag­
m e n ta tio n  is tap h o n o m ica lly  c o n sis ten t w ith  shells b e in g  rew o rk ed  
in th e  litto ral zone, an d  m in o r acid ity  is co m m o n  a t th e  ha locline  in 
m o d e rn  p h rea tic  caves. This p ro v id es su p p o rtin g  ev id en ce  for an  in 
situ  in te rp re ta tio n  o f th e se  fo ram in iferal assem blages, as o p p o sed  
to  tra n sp o r t  b y  a m eg a-tsu n am i. H ow ever, frag m en ta tio n  can  also 
occur th ro u g h  o th e r  t ra n sp o r t m echan ism s, an d  acidic co n d itio n s 
can  also  occur in  v ad o se  caves from  perco la tin g  en v iro n m en ta l 
acids o r o rgan ic  acids deriv ed  from  th e  b reak d o w n  o f o rgan ic  
m atter. R egardless o f  th e  m ech an ism  th a t  d ep o site d  th e  m icrofos­
sils, v adose  c o n d itio n s have o ccurred  in th e  e lev a ted  caves since th e  
m icrofossils w e re  em p laced  (e.g., MIS 2). D uring th e se  tim es, n o n - 
spa tia lly  co n sis ten t, m ild acidy  can  help  exp la in  th e  d ifferen tia l 
p re se rv a tio n  o f  m icrofossils b e tw e e n  th e  d iffe ren t B erm udian  
e lev a ted  caves, as ro b u st fo ram in ifer te s ts  c learly  have th e  g re a te s t 
p re se rv a tio n  p o ten tia l (Am phistegina -  Table 1). T herefore, b ecause  
th e  shell tap h o n o m y  a n d  th e  selec tive  p re se rv a tio n  o f m icrofossils 
b e tw e e n  th e  caves can  equally  be  a ttr ib u te d  to  p h rea tic  cave 
(spe leogen ic) a n d  h ig h -en e rg y  (i.e., tsu n am i) en v iro n m en ta l 
h isto ries, th e se  ch arac te ris tics  c an n o t be  u sed  as d iagnostic  
ev id en ce  for e ith e r  th e  MIS 11 + 2 1  m  h ig h stan d  o r m eg a -tsu n am i 
hypo thesis , as p rev iously  a rg u ed  (M cM urtry  e t  al„ 2007).

D espite  th e  am b ig u o u s shell ch aracteris tics , o th e r  m icropale- 
on to log ical ev id en ce  recovered  from  th e  e lev a ted  B erm udian  caves 
u n equ ivocally  su p p o rts  th e  in te rp re ta tio n  o f in situ  p h rea tic  cave 
e n v iro n m en ts  cau sed  by  +21 m  sea  level. The m o st convincing  
ev id en ce  is th e  recovery  o f th e  aq u atic  g a stro p o d  C. caverna  (sty - 
gobite ) in C alonectris Pocket A (P la te  1). C. caverna  (g astro p o d ) a re  
co m m o n  in th e  se d im e n t o f  m o d e rn  B erm udian  caves, e ith e r  solely 
as th e  p ro to co n ch  o r w ith  th e  seco n d ary  g ro w th  stage a tta ch e d  
(M oolenbeek  e t  al„ 1988). C onsidering o n ly  o n e  sp ec im en  w as 
found  in th e  m o d ern  litto ra l cave se d im e n t (P la te  1), litto ra l cave

h a b ita ts  likely reflect th e  ecological b o u n d a ry  o f th is  stygob ite  in 
su b te rran e an  en v iro n m en ts . H ow ever, th e y  a re  re la tive ly  a b u n d an t 
in B erm udian  anch ia lin e  caves, w h ich  is likely th e ir  o p tim u m  
ecological niche. The recovery  o f  th is  stygob ite  in C alonectris 
ind ica tes th a t  m arin e  w a te r  on ce  flooded th is  e lev a ted  cave. L ittoral 
an d  c av e -to le ran t (stygophiles) o straco d s (L. oculocrista  a n d  P. 
sterreri) w e re  p re se rv ed  in C alonectris Pocket A, an d  Loxochonca sp. 
w as recovered  from  th e  Land e t  al. (1967) site  (P la te  1). T hese 
ostraco d s c u rre n tly  live in m o d ern  B erm udian  coasta l cave en v i­
ro n m en ts , an d  suggest th e  litto ra l zone  w as on ce  p re se n t in th e  
e lev a ted  caves (Van M orkhoven, 1963; M addocks an d  Iliffe, 1986). 
Lastly, b ry o zo an  ske le ta l frag m en ts  w e re  p re se n t in  b o th  th e  
m o d e rn  litto ra l cave an d  in C alonectris Pocket A. Living bryozoans 
an d  th e ir  ske le ta l rem a in s a re  q u ite  co m m o n  in coasta l caves, and 
even  stygobitic cave tax a  have b een  described  (e.g., Silén and  Har- 
m elin, 1976). W e find it challeng ing  to  envisage h ow  a m eg a-tsu n am i 
co inciden tly  eroded , tran sp o rted , an d  dep o sited  (a) cave stygobites, 
(b) littoral, cav e-adap ted  ostracods, (c) bryozoans, an d  (d) an  
assem blage o f foram inifera sta tistically  an d  taphonom ica lly  consis­
te n t  w ith  a  litto ral cave en v ironm en t, all in to  e levated  caves du rin g  
MIS 11. The co m prehensive  m icropaleontolgocal ev idence  p reserved  
in th e  e levated  B erm udian caves is co n sis ten t w ith  th e  sim ple 
exp lanation  th a t  litto ral cave en v iro n m en ts  d id  exist a t +21 m  in 
G overnm ent Quarry, B erm uda d u rin g  MIS 11.

In terestingly , Polysaccam mina ipohalina  a n d  Pseudothuram m ina  
lim netis w e re  p reserv ed  in ca rb o n a te  c lasts from  arch ived  m u seu m  
sam p les be lo n g in g  to  th e  d es tro y ed  cave o f Land e t  al. (1967) an d  
W ilk inson  (2006). This is a  su rp ris in g  recovery  in se d im e n ts  d a te d  
to  MIS 11, co n sid erin g  th e se  tax a  a re  ind iv idually  n o t significantly  
a b u n d a n t in m o d ern  b rack ish  e n v iro n m en ts  (sa lt m arshes, ponds). 
F u rtherm ore , d u e  to  th e  largely  o rgan ic  m ak eu p  o f  th e ir  tests , 
th e se  m arsh  tax a  are  ra re ly  p re se rv ed  o u ts id e  o f  th e ir  u su a l anoxic 
m arsh  e n v iro n m en ts  becau se  th e ir  shells easily  oxid ize o r  are  
c o n su m ed  by bacteria . W e find it p ressin g  to  believe Poly­
saccam m ina  an d  P suedothuram m ina  have rem a in ed  taxonom ica lly  
id en tifiab le  since MIS 11 a f te r  en d u in g : m echan ical h o m o g en iza ­
tio n  in a  tsu n am i, en e rg e tic  d ep o sitio n  in to  a  v ad o se  cave, su b se ­
q u e n t d e sicca tio n —b u t n o t ox id a tio n  o r bac te ria l con su m p tio n ,

Modern Anchialine Caves
Foraminifera

(Javaux and Scott, 2003)
Hydrogeology 
(Iliffe et al„ 1983)

modem 
sea level 

0  -

Marine Isotope Stage 11 Anchialine Caves
Simplified Paleoenvironmental Indicators Paleohydrogeology 

Geology (McMurtry et al., 2007; Olson and Hearty, 2009) (inferred through
this analysis)

Brackish Indicators E

Polysaccammina 
Pseudothurammina 
Trochammina spp. 

Caecum caverna (stygobite’
coarse sands to silt 
sediment matrix

S  «0 O "S T- e

Marine Indicators
Bolivina spp. 

Quinqueloculina spp. 
Reophax spp. 

Caecum caverna (stygobite) 
coarse sands to silt

Land et al.
1967) site

UGQ5 cave 3

Calonectris Brackish Indicators Reworked

Polysaccammina 
Pseudothurammina 
o anchialine gastropods 

Caecum caverna (stygobite)

Taxa from previous littoral 
cave environment remain 

in cave sediment

; g e
coarse sands and ‘marl’ 

sediment matix

Marine Indicators
Quinqueloculina spp. 

Reophax sp. 
coarse sands

Speleothem
(flowstone)

a MIS 11 
J sediments

I Walsingham 
‘ Formation

Lower Town 
Hill Formation

I Ghyben-Herzberg 
J lens

Marine
Saline

Groundwater

MIS11 
sea level

-  +19

-  +18

20 25 30 35
Salinity (psu) | |

Brackish

Marine
Saline

Groundwater

Fig. 5. Diagrammatic representation of the MIS 11 cave environment (microfossils, sediments, groundwater, and GH lens) and MIS 11 sea-level position during development of 
anchialine environmental conditions. Note the striking similarity between m odern and MIS 11 micropaleontological, hydrogeological, and coastal variables in Bermudian coastal 
caves. Modern salinity data after Iliffe e t al. (1983).



1858 P.J. van Hengstum et al. /  Quaternary Science Reviews 28 (2009) 1850-1860

an d  e n ca se m e n t by  calcite  cem en ts . A lthough  co m m o n  m arsh  
foram in ife ra  have b een  prev iously  found  in tsu n a m i d ep o sits  
(Haplophragmoides, H aw kes e t  al., 2007), th is  ex am p le  w as from  an  
o p e n  coastline, n o t a  cave. To o u r  know ledge, th e re  a re  c u rren tly  
no  d o c u m e n ted  d esc rip tio n s o f th e  fo ram in iferal ch arac te ris tics  o f  
k n o w n  re ce n t tsu n a m i d ep o sits  in  caves, p rov id ing  no co m p arativ e

da ta . F u rtherm ore , if a  tsu n a m i e n tra in e d  B erm udian  m an g ro v e  o r 
salt m arsh  tax a  an d  d e p o site d  th e m  in to  a cave, w e  w ou ld  ex p ec t 
to  recover Trochammina  a n d  Discorinopsis, w h ich  a re  co m m o n  
B erm udian  m angrove  genera , sim ilarly  to  H aplophragm oides o f  
H aw kes e t  al. (2007), n o t co in c id en tly  tw o  ex trem e ly  ra re  fora- 
m inifers. Therefore, w e  favor a n  in situ  o rig in  for th e se  fragile

Plate 1. A comparison of MIS 11 littoral cave (Calonectris) microfossils (top half) to the microfossils in the modern littoral cave (bottom half). Foraminifera: FI, M l : Abdidodentix 
rhomboidalis Millett, 1899; F2, M2: Articulina spp. d’Orbigny, 1826; F3, M3: Articulina mexicana Cushman, 1944; F4, M4: Bolivina variabilis Williamson, 1858; F5, M5: Miliolinella 
subrotunda Montagu, 1803; F6, M6: Pyrgo elongata d’Orbigny, 1826; F7, M7: Quinqueloculina candeiana d’Orbigny, 1839; F8, M8: Quinqueloculina poeyana d’Orbigny, 1839; F9, M9: 
Rosalina subaracuana Cushman, 1922; F10, M10: Spiroloculina antillarum d’Orbigny, 1839; Fll, M il: Textularia agglutinans d’Orbigny, 1839; F12, M12: Triloculina carinata d’Orbigny, 
1839; F13, M13: Triloculina oblonga Montagu, 1803. Ostracods: F14, M14: Loxochonca oculocrista Teeter, 1975; F15, M15: Paranesidea sterreri Maddocks and Iliffe, 1986. Troglobytic 
gastropod: F16, M16: Caecum caverna Moolenbeek et al., 1988. Bryozoan fragment: F17, M17. Scale bar represents 50 pm.
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m arsh  foram inifera, as th is  in te rp re ta tio n  is tap h o n o m ica lly  m ore 
plausib le.

At th e  o n se t o f  sea-level reg ress io n  follow ing th e  MIS 11 h ig h ­
stand , th e  o rig ina l litto ra l cave e n v iro n m en ts  w o u ld  beco m e sa tu ­
ra te d  by  brack ish  w a te r  from  th e  co n co m itan t v e rtica l low ering  of 
th e  GH lens (Fig. 5). The lim ited  spa tia l e x te n t o f  coeval B erm udian  
pa leo to p o g rap h y  likely favored  th e  fo rm atio n  o f  a  v e ry  th in  GH lens 
d u rin g  MIS 11 (< 0 .5  m ), an a lo g o u s to  m o d e rn  hydrogeological 
co n d itio n s a long  th e  m o d e rn  W alsin g h am  Tract (Iliffe e t  al., 1983). 
C onsidering, th e  s tro n g  co n tro l o f  sea  level on  th e  ab so lu te  e leva­
tio n  o f  a  GH lens on  sm all is lands (S ch n e id e r an d  Kruse, 2003), an  
MIS 11 GH lens < 0 .5  m  th ick  on  B erm uda p e rch ed  a t +21 m  also 
reflects a  v e ry  s im ila r eu s ta tic  sea-level positio n  (Fig. 5). This 
b rack ish  w a te r  w o u ld  c rea te  a n  anch ia lin e  h a b ita t in  th e  e lev ated  
B erm udian  caves, w h ich  w o u ld  have b een  p a rticu la rly  su itab le  to  
Polysaccam mina  a n d  Psuedothuram m ina, c o n sis ten t w ith  m o d ern  
co n d itio n s in B erm udian  coasta l caves (Fig. 5). The re ce n t d o cu ­
m e n ta tio n  o f a  ~95%  anch ia lin e  g astro p o d  a ssem b lag e  (> 3 0 0 , on ly  
~5%  m arin e  ind iv iduals) in  th e  C alonectris cave (+ 21  m ) fu rth e r 
c o rro b o ra tes  th e  m arsh  fo ram in ifera l pa leoeco logy  w h e re  an  
anch ia lin e  e n v iro n m en t d ev e lo p ed  a f te r  a  litto ral cave en v iro n ­
m e n t (O lson a n d  H earty, 2009). C ontinual sea-level reg ress io n  
w o u ld  have u ltim a te ly  d ra in ed  th e  e lev a ted  caves to  c rea te  a  vadose  
cave en v iro n m en t, su itab le  for th e  p rec ip ita tio n  o f sp e leo th em  
d ep o sits  (flow stone) above th e  MIS 11 cave sed im en ts, w h ich  have 
b e en  re p ea te d ly  d a te d  to  la te  MIS 11 o r early  MIS 10 (M cM urtry  
e t  al., 2008 ; O lson a n d  H earty, 2009).

7. Conclusions

A fter co m p arin g  m o d ern  an d  fossil B erm ud ian  cave fo ram i­
nifera, th e  m icrofossil ev id en ce  can  no lo n g er su p p o rt th e  m eg a­
tsu n a m i hyp o th esis  becau se  th e y  a re  n o t u n equ ivocally  d iagnostic  
o f  tsu n am i. In co n tra st, th e  MIS 11 m icrofossils p re se rv ed  in th e  
B erm udian  e lev a ted  caves p rov ide  strik in g  ev id en ce  for a  MIS 
11 +  21 m  sea-level h igh stan d , as tec to n ic  an d  g lac io -iso ta tic  sea- 
level ch an g es a re  n o t m ajo r geologic factors co n trib u tin g  to  sea- 
level ch an g e  in  B erm uda. C onsidering th e  m icrofossils w ith in  
a  tap h o n o m ic  a n d  paleoeco log ic  fram ew ork , w e  conclude: (1) th a t 
th e  G o v ern m en t Q uarry  Caves w e re  in d eed  MIS 11 coasta l cave 
e n v iro n m en ts ; (2) typ ical a ssem b lag es o f  in situ  litto ra l cave fo ra ­
m in ife ra  d ev elo p ed  d u e  to  a  co -stra tig rap h ic  sea  level (+ 21  m ); an d  
(3) sea-level reg ress io n  follow ing th e  MIS 11 h ig h stan d  flooded th e  
caves w ith  a  b rack ish  GH lens -  c rea tin g  a su itab le  ecologie n iche 
for m arsh  fo ram in ife ra  an d  anch ia lin e  g astro p o d s. T hese resu lts  
in d ica te  th a t  m o d ern  cave en v iro n m en ts  c an n o t b e  ig n o red  in  any  
in te rp re ta tio n  o f sea  level o r  tsu n a m i h is to ry  in B erm uda, an d  
d e m o n s tra te  th a t  fo ram in ifera  in coasta l cave e n v iro n m en ts  have 
a  w id e r  p o ten tia l as sea-level m ark e rs  th a n  prev iously  apprec ia ted . 
A lthough  th e  risk  o f tsu n a m i ev en ts  in th e  C aribbean is becom ing  
increasing ly  a p p a re n t (W ard  a n d  Day, 2001; T eeuw  e t al., 2009), 
m icrofossil ev id en ce  for a n c ien t tsu n a m is  still req u ire s  s tr in g en t 
evaluation . Lastly, becau se  th e  B erm udian  m icrofossil ev id en ce  in 
th e  e lev a ted  G o v ern m en t Q uarry  Caves co rro b o ra tes  th e  p rev iously  
p re sen te d  geologic ev id en ce  for a  MIS 11 +  21 m  e u s ta tic  sea-level 
h ig h stan d , w e  suggest a  g re a te r  focus o n  reso lv ing  th e  d isp a rity  
b e tw e e n  g lobal m arin e  iso top ic  reco rd s a n d  th e  physical geologic 
ev id en ce  for sea  level d u rin g  MIS 11.
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