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Abstract 

A multidisciplinary study of a new Cretaceous-Tertiary (K/T) boundary section near Guayaquil, Ecuador, reveals an 

unusually cool water, low diversity planktic foraminiferal fauna and a high diversity radiolarian fauna similar to those 
found in southern high-latitude K/T sequences despite the fact that this section was deposited near the Cretaceous equator. 

The K/T boundary is located by planktic foraminifera within a narrow interval bounded by last appearances of tropical 
Cretaceous species and first appearances of Tertiary species including Puwularugoglobigerina eugubinu. As in southern 
high latitudes, there is no major mass extinction of either planktic foraminifera or radiolarians at this level. A major 
radiolarian fauna1 discontinuity occurs some 6 m higher in the section within foraminiferal Zone Plc, some 300-500 kyr 

after the K/T event. 
S13C values from bulk carbonates show both high- and low-latitude characteristics. Similarly to low latitudes, there 

is a 3%0 negative S’IC excursion at the K/T boundary which is generally interpreted as a major decrease in primary 

productivity. But unlike the low latitudes, recovery occurs within a few thousand years. as compared with 300-500 kyr, 
and suggests rapid nutrient influx from the Antarctic region via a current similar to the Humboldt current today. Similarly 

to high-latitude KIT sequences, a negative S13C shift occurs in the early Danian Zone Plb about 300 kyr after the m 
boundary. Sedimentologic and mineralogic data indicate a late Maastrichtian with relatively low biogenic quartz and high 
carbonate followed by increasing biogenic quartz (>50%) and decreasing carbonate (~5%) during the early Danian. This 
suggests intensified atmospheric and oceanic circulation and upwelling off Ecuador during the early Danian. The K/T 
transition is marked by increased volcanic activity, continental erosion and tetigenous influx, but this also occurs in the 
early Danian Zone at the Pla/Pl b zonal transition and is thus not unique to the K/T boundary. 

We suggest that the catastrophic biotic effects normally observed at the K/T boundary in low latitudes are greatly 
reduced or absent in the eastern equatorial Pacific because this region was dominated, then as now, by upwelling and 
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current transport of nutrient-rich waters from the Antarctic Ocean. As a result, the biotic patterns are characteristic 

of southern high latitudes, whereas the 6’“C pattern combines ameliorated low-latitude effects with predominantly 

high-latitude trends. 

Keywords: WT, Ecuador; reduced biotic effects 

1. Introduction 

The Cretaceous/Tertiary (K/T) boundary mass ex- 
tinction has been studied in marine sediments world- 

wide by numerous workers over the past 15 years. 

Despite the long-term research effort, the mass ex- 
tinction record is still globally incomplete and the 

nature, tempo and ultimate cause of this biotic catas- 
trophe remains enigmatic. This is in part because 

most known K/T complete sequences are located 

in the northern low-latitude Tethys region including 
Spain, Tunisia, Texas and Mexico. Few K/T sec- 

tions have been studied from the Atlantic (mostly 

Walvis Ridge), Pacific (Hess Rise sites 577, 463), 

or Caribbean, and these are generally very con- 

densed, incomplete or eroded through the critical 
interval (MacLeod and Keller, 1991a,b; Keller et al., 

1993a; MacLeod, 1995). In addition, vast areas of 

the oceans either lack K/T boundary sediments due 
to subduction (e.g., Indian Ocean, North Pacific, East 

Pacific), or have never been drilled (South Pacific, 
Fig. 1). Thus, our understanding of the K/T mass ex- 

tinction in the marine realm has largely been based 

on analyses of sequences within limited areas of the 

Tethys region, and the observed biotic effects have 
been erroneously generalized globally. This has be- 

come particularly evident with the examination of 
both northern and southern high-latitude sections. 

For example, among planktic foraminifera, which 
are the most severely affected microfossil group 
by the K/T boundary catastrophe, about two-thirds 
of the species are extinct at or before the K/T 

boundary in the Tethys region (Keller, 1988, 1989; 
Brinkhuis and Zachariasse, 1988; Canudo et al., 
1991; Keller and Perch-Nielsen von Salis, 1995; 
Keller et al., 1996). Though extinctions are not 
random, K/T extinct species include all tropical- 
subtropical, large, complex and highly ornamented 
morphologies. Smaller, less ornamented, morpholog- 
ically simple and cosmopolitan taxa survived lOO- 
300 kyr into the Tertiary (Keller, 1988; MacLeod 

and Keller, 1994; Keller and Perch-Nielsen von 

Salis, 1995). However, studies of high-latitude rel- 

atively complete K/T sections in the south (ODP 
Site 738, Keller, 1993, 1996; Keller and MacLeod, 

1995; MacLeod, 1995) and north (Nye Klov, Den- 
mark, Keller et al., 1993b; Koshak, Kazakhstan, 

Pardo, unpubl. data) have shown that this selective 

mass extinction pattern is not global. In fact, no 
significant species extinctions occurred across the 

K/T boundary in high latitudes. This is largely be- 

cause tropical-subtropical taxa are absent in these 
areas, except for sporadic migrations during warm 

climate, and the indigenous fauna is largely similar 

to the cosmopolitan fauna at lower latitudes (Keller, 

1996). However, this low-high-latitude dichotomy 

in species extinctions is also oversimplified as our 
investigation of the Ecuador section reveals. 

Other fossil groups also reveal the absence of 

mass extinctions at the K/T boundary in high south- 
em latitudes. For instance, radiolarians which so far 

are only known from southern high-latitude regions 
and primarily New Zealand in this stratigraphic in- 

terval, show a fauna1 turnover, but no significant 

extinctions (Hollis, 1993, 1996; Strong et al., 1995). 

Similarly, pollen and spores as well as plant fossils in 

New Zealand and Seymour Island, Antarctica, reveal 

no major changes, but suggest climatic and sea-level 
fluctuations (Askin, 1988, 1992; Askin and Jacob- 
son, 1996). Invertebrate assemblages documented 
from Seymour Island, Antarctica, Chile and Brazil 

also show a long-term gradual fauna1 turnover, rather 
than a mass extinction at the K/T boundary (Zins- 
meister et al., 1989; Stinnesbeck, 1996). These data 
reveal that the assumption of global mass extinctions 
as a result of a bolide impact was incorrect. 

It is also generally assumed that the environmen- 
tal effects of a major K/T bolide impact were dev- 
astating globally. Stable isotope studies now suggest 
that this was not the case. In the Tethys region, S13C 
values of surface waters decreased by 2-3%0 at the 
K/T boundary, suggesting a severe drop in primary 
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K-T Boundary Sections 

Fig. I, Geographic location of near-complete Cretaceous-Tertiary boundary sections. Note that most sections known are concentrated in 

the Tethys region north of the equator. Few KIT sections are known from southern or northern high latitudes. To date, only New Zealand 

K/T sections have been studied in the South Pacific region between the equator and Antarctica. The Via Perimetral section of Guayaquil, 

Ecuador, is the first equatorial K/T section in the eastern South Pacific region. 

productivity (Oberhansli, 1986; Zachos and Arthur, 

1986; Arthur et al., 1987; Zachos et al., 1989; Keller 

and Lindinger, 1989; Barrera and Keller, 1990). Un- 
til recently it was assumed that this productivity 

drop was global and possibly induced by a shutoff 

of photosynthesis due to a dust cloud generated by 
a bolide impact. However, in high-latitude sections 

S’“C values decreased very little (0.5%0 at Nye Klov, 
Denmark, and Koshak, Kazakhstan, Keller et al., 

1993b; Pardo et al., 1996) or even increased (ODP 
Site 738, Barrera and Keller, 1990), indicating that 
no significant change occurred in productivity at the 
K/T transition. But, at ODP sites 738, 750 and 690 a 
significant negative S’“C shift occurred in Zone Plb, 

about 300 kyr after the K/T boundary (Barrera and 
Keller, 1994). Thereafter, in Zone Plc about 500 kyr 
after the K/T boundary, surface productivity began 
to return to latest Cretaceous levels in both low and 
high latitudes. In New Zealand, 613C evidence for an 
opportunistic plankton bloom directly above the K/T 

boundary (Hollander et al., 1993) appears to have 

been the first phase of a prolonged episode of very 

high productivity related to increased upwelling, as 
marked by siliceous plankton (Hollis et al., 1995). 

This high siliceous productivity is estimated to have 

peaked about 500 kyr after the K/T boundary. 

These high-low-latitude differences reveal a KIT 

boundary event which apparently had varying bi- 
otic and environmental effects across latitudes which 

need to be fully explored, if we are to understand 
the adverse biotic effects of a major bolide impact. 
The major problem has been a lack of complete 
K/T sections in middle to high southern latitudes as 
well as in the equatorial region. Currently, the only 
good southern-hemisphere marine sections known 

are from ODP Site 738 (Fig. 1) and from New 
Zealand, though all of these sections are very con- 
densed or have short hiatuses at the K/T boundary 
(Hollis, 1993; MacLeod, 1995; Keller, 1993, 1996). 
K/T sections known from Argentina, Peru and Chile 
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were generally deposited in very shallow or sub- 

aerial environments and have major hiatuses (for a 

review see Stinnesbeck, 1996). Seymour Island sec- 

tions generally lack Radiolaria or calcareous micro- 

fossils, although diatoms and palynomorphs show 

little change (Harwood, 1988; Askin, 1988; Askin 

and Jacobson, 1996). Only one K/T complete sec- 

tion (Poty Quarry, Recife, Brazil, Fig. 1) has been 

reported to date from the South American continent 

(Stinnesbeck, 1989; Alberta0 et al., 1994; Stinnes- 
beck and Keller, 1994, 1995, 1996). The Poty Quarry 

is similar to northeastern Mexico sections in that 
both contain typical Tethys planktic foraminiferal 

assemblages and an ‘event’ deposit (siliciclastic and 

breccia deposits) stratigraphically below the K/T 

boundary (Keller and Stinnesbeck, 1996b). 

The need for southern-hemisphere sections that 

document biotic and environmental changes across 
the K/T transition has prompted this investigation 

of the Via Perimetral section in Guayaquil, Ecuador. 
The section was discovered by Amoco and Petroe- 

cuador geologists who located the K/T boundary 

within a 20 m interval of undifferentiated, rhyth- 
mically bedded siliceous limestones and cherts in- 

terbedded with thin layers of shales and volcanic 
ash. The location of this section was near the equator 

at WT boundary time and provides the first record 
of the biotic and environmental response to the K/T 

boundary event in the east equatorial Pacific. Our 

multidisciplinary investigation concentrated on three 

major objectives. 

(1) Stratigraphy and fauna1 turnover: Determine 

the completeness of the stratigraphic record across 

the K/T boundary based on siliceous and calcare- 
ous microfossils; document the K-T mass extinction 
and/or fauna1 turnover. 

(2) Stable isotopes: Determine the magnitude of 
the 613C excursion at the K/T boundary and 613C 

trends within the Danian. 
(3) Sedimentological and mineralogical analyses: 

Determine source, nature of deposition and environ- 
mental changes evident from whole rock mineralog- 
ical association. 

2. Lithology, depositional setting and sampling 

The Via Perimetral section is located along the 
Via Perimetral highway near the suburb of Cei- 

bos northeast of central Guayaquil, Ecuador, at 

2”10’47.5”S and 79”56’5O.l”W. The exposure in- 
cludes several hundred meters of the Maastrichtian to 

Paleocene Guayaquil Formation; the sediments gen- 

erally strike 3O“NW and dip 27”SW. The Guayaquil 

Formation is characterized by rhythmically bedded 

siliceous limestones, cherts and tuffaceous siltstones 

interbedded with thin layers of shale and volcanic 

ash (Fig. 2). Most beds average 5 to 15 cm in thick- 

ness, but a few reach 30 to 35 cm. The interbedded 

shale and ash layers are generally less than I cm 

thick and rarely reach a maximum of 5 cm. The 
lower and upper bedding surfaces of these thin layers 
are commonly wavy due to diagenetic compaction 

of the soft sediment by overlying strata, and a few 

layers show slumping features. Individual beds may 

swell or thin out, though in general they can be fol- 

lowed over distances of tens to hundreds of meters 

along the outcrop. Amalgamation of limestone and 

chert layers is common; some beds cut into under- 

lying layers partially eroding them; other beds show 

weak gradation of sediments suggesting a distal tur- 
bidite origin. Fine scale laminations of alternating 
light-dark layers is common in cherts and siliceous 

limestones, whereas shale interlayers are generally 

fissile due to the pressure of the overlying sediments. 
No bioturbation was observed in the studied interval, 

suggesting unfavorable conditions with low oxygen 
content on the sea floor. 

The rhythmically bedded siliceous limestones, 

cherts, tuffaceous siltstones and shales of the 
Guayaquil Formation were deposited in a bathyal 

slope environment. This is suggested by the rarity 

of benthic foraminifera and a fauna1 assemblage that 
consists of rare Nuttalides truempyi, Dentalina, No- 

dosaria, Abyssamina and other agglutinated forms. 
Planktic foraminifera are also relatively rare and 

preservation is poor which suggests deposition oc- 
curred at or below the lysocline. The rhythmic influx 

of terrigenous sediments (including volcanic sedi- 
ments) suggests deposition occurred near a continen- 
tal source and that terrigenous influx may have been 
related to seasonal increases in precipitation. 

We measured, collected and studied a 20 m in- 
terval of the Guayaquil Formation which contains 
the K/T boundary. The section was sampled in detail 
for the first 15 m averaging 25 cm sample inter- 
vals. The top 5 m were sampled at 50 to 100 cm 
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Fig. 2. Photo of the Via Perimetral K/T boundary exposure viewed from the Via Perimetral highway north of Guayaquil. Ecuador. Note 

the rhythmically bedded Guayaquil formation shows little variation between Maastrichtian and Tertiary sedimentation. The foraminiferal 

K/T boundary is marked with an arrow and the number 1; the position of a radiolarian fauna1 turnover event that marks the K/T boundary 

in New Zealand sections is indicated by an arrow and the number 2. 

intervals and subsequently resampled at 10 to 20 cm 
intervals. Unlike K/T sections elsewhere, there is no 

sharp lithologic change that marks the K/T boundary 

within these rhythmically bedded sediments. How- 
ever, there are two clues that suggest environmental 

changes. One is at 10.75 m from the base of the 
section (see arrow and #I in Fig. 2) where a cou- 

plet of two thin shaly clay layers separated by a 
1 cm thick grey limestone is sandwiched between 
siliceous limestone layers (Fig. 3b). This shaly clay 

interval marks the planktic foraminiferal K/T bound- 
ary and was sampled at cm intervals in two transects 
50 m apart. The second clue is 16.75 m from the 

base of the section (see arrow and #2 in Fig. 2) and 
marks the onset of thick siliceous limestone layers 
(Fig. 3a). This latter interval marks a major radio- 
larian fauna1 change that in New Zealand sections 
is associated with the K/T boundary (Hollis, 1993, 

1996). In this report we detail the upper 11 m of the 
collected interval spanning the latest Maastrichtian 

through early Danian. 

3. Methods 

Radiolaria were extracted using standard acid- 

leaching techniques (Hollis, 1993). Hydrochloric 
acid (HCL) digestion to remove carbonate was 
followed by brief immersion (l-2 hours) in 5% 

hydrofluoric acid. Most residues required repeated 
cleaning by boiling in a solution of 10% hydrogen 
peroxide (H202) and 5 M sodium hexametaphos- 
phate [(NaPOs)c]. Sixty-six samples were processed 
and examined over the interval between 9 and 21 m. 
Thirty-two samples were prepared as strewn slides. 
Counts were made of nineteen samples and an addi- 
tional six samples were searched for critical species 
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Fig. 3. (a) Photo of the interval encompassing the radiolarian fauna1 turnover event that marks the KIT boundary in New Zealand sectic Ins 

(for location see arrow and #2 in Fig. 2). Note the presence of thicker beds of siliceous limestones separated by very thin interlayers of 

shale. 

(see Table 1). Although total counts of some samples 

with sparse fauna were low (< loo), they are judged 

as adequate guides to trends within major groups, 
especially when tied to samples with larger counts. 

Foraminifera were processed by first grinding the 

hard rocks with mortar and pestle, then cooking them 
for several hours with a strong detergent (Miramine), 
followed by standard washing through a 63 Km 
sieve. The residue was then dried in the oven and ex- 
amined for foraminifera. This method provided good 
foraminiferal faunas in some isolated intervals, but 
many samples were barren and preservation is poor. 
Therefore, thin sections were prepared for all sam- 
ple intervals to determine the presence or absence 
of foraminifera, examine lithologies, and search 
for exotic constituents (e.g., impact glass spherules 
and shocked minerals-none were found). Planktic 
foraminifera identified from thin sections were dou- 
ble checked with species present in washed residues 
to confirm their identifications whenever possible. 

Samples were also processed for nannofossils 

and palynomorphs using standard laboratory tech- 

niques (Perch-Nielsen, 1979; Askin, 1988). Most 
samples are devoid of nannofossils (this report and 
Von Salis Perch-Nielsen, pers. commun., 1995) and 

palynomorphs are rare and only sporadically present. 
Stable isotope analyses were conducted in the iso- 

tope laboratory of Princeton University. Bulk rocks 
of all lithologies sampled were measured including 
siliceous limestone, tuffaceous siltstone, shale, clay 

and ash layers. Samples were crushed with mortar 
and pestle and dried in the oven. The isotopic compo- 
sition of the gas was measured with a VG Optima gas 
source mass spectrometer equipped with a common 
acid bath. The isotopic ratios are reported in delta 
notation as per mil deviation from the PDB standard 
with a standard error of 0.05%0 for S13C and 0.1%0 for 
S180. Only shale and clay layers provided reliable 
measurements, whereas other lithologies frequently 
lacked sufficient carbonate for gas measurements. 
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Fig. 3 (continued). (b) Photo of the foraminiferal KfT boundary interval showing the 10 cm thick couplet of two clay layers separated by 

a I cm thick limestone in turn sandwiched between siliceous limestone layers. For location see arrow and #l in Fig. 2. 

For this reason, only measurements from shales and 
clays containing more than lo-15% calcite may be 

reliable (Table 2). In the uppermost part of the sec- 

tion (top 5 m), even shale layers contain very little 

carbonate, except in some isolated samples, and gas 

measurements may not be reliable. 

Whole rock and clay mineral analyses were con- 
ducted at the Geological Institute of the University of 

Neuchatel, Switzerland. Sample processing followed 

the procedure outlined by Kubler (1987). Whole 

rock mineralogy was determined from random pow- 

dered bulk samples. About 20 g per sample was 
ground with a ‘jaw’ crusher into small chips (l-5 

mm). About 5 g was dried at 60°C and then ground 
again into a homogenous powder (particle size t40 
pm). 800 mg of this powder was pressed (20 bar) 
in a powder holder covered with blotting paper and 

analyzed by XRD. Whole rock composition was 
determined by XRD (SCINTAG XRD 2000 Diffrac- 

tometer) based on methods described by Klug and 
Alexander (1974), Kubler (1983) and Rolli (1990) 
and percent abundances are listed in Table 3. This 
method for semi-quantitative analysis of bulk rock 
mineralogy used external standards. 

4. Stratigraphy 

Radiolaria are the most common microfossils in 

the Guayaquil Via Perimetral section, whereas plank- 

tic foraminifera are intermittently present in carbon- 

ate-rich sediment layers and nannofossils, diatoms 

and palynomorphs are rare. Biostratigraphy of this 
section is therefore based on planktic foraminifera 

and Radiolaria. Planktic foraminifera are excellent 

biostratigraphic marker species in high- to low-lat- 
itude K/T boundary sections where they afford a 

high-resolution age zonation as shown in Fig. 4 with 

zonal index species marked in bold type. In this 

study, Keller’s updated (1993) biozonation was used 
which includes the Plummerita hantkeninoides Zone 
that marks the last 170-200 kyr of the Maastrichtian 
(Pardo et al., 1996). The zonation of Berggren et al. 

(1995) is shown for comparison. 
Although radiolarians are generally abundant in 

low latitudes, K/T boundary sections with radiolar- 
ians are extremely rare. The best K/T radiolarian 
records are known from New Zealand where Hol- 
lis (1993, 1996); Strong et al. (1995) detailed their 
ranges and developed an Early Paleocene biozona- 
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Table 2 

Oxygen and carbon isotope data of bulk carbonate across the K/T 

boundary at the Via Perimentral section, Guayaquil, Ecuador. 

Samples labelled GQ and K mark two 20 cm transects across the 

K/T clay couplet at locations 50 m apart 

Sample 

No. 

Depth 

(ml 

6W S’s0 

17 

IX 

IO 

IYC 

20 

20A 

21 

GQt 
GQ2 
GQ3 
GQ4 
GQ5 
GQs 
GQ9 
K-l 

K-2 

K-3 

K-4 

K-5 

K-6 

K-7 

K-8 

22A 

23 

24 

25 

26 

26A 

27 

28 

2Y 

30A 

31 

32 

33 

34 

35 

36 

37 

30” 

34” 

9.15 

9.40 

10.24 

10.26 

10.50 

IO.55 

10.80 

10.81 

10.84 

10.86 

10.87 

10.88 

IO.92 

IO.93 

10.86 

IO.87 

10.88 

10.90 

10.92 

10.93 

IO.94 

10.95 

1 1.45 

11.57 

11.65 

12.70 

12.80 

12.85 

13.45 

13.66 

13.82 

14.15 

14.80 

16.25 

16.80 

17.45 

18.20 

18.68 

19.31 

-0.69 -2.61 

- I .03 -3.67 

-I .I5 -3.83 

-1.66 -3.71 

-1.46 -3.47 

-0.87 -4.02 

- 1.08 -3.58 

-I .27 -3.85 

-0.91 -3.98 

-4.25 -3.46 

-2.25 -3.53 

-1.32 -3.63 

-1.08 -3.79 

-12.21 -2.52 

-3.39 -3.55 

-1.88 -4.06 

-1.40 -3.81 

-2.31 -3.84 

-I .83 -3.94 

-2.64 -3.87 

-3.09 -4.00 

-1.83 -4.16 

-2.12 -4.48 

- 1.92 -4.89 

-2.1 I -4.46 

-2.18 -3.96 

-2.55 -3.76 

-2.63 -4.50 

-1.82 -4.86 

-2.24 -4.69 

-I .62 -4.24 

-5.81 -2.84 

-3.22 -3.61 

-2.34 -4.14 

-2.35 -3.69 

-4.24 -3.40 

-1.79 -3.14 

-0.75 -2.26 

0.61 -I .47 

2.75 0.06 

2.24 -0.32 

a Second sample collection, see Fig. 10. 

tion. This biozonation was correlated with plank- 

tic foraminiferal datums based on the Flaxboume 
River section which is the most complete K/T 
section known from New Zealand (Strong et al., 

1987; Strong, 1994). Recent work on this section 

shows that the basal Paleocene radiolarian Zone RPl 
can be correlated with the interval corresponding to 
foraminiferal Zones Pla to Plc( 1) of Keller (1993) 
as shown in Fig. 4. The first appearance of the RPl 

index species Amphisphaera aotea coincides with 

the first appearance of tiny Paleocene Eoglohigerina 

spp. (including E. simplicissima) directly above an 

iridium-rich boundary clay and 7 cm below the first 

appearance of P: eugubina. In a total of five sections 
examined for Radiolaria in New Zealand, the first ap- 

pearance of the RPl Zone index A. aotea is marked 
by a switch from nassellarian to spumellarian domi- 

nance, a significant increase in the diatomradiolarian 

ratio and in whole rock silica content (Hollis et al., 

1995). At the Flaxboume River section, the base 

of the succeeding Zone RP2 is defined by the first 

appearance of Amphisphaem kina which coincides 

with the first appearance of Morozovella inconstans 

at the base of Zone Plc(2) of Keller (1993). Fig. 4 
shows the planktic foraminiferal and radiolarian cal- 
ibration for the K/T boundary transition based on 

the Flaxboume River section along with the strati- 
graphic positions of zones identified in the Guayaquil 

Via Perimetral section of Ecuador (this study). Note 

that many of the radiolarian fauna1 changes associ- 

ated with the K/T boundary in Marlborough coincide 

with a local radiolarian extinction event in lower 
foraminiferal Zone Plc in Ecuador, about 300 kyr 

after the K/T event. 

4.1. Planktic foraminifera 

Planktic foraminifera identified in the Via Perime- 
tral section are shown in Fig. 5. Foraminifera are 

generally more common in Maastrichtian samples 

than in the early Danian and relative species abun- 

dances and preservation decrease upsection with the 
top 3 m being nearly barren. Maastrichtian assem- 
blages identified between samples 17 and 21 contain 
only fifteen species, an unusually low species rich- 

ness for an equatorial location which normally has 
between 50 and 60 species. This low species richness 
is comparable to high-latitude assemblages (e.g., 
ODP Site 738, Nye Klov, Koshak, Fig. 1; Keller, 
1993; Keller et al., 1993b; Pardo et al., 1996) as 
also suggested by the very rare and sporadic occur- 
rence of globotruncanids and other tropical species 
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Table 3 

Whole rock mineralogical analysis (percent) across the KIT transition at the Via Perimetral, Guayaquil, section of Ecuador 

Sample Depth 

No. (m) 

Phyllos. Quartz Fsp-55K Plagio Calcite Gypsum Other 

17 9.15 

17A 9.20 

18 9.40 

18A 9.38 

18B 9.60 

18C 9.80 

l8D 9.82 

19 10.24 

19A 10.18 

19B 10.20 

19c 10.26 

20 10.50 

20A 10.55 

21 10.80 

21A 10.82 

22 11.42 

22A 11.45 

23 11.57 

23A 11.58 

24 11.65 

25 12.70 

25A 12.75 

26 12.80 

26A 12.85 

27 13.45 

27A 13.50 

28 13.66 

28A 13.69 

29 13.82 

29A 13.84 

30 14.14 

30A 14.15 

31 14.80 

32 16.25 

33 16.80 

34 17.45 

GQ1 10.81 

(X3-4 10.84 

GQ2B 10.85 

GQ3 10.86 

GQ5 10.88 

GQ6 10.89 

GQI 10.90 

GQ8 10.92 

GQ9A 10.93 

GQ9B 10.94 

GQlO 10.95 

GQllA 10.96 

GQllB 10.97 

23.30 

9.80 

18.90 

8.29 

7.29 

6.08 

10.72 

9.91 

9.69 

12.61 

22.28 

9.65 

14.78 

13.74 

26.68 

10.95 

14.86 

18.57 

16.79 

7.93 

20.20 

8.85 

8.44 

14.73 

9.45 

20.30 

8.98 

28.82 

17.57 

21.46 

17.55 

9.24 

19.38 

13.56 

13.77 

12.48 

11.44 

15.66 

13.40 
19.76 

15.95 

14.01 

15.11 

15.20 

10.93 

11.30 

25.63 

31.91 

26.42 

9.73 

27.25 

8.32 

4.47 

14.50 

41.38 

12.26 

13.66 

16.88 

28.11 

15.80 

19.84 

18.69 

42.91 

28.64 

16.96 

27.39 

22.99 

38.43 

22.72 

43.00 

48.02 

41.13 

48.64 

38.83 

33.55 

44.10 

11.90 

41.51 

36.07 

42.98 

48.74 

22.41 

27.75 

28.77 

31.10 

10.62 

16.93 

2.00 

7.33 

20.36 
27.96 

29.66 

21.09 

31.36 

32.41 

0.96 

1.30 

0.63 

0.63 0.53 

1.11 1.10 

1.20 0.82 

0.86 

1.03 1.25 

2.41 

3.11 

9.30 

3.47 

1.90 

1.22 

17.36 

2.69 

19.68 

2.84 

28.47 

84.39 

48.30 

4.03 

17.61 

65.89 

45.01 

35.33 

41.28 

19.26 

18.61 

7.65 

10.99 

31.36 

4.63 

22.5 I 
28.49 

23.69 

28.68 

16.78 

3.81 

4.85 

26.21 

19.32 

24.04 

3.03 

5.93 

41.84 

39.71 

38.04 

14.52 

19.02 

16.86 

19.39 

32.02 

31.38 

45.75 

36.91 

27.63 

32.75 

55.6 

35.01 

87.43 

35.99 

41.15 

70.75 

31.10 

12.15 

28.73 

25.51 

20.96 

50.15 

47.80 

46.98 

35.15 

24.14 

78.42 

30.24 

31.74 

29.95 

28.40 

31.37 

42.91 

55.06 

30.63 

25.51 

43.94 

27.60 

33.2 I 

40.91 

38.59 

33.54 

42.02 

55.93 

16.85 

17.76 

18.38 

61.01 

45.28 

8.26 67.00 

55.59 

42.40 

26.02 

23.85 

17.96 

30.8 1 

27.44 
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PLANKTIC FORAMINIFERA 

Datum events 

I M. binidadmsis 

I M. inconstans 

T G.amusa 
I s. vdmla 

T P. eugubina 
P. long*Pwtura 

I P. mmpressus 
I E. trivialis 

A- G.wtagoM 
I S. pwudobulloide~ 
I S. trilocuiinoides 
I G. daubjergensis 
I S. moskvini 
I P. p4allacompressus 
I G.taurica 
J_ C. midwayensis 

I P. eugubin*, 
P. tong*percun 

I E. eobulloides 
I E. edii, W. hornent. 
I E. frirga, E. simpiids. 
+ G.conusr 

P. hantkeninoides, 

J- P. hantkeninoides 

s- 
5 

Plc 

E A- Plc _ 

F 
c 

Plb 
I Plb 

m -T-l z 
E; 

P’a I - I 
5 
E; Pla 

I I 

PO 
I 

Pa 

RADIOLARIA 

Hollis, 1993 

RP2 & RP3 

RPl 

this study 

RP3 

RP2 

RPl 

Amphipyndax 
tylotus 

RK9 

1 

Fig. 4. Foraminiferal and radiolarian biozonations of Keller (1993) and Hollis (1993) applied to the Via Perimetral section of Guayaquil, 

Ecuador, K/T transition. Foraminiferal zonal marker species are identified in bold type. The biozonation of Berggren et al. (1995) is 

shown for comparison. Note that in the Via Perimetral section the first Tertiary radiolarian Zone RPl is not recognized until foraminiferal 

Zone Plc. Cretaceous radiolarian assemblages characterize the earliest Danian. This difference between New Zealand and Ecuador may 

be due to a delay imposed by oceanographic conditions in the eastern South Pacific Ocean. 

(Figs. 5 and 6). (Note that the two occurrences of 

Globotruncana aegyptiaca in Danian samples may 
be reworked.) Most of the Maastrichtian assem- 

blage consists of small hedbergellids, heterohelicids, 

globogerinellids, guembelitrids, globotruncanellids 
and a few rugoglobigerinids as shown in Fig. 7a 

for sample 20. This assemblage, together with the 
common presence of Chiloguembelina waiparaen- 
sis, is typical of high latitudes (Keller, 1993; Keller 
and MacLeod, 1995). It suggests an unusually cool- 
water equatorial environment off Ecuador at K/T 

boundary time, probably influenced by a proto-Hum- 

boldt current (Fig. 1) and upwelling similar to the 
present. 

A major fauna1 change occurs at sample 21 
(Fig. 5), an interval marked by two thin clay lay- 
ers separated by a thin limestone and sandwiched 
between siliceous limestone layers (Figs. 3b and 
6). About half of the Maastrichtian foraminiferal 
assemblages disappeared during this interval (e.g., 
globotruncanids, rugoglobigerinids, pseudotextular- 
ids and some heterohelicids), whereas cosmopolitan 



27 

3 
26 

25 

24 
a 

22 

11 
21 

E shale/clay/ash 

m sandy breccia 

VIA PERIMETRAL, GUAYAQUIL, ECUADOR 
PLANKTIC FORAMINIFERA 

-___ 
42.42r 
41.41r 
40.m 
39 

38.38 
37.37a 
37r 
36 
36r 
34 
;>33;33a 

31:31r 
30 

i 



G. Keller et al. /Marine Micmpaleontology 31 (1997) 97-133 Ill 

species seem to have survived (Fig. 5). Two 20 cm 

transects 50 m apart were sampled at cm intervals 
across this fauna1 transition as shown in Fig. 6. In 

both transects, the foraminiferal turnover is the same, 
although several samples are barren. Beginning from 

5 cm below the clay layer (sample GQ-2) and con- 
tinuing upward through the clay couplet (Fig. 6), 
the fauna1 assemblage consists of morphologically 

significantly smaller hedbergellids, globigerinellids 
and heterohelicids than 50 cm below the clay couplet 

(compare Fig. 7a and b). This type of dwarfing is 

commonly observed beginning just below the K/T 
boundary in high- and low-latitude sections (e.g., 

ODP Site 738, Brazos River, Texas, Nye Klov, Den- 

mark and Koshak, Kazakhstan; Keller, 1989, 1993; 
Keller et al., 1993b; MacLeod, 1993). 

The first Tertiary species, including Purvulut-u- 

goglobigerina eugubina and Eoglobigerina eobul- 

loides are present in the marly limestone 1 cm above 

the clay layer couplet and E. fringa and Woodring- 

ina claytonensis first appear in the limestone 3 cm 
above (Fig. 6). These tiny globigerine morphologies 

are readily seen in thin sections (Fig. 7~). Based 
on planktic foraminifera, the KiT boundary transi- 

tion, or Zone PO, thus encompasses the clay layer 

couplet. However, because no Danian species are 
present within the clay layer couplet, this interval 

is identified as PO? Zone Pla, which is defined by 
the range of t? eugubina, begins just above the 

clay layer couplet. Fifty cm above the base of Pla, 
planktic foraminifera are rare, except for biserial, 
low-oxygen-tolerant taxa (e.g., C. waiparuensis) and 

guembelitrids, whereas Radiolaria are increasingly 

abundant (Fig. 7d, sample 23). This may indicate 
cooler temperatures, intensified upwelling (radiolari- 

ans) and a well-developed oxygen minimum zone. 
Zone Pla spans nearly 3 m and indicates com- 

parable sediment accumulation rates to El Kef 
(Tunisia), Brazos River (Texas) and El Mim- 
bra1 (Mexico). In addition to generally common 

Fig. 5. Range chart of planktic foraminifera in the Via Perimetral 

section, Guayaquil, Ecuador. Note that because of poor sample 

control and poor preservation, the Zone Plb/Plc interval was 

only tentatively identified. Insert of the stratigraphic interval with 

samples 30 to 52 is at the same meter scale and represents a 

second sample collection at more closely spaced intervals. 

C. waiparaensis and Guembelitria cretacea, vari- 

ous other Cretaceous survivor species are present 
(Fig. 5) along with new Tertiary species. This is 

a typical, though low diversity Zone Pla assem- 
blage. Other characteristic Zone Pla taxa (e.g., 

Woodringina hornerstownensis, Subbotina triloculi- 

noides, Globanomalina planocompressu, G. tuurica. 

S. pseudobulloides, Chiloguembelina midwayensis 

and Globoconusa daubjergensis, Figs. 4 and 5) ap- 

pear upsection in Zone Plb-c in the Via Perimetral 
section. Their absence in Zone Pla may be due to 

poor preservation. 

The first typical Zone Plc assemblage is present 
in sample 32 of the original section and in samples 

33 and 34 of the second sample collection (see 
insert in Fig. 5). The Zone Pl b/P1 c boundary is 

tentatively placed here because Subbotina varianta, 

which marks the base of Zone Plc, is not present 
until higher upsection. This is suggested by the 

co-appearance of this species with M. inconstans 

which marks the Plc(l)/plc(2) boundary (Fig. 4). 

Most samples in the top 3 m of the section are barren. 

4.2. Rudiolaria 

Radiolaria were studied by two groups indepen- 
dently (C. Hollis and M. Ordoiiez) and both came 

up with equivalent fauna1 successions. Radiolaria are 
common although generally not well preserved. The 

best preservation is found in shale samples near the 
radiolarian K/T boundary and in siliceous limestones 

of the second sample collection (samples 31r-45r, 
see insert in Fig. 8). The harder lithologies usu- 

ally yielded richer and better preserved radiolarian 
faunas. However, there are no obvious differences 

between adjacent soft and hard layers (mudstone 

and siliceous mudstone/chert) in overall composi- 
tion of the faunas. Sponge spicules are abundant 
throughout the section and are usually slightly more 
abundant than radiolarians. Elongate megaloscleres 

are usually more common than globular microscle- 
res. Abundance of the latter relative to the less robust 
megaloscleres appears to increase as preservation 
decreases. Diatoms are rare and restricted to sam- 
ples above 32, including the interval between 30r 
and 50r. Note that in the discussion on population 
trends, Hollis’ data (Table 1) are utilized. Common 
radiolarian taxa are illustrated in Plates I-III. 
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ringium spp., Theocapsomma spp., Lithomelissa 
heros, Amphypyndux tylotus, Dictyomitra andersoni, 
Stichomitra compsa and S. asymmetra. Common 
spumellarians include Amphisphaera n.sp., A. privus, 
Phase&or-ma laxa and Lithelius minor. A major fau- 
nal discontinuity occurs between samples 32 and 
33 (Figs. 8 and 9). Without the contrary evidence 
from foraminifera, radiolarian evidence would indi- 
cate that this is the most obvious location for the K/T 
boundary. At least nine species last appear in sample 
32 and a further ten species have only isolated oc- 
currences in one or two overlying samples. Although 
such a discontinuity is not evident in the Marlbor- 
ough New Zealand section, an accompanying switch 
from nassellarian to spumellarian dominance and the 
first appearance of the earliest Tertiary index taxon in 
sample 33 are the two primary features of the bound- 
ary in this section (Hollis, 1993). Fauna1 discontinu- 
ities have been noted across less well documented 
K/T boundaries in California (Foreman, 1968) and 
the south Atlantic Ocean (DSDP Site 327A). 

Sample 33 is correlated with the Amphisphaera 
aotea (RPl) Zone based on the presence of the index 
species. The overlying 2-3 m (samples 34-40, and 
30r-37r) is correlated with the succeeding A. kina 
(RP2) Zone based on the presence of the index 

Plate I 

Cretaceous and Cretaceous-Paleocene radiolarians, Via Perime- 

tral section of Guayaquil, Ecuador. Digital images from SEM 

originals (by MO) resealed to a single magnification (by CH) as 

indicated by the 100 micron scale bar. 

1. Lithomespilus convuztus Squinabol, sample 39, Paleocene. 

2. Amphisphuera n.sp., sample 30, Paleocene? 

3. Rhopalosyringium sparnon Foreman, sample 17, Cretaceous. 

4. Rhopalosyringium sparnon Foreman, sample 13, Cretaceous. 

5. Rhopalosyringium sp. sample 15, Cretaceous. 

6. Theocapsomma aff. comys Foreman, sample 32, Paleocene? 

7. Theocapsomma aff. comys Foreman, sample 13, Cretaceous. 

8. Amphip~vndar stocki (Campbell and Clark), sample 14, Creta- 

ceous. 

9. Amphipyndax tylotus Foreman, sample 32, Paleocene? 

10. Amphipyndar tylotus Foreman, sample 13, Cretaceous. 

11. Dictyomitra crassispina (Squinabol), sample 32, Paleocene? 

12. Dictyomitra multicostata Zittel, sample 13, Cretaceous. 

13. Dictyomitru andersoni (Campbell and Clark), sample 28, Pa- 

leocene? 

14. Stichomitra compsa Foreman, sample 22, Paleocene? 

15. Stichomitra sp., sample 17, Cretaceous. 

16. Stichomitru asymmetra Foreman, sample 15, Cretaceous. 

species and other taxa which first appear in RP2 
in New Zealand (e.g., A. goruna, A. macrosphaera, 
Saturnalis kennetti, Amphymenium spendiarmatum 
and Clathrocyclas sp., Hollis, 1993). Faunas are 
dominated by A. kina, but with a moderately diverse 
spumellarian assemblage and significant numbers of 
nassellarians (4-16%, notably Artostrobus sp.). The 
uppermost part of the second sample collection (44r- 
52r) is correlated with the Stichomitra granulata 
(RP3) Zone based on the presence of rare specimens 
of the index species. In other respects assemblages 
of this interval are similar to the RP2 interval. The 
RP2/PR3 boundary may be diachronous as it occurs 
within the Plc(2)-Pld interval at Flaxbourne River, 
but within Plc( 1) at ODP Site 752B (Hollis, in prep.). 
Alternatively, the foraminiferal index Morozovella 
inconstans which marks the Plc(l)/Plc(2) boundary 
may be diachronous. 

5. Discrepancy in placement of K/T boundary 

Both Radiolaria and planktic foraminifera show 
relatively straight-forward trans-K/T fauna1 se- 
quences that can be correlated with sections in 
New Zealand and globally. Nevertheless, the place- 
ment of the K/T boundary based on these two fau- 
nal groups are 6 m apart in the Guayaquil Via 
Perimetral section. Possible reasons for this dis- 
crepancy include: (A) criteria used for defining the 
IUT boundary in Ecuador differ from those adopted 
in the El Kef stratotype; (B) misidentification of 
small foraminiferal species in the poorly preserved 
faunas; (C) current calibration between Radiolaria 
and foraminifera based on only one region (Marl- 
borough, New Zealand), may not be representative 
globally; (D) different oceanographic conditions be- 
tween Ecuador and New Zealand. Each of these 
possible explanations are examined below. 

(A) The K/T boundary is globally identified based 
on a set of criteria observed at the stratotype sec- 
tion at El Kef, Tunisia: (1) A lithological change 
from marl to clay marks the K/T boundary with 
a 2-4 mm thick oxidized red layer at the base of 
the clay. (2) Peak iridium values coincide with the 
base of the clay layer and peak concentrations of 
Ni-rich spinels are present in the red layer. (3) A 
negative S13C shift of nearly 3%0 in fine fraction car- 
bonate occurs at the base of the clay layer. (4) The 
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first Tertiary planktic foraminifera appear within a 
few centimeters of the clay layer. (5) The extinction 
of all tropical and subtropical Cretaceous planktic 
foraminifera occurs at or below the iridium anomaly 
and clay layer (Keller et al., 1996). The K/T section 
in Guayaquil is unusual in that there is no major 
lithological change between Tertiary and Paleocene 
sediments, thus criterion 1 is absent. Although thin 
clay/shale layers are present at both foraminiferal 
and radiolarian K/T boundaries, neither is marked by 
anomalous iridium concentrations or Ni-rich spinels 
(Rocchia and Robin, written commun., 1995), and 
thus criterion 2 is also absent (though the interval 
between samples 32 and 33 has not been sampled 
in detail). Criterion 3, a 3%0 613C negative shift is 
present in the foraminiferal K/T boundary clay, but 
a 2.5%0 613C negative shift is also present 1 m below 
the radiolarian K/T boundary and is therefore not 
unique in the Guayaquil section. The K/T bound- 
ary in the Guayaquil section is therefore identified 
primarily based on criterion 4, the microfossils. Al- 
though this significantly increases the uncertainty 
factor, the planktic foraminiferal turnover at the K/T 
boundary has been shown to be a very reliable 
marker globally. 

Plate II 

Cretaceous and Cretaceous-Paleocene radiolarians, Via Perime- 

tral section of Guayaquil, Ecuador. Digital images from transmit- 

ted light microscope. Scale bar represents 100 microns. 

1. Amphisphaera n.sp., sample 1 Sa, Cretaceous. 

2. Paronaella cf. venadoensis Pessagno, sample 19a, Cretaceous. 

3. Crucella cf. messinae Pessagno, sample 27a, Paleocene? 

4. Spongurus spongiosus (Lipman), sample 32, Paleocene? 

5. Orbiculiforma sp., sample 18a, Cretaceous. 

6. Lithomelissa heros Campbell and Clark, sample 37r, Paleo- 

cene. 

7. Siphocampe altamontensis (Campbell and Clark), sample 27a, 

Paleocene? 

8. Siphocampe bassilis (Foreman), sample 4.5r, Paleocene. 

9. Eastonerius sp., sample 19a, Cretaceous. 

IO. Theocapsomma amphora (Campbell and Clark), sample 45r, 

Paleocene. 

11. Theocapsomma aff. comys Foreman, sample 32, Paleocene? 

12. Rhopalosyringium magnijcum Campbell and Clark, sample 

37r, Paleocene. 

13. Rhopalosyringium magnificum Campbell and Clark, sample 

32, Paleocene? 

14. Rhopalosyringium sparnon Foreman, sample 32, Paleocene? 

15. Rhopalosyringium sparnon Foreman, sample 37r, Paleocene. 

16. Tetraphormis leia Foreman, sample 30, Cretaceous. 

It is significant that the presence of a pro- 
nounced S13C negative shift in surface waters at 
the foraminiferal K/T boundary in the Guayaquil 
section supports the placement of this boundary, but 
is not definitive. This shift is present in all low- 
latitude K/T boundary sequences, but is generally 
much reduced or absent in high latitudes (Keller, 
1993; Keller et al., 1993b; Barrera and Keller, 1994). 
Moreover, high-latitude sections show a major 613C 
negative shift near the early Danian Plb/Plc interval 
(Barrera and Keller, 1994), which may correlate with 
the second S13C shift in the Guayaquil section as 
discussed below. 

(B) Small foraminiferal species are difficult to 
identify in poorly preserved assemblages such as 
the Guayaquil section. Nevertheless, morphologies 
of small Danian species are distinctly different from 
small Maastrichtian species. Even if we assume that 
some Danian index species (i.e., P. eugubina) may 
have been misidentified, this still leaves many other 
Danian species present within the 6 m interval be- 
low the radiolarian K/T boundary (Fig. 5). Thus, the 
discrepancy between the two K/T boundary place- 
ments can not be explained solely on the basis of 
misidentification of some foraminiferal species. 

(C) Whether the zonal calibration between Radi- 
olaria and foraminifera based on New Zealand can 
be applied globally still has to be examined in other 
sections. An explanation for possible diachroneity 
between radiolarian turnover in New Zealand and 
Ecuador requires consideration of oceanographic 
conditions through the K/T transition in the Pa- 
leoPacific. 

(E) As noted earlier, Maastrichtian planktic fora- 
miniferal assemblages of Ecuador are of very low 
diversity similar to high latitudes and the K/T fauna1 
turnover is equivalent to that in high-latitude sec- 
tions (Keller, 1993; Keller et al., 1993b). Radiolaria 
show no fauna1 discontinuity at the foraminiferal 
K/T boundary. However, relative abundance changes 
suggest a minor perturbation such as a fall in sea 
level between samples 19 and 11A (Fig. 9). These 
fauna1 changes include: (1) A decrease in radiolarian 
abundance although preservation improves; (2) a lo- 
20% decrease in the relative abundance of spumel- 
larians; (3) a short-lived disappearance of several 
spumellarian species, including Amphisphaeru and 
Stylosphaeru spp.; (4) an increase in two spumel- 
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larian groups, Phaseliforma sp. and Lithelius mi- 

nor sp., from ~2% to a peak of 10%; (5) several 

nassellarian groups increase in abundance (i.e., can- 
nobotryids,Theocapsomma spp., Amphipyndax tylo- 

tus, Dictyomitra spp., Stichomitra compsa; (6) other 

nassellarians decrease (i.e., Lithomelissa, Sipho- 

campe). All of these changes are relatively short- 
lived and a return to faunas similar to those found be- 

low the foraminiferal K/T boundary occurs over a 2 

m interval between samples 11 and 27A (Fig. 9). Sea 
level changes may explain this trend. For instance, 
Amphipyndax and Dictyomitra tend to increase in 
abundance in shallow neritic to upper bathyal waters 

(Hollis, 1996), which suggests that fauna1 changes 

above sample 19A may have been in response to 

the latest Maastrichtian sea level fall (Keller et al., 

1993b; Pardo et al., 1996; Keller and Stinnesbeck, 

Plate III 

Cretaceous, Cretaceous-Paleocene and Paleocene (15-22, 24) 

radiolarians, Via Perimetral section of Guayaquil, Ecuador. Dig- 

ital images from transmitted light microscope. Scale bar repre- 

sents 100 microns. 

1. Dictyomitra crassispina (Squinabol), sample 32, Paleocene? 

2. Dictyomitra andersoni (Campbell and Clark), sample 4%. Pa- 

leocene 

3. Dictyomitra multicostata Zittel, sample 18a, Cretaceous. 

4. Dictyomitra multicostata Zittel, sample 18a, Cretaceous. 

5. Mita regina (Campbell and Clark), sample 32, Paleocene? 

6. Amphipyndun tylotus Foreman, sample 32, Paleocene? 

7. Stichomitra compsa Foreman, sample 33r, Paleocene. 

8. Stichomitra livermorensis (Campbell and Clark), sample 32. 

Paleocene? 

9. Stichomitra asymmetra Foreman, sample 18a, Cretaceous. 

IO. Stichomitra asymmetra Foreman, sample 18a, Cretaceous. 

1 1. Stichomitra asymmetra Foreman, sample 19a, Cretaceous. 

12. Stichomitra asymmefra Foreman, sample 32, Paleocene? 

13. Lithomespilus coronatus Squinabol, sample 34, Paleocene. 

14. Amphisphaera aotea Hollis, sample 34, Paleocene. 

15. Amphisphaera aotea Hollis, sample 34, Paleocene. 

16. Amphisphaera kina Hollis, sample 34, Paleocene. 

17. Amphisphaera kina Hollis, sample 34, Paleocene. 

18. Amphisphaera kina Hollis, sample 45r, Paleocene. 

19. Amphisphaera macrosphaera (Nishimura), sample 34, Paleo- 

cene. 

20. Saturnalis kennetti Dumitrica, sample 44r, Paleocene. 

21. Amphymenium splendiannatum Clark and Campbell, sample 

34, Paleocene. 

22. Stichomitra granulata (Pettushevskaya), sample 45r, Paleo- 

cene. 

23. Artostrohus sp. Cr. Petrushevskaya, sample 37r, Paleocene. 

24. Clathrocyclas n.sp. A. sample 33R, Paleocene. 

1996a). Subsequent saltational transgression across 

the foraminiferal K/T boundary and through the ear- 
liest Danian may explain the progressive return of 

radiolarian faunas equivalent to those of the late 
Maastrichtian. If we assume that the foraminiferal 

K/T boundary is equivalent to this boundary world- 

wide, then the radiolarian faunas responded primar- 
ily to ongoing oceanographic changes and the K/T 

event had little effect upon them. 
A much greater change in radiolarian populations 

occurs 6 m higher in the section (samples 32-33, 

Figs. 8 and 9). At this interval there is: (1) a 20- 
30% increase in spumellarians and corresponding 

decrease in nassellarians to ~5% in all but two of 

the overlying assemblages; (2) the first appearance of 
Paleocene index species (samples 33 and 34), includ- 

ing abundant Amphisphaera kina; (3) the disappear- 

ance of nine Cretaceous species and last consistent 

occurrence of ten Cretaceous species (Fig. 8). These 
fauna1 changes, together with the first occurrence of 

diatoms in sample 35, are very similar to those ob- 
served at the K/T boundary in New Zealand (Hollis, 

1993, 1996), where increased actinommids and the 
appearance of diatoms has been interpreted to imply 
upwelling (Hollis et al., 1995). There would be little 

reason to doubt that this was also the location of 
the K/T boundary in the Guayaquil section. were it 
not for the evidence from planktic foraminifera that 

the boundary lies some 6 m lower in the sequence. 

However, because little is known of radiolarian fau- 

nal changes through the K/T transition outside the 
New Zealand region, it is conceivable that this fauna1 

event occurred some 300 kyr later in Ecuador than 
a remarkably similar event in New Zealand. The cli- 
matic/oceanographic agents that have been inferred 

to be responsible for enhanced surface productiv- 
ity in the earliest Paleocene seas of Marlborough 

may have had similar, but less pronounced effects 
on seas off Ecuador some 300 kyr later at a time 
when siliceous productivity peaked in Marlborough. 
It is notable that the disappearance and sharp decline 
of many Cretaceous survivor species at this horizon 

in the Guayaquil section also occur well above the 
K/T boundary in foraminiferal zones Plb-Plc in the 
New Zealand sections (Hollis, 1996). To examine 
the nature of climatic and oceanographic conditions 
off Ecuador further, we have analyzed sediments for 
stable isotopes and mineralogical variations. 
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6. Stable isotopes 

Bulk rock samples were analyzed for all litholo- 

gies including siliceous limestones, tuffaceous silt- 
stones, ashes and thin shaly or clayey interlayers. 
Among these lithologies, shaly and clayey interlayers 

were generally most carbonate-rich and yielded good 
S13C isotopic data. Insufficient carbonate was avail- 
able for reliable gas measurements in most samples 

from other lithologies. The S13C curve in Fig. 10 is 
therefore based primarily on the thin shaly or clayey 

interlayers of this rhythmically bedded section. Stable 

isotopes were also measured across the foraminiferal 

K/T boundary clay couplet (GQ in Table 2, see Fig. 6 

for sample location) as shown in Fig. 11 along with 
mineralogical data. 6°C and SlsO data are given in 

Table 2, though only the S13C data will be discussed 
because diagenetic alteration of biogenic carbonate 
in these samples altered the original oxygen isotope 

values. 613C values are little affected by calcite re- 
placement because the largest carbon reservoir is in 
the biogenic carbonate (Scholle and Arthur, 1980). 

The Via Perimetral 6’“C record has significant 
features in common with both low- and high-lati- 
tude K/T boundary sequences, including: (1) a 3%0 

negative S13C shift at the K/T boundary that is 

characteristic of low latitudes (Zachos and Arthur, 
1986; Arthur et al., 1987; Zachos et al., 1989; Keller 
and Lindinger, 1989; Barrera and Keller, 1994); (2) 

the presence of a negative 613C shift in the Da- 
nian foraminiferal Zone Plb which is characteristic 
of high latitudes, but has not been previously ob- 

served in low latitudes (Barrera and Keller, 1994); 
and (3) a major positive increase in 613C values in 

foraminiferal Zone Plc that is characteristic of both 
high and low latitudes. 

During the latest Maastrichtian, S13C values de- 
creased by about 1%0 and increased again 1%0 in the 

50 cm below the K/T boundary (Fig. 10). At the 
base of the foraminiferal K/T boundary clay cou- 

plet, S13C values drop by 3%0, but return to near 

pre-shift values by the top of the first clay layer as 
shown in the expanded interval of Fig. 11. From the 

thin limestone through the upper clay layer up to 
the first appearance of Tertiary species, 613C values 

remain relatively high followed by a short-term de- 
crease of 2%0 near the base of Zone Pla (Fig. 1 I). 
The 3%0 magnitude of the 6°C shift at the base of 

the boundary clay is similar to that observed at El 
Kef and Brazos River, two of the most complete 

K/T boundary sequences known today (Keller and 

Lindinger, 1989; Barrera and Keller, 1990). Unlike 
in these latter sections, however, 6’“C values recover 

very quickly in the Guayaquil Via Perimetral sec- 

tion. For instance, at El Kef and Brazos River 6’“C 
values do not recover until foraminiferal Zone Plc, 

an estimated 300-500 kyr after the K/T boundary 
(Keller and Lindinger, 1989). The rapid recovery 
within the clay layer in the Ecuador section may be 

due to upwelling and the high nutrient influx from 
the Antarctic Ocean via a proto-Humboldt current. 

This is suggested by the fact that Antarctic sections 
show no 6°C shift at the K/T boundary (Barrera and 
Keller, 1994) and cool high-latitude fauna1 assem- 

blages dominate in the Guayaquil section. 

Mean 6’“C values through Zone Pla are relatively 
high and only about 1%0 lower than in the latest 

Maastrichtian as compared to 3%0 lower at El Kef. 
In Zone Plb, sample resolution is low though a neg- 
ative 6°C shift of 2%0 is indicated. This 613C shift 

seems to correlate with a major shift observed in 
Zone Plb in Antarctic Ocean ODP sites 690 and 738 

(Barrera and Keller, 1994). Since no Zone Plb 6°C 
shift has been observed in other low-latitude sec- 
tions, this event again links this equatorial location 

to the southern high latitudes. Barrera and Keller 
(1994) interpreted this 6°C shift as the first major 
decrease in surface productivity in southern high lat- 

itudes since the Cretaceous. In the Guayaquil section 
this S13C event occurs about 1 m below the major 

Fig. 10. Bulk rock 613C isotope record across the WT boundary and lower Danian in the Via Perimetral section, Guayaquil, Ecuador. The 

613C record is based on shale and clay interlayers. Siliceous limestones and tuffaceous siltstones and ashes provided unreliable amounts 

of gas for analysis. Data points in Zone Plc which have less than 5% calcite, are based on very small gas amounts and may be less 
reliable. Note that the foraminiferal K/T boundary is marked by the 376’00 negative S13C excursion that is characteristic of this boundary at 

low latitudes; recovery appears to have been faster than in other low-latitude sections. A second S13C excursion occurs in Zone Plb and 

is characteristic of southern high latitudes (Barrera and Keller, 1994). 
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Fig. Il. Details of bulk rock mineralogy and bulk Si3C values across the KIT boundary clay couplet in the Via Perimetral section, 

Guayaquil, Ecuador. Note that the 3%0 negative S13C excursion occurs at the base of the lower shaly clay layer and that the recovery of 

S’“C to pre-K/T levels occurs within this clay layer within a few thousand years, This is a much shorter recovery time than observed at 

other low-latitude K/T boundary localities where recovery does not occur until Zone Plc, or about 300 kyr after the K/T boundary. A 

second 2%0 negative Si3C excursion occurs above the second clay layer near the base of Zone Pla. See text for discussion. 

radiolarian fauna1 turnover and the disappearance of 

most Cretaceous species. 
Very little calcite is present in bulk samples of 

Zone Plc and as a result 6l”C values may not be 

reliable. However, values obtained show the charac- 
teristic increase in St3C that is observed in both low 

and high latitudes (Fig. 10; Oberhansli, 1986; Zachos 
et al., 1989; Keller and Lindinger, 1989; Barrera and 
Keller, 1994). Danian Zone Plc marks the post-K/T 
recovery of oceanic 6°C values to pre-K/T condi- 
tions, and hence the return to normal high surface 
productivity (Zachos and Arthur, 1986; Oberhansli, 
1986; Arthur et al., 1987; Keller and Lindinger, 
1989; Barrera and Keller, 1994). Off Ecuador, this 
return to high surface productivity is marked by in- 
creasingly high siliceous productivity probably as a 

result of climate cooling and increased thermal gra- 

dients leading to intensified atmospheric and oceanic 
circulation and upwelling. 

7. Mineralogy 

Whole rock analyses show that the dominant sed- 
imentary components are quartz (lo-48%), calcite 
(O-84%) and phyllosilicates (O-29%, Table 3). Un- 
quantified phases probably correspond to phyllosili- 
cates in shales, and quartz in siliceous limestones 
(the latter is predominantly biogenic silica from 
Radiolaria and diatoms). A significant amount of 
(biogenic) quartz is present throughout the section, 
but generally increases through the Danian from an 
average of 20% in the late Maastrichtian (Fig. 12) 
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Fig. 12. Major mineralogical components of the latest Maastrichtian to K/T boundary interval in the Via Perimetral section, Guayaquii, 

Ecuador. Note that quartz (predominantly of biogenic origin) averages less than 20%, as compared with its increasingly high abundance 

in lower Danian sediments, and that calcite decreases from an average 40% in the Maastrichtian to less than 5% in the early Danian 

Zone Plb. 

to 48% at the major radiolarian fauna1 turnover 
(Zone RPl) and in foraminiferal Zone Plc (Fig. 13). 
Quartz abundance is generally highest in siliceous 
limestones and lowest in shale or bentonite-ash lay- 

ers. During the Maastrichtian, quartz averages less 
than 10% in shaly interlayers and more than 20% 
in siliceous limestones (Fig. 13). An opposite trend 
is observed in calcite content. Calcite generally de- 
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Fig. 13. Major mineralogical components from the Maastrichtian to Danian interval in the Via Perimetral section, Guayaquil, Ecuador. 

Note the increase in quartz of biogenic origin (former opaline silica) and concurrent decrease in calcite through the early Danian. 

creases from the Maastrichtian into the Danian and 
averages less than 5% in radiolarian zones RPl to 
RP2-RP3. Though, calcite content is highly vari- 
able averaging between 50 and 60% in siliceous 
limestone layers. 

There is no evidence of a significant detrital influx 
during the latest Maastrichtian. But a major change 
is observed at the foraminiferal K/T boundary as 

shown in Figs. 11 and 14. In the clay couplet, both 
quartz and calcite decrease dramatically beginning 
at the base of the clay couplet coincident with a 
3%0 negative 8°C excursion (Fig. 11). In the upper 
part of the clay couplet, quartz and calcite are nearly 
absent although 8°C values have nearly recovered 
as shown in Fig. 14 based on individual mineralog- 
ical components. The decrease in quartz and calcite 
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Fig. 14. Major mineralogical components shown individually across the foraminiferal K/T boundary interval in the Via Perimetral 

section. Guayaquil, Ecuador. Note the decrease in quartz and calcite and concurrent increase in plagioclase and zeolites during this 

period. This trend suggests that quartz is predominantly biogenic and decreased in relative abundance as a function of dilution due to 

increased terrigenous influx. The increased abundance of zeolites suggests increased volcanic activity during this time. 

within the clay couplet suggests dissolution as well 
as a drop in surface productivity. This is also implied 
by the rarity of foraminifera and Radiolaria within 

this interval. In contrast, plagioclase increases which 

may suggest either concentration due to dissolution, 

or increased detrital influx. The general absence of 
plagioclase in the rest of the analyzed section sug- 

gests increased detrital influx. Zeolites are abundant 
through this interval and imply increased transport 
and diagenesis, or increased volcanic activity. Bulk 

rock and preliminary clay-mineral analyses indi- 
cate that these zeolites belong to the Heulandite- 

Clinoptilolite group. These zeolites are particularly 
abundant in volcanoclastic sediments and reflect the 
progressive alteration of volcanic glass. But in the 

absence of glass, dissolution of siliceous microfossils 
may provide a source of silica to form clinoptilolite. 
In the present case, both origins are possible. Nev- 

ertheless, the presence of numerous ash layers with 
high smectite and zeolite contents indicate increased 
volcanic activity through the K/T transition. These 
mineralogical data, coupled with the S13C and mi- 
crofossil data, indicate a foraminiferal K/T transition 

marked by temporarily decreased primary productiv- 
ity, increased volcanism and erosion. 

Relative abundances (counts per minute, CPM) 
of individual mineralogical components through the 

early Danian are shown in Fig. 15. Calcite generally 

decreases from the late Maastrichtian through the 
early Danian Zone Pla and nearly disappears in zones 

Plb and Plc coincident with the second 6°C shift and 
just below the radiolarian fauna1 turnover. This de- 

crease in biogenic calcite is apparent in thin sections 
as well as washed residues where foraminifera be- 

come increasingly rare upsection and are generally 
absent in Zone Plc, except in some isolated samples. 
This suggests an increasingly silica-rich environment 
accompanied by carbonate dissolution. 

Isolated occurrences of K-Feldspar, generally as- 

sociated with plagioclase, are present near the base 
of Pla, at the Pla/Plb boundary and within Zone 

Plc (radiolarian zones RP2-RP3, Fig. 15). These 
co-occurrences of alkaline and plagioclase feldspars 
suggest increased detrital influx at times of lower sea 
levels. Short hiatuses associated with sea level falls 
at the PO/Pla and Pla/Plb boundaries are documented 
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Fig. 15. Variations of major mineralogical components shown in uppermost Maastrichtian through lower Danian sediments. Note the 

increase in quartz and concurrent decrease in calcite with the latter reaching a permanent low in Zone Plb coincident with the Si3C 

excursion. Terrigenous components such as K-feldspar and plagioclase present at select intervals, including the foraminiferal K/T 

boundary, lower Zone Pla, near the Pla/Plb boundary and within Zone Plc, suggest terrigenous influx and erosion at these times. 

Increased zeolite abundance at the K/T and Pla/Plb boundaries suggest increased volcanic activity. 

from K/T sections worldwide (for a summary see 

MacLeod and Keller, 199 1 a,b). 
As noted earlier, quartz increases from the Maas- 

trichtian into the Danian, with the major increase 
beginning in the upper part of Zone Pla and contin- 
uing into Zone Plc (Fig. 15). Within this increasing 
trend, the lowest quartz values coincide with the 6’“C 
shifts at the foraminiferal K/T boundary and in Zone 

Plb as well as one sample (18) in the latest Maas- 
trichtian. The association of low quartz with major 
reductions in primary productivity (6’“C shifts) in 
an environment where siliceous microfossils (Radio- 

laria and diatoms) predominate, suggests a primary 
biogenic origin (opaline silica transformed by diage- 

nesis to alpha quartz) for part or even the majority of 
the quartz. This is indicated by a diffraction pattern 
characterized by broader diffraction peaks (Moore 
and Reynolds, 1989; Jones and Segnit, 1971), as is 
common for detrital quartz. A biogenic origin for 

at least part of the quartz is also indicated by the 

lack of a correlation between the feldspar-phyllosil- 
icate assemblage and quartz distribution. Since the 

former is primarily of detrital origin, the dissocia- 
tion of quartz implies a biogenic origin. This is also 

indicated by the increase of unquantified parts in 
phyllosilicates, which in limestones corresponds to a 
poorly crystallized biogenic silica phase. The latter 

is probably related to the high abundance of Radio- 

laria observed in thin sections (Fig. 7d). In general, 
increased quartz content of primarily biogenic origin 
suggests increased productivity and upwelling. 

8. Discussion and conclusions 

The Via Perimetral K/T boundary section in 
Guayaquil, Ecuador, is a rare find not only be- 
cause it is the only known deep-water KIT section 
in the eastern equatorial Pacific, but also because 
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of its unusual sedimentologic, fauna1 and isotopic 

records. These records reveal (1) an equatorial lo- 
cation dominated by an eastern boundary current 

which originated in the Antarctic region similar to 
the modern Humboldt (Peru-Chile) current, and (2) 

evidence of upwelling that ameliorated or domi- 

nated equatorial climatic and environmental marine 
conditions. As the catastrophic effects of the K/T 

boundary event were largely limited to low latitudes 

(Keller, 1993, 1996; Keller et al., 1993b; Barrera and 
Keller, 1994; MacLeod and Keller, 1994), the Via 

Perimetral section provides a critical link between 
low- and high-latitude effects not only for the K/T 
event, but also for the periods before and after this 

event. Moreover, this section provides further con- 
straints on the biotic and environmental effects of 
the K/T event and confirms that global catastrophic 

effects of a bolide impact have been overestimated 
and may have been limited to low latitudes. 

8. I. Biotic record 

The biotic record within the Via Perimetral sec- 
tion of Ecuador is unlike at any other known 

low-latitude K/T sections in that calcareous and 

siliceous microfossil assemblages are similar to New 
Zealand and other Antarctic region sites. Planktic 
foraminifera are of very low diversity (15 species) as 
compared with other low-latitude assemblages (50- 

60 species) and largely consist of cool temperate and 

cosmopolitan taxa, similar to ODP sites 738, 690 
and 750 (Keller, 1993; Keller and MacLeod, 1995). 

Cosmopolitan species survived well into the Danian 
as observed at all K/T complete sections worldwide 
(MacLeod and Keller, 1994) and only rare warm wa- 

ter taxa disappeared. Thus, for foraminiferal faunas 
off Ecuador, the K/T event was not as catastrophic 

as for low-latitude faunas in general, but rather was 
significantly reduced similar to the trend observed in 
high-latitude K/T sequences. 

Radiolaria show no major fauna1 turnover across 

the K/T boundary, instead the major fauna1 change 
coincides with the lower part of foraminiferal Zone 
Plc and near a second 6l’C shift. These fauna1 
changes closely resemble those that occur at the K/T 
boundary in New Zealand. We suggest that this 300 
kyr diachroneity may be due to the delayed influence 
of oceanographic events in the eastern central Pacific 

which caused enhanced siliceous productivity and a 

spumellarian bloom in parts of the southwest Pacific 
during the earliest Tertiary. 

8.2. Stable Isotopes 

The stable isotopic record at the Guayaquil Via 
Perimetral section shows a dynamic interaction of 

both low- and high-latitude characteristics. At the 

foraminiferal K/T boundary, the 3%0 negative 613C 
excursion which is generally interpreted as a drop 

in primary productivity (Oberhlnsli, 1986; Arthur 
et al., 1987) is of the same magnitude as in other 
low-latitude sections. However, recovery occurred 
within several thousand years (within the 3-4 cm 

thick clay layer), whereas in other low-latitude sec- 
tions recovery occurred some 300-500 kyr later 

(Oberhlnsli, 1986; Zachos et al., 1989; Keller and 
Lindinger, 1989; Barrera and Keller, 1994). Why 

low-latitude recovery was delayed for so long is still 
a mystery. In high-latitude sections examined in the 

Southern Ocean as well as in Denmark and Kaza- 

khstan there is no major 6°C shift or significantly 
decreased productivity at the K/T boundary. Barrera 

and Keller (1994) argued that from the late Maas- 

trichtian through the Early Paleocene, the Antarctic 
was the most significant source of deep water in the 
oceans. This would suggest that recovery of low- 
latitude productivity was largely dependent on up- 
welling of nutrient-rich deep water originating from 

the Antarctic Ocean. At the Via Perimetral section, 
the quick recovery may have been driven by both 

wind-driven upwelling and equatorial advection of 

nutrient-rich Antarctic waters north along the coast 
of South America via an eastern boundary current 
equivalent to the modem Humboldt current. Because 

the tip of South America and Antarctica were still 
close together at K/T time preventing circum-Antarc- 

tic circulation, northward flow of Antarctic waters 
may have been significantly stronger than within the 

modem Humboldt current. 
In the Antarctic region, Barrera and Keller (1994) 

identified a 6°C excursion within foraminiferal Zone 
Plb about 300 kyr after the K/T boundary. This 6’“C 
excursion is also present in the Via Perimetral sec- 
tion, but is not observed in any other low-latitude 
section, and is thus further evidence for Antarc- 
tic water influence. Full recovery of surface water 
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productivity in both high and low latitudes oc- 
curs within Zone Plc (Oberhlnsli, 1986; Arthur et 
al., 1987; Keller and Lindinger, 1989; Barrera and 

Keller, 1994). 

8.3. Mineralogy 

Sedimentologically, the Maastrichtian through Pa- 

leocene Via Perimetral section is unusual for a trop- 
ical location in that it consists of rhythmically bed- 
ded radiolarian-rich siliceous limestones interlayered 
with thin beds of ash and shale, very similar to sec- 

tions in New Zealand (Hollis, 1993, 1996; Strong 
et al., 1995). The increasing quartz (biogenic) and 

decreasing carbonate content through the early Da- 
nian suggest that atmospheric and oceanic circula- 

tion and associated upwelling intensified during this 

time, likely triggered by climate cooling that reached 
a maximum in foraminiferal Zone Plc (radiolarian 

Zone RPl to RP2-RP3), about 300-500 kyr after 
the forarniniferal KA event. This record is similar to 

that observed in New Zealand (Hollis, 1993, 1996) 

and Antarctic Ocean ODP sites 738, 690 and 750 in 
the Antarctic region (Stott and Kennet, 1990; Keller, 
1993; Barrera and Keller, 1994), but is unlike that 
observed in other low-latitude sections. 

Sedimentological data indicate two intervals of 
low calcite and low quartz within this long-term en- 

vironmental trend, but with high K-feldspar and pla- 
gioclase and zeolites: One of these intervals occurs 

just above the foraminiferal K/T boundary, whereas 
the other is present at the Zone Pla/Plb bound- 

ary (Fig. 15). Both of these mineralogical peaks 
suggest increased terrigenous influx and volcanic 
activity during short sea level lows. Thus, sedimen- 

tologically, there appears to be nothing unique or 
unusual at either the foraminiferal or radiolarian K/T 
boundaries. The absence of major mineralogical and 

sedimentological anomalies at the K/T boundary is 
not unusual and was also observed by Charnley and 
Robert (1979) and Charnley et al. (1984); Robert 
and Charnley (1990) in clay mineral associations at 
various K/T sections. 

The mineralogical and fauna1 trends observed in 
the Via Perimetral section across the K/T transition 
may be largely related to climatic changes. Climatic 
influences on plankton productivity and deposition 
of siliceous sediments include: modification of ocean 

dynamics and especially the intensity and geographic 

distribution of upwelling, and the variation of silica 
input into the oceans through continental weathering 

and river run-off. The main driving force of ocean 

currents and upwelling are climate-related thermal 
gradients. During cooler climates, steep latitudinal 

gradients result in more intensive atmospheric and 

oceanic circulation (Janecek and Rea, 1984; Rea et 
al., 1985). During cooler climates of the Cenozoic, 

stronger atmospheric circulation lead to higher up- 
welling related silica productivity in the equatorial 
zone and to an expansion of this productive zone. In 
the case of the K/T transition, cooler temperatures 

are known to have prevailed through the Danian, 

associated with a generally rising eustatic sea level, 
interrupted by short-term sea level lows and short 

hiatuses at the PO/Pla, Pla/Plb boundaries and in 

Zone Plc (MacLeod and Keller, 1991a,b; Keller et 
al., 1993a,b; Keller and Stinnesbeck, 1996a,b). In the 

offshore Ecuador region, climate induced intensified 
atmospheric and oceanic circulation and upwelling 

related to a generally rising, though fluctuating, sea 

level may account for the increased rate of siliceous 
productivity through the Danian as well as the ab- 
sence of mass extinctions at the K/T boundary. 
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