
Geology

doi: 10.1130/G30140.1
 2010;38;651-654Geology

 
Luis I. Quiroz, Luis A. Buatois, M. Gabriela Mángano, Carlos A. Jaramillo and Nubia Santiago
 
Exploring the paradox of its occurrence in tropical coasts

 an indicator of temperate to cold waters?MacaronichnusIs the trace fossil 
 
 

Email alerting services
articles cite this article

 to receive free e-mail alerts when newwww.gsapubs.org/cgi/alertsclick 

Subscribe  to subscribe to Geologywww.gsapubs.org/subscriptions/click 

Permission request  to contact GSAhttp://www.geosociety.org/pubs/copyrt.htm#gsaclick 

official positions of the Society.
citizenship, gender, religion, or political viewpoint. Opinions presented in this publication do not reflect
presentation of diverse opinions and positions by scientists worldwide, regardless of their race, 
includes a reference to the article's full citation. GSA provides this and other forums for the
the abstracts only of their articles on their own or their organization's Web site providing the posting 
to further education and science. This file may not be posted to any Web site, but authors may post
works and to make unlimited copies of items in GSA's journals for noncommercial use in classrooms 
requests to GSA, to use a single figure, a single table, and/or a brief paragraph of text in subsequent
their employment. Individual scientists are hereby granted permission, without fees or further 
Copyright not claimed on content prepared wholly by U.S. government employees within scope of

Notes

© 2010 Geological Society of America

 on June 25, 2010geology.gsapubs.orgDownloaded from 

http://geology.gsapubs.org//cgi/alerts
http://geology.gsapubs.org//subscriptions/index.ac.dtl
http://www.geosociety.org/pubs/copyrt.htm#gsa
http://geology.gsapubs.org/


GEOLOGY, July 2010 651

INTRODUCTION
The ichnogenus Macaronichnus is an intra-

stratal trace fossil in high-energy, sandy shal-
low- to marginal-marine deposits that range in 
age from the Permian to the Holocene (Brom-
ley, 1996; Clifton and Thompson, 1978). Maca-
ronichnus is interpreted as a grazing trace (Pas-
cichnia) produced by deposit-feeding worms, 
commonly in foreshore and shallow subtidal 
deposits (Clifton and Thompson, 1978; Pem-
berton et al., 2001). Structures identical to those 
described from the fossil record are produced 
by the opheliid polychaetes Ophelia limacina in 
Willapa Bay, northwestern United States (Clif-
ton and Thompson, 1978), and Euzonus mucro-
nata in Vancouver Island, Canada (Pemberton et 
al., 2001), and Japan (Seike, 2008).

The majority of occurrences of Macaronich-
nus are from Mesozoic to Cenozoic high- to 
intermediate-latitude shorelines (e.g., Pemberton 
et al., 2001; de Gibert et al., 2006; Carmona et 
al., 2008; Bromley et al., 2009). The distribution 
of its known opheliid producers is constrained by 
latitude and water temperature, being restricted 
to temperate to subarctic waters (McConnaughey 
and Fox, 1949; Bellan and Dauvin, 1991). 
Accordingly, Macaronichnus has been suggested 
as an indicator of high- to intermediate-latitude 
coastal environments (Pemberton et al., 2006).

In this paper, Macaronichnus is recorded for 
the fi rst time in low latitudes, based on its occur-

rence in nearshore deposits of two Neogene units 
of northern Venezuela: the Upper Oligocene–
Lower Miocene Naricual Formation and the 
Middle to Upper Miocene Urumaco Formation 
(Fig. 1). In addition, we have compiled all previ-
ously documented occurrences of Macaronich-
nus (n = 50) and provide compelling evidence of 
its recurrence in high to intermediate latitudes, 
outlining its paleoclimatic value (see Appendix 
DR1 the GSA Data Repository1). To explain the 
apparent paradox of Macaronichnus in tropical 

settings, we underscore the role of upwelling and 
emphasize the importance of this ichnogenus as a 
high-resolution paleoceanographic tool, opening 
a new fi eld of research in ichnology.

GEOLOGIC SETTING AND 
OCCURRENCE OF MACARONICHNUS

The specimens of Macaronichnus segre-
gatis come from cores of the Upper Oligo-
cene–Lower Miocene Naricual Formation and 
outcrops of the Middle to Upper Miocene Uru-
maco Formation. The Naricual Formation is 
exposed as a series of west-east–trending out-
crops in the Anzoátegui state of northern Vene-
zuela, but is known in the subsurface also. This 
formation consists of ~2000 m of coarse- to 
very fi ne-grained sandstone, siltstone, and coal 
(Hedberg, 1950). The Naricual Formation was 
mostly deposited in a widespread coastal plain, 
in which deltaic progradation alternated with 
formation of estuarine systems during trans-
gression. The specimens described occur in 
cores of the El Furrial Field (Eastern Venezu-
ela Basin) and are present in medium- to fi ne-
grained sandstone with either trough cross-
stratifi cation, low-angle cross-stratifi cation, or 
parallel stratifi cation (swash-zone stratifi ca-
tion) (Fig. 2A). The Macaronichnus beds occur 
at or near the top of parasequences refl ecting 
either strandplain or deltaic progradation, and 
characterize the foreshore or the most proxi-
mal positions of delta front mouth bars (bathy-
metrically equivalent to the upper shoreface 
and foreshore of wave-dominated strandplains) 
(see Appendix DR2). The beds are overlain in 
most cases by transgressive deposits and, more 
rarely, by distributary-channel deposits.

The Urumaco Formation is exposed along 
the Urumaco River, in the Falcon state of 
northwestern Venezuela. The 1800-m-thick 
Urumaco Formation consists of an intercala-
tion of medium- to fi ne-grained sandstone, 
organic-rich mudstone, coal, shale, and fossil-
iferous sandstone and packstone. It was depos-
ited mainly in a prograding delta-strandplain 
complex. Macaronichnus segregatis occurs in 
medium-grained sandstone with horizontal to 
low-angle cross-bedding (Fig. 3A) interpreted 
as foreshore deposits, and, less commonly, 
in trough cross-stratifi ed fi ne- to medium-
grained sandstone formed by the migration of 
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ABSTRACT
The trace fossil Macaronichnus is reported for the fi rst time from low-latitude, tropical set-

tings based on its occurrence in nearshore deposits in the Upper Oligocene–Lower Miocene 
Naricual Formation and in the Middle to Upper Miocene Urumaco Formation in northern 
Venezuela. Macaronichnus is an intrastratal trace fossil attributed to the deposit-feeding of 
worms in high-energy, sandy shallow-marine environments. The majority of its occurrences are 
from Mesozoic to Cenozoic high- to intermediate-latitude shorelines. The opheliid polychaetes 
Ophelia limacina and Euzonus mucronata make structures identical to those described from the 
fossil record in modern intertidal and shallow subtidal sediments of northwestern United States, 
western Canada, and Japan. Macaronichnus shows a geographical and environmental distribu-
tion in the fossil record similar to that of its modern producers and has been proposed as an indi-
cator of high to intermediate latitudes. Accordingly, its presence in the Neogene of Venezuela is 
highly anomalous and seems to challenge its paleoclimatic value. However, this occurrence may 
be related to seasonal coastal upwelling of nutrient-rich cold waters. Such oceanographic condi-
tions were prevalent in the northern coast of South America, at least from the Late Oligocene to 
the Early Pliocene prior to the fi nal closure of the strait of Panama. This study underscores the 
value of Macaronichnus because its presence in the tropics may indicate upwelling conditions, 
providing high-resolution information in paleoceanographic reconstructions.

Figure 1. Location map. 1—El Furrial Field; 
2—Urumaco Formation outcrops.
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a three-dimensional dune complex in the upper 
shoreface (see Appendix DR2).

Macaronichnus segregatis consists of densely 
packed, small cylindrical unbranched trace fos-
sils, 2–3 mm in diameter, straight to slightly 
sinuous (Figs. 2A, 2B, 3B and 3C). They are 

preserved as endichnia and oriented parallel to 
the stratifi cation. The trace fossils are actively 
fi lled by light-colored sand contrasting with the 
dark-colored surrounding mantle (Fig. 3C).

PALEOCLIMATIC SIGNIFICANCE OF 
MACARONICHNUS

Macaronichnus is attributed to the deposit-
feeding of opheliid polychaetes who fed upon 
epigranular bacteria around sand grains and 
inhabited up to several meters below the sedi-
ment-water interface due to strong infi ltration 
that produced well-oxygenated and nutrient-
rich environments within the sediment (Pem-
berton et al., 2001). To date, Macaronichnus has 
only been recorded in shallow-marine deposits 
of high to intermediate latitudes (see Appendix 
DR1). Although most of the reported occur-
rences of Macaronichnus are from the Mesozoic 
to Cenozoic of the Northern Hemisphere (e.g., 
Pemberton et al., 2001; Bromley et al., 2009), 
this ichnogenus is also known from Cenozoic 
high to intermediate latitudes in the Southern 
Hemisphere (e.g., de Gibert et al., 2006; Car-
mona et al., 2008). Interestingly, Macaronich-
nus is absent in Paleocene to Lower Eocene 
rocks, most likely as a result of overall high tem-
peratures and the expansion of subtropical belts 
(Zachos et al., 2001; Hollis et al., 2009). In addi-
tion, the few Middle to Upper Eocene occur-
rences are from high latitudes (e.g., Olivero 
et al., 2008), signaling the transition to colder 
climates. Notably, some of the oldest records of 
Macaronichnus are from Permian cold-water 
deposits of Australia (e.g., Bann et al., 2004).

Geographic and environmental distribution of 
Macaronichnus in the fossil record mimics that 
of its opheliid polychaete producers, which are 
mostly restricted to substrates within a relatively 
narrow range of particle size (Dales, 1952). 
Euzonus mucronata lives in dense populations in 
the sand beaches along the west coast of North 
America, from Baja California to Vancouver 
Island in British Columbia (McConnaughey and 
Fox, 1949), as well as in Japan (Seike, 2008). 
This species has been observed producing 
incipient Macaronichnus at Long Beach of Van-
couver Island (Pemberton et al., 2001), and in 
the Pacifi c coast of central Japan (Seike, 2008). 
Ophelia limacina makes similar structures in 
the modern intertidal and shallow subtidal sedi-
ments of Willapa Bay, Washington (Clifton and 
Thompson, 1978). This species has a wider dis-
tribution, being found in seven regions of the 
Northern Hemisphere in subarctic to temperate 
waters, in the Pacifi c and Atlantic Oceans (Bel-
lan and Dauvin, 1991). Other species of opheliid 
polychaetes are abundant in sandy beaches of 
the Southern Hemisphere, including Euzonus 
furciferus from Chile (Clarke and Peña, 1988) 
to southernmost Brazil (Gianuca, 1983) and 
Euzonus otagoensis in New Zealand (Probert, 

Figure 2. Macaronichnus segregatis in cores 
of the Naricual Formation, Eastern Ven-
ezuela Basin. A: General view of foreshore 
deposits showing low-angle cross-stratifi -
cation and localized high density of M. seg-
regatis. B: View of M. segregatis.

Figure 3. Macaronichnus segregatis in out-
crops of the Urumaco Formation, northwest-
ern Venezuela. A: General view of foreshore 
deposits with low-angle cross-stratifi cation 
and pervasive bioturbation by M. segregatis. 
B: Close-up of M. segregatis. C: Detail of the 
light-colored sand infi ll and the dark-colored 
surrounding mantle.
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1976). In each of these areas, Macaronichnus is 
known in Upper Miocene to Holocene depos-
its (de Gibert et al., 2006; Encinas et al., 2008; 
Gregory et al., 2008). Euzonus is not known in 
sandy beaches north of 30°S in South America 
(Jaramillo, 1994; Souza and Borzone, 2007).

DISCUSSION: MACARONICHNUS AS A 
PALEOCEANOGRAPHIC TOOL

The occurrence of Macaronichnus in Neo-
gene deposits from Venezuela is an anomaly 
that challenges the value of this ichnogenus as 
a paleoclimatic indicator. However, this occur-
rence is herein explained by coastal upwelling 
of nutrient-rich cold waters. Upwelling has 
been widespread through the Caribbean before 
the fi nal closure of the Panama Isthmus in the 
Late Pliocene, which created a marine bar-
rier that profoundly changed ocean circulation 
(Vermeij, 1978; Keigwin, 1982; Petuch, 1981; 
Jackson et al., 1993; Teranes et al., 1996; Todd 
et al., 2002; O’Dea et al., 2007). A striking con-
trast resulted between the relatively warm, more 
saline, nutrient-poor Caribbean and the more 
seasonal, less saline and more productive east-
ern Pacifi c (Jackson and D’Croz, 1997). The 
change in oceanic circulation and the declining 
planktonic productivity in the Caribbean led to 
a restructuring of shallow-marine communities, 
from suspension-feeder-dominated communi-
ties to more carbonate-rich, phototrophic-based 
communities (Todd et al., 2002; O’Dea et al., 
2007). As a consequence, a massive turnover in 
Caribbean mollusks (Jackson et al., 1993; Ver-
meij, 1978; Petuch, 1981) and a more gradual 
change in coral diversity and reef structure took 
place (Budd et al., 1996).

Distribution of benthic foraminifera along 
Panama and western Colombia indicates an 
Early Miocene to Early Pliocene open seaway 
consisting of a complex island-arc archipelago 
in southern Central America (Collins et al., 
1996) and well-aerated deep and open oceanic 
conditions with free active water circulation 
between central Panama and western Colombia 
(Duque-Caro, 1990). The net water mass trans-
port through the Central America seaway was 
directed from the Pacifi c Ocean into the Atlan-
tic Ocean (Schneider and Schmittner, 2006). 
Isotopic profi les of δ18O from venerid bivalves 
in Middle to Upper Miocene deposits on the 
Caribbean side of Panama record seasonal vari-
ations in salinity and temperature due to upwell-
ing conditions (Teranes et al., 1996). Mixing of 
Pacifi c and Caribbean waters occurred until the 
Late Miocene, when the differences in carbon 
isotopic composition (δ13C) of benthic foramin-
ifera from the deep sea in the Caribbean and 
Pacifi c started to increase, reaching modern val-
ues in the Late Pliocene (Keigwin, 1982).

In Venezuela, upwelling has been docu-
mented in the Upper Miocene–Lower Pliocene 

Cubagua Formation, based on an extremely rich 
fi sh assemblage and the exceptional co-occur-
rence of deep- and shallow-water taxa (Aguilera 
and de Aguilera, 2001). Bivalves in the Lower 
Miocene Chaguarmas Formation, a lateral 
equivalent of the Naricual Formation, are typi-
cal of inner-shelf turbid temperate waters, with 
abundant organic matter (Macsotay and Wes-
selingh, 2004), also suggesting upwelling. Fur-
ther evidence is provided by high total organic 
carbon values (up to 3 wt%) in cores from the 
Naricual Formation in El Furrial Field, typical 
of modern upwelling areas of Peru, Africa, and 
the Arabian Sea (Ten Haven et al., 1992).

Extensive evidence of upwelling in the Uru-
maco Formation is revealed by marine fossil 
invertebrates and vertebrates. Díaz de Gam-
ero and Linares (1989) reported Crassostrea 
cahobasensis, a fast-growing oyster typical of 
areas with high planktonic productivity, which 
became extinct in the Late Pliocene (Kirby and 
Jackson, 2004). Fossil teeth of the giant white 
shark Carcharodon megalodon and cetacean 
fragments are abundant in the Urumaco Forma-
tion (Linares, 2004; Aguilera, 2004; Aguilera 
et al., 2008). This extinct shark preferred rela-
tively cold waters and is widespread in Neogene 
deposits of the western Atlantic in connection 
with upwelling (Purdy, 1996). High primary 
productivity was necessary to maintain the larg-
est macropredatory shark to ever live (Gottfried 
et al., 1996).

Today upwelling is restricted to certain areas 
of the Caribbean along the northern coast of 
Venezuela and Colombia, such as the Venezu-
ela Gulf (Vermeij, 1978; Petuch, 1981) and the 
Cariaco Basin (Hughen et al., 1996). These 
areas experience anomalous primary productiv-
ity compared to the rest of the Caribbean waters 
(Jackson and D’Croz, 1997). No opheliid poly-
chaetes are known from modern Venezuelan 
shorelines (Bone and Klein, 2000; Díaz and 
Liñero-Arana, 2000, 2003). We predict that 
further exploration of foreshore siliciclastic 
deposits along high-energy shorelines in areas 
affected by upwelling will reveal the presence 
of some group of fast-burrowing polychaetes 
capable of producing Macaronichnus.

CONCLUSIONS
The occurrence of Macaronichnus in Oligo-

cene–Miocene nearshore deposits in Venezuela 
is highly anomalous because all other docu-
mented occurrences are from high and interme-
diate latitudes. The presence of Macaronichnus 
in tropical shallow-marine deposits is linked to 
coastal upwelling that causes strong seasonal-
ity of cold water and replenishes the surface 
waters with nutrients. Such oceanographic con-
ditions were prevalent in the northern coast of 
South America, at least from the Late Oligocene 
to the Early Pliocene, before the fi nal closure 

of the strait of Panama. This evidence further 
expands the value of Macaronichnus not only in 
paleoclimatology as previously noted, but also 
in paleoceanography, because its presence in 
tropical coastal deposits is indicative of upwell-
ing conditions, providing high-resolution infor-
mation that may be particularly useful in the 
absence of body fossils.
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