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ABSTRACT

In order to understand the signi¢cance of detrital grain ages in sedimentary basins, a new approach is
presented. Five characteristic paths, identi¢ed by the change in age of detrital grain populations
combinedwith the change in lagtime over time, can be related to di¡erent geodynamic settings in the
source regions.When lagtime and grain age increase over time, a change in source must be invoked ^
this is usually a direct response to a geological event.A constant cooling age, avertical path, associated
implicitly with increasing lagtime, implies erosion of materials that had passed through the closure
temperature rapidly ^ exhuming su⁄cient rock to supply detritus over the time of the path. Constant
lagtimes, regardless of the lagtime itself, are indicative of thermochronological stability in the source
region.This can involve fast or slow cooling. Finally, decreasing lagtimes support the notion of
increasing cooling rates in the source regions over time. A test study is presented from sediments of
the northern Ecuadorian Sub-Andean Zone where geological events had previously been identi¢ed
using alternative methods.The addition of heavy-mineral studies increased the precision in the
interpretation. At 90Ma, rapidly decreasing lagtimes point to a phase of tectonic activity. From about
85Ma until about 60Ma the lagtimes were approximately zero.This represents a phase of rapid
exhumation of the source regions correlating with the previously identi¢ed Pallatanga event. An
associated increase of metamorphic minerals occurs over this time span, pointing to increased
erosion from deeper horizons. At about 70Ma, the oldest source region, the shield to the east, was
switched o¡.This timing correlates with a change frommarine to continental conditions in the basin,
a change in palaeocurrent directions from the east to the west, as well as an associated in£ux of
material from the growingCordilleraReal. At about 55Ma, a change in source is identi¢ed by a change
in slope of the lagtime curve together with a change in heavy minerals. From 50 to 35Ma a renewed
period of tectonism in the source region is correlatedwith the docking of theMacuchi terrane which
clearly had an e¡ect of increased erosion in theCordillera Real bringing in higher grade metamorphic
minerals. From about 32Ma onwards the lagtime has been somewhat constant at about 30Myr.
This does not imply, however, a steady-state environment as it is well known from other geological
evidence that there have been other events within this time frame. One must be cautious about over-
interpreting the lagtime as a method to determine steady state in any region. It is a matter of scale.

INTRODUCTION

Siliclastic sediments generally contain grains derived from
a number of sources.Hence, the varied thermal histories ex-
perienced in the source regions will be re£ected in the dis-
tribution of the cooling ages recorded in the detrital grains
of the sedimentary basin (Naeser, 1979).The source region
has byde¢nition been eroded but the thermal historywhich

it had experienced can still be gauged through the detrital
thermochronology of minerals within the sediments.

Thermochronometers that are particularly sensitive to
the movement of rocks through the uppermost crust are
those of the ¢ssion-track system because their e¡ective
closure temperatures range from �260 to �120 1C for
zircon and apatite, respectively (Green etal.,1989; Brandon
etal., 1998).Many previous basin studies have been carried
out using these chronometers (e.g. Hurford et al., 1984;
Zeitler et al., 1986; Cerveny et al., 1988; Hurford & Carter,
1991; Brandon & Vance, 1992; von Eynatten et al., 1996;
Najman et al., 1997; Carter, 1999; Carter & Moss, 1999;

Correspondence: G. M. H. Ruiz, FALW, Department of Isotope
Geochemistry, De Boelelaan 1085, 1081 HV Amsterdam, The
Netherlands. E-mail: ruig@geo.vu.nl

BasinResearch (2004) 16, 413–430, doi: 10.1111/j.1365-2117.2004.00239.x

r 2004 Blackwell Publishing Ltd 413



Garver et al., 1999; Spiegel et al., 2000; Bernet et al., 2001)
but have not taken the interpretative and long-term ap-
proach discussed here.

The purpose of this paper is to present some essential
de¢nitions and concepts regarding detrital thermochro-
nology and to derive a theoretical model that can be used
to determine the long-term exhumation histories of
source regions and their geodynamic implications. This
model has then been applied to the northern retro-fore-
land fold and thrust belt (hereon referred to as the Sub-
Andean Zone (SAZ)) of the Ecuadorian Andes, utilising a
series of zircon ¢ssion-track (ZFT) data from detrital
grains and heavy-mineral analysis, extracted fromMiddle
Cretaceous ^ Recent siliciclastic sedimentary rocks. The
SAZ is a suitable region to test the applicability of the
model, because it preserves a long reasonably continuous
history of sedimentation (Cretaceous ^ Recent, Tschopp,
1953), exposed within a fold and thrust belt system to the
west of the £at-lying Andean Amazon Basin (AAB) or Or-
iente region. In addition, previous studies have established
a detailed spatial pattern of exhumation histories for var-
ious regions of the Ecuadorian Andes (Litherland et al.,
1994; Jaillard et al., 1997; Pecora et al., 1999; Rivadeneira &
Baby, 1999; Spikings et al., 2000, 2001; Hughes & Pilatasig,
2002; Kerr et al., 2002; Christophoul et al., 2002a), which
can be used as an independent test for the model.

DETRITALTHERMOCHRONOLOGY

Any mineral phase associated with a radiometric-based,
geochronological technique may be implemented for det-
rital thermochronology, assuming that the single grain
ages have not undergone any resetting as they were depos-
ited.The temperature of resetting depends on the closure
temperature of the particular decay chain being analysed.
Several techniques, such as vitrinite re£ectance (Burnham
& Sweeney, 1989; Barker, 1996) and illite crystallinity
(Blenkinsop, 1988) have traditionally been used to deter-
mine maximum palaeo-temperatures attained in a basin
during burial, although they do not provide any temporal
information. Apatite ¢ssion-track (AFT) analysis records
events that have taken place at temperatures lower than
approximately 120 1C. Modelling of the AFT data sets
(e.g. Gallagher, 1995) can potentially reveal plausible ther-
mal history solutionswithin the temperature range of120^
60 1C. AFTanalysis can be applied to both the sedimen-
tary rocks and the underlying basement. Additionally, one
of the most useful minerals in detrital grain age studies is
zircon, which can also be treated using the same method.
Zircon is usually abundant in siliciclastic sediments be-
cause of its resistance to mechanical and chemical altera-
tion during transport and diagenesis.Wide-ranging values
for the temperature sensitivity of ¢ssion tracks in zircon
have been published (e.g.Yamada et al., 1995; Tagami et al.,
1996; Brandon et al., 1998). Most of the zircons analysed in
this study host signi¢cant a damage and therefore we have
chosen to implement the closure temperature of Brandon

et al. (1998), which ranges from �260 to 215 1C for cooling
rates of100 to1 1CMyr�1, respectively.

A combination of di¡erent methods allows the accuracy
of interpretation to be increased. For example, recent stu-
dies of the exhumation of the Alpine orogeny combined
detrital thermochronology with lithological observations
on pebbles (Dunkl et al., 1998; Spiegel et al., 2000; Brˇgel
etal., 2003). Carter &Moss (1999) suggested that the meth-
od could be improved by the use ofU/Pb dating on the zir-
con grains from the same suites. Later, however, Carter &
Bristow (2003) concluded that the better regional informa-
tion is yielded from the ¢ssion-track system and that the
U/Pb system may not be necessarily source exclusive. An
excellent review of the literature and applications is pre-
sented in Brewer et al. (2003) who also applied modelling
to detrital 40Ar/39Ar ages derived from the Himalayas.

Lagtime concept

Using ZFT, Zeitler et al. (1986) and Cerveny et al. (1988)
¢rst used the concept of lagtime in a study of the Neogene
molasse-type sediments in northern Pakistan whose
source rocks were the growing Himalayas. The lagtime
(Lg) is de¢ned as the di¡erence between the time of closure
of the geochronological system in the source region and
time of deposition in the basin (Fig.1).

From any sample, the di¡erent detrital age populations
can statistically be extracted from raw data (Sambridge &
Compston, 1994; Brandon, 1996) and classi¢ed in increas-
ing ages fromP1,P2, . . .,Pn, whereP1is the youngest popu-
lation and Pn the oldest (Garver et al., 1999; Bernet et al.,
2001). Each detrital population Pn is characterised by its
cooling age ðtciÞ and by the stratigraphic (or depositional)
age of the sediment fromwhich it was extracted ðtdiÞ (Fig.
1). Thus Lgi ¼ tci � tdi (Fig. 1). Short lagtimes re£ect tec-
tonic activity and rapid erosion in the source regions
whereas long lagtimes may suggest that the source regions
underwent very slow exhumation as passing through Tc

(Fig. 1). The latter may also include cannibalistic erosion
of non-reset sediments, i.e. recycling, hence time between
¢rst deposition and redeposition may not be negligible
(te� td6¼0; Fig. 1), and as a consequence, syn-orogenic ex-
humation rates cannot be constrained. Long lagtime sce-
narios may also include more rapid pulses hidden above
Tc (Fig. 1). This can be considered as the removal of the
‘thermochronological dead’ zone, a zone with ages re£ect-
ing an earlier thermal history. At the onset of any orogenic
phase, the cover rocks, the dead layer, must ¢rst be eroded
before syn-orogenic exhumation can be estimated. Once
denudation has reached such levels, then it is possible to
estimate the exhumation rate in the source region by di-
viding the estimated depth of closure (Zc) by the lagtime
(Lg): E � h5Zc/Lg in mmyr�1 (Garver et al., 1999), on
the assumption that the time of transport from erosion
site to basin is negligible (te� td5 0; Fig. 1). This clearly
suggests that both the calculation of exhumation rates
using detrital grain ages, and the time of onset of an oro-
genic phase should always be treatedwith care.
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The present study emphasises the concept of lagtime as
it changes temporally, and attempts to use these changes as
an indicator of orogenic activity in the hinterland, with
special reference to the Ecuadorian Andes. But ¢rst some
assumptions must be outlined.

(a) The lagtime of detrital grains must be zero or posi-
tive;Lgi � 0. If not, this indicates that the rock has under-
gone temperatures higher than the closure temperature of
the mineral in question since deposition and therefore
information regarding the exhumation of the source
region has been lost. It may also imply that the strati-
graphic age is not well constrained.

(b)The ¢rst rocks exhumed to the surface in a thermally
homogenous block, have older ages than those below
(tc14tc2; Fig. 1). Thus, detrital ages younging upwards is
the normal pattern expected from a single eroding tectonic
block (Garver et al., 1999). It will be shown, however, that
this is not always the case.

(c) Possible contemporaneous volcanic contamination
generates zero lagtime as deposition is instantaneous,
and the ages lies on the 1 : 1 line (Fig. 2). Such input can
be checked by examination of the lithological and minera-
logical properties of the sediment and must be excluded
from any interpretation of hinterland exhumation rates
because it would otherwise misleadingly imply very high
rates.

PROPOSEDMETHODOLOGY

As discussed above, age populations are extracted for each
stratigraphic horizon and classi¢ed in increasing order

from P1, P2, . . ., Pn. These ages are then plotted against
the stratigraphic age to determine any temporal trends
(Fig. 2). Such procedures have been employed in recent

Fig.1. The notion of lagtime as described by Zeitler etal. (1986) in (a) a schematic cross-section and (b) within time temperature scales.
The lagtime includes the time taken for the mineral to cool through the speci¢c closure temperature,Tc, to the surface where the
temperature isTs and transported into the basin.The times of closure, exposure on the surface and time of deposition (stratigraphic age)
are tc, te and td, respectively. tc1 and tc2 represent two levels in the hinterland that were denuded and carried into the basin where the
respective stratigraphic ages are td1 and td2.

Fig. 2. Detrital zircon ¢ssion-track data set for middleMiocene
to Recent levels of the Ligurid^Appenines basin (adapted after
Bernet et al., 2001). Error bars are � 1 standard error for FTages
and � 1Ma uncertainty for depositional ages. Almost all sites
yield two detrital age populations that are plotted against the
stratigraphic ages of the hosting sediments.The age populations
are joined together per rank, generating theD1 andD2 curves.
The1 : 1line represents a zero lagtime line.Anygrains to the right
of this line must have been reset during burial (Lgo0) or the site
has an erroneous stratigraphic age.Zero lagtime is an indicator of
either excessively fast source denudation or volcanic input.The
latter can be identi¢ed usually through heavy mineral content.
The variation of the lagtime up-sequence along theD1 curve is
shaded in dark grey.
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publications (e.g. Carter, 1999; Garver et al., 1999; Bernet
etal., 2001; Carrapa etal., 2003;Najman etal., 2003). Added
to these plots is the 1 : 1 line, which is the graphical repre-
sentation of detrital grain age populations equal to the
stratigraphic age ðtci ¼ tdiÞ, a zero lagtime line. A clear ad-
vantage of this sort of plot is the immediate visual assess-
ment of the lagtime variability and the identi¢cation of
ages lying in the zone of resetting.

DetritalDn curves

In order to visualise the change in the lagtime upwards in
the section, the detrital age populations, ranked asP1toPn,
are linked together generating theD1 toDn curves (Fig. 2).
This does not necessarily imply that the populations,
which constitute any particularDi curve, are genitically re-
lated or always share the same provenance. Rather, this is
solely a graphical approach to examine the relative tem-
poral changes in cooling and exhumation rate in the
source regions. Furthermore, the variation in heavy-
mineral assemblages can be used to bolster or dispute the
theoretical interpretation of distinct changes in lagtime
along theDi curve.TheD1curve hosts the populationwith
the shortest lagtime and consequently, the most probable
record of rapid episodes of hinterland cooling. It is the
easiest to interpretwith con¢dence ^ it is less likely to have
been through several cycles of erosion and deposition.
Moreover, the oldest populations may be missing in the
ZFT system because of the fact that the track density is
too great to be counted (Garver et al., 1999). In£exion
points along a Dn curve may indicate some change in the
exhumation of the source region but an in£exion point
alone does not constrain the timing of the event, it is only
an indication that an event has occurred.The event most

likely took place earlier and it was not recorded immedi-
ately at the surface.Hence, each situation must be carefully
considered in its own right. Any extensive detrital curve is
composed of successive paths that are best considered in
their simplest forms, i.e. as lines.When studying long seg-
ments with many data points, and considering uncertain-
ties on both ages (tc and td), a regression line may specify
the appropriate (a ; b) values for each segment as described
in Bernet et al. (2001):

tc ¼f ðtdÞ with tc ¼ a� td þ b

as Lg ¼tctd ð1Þ , Lg ¼ ða� 1Þ � tdþ b:

Paths

Detrital ages vary upwards within the stratigraphic col-
umn with conspicuous paterns ^ we present here the var-
ious possible paths that may be observed along the Dn

curves. An in¢nite number of paths are possible, but in
realistic terms ¢ve have been identi¢ed (Fig. 3). They are
characterised on the basis of upward variation in both the
lagtime (Lg) and the thermochronological detrital age (tc).

Type1path [0^1] [ao0; b] ‘older ages upwards’ (Fig. 3)

In a type 1 path the detrital ages and the lagtime increase
upwards in the stratigraphic sequence (Fig. 3) ^ yielding a
negative gradient. Various geological scenarios might be
cited for such a pathway. (a) Erosion of a non-reset volcanic
sequence with older ages at the base. Such a scenario can
be checked by the heavy-mineral contribution to the basin.
(b) The cannibalisation of non-reset sediments, which
themselves had the normal younging upward cycle is
another example. Erosion of ‘older’ deposits is frequent

Fig. 3. Possible paths upwards along a detrital curveDn. Five paths are de¢ned on the basis of variation in lagtime (Lg) and time
of closure (tc). 0 ½tci ; tdi � is the starting point of all the paths that have the same incrementation within the stratigraphic column
ðtdiþ1Þ to facilitate comparison.The y-axis represents the depositional age (td) of the hosting sediment whereas the x-axis is the
thermochronological age of the detrital population (tc). Note the directions of both axes, particularly the y-axis which corresponds
to a younging upward direction in the stratigraphic column.
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during any phase of orogenesis. Such sediments may be
cannibalised from within or reworked from outside the
basin. (c) A major change in hinterland tectonics will
have an e¡ect on the drainage systems, bringing into the
system source rocks which are probably di¡erent and in-
herited, at least at the beginning thermochronological
ages. All three scenarios correspond to sourcing from the
‘thermochronologically dead’ zone (see above), and as a re-
sult no exhumation rate can be estimated for the tectonic
change in question from these early deposits. Finally, the
timing of the inferred change of provenance is dated by
the change towards a negative gradient tdi4t4tdi (Fig. 3).

Type 2 path [0^2] [a5 0; b] ‘constant time of closure’ (Fig. 3)

Type 2 path is characterised by a constant cooling age (tc;
Fig. 3) upwards in the stratigraphic column and hence re-
quires the erosion of source(s) with a homogenous ‘b’ mil-
lion-year cooling age. The erosion of sequences with
constant time of closure may include (thick) piles of volca-
nics that were rapidly extruded over short time periods,
e.g. plateau basalts, but also rapidly quenched blocks over
large regions.This latter maybe exempli¢ed in the study of
Garver & Brandon (1994) from the Coast Plutonic Com-
plex of southern British Colombia. It has also recently
been reported by Carrapa et al. (2003) who determined
40Ar/39Ar ages on detrital white micas from the sediments
of theTertiary Piedmont Basin (Italy).These authors sug-
gest that a period of very fast cooling prior to 38Ma was
able to produce su⁄cient crustal material with a relative
uniform age signature to supply430Myr of erosion pro-
ducts into the basin.Very old populations, which were de-
rived from a source region, such as a craton, with low
denudation may also yield this path because of their large
error bars.

Type 3 path [0^3] [0oao1; b] ‘increasing lagtime with positive
gradient’ (Fig. 3)

Ages decreasing upwards (Fig. 3), but with increasing lag-
time, are the characteristic pattern of type 3 paths. Such a
path represents abatement of the exhumation rate assum-
ing a constant depth of closure.On the other hand, it could
represent a relaxation of the geotherms and a fall in the
geothermal gradient. Both scenarios are events that might
follow an orogenic pulse.

Type 4 path [0^4] [a51; b] ‘constant lagtime’ (Fig. 3)

A constant lagtime through the stratigraphic record is in-
dicated by an alignment of the detrital grain age popula-
tions along an iso-lagtime line (Bernet et al., 2001) with
Lg5 b, and a51 (Fig. 3). A constant lagtime upward in
the stratigraphic column indicates that an invariant time
was necessary to bring rocks to the surface and hence,
cooling in the source region(s) remained at a constant
mean rate during a period of time equal to the lagtime for
the duration of this record [tci; tc4] (Fig. 3), consideringTc

and Ts constant over time. Consequently, a type 4 path

characterises a ‘steady-state of cooling’or ‘thermochrono-
logical steady-state’ within the source region, which
started prior to the age of the oldest population along that
path. Such a path does not necessarily imply that the hin-
terland underwent a ‘steady-state exhumation’ (Bernet
et al., 2001), i.e. the absence of surface uplift (England &
Molnar,1990). For instance, a rapid and steady-state phase
of exhumation in source regionswould generate high cool-
ing rates as denudation permits the isotherms to move
closer to the surface (Moore & England, 2001). As a result,
decreasing lagtimes (type 5 path) would be logically ex-
pected in the sourced basin(s). A steady state of exhuma-
tion is believed to characterise developed orogens (Willet
& Brandon, 2002), after the ‘dead’ zone has been removed
and before the orogen goes into a decay phase (Garver et
al., 1999), whichwould be typi¢ed by longer lagtimes.

A constant lagtime, approaching zero, is a record of per-
sistent and extremely rapid cooling that can be directly re-
lated to very rapid exhumation in the hinterland,
assuming that contemporaneous and continuous volcanic
contamination can be excluded. Examples of source re-
gions that may be supplying such young ages are the syn-
taxes of the Himalayas, where ZFT ages are less than
0.5Ma (Seward andBurg, 2004, pers. comm.).A type 4 path
with a small b value of �8Myr was produced from the
Ligurid^Apennines Basin (Fig. 2, Bernet et al., 2001) that
probably points towards a single phase of exhumation in
the developed Alpine orogen.

What is the signi¢cance when long lagtimes, e.g.
�30Myr, persist for an extended period? The simplest
explanation is that exhumation proceeded in the hinter-
land at a low and constant rate (within uncertainties) for a
long period (Garver & Brandon, 1994). An alternative is
that two deferred and short-lived phases of exhumation af-
fected the same source region at the same rate, the second
one forcing to the surface the rocks that were previously
cooled throughTc by the ¢rst phase.

Type 5 path [0^5] [a41; b] ‘decreasing lag time’ (Fig. 3)

Type 5 path is characterised by a decreasing lagtime up-
section which implies increasing cooling rates (Garver
et al., 1999) in the source region. This is the orogenic
growth phase. Dividing the estimated depth of closure
(Zc) by the time needed for the last population along the
path to reach the surface (Lg), and considering a negligible
transport time (td� te5 0; Fig. 1), brings an estimation of
the maximum value of the exhumation rate in the hinter-
land for the considered period: Exh5Zc/Lg in mmyr�1

(Garver et al., 1999).

Common trends

Noticeably, the commonality of the trends of theDn curves
is sometimes quite remarkable andmayhave important re-
gional implications. Let us consider a region made up of
various blocks/units that had undergone di¡erent thermal
cooling (Fig. 4) such that at the surface di¡erent cooling
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ages were exposed. The erosion of this heterogeneous
source regionwould ¢rstly yield di¡erent detrital thermo-
chronological curves into the basin, each individual curve
being derived from one block/unit.Once the ‘thermochro-
nologically dead’ layer has been removed/eroded, all the
curves should ¢nally merge to one point, e.g. tc5 20Ma
(Fig. 4).This point corresponds approximately to the tim-
ing of the renewed/common pulse.

An example of common trends is the two parallel ZFT
detrital D1 and D2 curves with constant lagtimes of, re-
spectively, 8 and 15Myr from the Middle Miocene to
Recent deposits of the Appenines Basin (Fig. 2; Bernet
et al., 2001).The authors suggested that the two source re-
gions are possibly the hanging wall and footwall of the ac-
tive normal Simplon Fault from the Central Alps, whereas
the o¡set in ages of the populations ( �7Myr) is related
to di¡erential exhumation across the fault (Sooms, 1990).
When did this start? As already discussed above, a
minimum age for the onset of this phase responsible for
such characteristic type 4 paths is indicated by the age (tc)
of the ¢rst population along this path, i.e. 23Ma consider-
ing the D1 curve, whereas an older age of 30Ma (Fig. 2)
is suggested by theD2 curve. It is therefore conceivable that
di¡erential exhumation developed at least 30Myr ago in
the hinterland of the Appeninic Basin.The ¢rst syn-oro-
genic deposits of Middle Oligocene age would have prob-
ably yielded ZFT populations with inherited thermal
history before syn-tectonic cooling ages appeared in the
basin by theMiocene as evidenced by Bernet et al., (2001).

AN EXAMPLE FROM THE ANDEAN
AMAZON BASIN, ECUADOR

The northern Andes are the product of the subduction
of the oceanic Nazca plate beneath the western edge of
the South American plate (Fig. 5). In Ecuador, the double

vergent orogenic belt comprises deformed metamor-
phosed continental margin series including various plu-
tons (Cordillera Real; Litherland et al., 1994) and oceanic
plateau and volcanic arc units that were accreted during
LateCretaceous andEarlyTertiary times (Cordillera Occi-
dental and Costa; Jaillard et al., 1997; Hughes & Pilatasig,
2002). During this time, to the east of the orogen, the An-
dean Amazon Basin (AAB) developed in a retro-arc fore-
land position (Christophoul et al., 2002a, b) even though
only minor thrusting of the Guyana Shield is evident
(Fig. 5). According to many authors (Tschopp, 1953; Bal-
dock,1982; Balkwill etal.,1995; Jaillard,1997; Christophoul,
1999; Rivadeneira &Baby,1999), the main derivation of the
AAB switched by the Late Cretaceous with the deposition
ofTena Fm. fromShield regions located to the east (Fig. 5)
to the rising Andes to the west (Fig. 5).The Aptian to Re-
cent basin ¢ll series of the AAB and their Jurassic mag-
matic basement, i.e. the Misahualli Fm. and Abitagua
batholith (Wasson & Sinclair, 1927; Colony & Sinclair,
1932), crop out in the SAZ (Fig. 6).Their maximum sedi-
mentary thickness further to the east, in the £at-lying Or-
iente region (Tschopp, 1953; Christophoul, 1999) ranges
between �3350 and 1600m. The sediments are domi-
nantly clastic, and deposited in £uvial environments with
the exception of the Napo and Orteguaza deposits (Jail-
lard, 1997; Christophoul et al., 2002b).

As an initial study, AFTanalysis was applied to samples
from the basement rocks, in order to constrain whether the
basement had been above 120 1C, i.e. closure of the apatite
system (Green et al., 1989). At all sites, except those very
close to faults, apatite ages range from 183 to 116Ma and
their modelled thermal histories reveal that theywere never
over 120 1C (Ruiz, 2002). This therefore implies that ZFT
ages from the sedimentary cover,with a higher closure tem-
perature (260^215 1C; Brandon et al., 1998), have not lost
provenance information and allows the exhumation of the
hinterland to be investigated fromAptian to Recent times.

Fig.4. Common trends for theDn curves. Parallel to sub-parallel n detrital curves in the basins are probably derived from n commonly
cooling exhuming sources that previously underwent di¡erent cooling histories.TheDn curves will converge, once the pre-orogenic
thermal history is removed into a point that de¢nes the onset (tc5 20Ma in this case) of the renewed exhumational phase.This can be
used to identify events (tectonic and/or thermal, etc.) in the hinterland.
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Methods

Up to 24 sedimentary rocks, ranging from Aptian to Re-
cent were sampled from the proximal deposits preserved
in the SAZ (Fig. 6). Lithologies vary from conglomerates
to sandstones and a few siltstones. Large representative
samples (45 kg) were separated in order not to bias poten-
tial provenance information. The various zircon popula-
tions were split by size and magnetic susceptibility.
Because etching time of zircons for ¢ssion-track is pro-
portional to the radiation damage (Naeser, 1979; Cerveny
et al., 1988), zircon mounts from the same sample (up to
eight) were etched in a eutectic melt of NaOH^KOH at
210 1C (Gleadow etal.,1976)with1-h increments.The more
highly damaged zircons required only a short etch time of
the order of 3 h, whereas less damaged crystals were etched
longer to reveal ¢ssion tracks. Samples were irradiated at
the ANSTO facility, Lucas Heights, Australia. Zircons
were counted at a magni¢cation of �1600 (oil). All ages
were calculated using the zeta approach (Hurford &
Green, 1983) combining the age standards, Fish Canyon
Tu¡ with dosimeter glass CN1, yielding a z value of
121 � 3. Fifty zircon grains were dated per sample, when
possible, to obtain realistic and reliable detrital ZFTage
populations (Table1). Detrital grain-age populations were
determined using statistical techniques (Brandon, 1996)
(Table 1) and plotted against the stratigraphic age (Fig. 7)
similar to that in Fig. 2. The stratigraphic ages (td) were
based on previous studies of the AAB (Tschopp,1953; Fau-
cher & Savoyat, 1973; Bristow &Ho¡stetter, 1977; Baldock,
1982; Balkwill etal., 1995; Barragan etal.,1997; Jaillard,1997;
Christophoul, 1999; Zambrano et al., 1999; Christophoul et
al., 2002a) but also by dating of syn-depositional volcanic
contamination (see below).

Heavy-mineral suites of all the samples taken for ther-
mochronological analysis were also studied in order to:
(1) assess variation of source materials with any changes

in detrital thermochronology and (2) identify any major
input of volcanic material which would yield zero lagtime
and may have an in£uence on the pattern of the thermo-
chronological data sets. The preparation followed stan-
dard procedures (Mange & Maurer, 1992). Sandstones
were crushed and the 2^4-mm fraction was dissolved in
10% acidic acid to remove carbonate cement. Bromoform
(r5 2.88) density separation was carried out on the sieve
fraction 0.063^0.4mm. The heavy-mineral fraction was
mounted in piperin and at least 200 grains were counted
using a petrographic microscope.

Results

Many rounded and zoned pink zircons, mainly from the
oldest sedimentary formations, were undatable because
they were either too damaged or the spontaneous track
density was too high to count. Although this leads to bias
in the data set, it was not important in this study because
the main focus is the analysis of the younger populations
that trace the younger hinterland development. Most re-
sults had mean ages with a P(w2) value (Green, 1981) lower
than 5%, thus supporting the presence of multiple popu-
lations (Table 1). Most of the dated samples yield several
populations (1ono5,Table 1). In general at each site two
or more populations could be distinguished. Three Dn-
type curves are readily apparent ^ D1, D2 and D3 curves
based on the lines joining the various populations.These
lines are remarkably similar particularly in the change of
the lagtime up-section. Seven sites yielded age-popula-
tions statistically identical to the stratigraphic age (Fig. 7)
and are discussed below.

The variable heavy mineral compositions of the sand-
stones of the SAZ are summarised in Fig. 8.The lower half
of the section dominantly contains minerals associated
with granitoid sources, e.g. zircon, tourmaline, rutile
(ZTR association) but by the Santonian, metamorphic

Fig. 5. Cross-section through the Ecuadorian Andes at latitude 21S (modi¢ed after Jaillard et al., 2002b).The northern Ecuadorian
Sub-AndeanZone (SAZ) de¢nes the western and exhumedmargin of the EcuadorianAmazonBasin (AAB). It is bounded to the east by
the Sub-Andean front (SAF) and to the west by the Sub-Andean Fault (SF). Pi,Ma, Pa: Pinon,Macuchi and Pallatanga terranes. CTF,
Pf, PeF: Chimbo T̂oarchi Fault, Pujuli-Pallatanga Fault, Peltetec Fault. Cord. Occ: Cordillera Occidental.

r 2004 Blackwell Publishing Ltd,Basin Research, 16, 413^430 419

Detrital thermochronology ^ a newperspective onhinterland tectonics



mineralswere being introduced and increase upwardswith
time. From the Upper Eocene to Upper Miocene, high-
grade metamorphic minerals such as kyanite and sillima-
nite increase in abundance. From the UpperMiocene, the

input was dominantly augite, olivine and hypersthene de-
rived from ma¢c volcanic source rocks. A modern river
sand, from the Napo River, yielded a complex mixture of
the three di¡erent groupings listed above.

Fig. 6. (a)Morpho-tectonic sketch of the Ecuadorian Andes (adapted fromGuillier et al., 2001). CO, IV, CR, SF, SAF:Western
Cordillera, InterandeanValley, Cordillera Real, Sub-Andean Fault, Sub-Andean Front. Highlighted and detailed in (b) is the geological
map of studied area, i.e. the northern Ecuadorian Sub-Andean Zone referred to as the Napo region and Pastaza depression (modi¢ed
after Litherland et al., 1993), with sample locations.

r 2004 Blackwell Publishing Ltd,Basin Research, 16, 413^430420
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Interpretation

Zero lagtime

Seven sites yield ages statistically identical to the strati-
graphic age.With the combination of heavy-mineral analy-
sis, it was possible to discern which of these represented
contemporaneous volcanic input (volcanic fragments, eu-
hedral elongate zircons, euhedral ma¢c minerals such as
hornblende and biotite). Two such cases were uncovered,
and were therefore not incorporated into the D1 curves
(Fig. 7). However, they were useful ages in the sense that
they radiometrically date the age of the hosting sediment
(Table 1).The other zero lagtime ages must be interpreted
as indicative of rapid exhumation because no evidence of
syn-sedimentary volcanic contamination was present.

Aptian T̂uronian

The Hollin and Napo fms. contain three distinct popula-
tions. P2 and P3, (Fig. 7) had relatively old zircons
(4220Ma) compared with the stratigraphic ages of the
dated strata (110^90Ma) and are commonly associated
with the resistant minerals of theZTRpole (Fig.8), i.e. zir-
con, tourmaline and rutile (Mange&Maurer,1992).TheP3
zircons are characteristically dark and rounded.They may
have passed through more than one sedimentary cycle but
their earlier host rocks may have been the shield regions
and its Palaeozoic platform cover (Tschopp, 1953; Bristow
& Ho¡stetter, 1977; Baldock, 1982; Rivadeneira & Baby,
1999) located to the east of the SAZ (Fig. 6). The source
terranes of the P2 populations with Palaeozoic ZFT ages
(Table 1) could be either the Palaeozoic cover sequences of
the eastern shield region or the exhuming proto-Cordil-
lera Real (Fig. 6).The P1 populations, present in the early
deposits of the AAB, range between 174 and 101Ma (Table
1). This is a similar time span to that identi¢ed by Ruiz
(2002) using ZFTanalysis on the Jurassic volcanics of the
Misahualli Fm. that partly constitute the basement of the
northern SAZ. Much of this basement is now missing in
the central part of the SAZ as evidenced by a 50Myr hiatus
between the Misahualli and Hollin Fms. (Ruiz, 2002) but
also further east, in the AAB (Tschopp, 1953; White et al.,
1995).Hence, it may be that theseP1populations represent
some of this eroded material. The peneplenation of the
entire AAB at a time between 140 and 110Ma had already
been noted byTschopp in 1953.This phase probably post-
dated the accretion of allochtonous terranes against the
northern Andean segment, referred as the Peltetec event
(Litherland etal.,1994), whichwas a consequence of the re-
arrangement of the subduction regime in the Paci¢c realm
between 140 and 100Ma (Duncan & Hargraves, 1984) and
responsible for the cessation of the Misahualli arc.
Although the heavy-mineral suites of theHollin andNapo
Fms. are not typical of the volcanics, this does not elimi-
nate the possibility of the volcanic pile as a source because
plagioclase and devitri¢ed glass dominate the modal com-
position of the Misahualli pile (Wasson & Sinclair, 1927;
Romeuf et al., 1995). Further, any eroding material from

this pile, including zircons, may have passed into the
poorly studied red beds of Jurassic to Early Cretaceous
age, otherwise referred to as the Chapiza Fm. (Tschopp,
1953), eliminating then the unstable volcanic phases.The
low precision of the stratigraphic ages of the quartz are-
nites from theHollin andNapoFms. (Fig.7,Table1) unfor-
tunately precludes the construction of reliable paths
along the Dn ZFT curves for the Aptian to Cenomanian.
Consequently, the lagtime of the P1populations cannot be
utilised to determine reliable estimates of the contem-
poraneous exhumation rate in the hinterland. In addition,
several Cretaceous igneous bodies (106^84Ma, Barragan
et al., 1997) are reported intercalated within the Napo Fm.
in both the AAB and SAZ (Ruiz, 2002); they are located
above structures re-activated during a transpressional re-
gime (Rivadeneira & Baby, 1999). Such bodies may have
contributed detritus to sample 98GR02during an eastward
transgressive episode, resulting in its young P1population
of 101 � 11Ma (Table 1) even if no volcanic signature was
evidenced from its heavy-mineral assemblage. However,
the large error (� 11Ma) leaves the question as to the rea-
lity of the zero lagtime.

Coniacian^Palaeocene

Two to three populations are again identi¢ed in this time
span (Table 1). At the base, clear type 5 paths with charac-
teristic decreasing lagtime values are evident along both
the D1 and D2 curves for the upper Cretaceous using the
well-constrained Santonian stratigraphic age (Jaillard,
1997) of an upper Napo sample (98RS06, Table 1). This
change to faster exhumation with a minimum rate of
1mmyr�1 using a maximum lagtime value of 6Myr (Gar-
ver et al., 1999) for the D1 curve (Fig. 7) is associated with
the ¢rst appearance of low- to medium-grade meta-
morphic minerals in the heavy-mineral detritus of the
Upper Napo Fm. (Fig. 8). Because such high exhumation
rates are rarely documented in cratonic regions (Harman
et al., 1998), such as those located to the east of the SAZ
(Fig. 6), one can conclude that the Coniacian to Santonian
more likely represents a period of exhumation in the pro-
to-Ecuadorian Andes to the west of the AAB.This can be
correlated with the reported synchronous basin inversion
in the AAB (Rivadeneira & Baby, 1999) and reported com-
pressive episode in the Colombia Andes further north
(Dengo et al., 1993; Cooper et al., 1995). Such an orogenic
phase was probably related to the docking of an oceanic
plateau complex (Cosma et al., 1998; Lapierre et al., 2000),
referred to as the Pallatanga Terrane (Fig. 6) along the
western forearc of Ecuador (Hughes & Pilatasig, 2002). In
addition, the heavy-mineral assemblages become progres-
sively more heterogeneous and the proportion of med-
ium-grade metamorphic mineral grains increases
stratigraphically upwards from theMaastrichtian-Palaeo-
ceneTena Fm. (Fig. 8). Simultaneously, the detrital ZFT
record becomes less disperse from theTena Fm. with the
proportion of older ZFTpopulations almost disappearing
(Fig. 7). If the oldest group of ZFTages is assumed to have
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been primarily derived from shield regions and their sedi-
mentary cover to the east of the SAZ (Fig. 6), their absence
in the Palaeocene series suggests that the supply from this
region was most likely lacking (Fig. 7). From Santonian
time, the D1 curve is characterised by a type 4 path with
an approximately zero lagtime that persists to a time
somewhere between the deposition of the upperTena and
basal Tiyuyacu deposits of Early Eocene age (Faucher &
Savoyat, 1973; Bristow & Ho¡stetter, 1977; Fig. 7) implying
exhumation greater than 1mmyr�1 for this period in the
hinterland (Table1). However, such a rate would also imply
that 35 km of material was eroded if such a rate was sus-
tained over this time period. Such a long period of rapid
exhumation is probably unlikely. At least two periods of
erosion or non-deposition have been identi¢ed in this
time span (Fig. 7) ^ it is thus possible that similar £uctua-
tions also occurred in the source rocks. Further, these se-
diments contain garnet and chloritoid. Higher
temperature phases do not come into the basin until the
upper Eocene (Fig.8).The drop in contribution of detritus
from the east revealed byboth the loss of the older popula-
tion, and the heavy mineral suites indicates that the shield
regions to the east had been progressively buried beneath
the basin ¢ll sequence of the AAB since at least theMaas-
trichtian, whereas rapid exhumation occurred to the west
of the AAB.This orogenic development of the Ecuadorian
Andes is supported by ¢ssion-track and 40Ar/39Ar analyses
from the Cordillera Real located to the east of the AAB
(Fig. 5; Spikings et al., 2000, 2001). It is corroborated (i)
by a switch in current direction from an eastern to a wes-
tern source for theTena Fm., suggesting that the input and
hence the erosion of the eastern margins may have de-
creased (e.g.Tschopp, 1953; Balkwill et al., 1995); (ii) with a
major change in the depositional environment, in that the
Napo Fm. was shallow marine and the Tena Fm. clearly
continental,with continental red beds, shales, sandstones,
siltstones and some conglomerates (Jaillard,1997) but also
(iii) an increase in tectonic subsidence (Jaillard,1997) indi-
cating the presence of an orogenic load to the west of the
basin.

Eocene

The oldest Eocene sample, from theTiyuyacu Formation,
is a conglomerate which contains one population with a
zero lagtime (Table 1) (Fig. 7). The presence of tu¡aceous
cement, phosphatic matter and idiomorphic zircons prob-
ably support sourcing from a volcanic series.These idio-
morphic zircons yielded a ZFT population with an age of
51 � 5Ma (Table 1). Consequently, the P1 population was
excluded from theD1curve but it allowed the stratigraphic
age of the horizon to be constrained.This population is re-
placed by the second youngest population of 73� 6-Ma
age (Table 1), initiating a type 1 path along the D1 curve
(Fig. 7). This is coupled with the disappearance of meta-
morphic minerals and the exclusive presence of a ZTR as-
semblage (Fig. 8) to suggest a clear change of source region
byLatePalaeocene^Early Eocene.The pebbles of this level

are dominantly composed of 10^12-cm, sub-rounded,
radiolarian black chert (Ruiz, 2002). Thus, the drainage
system of the AAB was clearly modi¢ed by the Early Eo-
cene such that source rocks changed towards pelagic sedi-
ments of an oceanic domain, contemporaneous volcanic
centre(s), but also shallow continental crustal levels
(ZTR; Mange & Maurer, 1992). Interestingly, this P2 ZFT
population of 73� 6Ma (� 1s), is indistinguishable from
the P1 populations from the underlying Tena Fm., i.e.
72 � 3 and 63 � 3Ma (Fig. 7; Table 1) and a major erosive
unconformity exists between both formations (Tschopp,
1953; Rivadeneira & Baby, 1999). It is thus likely that the
Tena Fm. was partly reworked into the basal strata of the
Tiyuyacu Fm. Another possible source for these deposits,
which also sourced theTena Fm., was that the Pallatanga
Terrane today located in the Cordillera Occidental
(Hughes & Pilatasig, 2002; Fig. 6). The Yunguilla Fm. of
Maastrichtian^Palaeocene age (71^65Ma) composes part
of this terrane and is characterised by both its syn-accre-
tionary signature (Hughes & Pilatasig, 2002) but also the
presence of radiolarian cherts characteristic of the base of
theYunguilla Formation (Jaillard etal., 2002a). Notably, the
presence of pelagic radiolarian chert clasts in the Lower
Tiyuyacu Mb. (Early Eocene) indicates that sedimentary
series associated with the Pallatanga Terrane may have
contributed to the £ux of clastic material. Furthermore,
Pecora et al. (1999) suggested that in the Late Palaeocene a
buoyant basaltic plateau, referred to as the Pin� on block
(Fig. 5; Jaillard et al., 1997), accreted against the northern-
most margin of Peru. It later migrated north-eastward
along dextral wrench faults to its present day location
where it de¢nes the basement of the coastal region (Jail-
lard et al., 1997, Fig. 6). According to Kerr et al. (2002), this
phase was synchronous with the accretion of oceanic ter-
ranes to the north of the Ecuadorian margin. Early Eocene
thrusting and exhumation related to the accretion of these
terranes are in complete agreement with reported syn-
chronous cooling ages from the southern part of the Cor-
dillera Real (Spikings et al., 2001).

A major type 5 path characterises the change in lagtime
from 184Myr to approximately zero over the Middle
to Late Eocene (Fig. 7). This is recorded in both the
D1andD2 paths.Thus during theMiddle-to-LateEocene,
rates of exhumation in the source region were probably
41mmyr�1 because of the �zero lagtime (Table 1).The
presence of the two sub-parallelD1andD2 curves suggests
that two di¡erent hinterland blocks, were being
rapidly denuded at this time. The abundance of high-
grade detrital minerals, i.e. kyanite and sillimanite (Fig. 8)
suggests erosion into deeper levels exposing high-grade
metamorphic sequences that occur over a vast area in the
present day Cordillera Real to the west (Litherland et al.,
1994).

In summary, and with regard to the evolution of the
source terranes during deposition of the Tiyuyacu Fm.,
two events are recognized: (1) the LowerTiyuyacu Mb. is
characterised by a change of source terrane and (2) the
Upper Tiyuyacu Mb. records exhumation of high-grade
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metamorphic terranes during the Middle- and Late
Eocene (44^36Ma).The ¢rst may be interpreted as repre-
senting a radical tectonic rearrangement of the hinterland
because of the accretion of the Pin� on block, whereas the
latter indicates a substantial exhumation that reached
rates41mmyr�1.Moreover, thisMiddle-to-LateEocene
rapid exhumation period correlates with the 43^30 Ma
peak of exhumation of the Cordillera Real (Spikings et al.,
2000, 2001).This orogenic phase is probably related to the
Middle-to-LateEocene docking of theMacuchi island arc
against the Ecuadorian margin (Egˇez, 1986; Hughes &
Pilatasig, 2002) and correlates with the Late Eocene^Early
Oligocene ‘Incaic’ phase of deformation (Steinmann, 1929;
Noble et al., 1979; Me¤ gard, 1987; Clark et al., 1990;
Sandeman et al., 1995), which is de¢ned as a major phase
of shortening in the Central Andes.

EarlyMiocene ^ Recent

A record ofvolcanic activity is evidenced in the EarlyMio-
cene. Pseudo-hexagonal biotites, hornblende, diopside,
euhedral, inclusion-rich apatites and idiomorphic zircons
in the basal Arajuno strata, combined with indistinguish-
able ZFTand AFTages of 22 Ma ages (00GR04; Table 1)
suggest that there was a contemporaneous volcanic supply
(Fig.7). Because of this volcanic contamination, theD1and
D2 paths spanning the upper Chalcana and Arajuno Fms.
depict two type 2 paths (Fig.7).These identicalZFTpopu-
lations in both levels are associated to the (1) presence of
identical mineral assemblages in both formations (Fig. 8)
(with the exception of the chromite and volcanic detritus
in the Arajuno Fm.) and (2) the unconformable contact be-
tween the Chalcana andArajuno Fms. (Christophoul etal.,
2002a) to suggest the cannibalisation of the Chalcana Fm.
into the Arajuno Fm.

The pattern of the detrital ages for theMiddleMiocene
to Recent follows simple type 4 paths for both D1 and D2

with constant lagtime values of �30^40 and 50Myr, re-
spectively (Fig. 7;Table1).The constancy of these long lag-
times suggests averaged low exhumation rates in the
source regions of these deposits from the Middle Mio-
cene, but most likely from the Late Palaeocene^Early Eo-
cene, if we consider the age of the ¢rst population along
this type path for the D1 curve, i.e. 56 � 3Ma (Table 1)
(Fig. 7), to Recent. It is also very tempting to conclude that
these source regions of theAABwere until today in a ther-
mal steady state (Willett & Brandon, 2002). However, AFT
ages associatedwithZFTand 40Ar/39Ar ages from theCor-
dillera Real (Spikings etal., 2000, 2001; Figs 5 and 6) clearly
document di¡erent pulses of exhumation during theTer-
tiary. In addition (1) the complexities of the potential
source regions (Litherland et al., 1994), as well as (2) the
very varied heavy-mineral detritus (Fig. 8), and also (3)
the active fault systems observed today in the hinterland
of theAAB (Litherland etal.,1994;Guillier etal., 2001) lead
one to suspect that steady state cannot be a reality in the
Ecuadorian Andes. Such long and constant lagtimes are
thus probably the results of two deferred phases of exhu-

mation that a¡ected the same region(s) of the hinterland
of the AAB at the same low rate, i.e. �0.3^0.4mmyr�1

using 30^40-Myr values (Garver et al., 1999): the second
one exhuming to the surface the rocks the previous one
cooled through the temperature of closure for ZFT.

Using FTanalysis, Spikings et al. (2001) evidenced that
both the western Cordillera and Inter-Andean region were
probably a¡ected bya phase of exhumation since 5Ma.Such
phase is not seen yet through changes in the detrital ZFT
patterns from the northern Ecuadorian SAZ deposits (Fig.
7) but rather through the clear appearance of ma¢c detritus
(Fig.8) thatwas most likeyderived from these exhuming re-
gions constituted of accreted oceanic terranes (Fig. 5).

CONCLUSIONS

We have presented a method allowing the recognition of
tectonic events in the source regions of sedimentary ba-
sins, recorded through the ages of detrital grains from the
enclosing sediments.This has been tested in a combined
heavy-mineral study in the northern Ecuadorian SAZ.

Five di¡erent paths have been identi¢ed which may be
interpreted in the light of tectonic activity in the source re-
gion.The principal factor governing the di¡erent paths is
the temporal change in lagtime. The application can be
used with any suitable datable mineral phase. In order to
con¢rm that the dated grains yield a true detrital signa-
ture, the application of AFTanalysis is ideal.

The dated grains for each horizon are separated into po-
pulations (P1�Pn) and plotted at their stratigraphic level.
The correspondingPn populations are joined through time
yielding the Dn curves. Identi¢cation of volcanic contami-
nation characterised by zero lagtime value, is made via the
heavy-mineral suites.The safestDn curve to interpret is the
youngest, orD1, because older paths are more likely to con-
tain recycled material and must be assessed with caution.
Even so, in the example we present, the parallelism of the
di¡erent Dn curves is strong and suggests that the correct
junctions have been made between the di¡erent Pn points.

An example using ZFTanalysis from the SAZ, eastern
Ecuador, illustrates well that di¡erent paths can be corre-
lated with known events in the probable source regions as
summarised below:

(a) There is a general younging trend upwards in the col-
umn.This is expected as sources are continually being
exhumedwith time.

(b) The oldest curve (D3) remained in the sequence from
Aptian until the end of the Cretaceous when it very
abruptly disappeared. It contains ages that are in gen-
eral 4500Ma with a long lagtime, indicative of very
slow cooling or possible reworking.The source region
was most likely the Guyana Shield to the east. This
abrupt disappearance at the end of Cretaceous times
is associated with changes in palaeocurrent direction,
lithology and facies in the AAB and synchronous
with the onset of a period of rapid exhumation in the
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Cordillera Real recorded through the detrital zircon
ages. This is the time when the main detrital supply
switched from the shield region in the east, to theCor-
dilleras in the west. This phase is clearly coincident
with the docking of the oceanic Pallatanga Terrane at
�90Ma against the Ecuadorian margin which must
have caused rapid exhumation to the west of the basin.
At its peak approximately zero lagtimes were recorded
pointing to high exhumation rates (41mmyr�1). At
about 85Ma is the ¢rst signature of metamorphic
minerals into the basin with a general increase until
about �55Ma.This increase is associatedwith a pro-
portional decrease of the mineral phases associated
with the shield regions. The rising Cordilleras were
being more deeply eroded.

(c) At about 55Ma there was a sudden reversion to a shal-
low continental ZTR signature. At the same time, vol-
canic material was introduced into the basin. It is
correlated with a remarkable pulse to a type 1 path and
is interpreted as a change in source region. From about
48^37Ma, a strong type 5 path has been dominating
and the incoming of sillimanite and kyanite suggests a
continued phase of rapid erosion, cutting deeper into
the source region.This highly variable path in the Eo-
cene implies strong tectonic impacts at this time with
related switching of sources because of the collision of
thePin� on andMacuchi terranes on thewestern margin.

(d) From �37Ma, the lagtime associated to the P1 popu-
lations increased to about 30^40Myr and has re-
mained somewhat constant around this ¢gure since
then. A metamorphic mineral source most likely from
the Cordillera Real dominates until about 5Ma when
there was a strong input of minerals associated with
basic volcanic material derived from the upliftingCor-
dillera Occidental and Inter-Andean region.

(e) The modern-dayNapoRiver sand is characterised by a
dominance of clinozoisite but also has a combination of
the late volcanic material as well as a small proportion
of granitic source minerals. This river drains from the
western Cordillera Occidental across the metamorphic
CordilleraReal cutting the large granite batholiths such
as the Abitagua. It also has the approximate 30Myr lag-
time associated with the sequences as far back as
�30Ma. The detrital grain ages taken alone suggest
that the source regions of theSAZwere in thermal stea-
dy state for approximately the last 30Myr. However,
there is abundant other evidence that the region is var-
iously active. AFT data (Spikings et al., 2001; Ruiz,
2002) have shown the variability with very young ages
close to some of the large faults associated with Plio-
cene movement. Steady state is thus a matter of scale.
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