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Luminescence dating of late Quaternary sediments in Peru is challenging, especially on the Peruvian coast.
Earlier studies have shown that quartz grains often exhibit a thermally unstable, medium signal that caused the
underestimation of Optically Stimulated Luminescence (OSL) ages. InfraRed Stimulated Luminescence (IRSL)
dating has shown to produce more reliable ages, depending, amongst other factors, on the age model (Central or
Minimum Age Model), and the IRSL signal. IRSL dating of geoarchaeological sediments has, however, hardly
been carried out, let along validated, against an independent age dataset. This dating approach is, nonetheless,
the only promising way to date the geological substrate in which many of Peru’s archaeological sites are buried.
Peru contains some of the oldest and most important archaeological heritage sites, yet not much is known of the
environmental context in which many of its early civilizations prospered. A better understanding of which
luminescence method works best could therefore help in a better understanding of the geological-stratigraphical
context of many of Peru’s sites.

To investigate this matter more fully, we compared the luminescence dating results of seven sediment samples
from the top layer of the Lima alluvial fan and from geoarchaeological layers of the Maranga Complex (San
Miguel, Lima), with an independent dataset of sixteen '#C ages. Our results showed that the quartz OSL ages
always underestimated the expected ages due to a signal dominated by medium and slow components, and that
the post-IR IRSLgas (pIR IRSLy2s) and IRSLsq ages of K-feldspars, on basis of the Central Age Model (CAM), always
overestimated the expected ages. The Minimum Age Model (MAM) on the other hand, correctly predicted the
expected ages for the early Holocene, Lima alluvial fan sediments using the pIR IRSL2y5 signal of K-feldspars, and
the late Holocene, geoarchaeological ages using the IRSLs( signal.

1. Introduction

The prehistory of Peru includes the earliest civilizations of America
(Shady et al., 2001; Shady, 2006; Mauricio et al., 2021) and some of the
most spectacular human structures, including Machu Picchu and the
Nazca lines. There are, however, enormous gaps in geoarchaeological
knowledge (Sandweiss et al., 2009) despite, but in part because of, the
high density of uninvestigated archaeological sites and the highly dy-
namic nature of geological, geomorphological and climatic processes
during the late Quaternary (Lamb and Davis, 2003; Rigsby et al., 2003).
And whilst the database of *C-dated (Rademaker et al., 2013) and

luminescence-dated (Roque et al., 2004; Feathers et al., 2008; Vaughn
et al., 2014; Mejia-Bernal et al., 2020; Galli et al., 2020; Marsh et al.,
2021) archaeological artefacts steadily grows, the geological substrate
in which many of the sites are buried, and which provide clues for the
context of environmental change during human occupation, remains
largely undated. The only cases of luminescence dating of sediments of
archaeological sites, that we are aware of, are by Rink and Bartoll
(2005), who dated the geoglyphs of the Nazca lines; and Feathers et al.
(2019) who dated rocks and sediments in the Peruvian coastal desert.
The application of luminescence dating in Peru is, from a methodo-
logical perspective, of particular interest because it was observed that
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the Blue-OSL (BL-OSL) signal of quartz is not always suitable for dating.
Steffen et al. (2009) reported a thermally unstable, medium signal that
caused the underestimation of the BL-OSL ages in fluvial sediments of
the Peruvian coast. But they did get reliable pIR IRSL ages for these
sediments. Another study, on the other hand, did report reliable BL-OSL
ages when compared to radiocarbon ages of fluvial and lacustrine
samples in the Peruvian Andes (Viveen et al., 2019). Dated fluvial sed-
iments in the Amazon region of Peru provided reliable quartz BL-OSL
ages for some samples (Viveen et al., 2021), while for others not due
to a thermally unstable, medium BL-OSL component. In the latter case,
PIR IRSL dating of K-feldspars had to be carried out (Viveen et al., 2020).
Baby et al. (2021) successfully dated fluvial cave sands in the Amazon
region and speculated that the thermally unstable, medium component
of the quartz BL-OSL observed on the coast could be related to the
bedrock source of the quartz, which is different along the Peruvian coast
when compared to the central and eastern Andes.

In summary, the use of quartz for BL-OSL dating on the Peruvian
coast is not recommended and K-feldspar IRSL dating would be the wiser
choice. But K-feldspar dating of young, Holocene sediments is also
problematic, due to the daylight exposure required for bleaching the
IRSL signals, and due to an unbleachable component that ubiquitously
exists in fully-bleached samples (Madsen et al., 2011; Buylaert et al.,
2012; Murray et al., 2014). Thus, the reliability of K-feldspar IRSL sig-
nals for dating late Holocene sediments is still a topic of scientific
debate. More information regarding its applicability is, however, needed
because it is the only alternative to date the geological substrate sur-
rounding the Peruvian archaeological coastal sites, which are among the
earliest and most important prehistoric human occupations in the world
(Mauricio et al., 2021).
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The aim of this work is therefore to assess the reliability of quartz BL-
OSL and K-feldspar pIR IRSL dating of Holocene, geoarchaeological
sediments. As a study site, we have chosen the Maranga Complex in
Lima, the capital city of Peru, which sits on top of the large, 20-km-wide
Lima alluvial fan. The recent publication of sixteen *C ages of archae-
ological layers from our research site (Vega-Centeno et al., 2021)
enabled us to independently compare our BL-OSL and pIR IRSL ages
with these '*C results. This will guide us towards a better understanding
of the limitations and strengths of luminescence dating and how future
dating of geoarchaeological sediments can be improved.

As a second objective, we will also establish the age of the latest
phase of aggradation of the Lima alluvial fan, which is situated directly
underneath the archaeological complex of Maranga. Attempts to date
the Lima fan so far have resulted in contradicting results. °Be-dating of
the uppermost part of the fan yielded 490 + 80 ka, whereas the basal
part of the fan, some 30 m below the former, was dated at 490 + 70 ka
(Litty et al., 2019). Luminescence ages of the fan using quartz grains,
however, returned much younger ages of 44.5 + 3.1 ka at 8.6 m below
the fan surface and 55.3 + 4.5 ka at 8.5 below the fan surface in Mag-
dalena district (Villacorta et al., 2019), some ~ 4 km south of our study
area. However, the use of quartz for BL-OSL dating in this area is not
recommended (Steffen et al., 2009) and Villacorta et al. did not report
details about the BL-OSL signals, making it difficult to assess the reli-
ability of their ages.

2. Study area

The urban complex of Maranga on the south bank of the Rimac River
covers more than 100 ha in what must have been the largest human

. ‘“MARANCA COMPLEX

Fig. 1. (A) Map with the location of Peru and its capital city Lima. (B) Google Earth view of the Lima alluvial fan with the location of the Parque de las Leyendas. (C)

Situation of the Maranga Complex in the Parque de las Leyendas.
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settlement on the central coast of Peru in the first millennium AD.
(Fig. 1A). This complex is currently located within the urban area of the
city of Lima. An important section of the complex is located within the
grounds of the Parque de las Leyendas (the municipal zoo) (see Figs. 1B
and 2C). A section, up to 50 m long and up to 6 m deep, was excavated in
the 1980s, and has been a topic of study ever since. Various authors have
shown that only the upper 2.5 m corresponded to human occupational
layers and that the lower part contained natural alluvial fan sediments
(Valdez and Jacay, 2012; Vega-Centeno et al., 2021). The most recent
study identified fifteen archaeological and natural, alluvial stratigraphic
levels (see Fig. 2A, B and 2C) that were 14¢_dated by means of sixteen
samples (Vega-Centeno et al., 2021). The archaeological layers con-
tained six generations of patio floors and supporting layers with artificial
fill that was used as a basis on which the patio floors were laid out
(layers O to J and layer E in Fig. 2B). The younger layers I to A
(excluding E) are typically grey-yellow gravelly to sandy fluvial layers
containing ceramic shards, hinting at episodic inundation of the area.
These geoarchaeological layers are easily distinguished from the un-
derlying, natural alluvial fan sediments which are coarse-fabric, clast--
supported conglomerates in a reddish, sandy to loamy matrix. The
sixteen '*C ages from layers O to E (Fig. 2B) revealed that human
occupation took place between 1396 and 1236 years ago (Vega-Centeno

Fluvial channel fill with ceramic shards (grey)

A Reworked sediments
Fluvial sediments with ceramic shards
PDL6 o

s Alluvial fan sediments

Excavation site

Lima alluvial fan gravels
r

PDL-7

Studied stratigraphy
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et al., 2021), a time span that corresponded to the Lima Culture time.
Lima style ceramics recovered from the profile confirmed the 1*C results
(Vega-Centeno et al., 2021).

3. Methods

3.1. Sampling

Eight samples for luminescence dating were collected by hammering
steel tubes in sandy alluvial strata from the Maranga profile. Samples
PDL-1 and -2 were located some ~20 m south of the section with
occupational levels (see Fig. 2A, B and 2C). They were taken from small
sand lenses embedded in the conglomerates of the uppermost, undis-
turbed part of the Lima alluvial fan. Based on a projected continuation of
the oldest occupational level, PDL-1 and PDL-2 are situated 0.9 m
beneath this occupational level. Samples PDL-3 and -4 were taken from
yellowish-grey, coarse sandy fluvial channel fills containing ceramic
shards that, based on their relative elevation in the profile, correlate
with the 1#C-dated archaeological layers (Fig. 2A, B and 2C). Samples
PDL-5 and -6 were taken from a stratigraphic profile directly adjacent to
the main profile (Fig. 2A), and can also be correlated to layers I to A as
they share the existence of the same fluvial channel fills containing grey,
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Fig. 2. (A) Overview of the studied stratigraphic section and location of samples PDL-1 to PDL-8. (B) Stratigraphic section from Vega Centeno et al. (2021). 1*C ages
in years before present, where present is the year of sampling in 2016. Black ages are reliable ages and red ages overestimated the expected ages, as discussed in Vega
Centeno et al. (2021). Projected locations of samples PDL-1 to PDL-4 given in blue. (C) Picture of the stratigraphic section shown in (B). (D) Section with locations of
samples PDL-5 and PDL-6 in younger, fluvial sediments with ceramic shards; and sample PDL-7 which was taken from the reddish, natural conglomerates of the

alluvial fan. (E) Picture of the profile where sample PDL-8 was taken.
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medium to coarse sand and reworked materials such as ceramic shards
(Fig. 2D). The sediments where samples PDL-5 and -6 were taken overlie
the reddish, natural conglomerates from the Lima alluvial fan (Fig. 2D).
From a coarse sand layer in between these alluvial fan conglomerates
sample PDL-7 was extracted (Fig. 2A and D). Sample PDL-8 was taken
from fluvial channel sands containing ceramic shards which also
correspond to the occupational layers mentioned above (Fig. 2A and E).

3.2. Equivalent doses

The tubes were opened under red light in the luminescence lab of the
University of A Coruna. Grains from the central part of the cores were
dried and sieved to get medium-sized grains of 180-250 pm. The grains
were treated with hydrochloric acid and hydrogen peroxide to remove
carbonates and organic matter. The dried feldspars and heavy minerals
were removed by density separation, using sodium polytungstate solu-
tions with densities of 2.62 g cm™> and 2.70 g cm™>. The remaining
quartz fraction was etched in concentrated hydrofluoric acid (40%)
during 1 h to remove any remaining feldspars. This etching removed
approximately 10 pm of the quartz surfaces that received an additional
alpha dose during burial. Hydrochloric acid was applied again to remove
any remaining soluble fluorides after which the grains were dried. Ali-
quots of all samples were checked with infrared (IR) stimulation to
ensure the absence of contamination by minerals other than quartz. Pure
K-feldspar coarse grains were also obtained from the <2.58 g cm ™
separate of the central part of the cores and etched with HF to remove
the external coating of the grains. They were used for pIR IRSL dating.
Neither quartz nor K-feldspar grains were obtained for sample PDL-6.
Thus, this sample was dismissed for further dating.

For luminescence measurements, both an automated Risg DA-15 TL/
OSL reader system and a Lexsyg Research TL/OSL reader were used. The
Risp reader was equipped with blue light-emitting diodes (LEDs), and
signals were recorded with a coupled 9235QA photomultiplier tube
(PMT). Laboratory doses were given using a%%sr/°%Y beta source emit-
ting a 0.100 & 0.003 Gy s~ dose to samples of the measured geometry.
The Lexsyg reader was equipped with a PMT Hamamatsu for recording
luminescence signals while the beta source emitted a 0.095 + 0.003 Gy
s~1 dose.

Small, multi-grain aliquots of quartz grains were mounted on stain-
less steel discs and measured by placing optical Hoya U-340 filters (6
mm-thick) in both devices to measure the UV range emission. The blue-
OSL (BL-OSL) single-aliquot regenerative dose (SAR) protocol (Murray
and Wintle, 2000, 2003) was used to stimulate aliquots for 40 s at 125
°C, using the first 0.4 s to measure BL-OSL and the last 4 s for background
subtraction.

K-feldspar grains were measured in both luminescence readers using
a combination of Schott-BG 39 and Corning 7-59, and Schott-BG 39 and
BrightLine HC414/46 glass filters in the Risp and Lexsyg readers,
respectively. A single aliquot regenerative dose (SAR) protocol was used
for dating, with a IRSL signal stimulated at 225 °C after a preceding IR
stimulation at 50 °C (pIR IRSLy25) (Thomsen et al., 2008). Before mea-
surements, preheat tests were performed showing negligible changes in
the obtained equivalent doses (D,s), with recycling and recuperation
ratios at preheat temperatures ranging between 200 and 300 °C for 60 s.
A preheat temperature of 300 °C was chosen.

Residual signals were measured for subtraction of the residual dose
from the obtained D.s on both signals after daylight bleaching for a
week. Dose-recovery tests were performed on bleached aliquots and
anomalous fading tests were carried out following Auclair et al. (2003).
All IR signals were measured and normalised with a test dose (L,/Ty)
after different storage times between irradiation (with a subsequent
preheat) and measurements. The obtained L,/T, were plotted against
time delay (log scale) between irradiation and measurement to assess
the g-values (see Figs. S1 and S2). These values were used to calculate
fading-corrected ages (Huntley and Lamothe, 2001).
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3.3. Dose rates

To assess the dose rates (D,), the “°K and 238U, 2%°U and 23 Th day
chain activities were estimated using Low Background Gamma Spec-
trometry. The D,s were assessed using the conversion factors of Guérin
et al. (2011). For quartz, the alpha contribution was neglected and the
beta dose-rate were corrected (Brennan, 2003) as a result of the HF
etching step. For K-feldspar grains, the estimation considered an internal
beta dose estimated by assuming a K-content of 12.5 + 0.5% (Huntley
and Baril, 1997). As K-feldspar grains were etched in HF, an external
alpha dose was not considered. The water content and saturation state of
the samples was assessed in the laboratory and an average water content
was estimated based on these values. The cosmic dose rates were
calculated according to Prescott and Hutton (1994).

3.4. OSL signal analysis

To study the OSL signals in more detail, we carried out linearly,
modulated, optically stimulated luminescence measurements (LM-OSL).
This approach was firstly suggested by Bulur (1996) to identify and
isolate the individual components that make up the continuous wave
(CW) OSL signals from quartz (Bailey et al., 1997; Jain et al., 2003;
Kiyak et al., 2007). Deconvolution of the LM-OSL decay curves is usually
performed to assess the contribution of each component to the CW-OSL
signals (Kitis et al., 2007, 2008, 2011; Polymeris et al., 2008) and more
specifically for assessing the D.s. We used quartz multigrain aliquots of
samples PDL-2 and PDL-7 for this purpose as they provided some of the
brighter OSL signals. Measurements were carried out for natural and
regenerated signals. Linearly modulated (LM) blue stimulation for 1000
s at a stimulation temperature of 125 °C was carried out on natural and
regenerated signals (15.2 Gy) after a 200 °C preheat for 10 s. This was
done on multigrain aliquots in a Risg DA-15 automated reader under the
same conditions as the continuous wave (CW) OSL measurements per-
formed for assessing the D,s.

Deconvolution of LM-OSL signals was performed using the spread-
sheet of Konstantinidis et al. (2021). They created a built-in function of
Lambert W in Excel. The spreadsheet is derived according to the One
Trap One Recombination (OTOR) model explained by Chen and Pagonis
(2011). The spreadsheet is iterative and the user can insert some random
values for the maximum intensity of the LM-OSL peak (I,,), the time that
corresponds to that peak (t;), and the retrapping ratio (R). The
spreadsheet allows to run the solver add-in, thereby trying to minimize
the Figure Of Merit (FOM value, %). The FOM was proposed by Balian
and Eddy (1977) and used to show whether the theoretically obtained
curve matches satisfactorily with the experimental one.

4. Results

All samples showed very similar 238U and 232Th activity concentra-
tions, ranging from 28 + 6 to 33 + 7 Bq ka ! and from 33 + 3 to 49 + 2
Bq ka~, respectively (see Table 1). Both decay chains did not show any
evidences of disequilibrium. The activity concentration of *“°K was also
similar for all samples, ranging from 551 + 26 to 690 + 39 Bq kg .
They provided estimated D,s that ranged from 2.61 + 0.08 to 3.21 +
0.11Bq kg~ ! and from 3.55 + 0.16 to 4.22 + 0.18 Bq kg ! for medium-
sized quartz and K-feldspar grains.

BL-OSL measurements on medium quartz grains showed slow and
dim signals for all samples (see Fig. 3A). Despite this, the signals were
integrated to obtain equivalent doses (D.) (see Table 2). As we
mentioned in the Introduction, a thermally unstable, medium BL-OSL
component has been described in quartz grains from various areas in
Peru (Steffen et al., 2009; Viveen et al., 2020). To check if such an un-
stable component was present in the BL-OSL signals, we built D,(t) plots
for all samples. They showed decreasing D.(t) (see Fig. 3B), that
confirmed that the integration of the OSL signal in the first seconds of
the OSL decay curve provided a different result (higher D.,s) when
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Table 1
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Activity concentration of>*®U,2%°U and?*2 Th day chains and*°K; and estimated Dose Rates (D,) for quartz and K-feldspar grains.

Sample Depth (m) 40K (Ba/kg) 238y (Bq/kg) 226Ra (Ba/kg) 22Th (Ba/kg) 25U (Ba/kg) Quartz D, (Gy ka™1) k-feld D; (Gy ka™!)
PDL-1 3.4 626 + 31 3346 36 + 2 3942 2.1+05 3.09 + 0.08 4.08 + 0.16
PDL-2 3.3 551 + 26 30+6 32+4 33+3 0+0 2.61 + 0.08 3.55 + 0.16
PDL-3 1.3 583 + 27 31+6 36 +4 43 +2 0+0 3.00 + 0.10 4.00 +0.17
PDL-4 1.5 647 + 37 33+7 36 + 2 49 4+ 2 2.9+ 0.7 3.18 + 0.10 4.10 + 0.17
PDL-5 2.2 651 + 40 30+6 43+3 42+ 2 4.2+0.8 3.21 +0.11 4.22 +0.18
PDL-7 45 690 + 39 30+6 36 +2 46 + 2 2.4+ 0.6 3.18 +0.10 4.15+0.13
PDL-8 2.0 584 + 28 28+6 3144 3842 0+0 2.74 + 0.09 3.70 £ 0.16
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6
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Fig. 3. (A) Decay curves of BL-OSL of quartz multigrain aliquots (sample PDL-1) and dose-response curve (inset); (B) D.(t) plot of an aliquot of sample PDL-1 that

shows a decreasing D, with increasing integration intervals.

Table 2

Results of BL-OSL dating of quartz multigrain aliquots and resulting ages with
the CAM and MAM. N: number of accepted aliquots; D, (equivalent dose); OD:
overdispersion.

Sample N De (Gy) OD (%) OSL Age (y)
CAM MAM CAM MAM
PDL-1 38  10.00 + 4.77 + 44.4 + 3239 + 1544 +
0.79 0.35 6.0 270 123
PDL-2 43 9.78 £ 3.12 + 529 + 3752 £ 1199 +
0.85 0.23 6.5 347 95
PDL-3 52 3.19 £ 1,39 + 52,3 + 1063 + 461 +
0.26 0.39 6.1 92 131
PDL-4 52 3.20 + 1.83 + 52.4 + 1007 + 577 +
0.27 0.47 6.6 90 149
PDL-5 47 2.25 + 1.14 + 54.2 + 701 + 64 355+ 17
0.19 0.04 6.4
PDL-7 50 9.81 + 3.70 + 35.0 + 3084 + 1163 +
0.51 0.73 4.1 189 233
PDL-8 55 1.78 + 0.85 + 53.8 + 648 + 58 308 +£11
0.15 0.01 6.5

compared to the use of a broader integration interval. Steffen et al.
(2009) also remarked that the relative contributions of both the fast and
medium components were different in natural and regenerated signals
due to this unstable component. We observed the same behavior in our
samples (Fig. 3A).

The deconvolution analyses carried out on natural and regenerated
curves of samples PDL-2 (Fig. 4A and B, respectively) and PDL-7 (Fig. 4C
and D, respectively) revealed the presence of four components with
different contributions to the LM-OSL. The FOM of all signals was high,
ranging from 3.7% to 14%. We used a multiplication factor of 1000,
although the authors of the spreadsheet remarked that this is not
absolutely necessary. We used the factor because it improved the fit and
deconvolution of the very dim signals we obtained. What was common
to all signals was the low, fast component. A second, medium component
was dominant in regenerated signals for sample PDL-2 (~36%), while a

third, slow component was dominant in the regenerated signals of
sample PDL-7 (~31%). For natural signals, both the third and fourth
slow components were observed, while the first, fast component and the
second, medium component were negligible. Thus, the lack of a domi-
nant fast signal (Kitis et al., 2011) suggests that the SAR protocol is not
reliable for the studied samples.

In addition, we carried out anomalous fading tests on the OSL signals
of samples PDL-4 and PDL-7 (see Fig. S3), following the methodology of
Auclair et al. (2003). OSL signals were measured and normalised with a
test dose (Ly/Ty) on used aliquots (after SAR measurements). OSL
measurements were carried out using different storage times between
irradiation (using a later preheat) and measurements. The obtained
L,/T, were plotted vs. time delay (log scale) between irradiation and
measurement (Huntley and Lamothe, 2001). Very dim and weak signals
were obtained, and negligible fading was observed for the OSL signals
(Fig. S3). This showed that the cause of the age underestimation
observed from quartz grains was not caused by an anomalous fading in
quartz grains, as earlier reported by Fragoulis and Readhead (1991), nor
by to feldspar inclusions or by volcanic quartz (Bonde et al., 2001;
Tsukamoto et al., 2007). Rather, the underestimation seems to be caused
by medium and slow components dominating the OSL signals.

Despite this, and for the sake of comparing the BL-OSL ages with the
14C and pIR IRSL ages, we performed preheat tests on quartz aliquots to
choose a suitable preheat temperature. Results (Fig. 5A and B) provided
poor recycling and high recuperation ratios. We selected a preheat
temperature that minimized recuperation and maximized recycling ra-
tios, which were different for several samples. This was not always easy
(see Fig. 5B) as some samples provided high recuperation ratios and
poor recycling ratios for all preheat temperatures. As a consequence, a
high number of aliquots was rejected after SAR measurements. After the
selection of a preheat temperature for all samples (ranging between 220
°C and 260 °C), we used the SAR protocol for multigrain aliquots and
selected the aliquots that met the SAR requirements. Based on the ali-
quots we used, we applied the Central Age (CAM) and Minimum Age
Models (MAM) of Galbraith et al. (1999) to assess tentative ages for the
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BL-OSL quartz signal (Table 2).

For K-feldspar dating we did a first IRSL measurement at 50 °C
(IRSLsp) and then one pIR IRSL signal measurement at 225 °C. The latter
was chosen because it provided good results in other Peruvian Andean
studies (Viveen et al., 2020) and in young sediments (Rhodes, 2015).
The IRSLs signals of the K-feldspar grains exhibited bright signals (see
Fig. 6A), while pIR IRSLjy5 signals were dim (see Fig. 6B). We performed
preheat tests for both signals on all samples. We observed a plateau
between 260 °C and 300 °C for all samples and therefore we chose a
preheat temperature of 300 °C for 60 s (Fig. 6C and D). We estimated the
equivalent doses, and fading tests allowed the correction of the IRSLsg
ages. For the pIR IRSLjyy5 signal, negligible fading was observed (see
obtained g-values in Table 3 and Fig. S2). The overdispersion values of
the central mean for both IRSLsy and pIR IRSLyo5 signals ranged from
20% to 50%, suggesting that incomplete bleaching caused the age

overestimation. Thus, we used the MAM to assess the age of K-feldspars.
Smedley et al. (2019), for instance, suggested that feldspars provide a
similar accuracy and precision as quartz does in alluvial sediments.
Although the overdispersion values for K-feldspars are high, not all
samples showed skewed distributions (see distributions of sample PDL-1
in Fig. 7A and B; and of PDL-4 in Fig. 7C and D). In particular, the D,
distributions of the pIR IRSLjyy5 signals were not skewed in most sam-
ples, and this signal showed negligible fading, while D.s obtained from
the IRSLs( signal were more skewed. This is probably due to the use of
multigrain aliquots. We then calculated apparent K-feldspar ages based
on the CAM and MAM (Table 3).

5. Discussion

Samples PDL-1, PDL-2 and PDL-7 corresponded to the undisturbed
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layers of the Lima alluvial fan. The BL-OSL signal of quartz grains pro-
vided ages ranging from 3752 + 347 y (years before sampling in the
year 2017) to 3084 + 189 y using the CAM and ages from 1544 4+ 123y
to 1163 + 233 y using the MAM (Table 2). These ages are much younger
than expected when compared to the ages that were obtained by Villa-
corta et al. (2019) and Litty et al. (2019), see Introduction. Available
ages of alluvial fans and fluvial terraces elsewhere along the Peruvian
coast all show major aggradation phases during the late Pleistocene and
early Holocene, but never during the late Holocene (Steffen et al., 2009,
2010; Trauerstein et al., 2014; Litty et al., 2018).

The BL-OSL ages from samples PDL-3, PDL-4, PDL-5 and PDL-8 that
were extracted from the geoarchaeological layers can be compared
against the !*C ages obtained from the adjacent 1*C-dated profile
(Fig. 2). These 1%C ages provided a narrow time interval of 1396 y to
1236 y for the entire occupational history (Vega-Centeno et al., 2021).
Our obtained BL-OSL age ranged from 1063 + 92 y to 648 + 58 y using
the CAM; and from 577 + 149 y to 308 + 11 y using the MAM (Table 2).
It is therefore clear that the quartz BL-OSL ages underestimated the
expected ages. This agrees with the LM-OSL signal deconvolution of two
of the studied samples (Fig. 4A-D), which already showed that the
behavior of quartz OSL signals is not suitable for the SAR protocol
(Wintle and Murray, 2006). This is due to the dominant medium and
slow components observed. So, we discard anomalous fading (Fragoulis
and Readhead, 1991; Bonde et al., 2001; Tsukamoto et al., 2007) as the
possible cause of age underestimation using the SAR OSL on quartz
grains. Under these circumstances quartz is not recommended for
luminescence dating on the Peruvian coast, as reported here and by
Steffen et al. (2009), in contrast to other areas of Peru where quartz can
be used to calculate reliable ages (Viveen et al., 2019, 2020; Baby et al.,
2021). It would be desirable to study the OSL signals of quartz on the
Peruvian coast in more detail for its potential applicability to date
archaeological sediments, but this is beyond the scope or this work.

The MAM using the IRSLgg and pIR IRSLyos signals of K-feldspar
grains provided coherent, corrected ages for samples PDL-1, PDL-2 and
PDL-7 (Table 3). Five out of six of the calculated ages gave 9.5 + 3.0 ky
to 11.8 £ 0.6 ky and only one, much older, IRSLs( age of 17.5 + 2.4 ky.
The CAM on the other hand, returned a much larger spread in the IRSLs5(
and pIR IRSLjyy5 ages ranging from 13.9 + 1.8 ky to 23.0 + 3.4 ky.

The IRSLs5 and pIR IRSLyos signals of samples PDL-3, PDL-4; PDL-5
and PDL-8 provided corrected CAM ages ranging from 1770 + 192 y to
15.6 + 1.6 ky that clearly overestimated the '*C ages (Table 3 and
Fig. 2). The same occurred with the MAM ages estimated with the pIR
IRSLyy5 signals that ranged from 1762 + 353 y to 3260 + 1031 y. MAM
ages obtained with the fading-corrected IRSLs( signal, however, gave
results ranging from 849 + 250 y to 1580 + 332y, which are coherent
with the 1C ages. The overestimation of the ages with the pIR IRSLas
signal is probably due to an unbleachable component that ubiquitously
exists in fully-bleached samples (Buylaert et al., 2012; Murray et al.,
2014), and which typically affects young (e.g., late Holocene) samples
(Madsen et al., 2011).

Our results very clearly demonstrated that quartz BL-OSL dating
results in underestimation of the expected ages, both for early and late
Holocene samples. The pIR IRSLyy5 and IRSLsg ages do better, but it is
paramount to consider carefully which age model and which IRSL sig-
nals to use. The CAM resulted in an overestimation of all IRSL ages,
whereas the MAM correctly predicted most of the expected IRSL ages.
Using the MAM, the pIR IRSLjy5 signal worked better for the natural
alluvial fan sediments of early Holocene age, while the IRSLs( signal
worked better for the late Holocene, geoarchaeological sediments.

Our results clearly showed that the Lima alluvial fan ceased to
aggradate at the onset of the Holocene. But it is only around 1750 years
ago that there is evidence of large urban centers such as Maranga, Makat
Tampu or Pucllana spread out over the southern margin of the valley
during the Lima Culture. Current data does not allow a satisfactory
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Table 3

Results of IRSL dating of K-feldspar multigrain aliquots with IRSLsg and pIR IRSLy5s signals, and resulting ages with the CAM and MAM. Apparent ages are corrected for
IRSLs, signals considering the estimated g-value. For pIR IRSLyys, negligible fading was observed, so no fading correction was performed. N: number of accepted

aliquots; D, (equivalent dose).

Sample Signal D. (Gy) Uncorrected Age Corrected Age
CAM MAM N CAM MAM g-value (%) CAM MAM
PDL-1 IRSLso 47.9 + 2.1 31,5+ 1.6 21 11.1 +£ 0.7 ky 7.6 + 0.6 ky 3.48 £ 1.69 14.7 +£ 4.1 ky 10.1 + 2.4 ky
PIR IRSLaos 68.9 + 4.0 50.8 + 1.3 18 - 16.3 + 1.2 ky 11.8 + 0.6 ky
PDL-2 IRSLso 50.5 + 1.6 39.1 +2.0 21 13.8 + 0.8 ky 10.5 + 0.8 ky 5.18 + 0.76 23.0 + 3.4 ky 17.5 + 2.4 ky
PIR IRSL22s 62.9 £+ 3.1 40.3 £ 2.9 20 - 17.0 £ 1.2 ky 10.7 + 1.0 ky
PDL-3 IRSLso 9.82 + 0.60 5.81 + 0.41 26 2039 + 184y 1035 + 127 y 5.28 + 1.34 3.18 + 0.61 ky 1580 + 332y
PIR IRSLgos 29.4 + 3.5 16.5 + 3.0 13 - 6.1 + 0.3 ky 3260 + 1031 y
PDL-4 IRSLso 20.5+ 2.1 5.35 + 0.26 27 4.74 £ 0.55 ky 1038 +£ 131y 1.5+1.1 5.35 + 0.85 ky 1160 + 601 y
PIR IRSLyos 65.5 + 6.1 13.3 +2.1 23 - 15.6 + 1.6 ky 2825 + 560 y
PDL-5 IRSLso 8.3+0.3 5.95 + 0.26 31 1591 +£ 117 y 1032 £ 96y 1.44 + 0.95 1770 +£ 192y 1150 + 139y
PIR IRSLy2s 158 +1.3 11.4 £ 0.7 12 - 3.58 + 0.40 ky 2028 + 224y
PDL-7 IRSLso 53.8 + 4.7 30.3 + 5.6 24 12.6 + 1.2 ky 7.0 + 1.4 ky 3.85 + 1.14 22.3 + 5.3 ky 9.7 + 2.5 ky
PIR IRSLaos 62.6 +10.9 44.3 +12.4 13 - 13.9 + 1.8 ky 9.5 + 3.0 ky
PDL-8 IRSLso 7.6 +0.5 3.63 + 0.52 23 1801 + 174y 728 + 166 y 28 +1.7 2240 + 449y 849 £ 250y
PIR IRSL22s 14.7 + 2.0 8.4+ 3.8 12 - 2860 £ 510y 1762 4+ 353 y
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Fig. 7. (A) Abanico plot (D,) of the IRSLs( signal and (B) pIR IRSLy.s signal for sample PDL-1. (C) Abanico plot (D,) of IRSLs¢ signal and (D) pIR IRSLyys signal for

sample PDL-4. The grey shaded areas correspond to the central age (CAM).

explanation for the reason of this late occupation of the southern Rimac
margin. Vega-Centeno et al. (2021) suggested that the preceding occu-
pation of the northern margin might be related to the better conditions
for agriculture, as it is an area in close proximity to the Chillén River.
This confluence might have generated a more suitable land for simple
agricultural practices, whereas the southern margin required large scale
irrigation facilities in order to become agriculturally productive.

6. Conclusions

BL-OSL and IRSL dating of Holocene, natural and archaeological
sediments of the Peruvian coast allowed a better evaluation of which
dating method works best there. A comparison with a published record
of 1C ages shows that quartz BL-OSL ages always underestimated the
expected ages. Indeed, the deconvolution of the natural and regenerated
LM-OSL signals of two of the studied samples showed that the signal was

dominated by medium and slow components. This is the most probable
cause of age underestimation and not anomalous fading as previously
reported.

For k-feldspars, the CAM, on basis of pIR IRSLy25 and IRSLs signals,
always overestimated the expected ages. The MAM provided the ex-
pected ages, but the pIR IRSLy;s5 signal worked better for early Holocene,
natural sediments, whereas the IRSLsy signal worked better for late
Holocene, geoarchaeological sediments. Our results showed that
aggradation of the Lima fan halted at the onset of the Holocene, contrary
to proposals of other workers.
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